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Foreword

The title of the Symposium "Technology for Peace - Science for Mankind" and its topics "Water and Energy" have charted an area where
in future science and technology will contribute to the benefit of
mankind in an ever more important and most tangible and effective
way. The incentive to cooperate internationally in these fields is so
obvious and great that it transcends cultural boundaries and political
frontiers which, compared with the goals to be achieved by scientific
and technological cooperation, loose any animosity attached to them
and their harshness withers away.
I shall pick two points of this symposium to bring this into focus:
Firstly, the fact that one of the symposium lecturers, Prof. Uri Shamir
of the Technion, is a member of the negotiating committee recentlyengaged in bringing about peace between Israelis and Palestinians.
Secondly, the SNAP-project of Prof. Dan Zaslavsky utilizing a
non-consumable energy source, available day and night, is of greatest interest especially to the countries in the Middle East and North
Africa, but also for every country in the world, where hot dry air conditions prevail. As a most precious by-product in many of these countries the system can also be used to turn seawater into fresh water.
At this symposium Austrian universities and research centers have
shown themselves again as very competent scientific and technological partners and have represented themselves as most able international cooperators. Thus, they are moving along a line which the
Federal Ministry of Science and Research has always promoted.

I ice-Chancellor Dr. Erhard Busek
Federal Minister of Science and Research

Preface

The Austrian Technion Society (Österreichische Technion Gesellschaft - ÖTcG) was founded in April 1984 in the rooms °f th e A u s t i n
Federal Ministry of Science and Research in the presence of its -Minister Dr. Heinz Fischer and the Israeli Minister of Sc^ncf, Gicieoi:>
Patt. The ÖTcG promotes scientific cooperations ^nd proj e( 4s
between Austrian universities and research centers and the Tech^jon
- Israel Institute of Technology in Haifa, the oldest uni v ersity of
el that was founded on the initiative of Albert Einstein ?0 y e a r S
With this symposium to which also industries were in^ed» l he
has gone one step further by including also the promotion °f
al scientific-industrial ties.

Abg. AT?
Univ.-Prof. Dr. Ewald Nowotny
ÖTcG-President

Introduction

Though this symposium was conceived for the celebration of the
anniversaries of the Austrian Technion Society and the Technion Israel Institute of Technology (IIT) it was regarded from the beginning as an instrument for the promotion of the following very concrete goals:
• Contacts and exchange of information between the professors and
researchers of the Technion-IIT and the Austrian universities and
research centers
• Exchange of university professors and assistants
• Exchange of advanced students
• Initiation of scientific cooperations and
• Initiation of bilateral scientific-industrial projects
Further Technion Symposia with different topics are to follow allowing for more and more contacts and the promotion of collaborations
over the wide spectrum of Technion faculties, ranging from the technological disciplines to agriculture, architecture, the pure sciences,
and medicine.

Dipl.-Ing. Helmut Gutmann
Honorar>- Fellow of the Technion -IIT
ÖTcG Managing Kice-Presidenl
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Waler Resources Management in Israel
and the Middle East
I ri SHAMIR
Faculty of Civil Engineering
Tech n ion - Israel Institute of Technolojrv
ABS'niiCT
Practically the entire potential of naturally available water in the
regi .n between the Jordan River and the Mediterranean coast is
already utilized, a considerable portion of it for agriculture. The same
is true for the llashemite Kingdom of Jordan. The population in these
areas is expected to more than double within the corning few decades,
and will then require all the fresh water for urban use, leaving practically none for agriculture. Agriculture will have to be based largely on
the use of reclaimed sewage. Past this point, desalination of sea water
will be the only long term solution.
Israel and its neighbors are negotiating water issues in the context of
the peace talks. Development of the remaining conventional resources,
demand management options, and in particular joint management of
the regional resources, are all considered in these negotiations.

Introduction
The purpose of this paper is to provide an overview of present and
future water resources management in Israel, with special emphasis
of those aspects which relate to the new state of affairs expected to
exist in the Middle East as a result of the peace talks.
Figure 1 shows a map of Israel, with the main water systems. The
rainfall, which falls between October and April, varies from
1200 mm/year in the north, and 500-600 mm/year in the center of
the country, to almost zero near Eilat. Much of Israel's water comes
from one surface source - Lake Kinneret (the Sea of Galilee) - and
two main aquifers - the Coastal Aquifer and the Mountain Aquifer.
The Coastal Aquifer underlies the densely populated region along the
coast. The Mountain Aquifer is recharged in the mountain region of
•Judea and Samaria, and flows in three directions: west, east and
north-east. The National Water Carrier is the backbone of an integrated national water system; it begins at the Sea of Galilee and runs
to the south, linking many of the sources and demand areas, thereby
enabling flexible operation of the entire system.

fcSl/Pl/Tcl

Water Management

SHAMIR

The Natural Water Balance
Table I provides an overview of the current utilization of water
resources in Israel and the designed forecast for the near future. It
shows that the country is using, as it has for quite some time now. practically all its naturally occurring water resources. Some shifts will have
to be made, and this i^ ,cen in the design forecast, in view of the need
to reach a sustainable long term equilibrium in use of the resources.
The major shifts seen from /able 1 are full utilization of the Kinneret,
further development of sonic sources, reduced extraction from the
Coastal Aquifer, and especially increased use of reclaimed sewage for
irrigation. Further in the future, in a few decades, other sources of potable water will have to be developed, to meet the increasing demand.
Table 1:

Israel's National Water Balance (MCMAear)

Kinneret to the National Carrier
Local Supplv from the Kirneret
Mountain Aquifer
Coastal Aquifer (net)
Western Galilee Aquifer
Reduction for Reliability
Total National Carrier
Other Fresh Waters
Dan Repion Reclaimed Sewage
Brackish and Flood Waters
Total Supply
Losses
Judea anJ Samaria
Total Allocation
Domestic and Industrial
Agricultural (the residual)

Present
From

Amount
To

Design
Forecast

ISO
HO
530
510
90

460
200
410
560
110

1020
280
80
170

1410
500
180
210

450
200
300
2-30
120
40
1280
560
550
210

1650

1980

2180

60

70
110

60
140

1180

1800

1980

540
940

600
1200

880
1100

no

The entire region between the Jordan River and the Mediterranean
coast, as well as the region to the east of the Jordan, in the Hashemite Kingdom of Jordan, suffers from an acute shortage of water. It is
expected that within a few decades all of the fresh water in this area
will be required to meet urban demands. lea\ing practically none for
agriculture.
The deterioration of water quality in many of the sources constitutes
an even more severe threat to the fresh water resources of the region.
This trend, seen in many parts of the world, further reduces the availability of water for domestic uses, and increases substantially the cost
of supplying safe and reliable water to the cities. As more reclaimed
sewage is used for irrigation, the potential threat to quality of the
sources will rise.
The Coastal Aquifer is Israel's only long-term reservoir. It is experiencing increased concentrations of salinity and nitrates, pollution
from hydrocarbons, and percolation of toxic wastes containing heavy
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metals and other trace elements. The expected doubling or more of
population in this area will be have to be accommodated by construction of new housing. A challenge facing the planners of urban development in this area is to make it ''water friendly". New planning and
construction concepts have to be developed, implemented, and
enforced, to minimize the negative effects of this development and
make best use of opportunities afforded by it. These will include
water efficient houses, and land use methods and facilities which
enhance infiltration and reduce its pollution load.
The salinity of the Sea of Galilee has been kept around 210 mg/1 since
the late 60s, when a salt water canal was completed to trap some of
the saline springs and prevent them from entering the Lake, and the
Lake itself was flushed by a very large inflow. This salinity must,
however, be brought down further, because the import of water from
the Lake to the central regions of the country carries with it a heavy
load of salt, which is not flushed into the sea due to the high level of
utilization of the aquifer. A comprehensive project for capturing more
of the saline waters which presently enter the Lake is now underway,
and once implemented should result in a further permanent reduction of the Lake's salinity by several 10s mg/1. The water supplied
from the Lake also carries an organic load, and has a turbidity which
was acceptable until recently but exceeds the modern standards.
A very expensive major filtration project is under planning at this
time, to reduce the turbidity.
The water in the Mountain Aquifer is of good quality, but it too will be
threatened if the development in its recharge areas is not managed
and controlled.

The Demands
Historically, well over 60% of the fresh water was used for irrigation.
This percentage is continuously dropping, due to two main reasons.
The first is the increasing demand for urban supplies, which requires
greater amounts of fresh water. The other reason is the decline in
profitability of conventional agriculture, so the agricultural demands
often do not reach the full allocation allowed. Still, agriculture is and
will remain an important sector, which ensures the production of the
basic food and also contributes to the dispersion of population and
the overall pattern of life in the country. The allocation and management of water resources must therefore recognize these facts, and
provide for the necessary level of agricultural activity.
The most important trend on the demand side, a trend which is
expected to continue and accelerate substantially, is the increase in
urban demand for water. By about 2020 the population of Israel is
forecasted to reach 8.5 million, concentrated largely in the central
part of the country. The Palestinians population is expected to reach
at that time about 4.5 million. The total population west of the Jordan
will thus reach about 15 million people within the coming two to
three decades, and will obviouslv continue to increase bevond that.
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People in Israel use today about 100 cubic meters per capita per year
(CMCY). In the areas expected to be under Palestinian governance
the present use averages only 55 to 50 CMCY. Using a future figure of
100 CMCY for the entire population in the region, Israel itself will
require 850 MCM/Y for urban uses by about the year 2020, and the
entire population west of the Jordan will then need 1500 MCMA'.
Urban demand will continue to rise as the population increases
beyond these figures, and within a very few decades all of the water
will be required for urban consumption.
The expected increase in urban water needs raises very significantly
the need for demand management in the urban areas, through technology, pricing, and other means. This is an area in which not enough
has been done, and the challenges are great.
According to the national water management policy, agriculture is
last on the demand priority list. It receives what is left after meeting
domestic and industrial demands. Israel has taken dramatic and well
known steps to reduce agricultural demands for water, in particular
of fresh water, through advanced irrigation technologies and the
introduction of new types of crops which can be irrigated with
reclaimed sewage or waters of lower quality, and which use less
water.
Demand Management
Demand management is now more fully accepted in the world as part
of the water management sphere, following such well known examples as saving and efficient use of energy. Until 10 to 15 years ago
water resources engineers and managers were expected to deal only
with the supply side: to make sure that all demands for quantity and
quality were met with full reliability and minimal cost. Since then,
demand side management is an accepted component of our responsibility. In Israel, the water sector has participated aggressively in
demand management in industry - primarily through recycling and
use of low quality waters - and especially in agriculture - by promotion of water efficient irrigation technologies. The urban sector has
received much less attention, and with the rise in urban consumption, this is a remaining challenge.
Demand management is accomplished through use of four types of
means:
• Technological: for example water saving devices, efficient irrigation technologies, leak reduction in networks.
• Legal and administrative: laws and regulations which limit water
use and/or enforce efficient practices.
• Economic: real pricing to encourage economic use, incentives for
efficient use and water saving, penalties for inefficient use.
• Educational: instilling water efficient behavior in all segments of
the society, from young children (most important and effective) to
adults, bv all means of communication and education.
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Demand management can be aimed at affecting some or all of the following characteristics:
• The total annual quantity.
• Its temporal distribution over the year and seasons, to better fit the
natural availability, reduce the requirements for storage.
• The temporal distribution of consumption over the day and week,
to reduce the size of the facilities which are si;;ed to meet maximum flows.
• The requirements for reliability of supply, in other words its ability
to adjust to variable hydrological conditions.
• Its requirements for quality, so that the lowest quality water can be
supplied for each need.
Each of these demand characteristics imposes a "cost" on the
resources and supply systems, where "costs'" include use of a renewable resource, depletion of a one time resource, environmental consequences, economic cost of constructing and operating the systems.
Demand management should be aimed at sending the consumer a
signal of the true and full "cost" caused by the demand, so that the
consumer's behavior will be rational in view of this cost.

New Sources of Water
Even if the policies mentioned above for expanding supplies from
conventional sources and for demand management are implemented,
all forecasts indicate the inevitability that Israel and its neighbors will
have to introduce artificial water as well. The additional fresh water
can be from desalination or import from external sources.
Imports, from places like the Nile or rivers in Turkey, are problematic for a number of reasons. First, they are contingent upon agreement
of other countries to allow water export, set its conditions and price,
and guarantee its reliability. There is considerable uncertainty that
such schemes will indeed be acceptable to the potential donor countries, who themselves have internal problems of water management
and/or disputes with their immediate neighbors.
Second, these are large and very expensive schemes, that cannot be
constructed in a phased manner. This makes them much less attractive than desalination, which can be developed in a modular fashion,
meeting the demand as it rises, and using the best available technology as it emerges. (A partial exception in this respect may be the
Medusa idea - flexible bags dragged by tugs in the sea - where the
basic investment is for the terminals, while the fleet may be augmented with time to meet the changing demands.)
Finally, the cost of most of these schemes seems to be within range of
local desalination. Thus, import seems an unlikely alternative,
although still worth examining.
Desalination of brackish groundwater is more attractive than that of
sea water, but brackish groundwater is not abundant or free of com-
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petition from other uses, for example irrigation. Therefore, sea water
is ultimately the only unlimited and unencumbered source. Reducing
the cost of sea water desalination is therefore an important objective
for the Israeli water sector.
Several schemes for canals to the Dead Sea are under consideration.
The one from the Red Sea is favored by the Jordanians, since it is a
joint project with them. In any event, bringing water into the Dead
Sea must be agreed with the Jordanians, since they are also on its
shores. The Med-Dead option, from a location in or around the Gaza
Strip east to the Dead Sea, can be joint with the Palestinians. A third
option, using a closed conduit, from the vicinity of Haifa to Beit Shean
and then to the Dead Sea, is also considered. These projects are
designed to produce electricity and desalinated water. They are all at
the ''drawing board" stage, and will have to compete on the basis of
political, environmental, engineering and economic considerations.
The "zero option" still remains, namely not to construct any of these.
Another source of water is reclaimed sewage for irrigation. As the
urban demands rise, the quantities available for recycling increase.
About 50-60% of the urban demand can be recycled. It was once
thought that sewage could be treated to potable quality levels, then
injected back into the water systems. This was the original concept
for the famous Dan Region Project, in which the treated sewage is
infiltrated into the aquifer and then pumped out through a ring of
wells. The concept was changed a long time ago. and the project now
supplies water for irrigation only, through a separate network. Its
quality can meet potable water standards, and accidental drinking of
this water will not cause harm, but still the system is kept separate.
The guiding philosophy of sewage reclamation and reuse has been
revised in recent years. The producers of the sewage, namely the
municipalities, are required to treat the sewage to a level which
allows discharge into the environment without detriment to human
health, to the environment, or to the water sources. Then, if an agricultural consumer is found who wishes to use the reclaimed sewage,
the scheme views this agricultural use as the ultimate disposal target
which completes the entire reclamation cycle. The basic cost of collection, treatment and disposal must be borne by the municipality,
which can then share this cost by selling the reclaimed sewage to the
agricultural consumer. A survey of sources, sewage qualities, treatment options, required effluent qualities, and reuse plans has been
developed in light of these principles.

Water Issues between Israel and its Neighbors
Water conflicts and arrangements between neighboring have a long
and varied history in many parts of the world. While it is wise to
examine and analyze lessons from other places, and possibly emulate
some of the approaches and solutions, no two situations are alike,
and therefore specific solutions have to be crafted in each case. The
cases differ in the water resources under discussion, their present
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and planned future use, and in the overall political climate in which
the negotiations take place.
Between Israel and each of its partners in the peace talks - Syria.
Lebanon, Jordan, and the Palestinians - there exists a different political situation, and the water issues are quite distinct. Without going
into details of the negotiations, which are obviously conducted
behind a curtain of confidentiality, it is possible to outline some of the
main aspects of each case.
The negotiations are carried out in bi-lateral discussions, where Israel sits directly opposite each of the partners separately, without mediators. Bi-lateral talks with a joint Jordanian-Palestinian delegation
were conducted in Washington until the signing of the Declaration of
Principles with the Palestinians on September 15, 1995, and the signing of the Common Agenda with Jordan the following day. Since that
time the bi-lateral talks with the Palestiniai have been conducted in
Taba and in Cairo, while those with the Jordanians continue in
Washington. The negotiations with Syria and Lebanon have not
reached water issues yet.
It is clear that as the area brought under joint management of the
water resources expands, the opportunities for efficiency broaden.
This is because more sources, of different hydrological and other
characteristics, are added to the resource base, and at the same time
the greater diversity of consumers adds flexibility in matching their
needs to the capabilities of the sources. It is therefore logical that
Israel and its neighbors should seek to cooperate in joint management of their common water resources. Obviously, a pre-condition
for such cooperation is a political willingness on both sides to do so.
In addition to the bi-lateral negotiations, there is a multi-lateral
working group on water, in which the participants are Israel, its
immediate neighbors, other countries of the Middle East, several
countries of the world who have an interest in the peace talks or in
being involved in the region, and international bodies such as the
World Bank and the European Community. The multi-lateral discussions should introduce ideas, projects, and resources which aid in
building bridges between the negotiating partners.
Some of the main issues between Israel and each of its neighbors are
listed below.
Syria
Syria is riparian to the Jordan and Yarmouk Rivers. It has already
increased its withdrawal from the Yarmouk beyond what the Hashemite Kingdom of Jordan deems to be Syria's fair share. These Syrian
withdrawals from the Yarmouk affect Jordan directly. They also
impact on Israel, which uses Yarmouk water and is negotiating with
Jordan the allocations of its waters. The Golan Heights are the source
of substantial inflow into Lake Kinneret. Any territorial arrangement
there must contain an agreement as to these waters.

10
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Lebanon
Israel has lew joint water issues with Lebanon. Some plans have been
proposed to import water from Lebanon to Israel and its neighbors.
The Ilashcmite Kingdom of Jordan
Israel and Jordan are negotiating the allocation of waters from the
Jordan and Yarmouk Rivers. There is a long history of proposals on
these matters, which have never resulted in a ratified agreement.
In addition, there are other water sources along the common borders
between the two countries, which can be managed jointly and further
developed for mutual benefit. Jordan and Israel are considering joint
plans for development of the Jordan Rift Valley, including agriculture,
tourism, environmental protection, industry, transportation, and commerce. Water is an important component in these proposed plans.
The Palestinians
An agreement on the Gaza Strip and the Jericho Area is imminent.
The water systems are to be transferred to Palestinian management,
and protection of the water resources for mutual benefit is to be safeguarded. Regarding Judea and Samaria, the Palestinians have made a
claim for all the waters which fall in this area and recharge the
Mountain Aquifer. The natural outlets of the western part of this aquifer are the Yarkon and Taninim springs in Israel's coastal plain. Israel began long before the 1967 war to tap these waters before they
emerge in the springs, by a series of wells, and introduced them into
the water supply systems. Rased on the original natural flow of water
in this aquifer, as well as to the right of prior use. Israel has a solid
claim on this water. The part of the Mountain Aquifer which Hows
north and north-east drains naturally through springs within Israel,
and some of its water is used within the area of Samaria. Roth Israel
and the Palestinians therefore have a claim to these waters. The eastern flowing part of the Mountain Aquifer will serve primarily the
Palestinian population. Management and use of the Mountain Aquifer
will be important issues in the future negotiations between Israel and
the Palestinians on the future of the West Bank.

Summary and Conclusions
The Middle East is an arid region. It suffers from a water shortage,
which is bound to aggravate as the population rises and the urban
demand increases.
The options for meeting the future needs of all populations in the
area between the Mediterranean Sea and eastern desert in the
Hashemite Kingdom of Jordan, on both sides of the Jordan River are:
• Joint management of the existing resources, including protection
of water quality.
• Further development and management of the remaining conventional resources.
• Demand management.
• Expanded use of reclaimed sewage for irrigation.
• Development of desalination as the future ultimate source.
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The Waler Problems in the Middle East and
Prnnnsals Tor its Solution
Dan ZASLAYSKY
Facility of Agricultural Kngineering
Technion - Israel Inslitute of Technology
ABS/Hid
Syria. Iraq and Egypt have no shortage of water potential. Saudi Arabia. Jordan and Israel hare a shortage -Jordan and Israel do not hare
the resources that Saudi Arabia lias to compensate for the ivater shortage. Israel sets the standards for water use. Still, even Israel can stretch
its water use to be even more effective. Other, neighboring countries,
can improve their water effectiveness two-threefold with existing offthe-shelf technologies. Even the expense is relatively small and certainly affordable. Furthermore the future potential of adding water and
producing more with the same water is almost unlimited.
Compared with this potential the effort to transfer water rights from
one party to another seems futile. First, it is much smaller in volume (a
few percent compared with two-threefold and more). Second, it postpones the real solution of the water problem and introduces an additional point of quarrel rather than eliminating it. Even if the demands
are justifiable in the state when Israel is overpumping its resources,
and so is Jordan, undoing wrong to one will do wrong to the other
without adding a single cubic meter of water. It is not even a "zero sum
game". It is negative.
The key for a solution is a change in order of priority and the recognition that most good can be done within one countn: Cooperation will
help in short cutting processes and saving a lot of means. Interested parties outside the region and countries with means in the region can help
bring this about by the right type of aid. Then, too, there is a need for a
chatige in priorities. Several specific examples are cited in the paper.

1. Posing the Problems
1.1 Popular statements
Colloquially, everybody says that we are running out of water. Doomsday prognosis talks about too little water, too much use and misuse of
water which would lead to total destruction of the resources.
It is very popular and intuitively plausible that water is at the heart of
the conflict between stales in the Middle Last in general, and Israel
and its neighbors in particular. "The next war in the Middle East will
be caused by water conflict." so it is often said. Different books and
television programs used terms like "Rivers of Fire"; very dramatic,
but is there truth in these expressions.
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1.2 Balance between population and water
When the world's population was much smaller than it is today, concentration of inhabitants started near water resources which were
easy to exploit. In some sites the amount of fresh water was so big
that the population could use it in any way which seems fit. However.
as the population grew there must have been some balance reformed
during the ages using the following five factors in the water equation.
• the population size;
• the standard of living;
• the technology and the social order or regime necessary to make
more water available;
• the technology to exploit the available water, for personal use, for
agriculture, for industry, energy and possibly other purposes such
as transportation, recreation, etc.;
• the natural supply of water in a given area and the ratio of rain to
evaporation.
One of the possible reactions to water shortage was to fight over it or
to move to a new place.
The Bible tells us in Genesis, Chapter 26, about the quarrel between
the people of Isaac, the son of Abraham, and the people of Abimelech,
the King of the Philistines. The Philistines envied the agricultural
success of Isaac and destroyed the wells that Isaac and his father,
Abraham, before him. had dug. Isaac tried to avoid the quarrel and
moved on to dig new wells. The Philistines followed him and filled
the wells with dirt. Finally he dug a well in Rehovot and they did not
bother him any more.
Today the solution cannot be to move away to search for new water.
There are no more places to go to. and there is no way but to take the
consequences of one or more of the 5 terms in the water equation.
1.5 The growing water needs
Archaeological studies indicate that well-to-do families in Judea and
Samaria had a water storage for domestic use in the order of 7 m5 per
year per capita. This amount was true even during the 19th century.
Most of the water used in agriculture came from springs or permanent rivers. This is because the capabilities of drilling pumping and
water conveyances were quite limited.
In fact, the irrigation in Judea and Samaria is very limited till these
days to the vicinity of the springs. Most agriculture is without irrigation because even today well water in Judea and Samaria (the geographic names) or as it is called by others, "The West Bank" (the
political name) is far too expensive for farming. Two to three liters of
water are required per person per day as a minimum for existence.
It can grow to 5 liters for hard working persons in a hot area. Still,
1000 in"1 per person per year is often mentioned as a minimum necessity a thousandfold. It was nearly the world average around 1975.
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However, some predict that it will be about 1500 in the year 2000. If
the population is to grow and irrigation for more food production is
required, the water use will have to be more than tripled: Can this be
serious? Is it really necessary? What are the chances that we shall
have this amount of water anywhere, not necessarily in the Middle
East? From 7 m> water per capita per year to 1500? Did our needs
really grow that much? Does such a water use level really reflect the
standard of living? It can be easily proven that this number is without
any foundation.
1.4 The fear of a water shortage
In ancient times, a water shortage was caused by the cracking of the
water cistern or by a dry season. The threat of a drought and its cyclic
nature is recorded in the fascinating story of Joseph who deciphered
the dream of Pharoah on the good seven years followed by the dry
seven ones. This is when the Israelites came down to Egypt and were
enslaved. It is one of the earliest recorded economical takeovers on a
grand scale.
A shortage could be caused by violence, by deterioration of government and social order and by water misuse. These fears are justified
today as they were thousands of years ago. We are not sure the world
is warming, but there are certainly very sizable drought cycles.
One of the grave mistakes in most water planning is the lack of proper storage and the lack of economical as well as legal abilities to cope
with such shortages. It is of utmost importance to introduce the terms
of long-range reliability into water planning and price it accordingly.
Different components of the water supply call for different levels of
reliability.
1.5 Water plans the right way
It is a very easy exercise to show one's needs of water by extrapolating the use per capita and the size of the population. Often Israel has
been asked to participate in such an exercise and let some international, supposedly objective organization to redistribute the water
resources accordingly. Clearly one can come up with just any figure
one wishes to get. There is not such an objective term "need"; there
is the term "wish" for a certain level of water use. One cannot raise
his wishes by demanding from others.
It is then the obligation of every community or state to cope with this
water equation using the 5 parameters mentioned above. It is also the
obligation of every community to use the water in such a way that the
resources handed down to the offspring will not be inferior to those
used now.
There are many water sources which are shared in a way which
affect preferentially one party or which is being affected mutually.
First, the minimum conditions to enable arrangements are:
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a") Mutual respect of existing water use.
b) Equal responsibility for the preservation of the water resource.
Any other approach suffers from the following fundamental disadvantages.
a) It starts by creating a conflict.
b) It leads to a solution which eases one's problem by increasing
someone else's difficulty, not net improvement.
It is therefore to be suspected that those whose main effort is to prove
that Israel is a bad water thief and that water will cause the next war
are prophets that may do everything in their power to make their
prophecy come true.
1.6 What are really the water problems in the Middle East
a) It is our contention that it is mainly the order of priority and the
commitment to obtain good water supply. In fact, some of Israel's
neighbors do not suffer from a water shortage by any scale.
b) It is necessary to learn how to use the water resources in a sustainable way for generations.
c) Water may be an excuse for war: it cannot be a rational cause for
war. Attendance of the water problem first and independently maybe a sign of real intention for peaceful relations and a way to bring
people closer.

2. The Lesson Learned from the Israeli >Valer Syslem
2.1 The main formation forces of the water system
It is necessary to emphasize that until 1948 the only land in Jewish
hands was sold voluntarily to them. By and large, the land sold to
Jews was wasteland mainly of three types:
a) Malaria-infested swamps
b) Dry, waterless desert
c) Mountainous stony land which was stripped of its soil cover by
years of neglect.
Every piece of land was bought, over the years, more than once. It
was repeatedly taken by force. As an example, Jews owned 8000 hectares in the Golan in the 19th century, but were driven away. The
Jewish people drained the swamps and carried the water to the dry
land. This is the essence of the Israel's main water project. The main
change which took place since 1948 is that it became much more difficult to drive the Jews away from their land.
2.2 Levels of water use in Israel
The natural water supply from rivers lake and wells and flood water
reservoirs add up to some 540 cubic meters per capita per year. People in Israel are neither thirsty nor dirty. Furthermore, Israel produces practically all its fresh agricultural supply and it even exports
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some. Israel exports fruits, vegetables and flowers. There arc gardens
and flower* around the living quarters and small woods for recreation; there are swimming pools (by the way, all the swimming pools
use around one-thousandth of the fresh water). Israel has to import
the grains, fibers and much vegetable fat. However, Israel is far from
being a thirsty or hungry land.
We leave the production of agricultural commodities to lands which
do not require irrigation or which require only a supplementary irrigation. There is no way an arid or semi-arid country could compete
economically growing such commodities and there is no reason they
should.
Maybe 540 cubic meters per capita can be adopted as a standard for
available fluid water. Let us round up to 400 cubic meters per capita
per year. Not 1000 or 1500 in the year 2000.
Over the last 25 years the agricultural product per cubic meter was
more than doubled, in Israel. In some crops more than a five-fold
increase was achieved (over 200 tons tomatoes per hectare compared
with 50-40 in a good field). 15,000 cubic meters per year per hectare
are often mentioned as a future irrigation requirement. However, the
Israeli experience shows an average of slightly over 6000 cubic
meters per hectare. Over the last 25 years the amount of wrater per
unit area was reduced in Israel by 20-50%.
Notably humid countries may use more water, but they need much
less than an arid or semi-arid country. If we adopt the Israeli standards as a rough yardstick, the world population can more than triple
with the existing water supply.
2.5 Can the water use in Israel still be extended?
Israel is using 5-4 major sources of water.
a) The Upper Jordan (abo\e the Kinnerel Lake) which is fed by
runoff springs and aquifer drainage into the lake.
It is the largest single source of water to Israel. Both Syria and Lebanon can affect these resources. Jordan is using the Yarmuk river
water in parallel and under an unsigned, but nevertheless longstanding agreement with Israel (since the mid-fifties).
Jordan signed an agreement with Syria about the Yarmuk River
(which is conflicting with its agreement with Israel) according to
which Syria could intercept 90 million cubic meters from the Yarmuk.
Israel was not consulted with regard to this agreement. However,
Syria already approaches an interception of 200 million cubic meters
arbitrarily taking off the Israeli and the Jordanian shares of the whole
200 million. The battle over the water in the sixties was the Israeli
effort to prevent the Syrians from diverting most of the Jordan waters
to hurt Israel even if it would not do any good to others.
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Israel has been using all that could be used in this source, no more
and no less. The storage in the lake is quite limited. Israel hns drawn
a lower limit to the water volume in the lake (red line) which should
not be passed by overpumping. There cannot be any overpumping or
improper exploitation of this source by Israel.
Israel takes the water which has been reaching the lake forever. On
the average, however, there is flood flow which drains down the Jordan to the Dead Sea and is lost today. An agreement between Israel
and Jordan would make it possible to look into the possibility to
exploit this excess flood water. Furthermore, an interception of polluted and salinized water both on the Israeli and Jordanian side could
improve the quality of the lower Jordan and add more fresh water to
the balance of both countries.
b) The mountain aquifer (or the Onommiian-Turonian Aquifer)
This is basically an aquifer of karsts and cracks. It is very fast to react
to pumping or recharge and has a long distance influence. It has relatively a very low storage capacity.
In the upper parts of the aquifer it is phreatic and with a few exceptions has very poor yield of expensive water. This is why traditionally most of the agriculture in the West Bank is not irrigated.
At the lower lying parts of the aquifer it becomes confined. The wells
are rich and the water relatively cheap.
The population at the plains and at the foot hills of Judea and Samaria have been using the water for many decades and even before 1948
(the year of Israeli Independence).
The west drainage of the mountain aquifer is thoroughly used today
with slight but very dangerous overpumping. The northward drainage of the aquifer is grossly overpumped. The east drainage is also
exploited to a great extent. Relatively large quantities of water drain
into the lower Jordan and into the Dead Sea. However, they are mostly untracked and found only after they have been salinized.
Any claims about an Israeli unlawful or unjust use of the mountain
aquifer are by and large the fruits of propaganda. In September 1992
in the multi-lateral peace talks, the Palestinian delegation claimed
that Israel has stolen about 950 million cubic meters from the west
part of the mountain aquifer. Notably the total renewable water quantity in the western drainage of the aquifer is below 550 million cubic
meters.
At present Israel fortifies the water supply to the West Bank for Jews
as well as for Arabs by transfer from other sources. It is exactly the
opposite of what it is blamed for.
Israel, since its occupation of the West Bank, brought running water
to over 250 Arab villages in the West Bank and more than doubled the
domestic water use in the Arab communities (from 15 m 3 per capita
per year to over 55 - note the 7 m3 per capita in ancient times). The
fact is that nobody, nowhere in the West Bank pays close attention to
the water value and even- individual uses as much as he feels like.
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c) The coastal aquifer (Pleistocene Aquifer)
This is an aquifer of sand and sandstone. It is, by far the smallest of
the three sources. However, it is the only one with a very large multiannual storage capacity.
Israel was overpumping the coastal aquifer and so far destroyed
nearly 16% of it. The hydrologists made an error in their estimate of
the safe water yield from the aquifer. However, the grave damage was
inflicted by a politically-inclined decision which was to keep on overpumping, ignoring for several years the warnings from the awakened
hydrologist.
The author of this article undertook far reaching water saving steps,
to reduce the water use for agriculture by nearly 1/5 and initiate the
development of new water resources such as desalination and sewage water recycling. However, this effort was now slowed down and
in some cases reversed. However, it must be emphasized that in 19Ü1
and 1992 the total amount of water used by Israel did not exceed the
amount used before 1967. A few years in between there was an
increase in water exploitation but it was obtained mainly from the
coaslal aquifers.
There is still overpumping in the coastal aquifer as well as in most
other water sources in Israel.
Every year Israel needs added resources in the order of 40 million
cubic meters. However, no steps have been realized to produce them.
Therefore, the overpumping increases by about 40 million cubic
meters every year. Eventually agriculture will have to pay for this
shortage which is followed by damaging of the resources. In conclusion,
a) Israel did not take anybody's water and in 1991 and 1992 used not
more than before 1967.
b) Israel is overusing most of its sources.
c) Israel can share only its water deficit with its neighbors.
d) Israel sets the standard for national water use as 540 or at most
rounded up to 400 m3 per capita per year.
e) There is no way the water can suffice in the future without doing
something quite different than at present:
• Add non-conventional water source
• Learn to save water even more than today
• Learn to increase even more the production, per cubic meter
• Reduce the extent of agricultural use
• Limit the population
f) Israel certainly cannot afford:
1. pollution of water sources
2. giving some of its water away
Every agreement with its neighbors will have to maintain these
two principles.
g) If agreement can be obtained with Israel's neighbors, some more
water can be put to use.
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5. What is the Status oi* Water in Israel's Neighbouring Stales?
5.1 Renewable water levels
If n e take Israel as a country of a limited water quantity (540 mV capita/year) then Syria. Iraq. Lebanon and Egypt have no water shortage,
by any measure. The only two countries (in the list below) which
have really a problem with the total water quantity are Jordan and
Saudi Arabia.
Following are some re\ealing figures. (The figures have been rounded off).
Country of territory
Turkey
Syria
Iraq
Lebanon
Egypt
Jordan
Saudi Arabia
Israel
West Bank alone
Gaza alone
West of the Jordan
Israel and the Territories

Available Renewable Water
per capita per year
9200
2000
4000
1600
1200
280
200
540
120
110
300

Israel has been trying to meet its responsibility to the water supply of
Gaza and the West Bank. Furthermore, any objective responsible look
on the water supply and the sewage system shows that they must be
considered as one system (more so in the West Bank). The combined
water supply in then 500 cubic meters per capita per year only very
slightly above the supply in Jordan.
5.2 Is there a water supply problem in the countries neighbouring to Israel?
There are grave water problems in certain places and certain times.
However, the reason is not necessarily lack of water. It is mostly a
lack of good management and bad water distribution in time and in
space.
An outstanding detailed and revealing material was presented by Jordan in the multi-lateral water talks in Washington in September 1992.
Jordan took large .nd commendable steps towards better water
management. Still, according to their figures around 50% of the
water is lost by leakage and over 50% is unaccounted for in revenues
(unaccounted for water in municipal water use in Israel is less
than 12%).
Jordan is also overpumping its resources. Jordan needs new water
resources every year to an extent of 50-40 million cubic meters. The
state of the water supply in other Middle Eastern countries is even
worse than in Jordan. Among the needs are:
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Capture of existing and unused water resources
Water measurement and Geophysical investigations
More realistic water tariffs, closer to its cost
Reduction of leakage
Storage and runoff capture
Reduction of evaporation and drainage of swamps
Prevention of pollution and salinization
Waste water treatment and reuse
More effective irrigation methods and improved agrotechniques

The potential of improving the effectiveness of the water supply in
the Middle East with existing, available off-the-shelf technologies is
at least doubling or tripling.
5.5 Lakes and hydroelectric power and salinity
One example of a new approach to the water balance in arid land is
the overall evaporation salinity balance. There are four hydroelectric
power stations on the Litani and the Alvali Rivers in Lebanon out of
some 700-800 million cubic meters of water per year, the majority
flows to the sea. In a thirsty Middle East, it would be a good idea to
consider another source of power and use of high quality water.
The electricity produced by the water of the Litani will produce only
a small fraction of the water that will have to be desalinated alternatively. Maintaining such hydroelectric power stations will prove
a grave economical error. Other countries in the Middle East make
the same error on a grand scale.
Water storage is a must in the Middle East. It is the only way to utilize fluctuating input of rain and maintain some reliability to the
water supply. However, a surface storage is often quite costly in terms
of evaporation. It is estimated that along the Nile itself the evaporation may be reduced by nearly 40 billion m3 per year, a 2/5 addition
to the Sudan and Egypt water supply. Underground storage should be
looked for and highly preferred.
It is interesting to note that a new technology in arid lands is being
tested in these days where a cubic meter of water would produce
5-7 kwh of electricity. It is equivalent to dropping of a cubic meter of
water in a hydroelectric plant from a height of over 2000-5000 m.
This technology will allow desalination at half the cost.
A lot of saline drainage water returns to the Nile as it flows or to the
Euphrates or to any of the rivers in the region including the Jordan.
By interception of the saline water we could get more and better
water from the river. The use of the saline water to produce electricity and for desalination will then become very profitable. Typically
one intercepted cubic meter of brackish water will enable exploitation of several cubic meters downstream. Furthermore it could produce either 0.8 cubic meter of fresh water of 5-7 kwh electricity or
some combination of the two.
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5.4 The general potential of water supply at present
Over and above the use ol natural, renewable resources, using offthe-shelf technologies, the water potential and the potential for
increased improvement is almost unlimited. The organizers of this
convention have asked not to over-simplify the answer to the serious
questions of water in the Middle East by preaching for new research.
Their point is well taken, and I shall have to attend it in the following. Still, in surveying the possibilities against the needs, it is very
clear that at least the lands on both banks of the Jordan have no way
to turn but to new, unorthodox sources and new methods of management.
I have spent the last three years evaluating the potential of these new
methods. It is beyond the scope of this paper to describe the details.
Briefly, it is easy to define the following components:
a) Develop new resources
b) Reduce losses and prevent pollution
c) Recycle
d) Improve the effect per cubic meter and reduce specific water use
e) Reduce cost of water and its storage, treatment, conveyance and
use
Let me mention that desalination technology becomes cheaper and
cheaper and some breakthroughs are imminent. Cheap desalination
with solar energy is in a stage of planning a large pilot plant.
There are several unique combinations of desalination and other
techniques that can provide additional water at half the present cost
and even less. In Israel it may add up to some 15% of the existing
water or nearly six years of development and increased demand.
Development of plant varieties, irrigation, fertigation and protected
crops can, in expert opinion, increase greatly the production per
cubic meter even in Israel. This is, for example, the direction taken
in the Gaza Strip where further abuse of the water has literally
destroyed 70% of the aquifer - citrus orchards die and are deserted,
and green houses are built instead. Above all, every cubic meter of
city and industry water which is added by desalination will have to be
treated to a high quality in order to avoid environmental damage in
general and water pollution in particular. After such a treatment
about 0.7 cubic meters can be reused at a small additional cost (in the
order of 10 cents per cubic meter - according to a master plan for
waste recycling initiated by the author).
The cost of desalination is not prohibitive for municipal and industrial use even today. The cost of 10 cents per cubic meter for cash crops
is also quite acceptable. In fact many of them can afford even a fourfivefold cost. It is even fit for most field crops.
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There are many more interesting and promising directions of development. Probably the most fruitful direction would be in trying to
reduce evaporation. Over 80% of the rain evaporates. Water harvesting, supplementary irrigation and straight reduction of evaporation
have a huge potential. Evaporation from open water in Israel
accounts for over 20% of the water available today. Replanting of
small plants from a green house to the field in the latter part of the
season can reduce water use to a fraction.
We can safely say that the potential increase in effective water use is
almost unlimited. With conventional off-the-shelf technology it is in
most Middle-Eastern countries at least two-threefold.
'5.5 What can be done in terms of restoring water rights?
The demand of Jordan from Israel in one of the meetings was reported to be 150 million cubic meters per year. This demand as well as
most demands by Arabs from Israel are in a form of ultimatums and
a priori conditions. In other words: "Israel should accept these or else
there are no peace talks.'"
It is very doubtful that Israel will accept such demands. However, let
us assume the best for Jordan that 150 million cubic meters per year
will be transferred on the average. It would solve water problems in
Jordan for 4-5 years at most and what next? In the meantime since
the beginning of the peace talks, and until they will be consumed,
even in the best way for Jordan, during this time of talking without
any doing, the increased demand in Jordan would be more than half
of the hoped-for gain.
The chances are that the talks will end at some compromise with the
water transfer equivalent to one or two years increase in demand.
What a poor achievement. Is such a change worth a war. a war on
water? Is it worth delaying agreement?

4. Some Proposals for Improving the Water Situation
4.1 Threat of war
This is, for sure, the most useless, and damaging way. It will not add
a single cubic meter of water. The three countries which have serious water limitations are Israel. Jordan and Saudi Arabia. Saudi Arabia has the resources to cope with the water shortage and they have
done so.
The cost of one modern battle tank is sufficient to provide sea water
desalination for 10,000 people. One bomber fighter costs could be
used for the sea water desalination factory for 100,000 people. The
cost of a mere 1000 tanks lost in a war could pay for desalination for
10 million people - 2.5 times the population of Jordan. 100 planes
could pay for the same.
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4.2 Desalination instead of war in Jordan and Israel
Taking thf most conservative investment for sea -water desalination
of about S5 per cubic meter per year and providing all the necessary
water for Jordan and Israel. Gaza, and the West Bank of about SO million cubic meters new resources every year, it would mean an investment of 400 million dollars annually. It amounts to an investment of
less than $50 per person per year for the whole population. It is less
than five parts in a thousand of the gross national product per person
in Israel, and it is less than 2.5 percent of the gross national product
per person per year in Jordan.
However, if other countries wish to contribute toward peace and not
to sell arms, it is a very low price to pay - 400 million dollars per year.
That is all for both countries. But desalination will start with brackish water and special combinations which will prove to be even
cheaper. My prognosis is that in 6-7 years or less, by the time we
exhaust the brackish water, the cost of desalination will be halved.
Looking at the map. one can easily be convinced that long term desalination for the West Bank and for Jordan cannot be implemented
without the cooperation with Israel. Thus, desalination is not only a
useful solution to the water problem, it is a great idea for a useful
cooperation and the creation of a real, common interest.
4.5 Other countries in the Middle East
The problem in the other countries is in the change in order of priorities, or in a commitment for the well-being of the citizens. There are
huge resources in the Middle East, not only of water.
The best expression for things to do can be found in the Jordanian
paper to the multilateral peace talks in Washington in September
1992. Following is this list which I strongly recommend, with the
exception of the first item which actually kills all the others: (quotation from pages 10-12 of the paper)
Middle East Peace Process
Multilateral Talks
The Water Working Group
Washington, D.C. 15-16192
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An overview of the topics. The llashemite kingdom of .Jordan
The Jordan Delegation
Methods for Fnhnnrenvnr nf Writer Supplv
1. Restoration of water rights
2. Protection of water resources
5. Development of the remaining underdeveloped resources
4. Use of brackish water
5. Use of fossil water
6. Investigation of deep aquifers
7. Desalination of sea water
8. Import of water to water stressed countries
9. Wastewater reuse
10. Cloud seeding
11. Important considerations
Jordan maintains also:
a) Enhancement of data on water
b) Improved irrigation methods
c) Concepts of regional cooperation
d) Regional water charter
Unfortunately, Jordan writes at the end of the list:
"Following the conclusion of peace treaties between the adversaries
in the Palestinian problem and the Middle East conflict, the road to
regional cooperation cannot be conceived despite its apparent advantage. The road to cooperation passes through the stations of restoration of usurped rights, mitigation of the adverse consequences of the
creation of Israel and the creation of an environment conducive to
cooperation."
Not much is left to the imagination. One cannot escape the feeling
that the very existence of the state of Israel is making an agreement
an impasse. The first item in the Jordanian list was the restoration of
rights to the Arab people as a precondition to all the rest. It is difficult
to understand why should the\ deprive their people from a real
improvement of their condition only in order to receive a trivial
amount of water from Israel even if they believe they have any rights
in the world for this amount.
4.4 Some Israeli proposals which are worth repeating
1. Respect existing water use by people and avoid correcting a
wrong to one by inflicting it on another.
2. Join forces to utilize together those water resources which are
wasted because of a lack of cooperation. For example: Storage of
storm water on the Jordan, cleaning the Jordan and using its water.
5. Preparing plans for desalination plants at different sites for Jordan, crossing Israeli territory.
4. Build a thorough wastewater treatment and recyling system for
Israel and the West Bank.
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5. Establish improved measurements systems throughout the Middle East and establish a data bank available for all.
6. Establish different forms of cooperation in various water subjects:
• a regional system of workshops for different technical aspects
of water management
• an experimental and demonstration station on the Jordan, common for Israel and Jordan with free passage to investigators
and service workers of both states
• working together on development of plant variations resistant
to drought and salinity
• establishing of pilot plants of desalination with Jordan, with the
Palestinians and with Egypt
•1.5 Red Sea - Dead Sea Canal and SNAP Technology
In Vienna in May 1992 Jordan has suggested to attend the planning of
a sea water canal from the Red Sea midway between the Jordanian
Aqaba and the Israeli Eilat to the Dead Sea. Jordan quoted several
reasons for this canal, some of which are debatable. Early studies of
the Canal did not prove to be economically very attractive. However,
additional benefits could change this picture. One of the most promising ones is a technology called SNAP. It is to produce very cheap
electricity in huge amounts for Israel and Jordan and as a by-product
to desalinate water at half the cost. This program will enable the construction of the canal in stages allowing for high profit at each stage.
It would double the electricity power which can be produced by the
canal by more than an order of magnitude.
4.(i The ultimate test
The discussion about improving the water situation will become
meaningful only after the demands to restore the Arab right first, will
stop. In fact, the readiness of the Arab states to attend to the water
issues independently becomes a test to their attitude towards the
peace problem as a whole.
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Scale Problems in Hydrology
Günter BLÖSCIIL
I'nivcrsity of Technology Vienna
Department of Hydraulic. Hydrology and Water Economy

.ABSTRACT
The fundamental physical parameters in hydrologic processes span
considerable orders of magnitude. Thus scale represents a basic concept in building and testing Hydrologie models. The variations in time
and lengthscales of hydrological processes call for linkages across
these scales. Linkages across scales can be discussed 1. from a modelling point of view and 2. from a more holistic perspective. The modelling part deals with distributed parameter models among other
approaches for linking state variables, parameters, inputs and conceptualisations across scales. The holistic part comprises dimensional
analysis and similarity concepts. The main difference to the modelling
point of view is that dimensional analysis and similarity concepts deal
with complex processes in a much simpler fashion. U'ithin this part
also fractals and stream network analysis are discussed. Conclusively
key issues and directions for future research are identified.

The contribution was given orally during the Symposium.
.\o paper was submitted for the proceedings.
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Hydraulic Network Analysis
with ihp Soft "warp PacUasre \ESEI
Harald MICK
Department of Industrial Physics
Austrian Research Center Seibersdorf"
ABSTRACT
The software package NESEI allows the steady state and time step history hydraulic analysis of complex water supply networks. It runs on
a PC under MS-DOS, WINDOWS or IVIX-0S/2. A menu guided user
interface with a context specific help system means, that DOS-expertise
is not required.
Contrary to the topological restrictions imposed by the Hardy-Crossmethod our hydraulic program can deal with networks of any topology. Our mathematical algorithm (successive over-relaxation method)
uses a numerical table representation of the Moody diagram instead of
some specific analytical formulation and is therefore not limited to a
certain flow regime.
Armatures like valves, throttles, backflow preventing .flaps, forward
and backward pressure regulators and flow control valves may be simulated. Memory requirement and computer time increase approximately linearly with the number of nodes. A maximum of some 3000 nodes
may be simulated with 640 kB RAM and over 16000 nodes with <V MB.
Operating modes for steady state computation, time step operation histories with reservoir accounting and autodirnensioning of pipe diameters are possible.
For the digitisation of networks, data management and graphical
presentation, commercial products like GIS-ABC/INFO, GISCAD and
GlSl'lEWor AUTOCAD may be used. Data exchange with our package
is performed via text and DBASE flies. A rapid generation of instructive
graphical result presentations is possible via menu selections and permits to achieve a high productivity for the hydraulic analysis and
optimisation of supply systems.
Some auxiliary utility programs allow also small stand alone installations without G/S or C.W support.
A water pressure logger which may be connected at hydrants for
extended periods was developed to allow an economic calibration of a
hydraulic network model by field mesurements. It is microprocessor-controlled, programmable via a menu form by PC and allows
selective pre-event recording according to selectable triggt
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Introduction
In the wake of the oil crises we were engaged in the alternative energy and energy conservation field. We built several solar collector and
heat pump demonstration units and acquired some practical knowhow in computer simulation techniques. From a parallel engagement
in the acoustic emission field arose a joint R&D project with an Austrian sen-ice and consulting company (SEBA / Klagenfurt) on the
acousto-correlative leak location in drinking water supply networks.
Due to this happy coincidence we realised, that there existed an immediate demand for a computer simulation program for the hydraulic
analysis of complex drinking water supply networks and that the
future global drinking water supply crisis would exceed the oil supply
crisis in importance. Water consen'ation may be expected to become
at least as important as energy conservation. Consequently we decided to develop our software package NESEI (NEtwork SEIbersdorf)-

Design Goals
We formulated the following requirements, to be met be our hydraulic program:
• The hydraulic program should be suitable for any network topology.
• The software package should be easy to understand and be able to
deal with small networks in a self contained installation on a standard PC.
• The hydraulic program should be sufficiently powerful and fast to
allow the simulation of large networks without any need for dubious simplifications.
• Any network data which might already exist, e.g. as a database or
as a numbering system for nodes and pipes should be importable
by automatic procedures.
• Automatic generation of input data from database files.
• Simulation of all common armatures.
• High accuracy and hydraulic correctness.
• Automatic generation of instructive graphical result presentations
in co-operation with mainframe computers as well as in stand
alone PC installations.

Principles of Hydraulic Network Analysis
The mathematical solution of the steady state hydraulic flow equations for a complex pipe network has to satisfy three basic laws:
1. Mass consen'ation (Kirchhoff "s 1st or node rule)
2. Energy consen - ation (Kirchhoff's 2nd or loop rule)
5. Pressure loss law for a straight pipe section
All available experimental facts for the pressure loss 5. are contained
in the Moody diagram over a wide range of flow conditions. Various
analytical formulas (Prandtl, Kharmann, Colebrook, White, Nikuradse, Reynolds, Hagen, Poisseuilles. Hazen-Williams etc.) approximate
these experimental facts with limited accuracy over a reduced range
of flow conditions.
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NESE1 uses numerical tables of the experimental facts instead of analytical approximations, and does not trade accuracy against computational speed.
Practically all computer programs for hydraulic network analysis
solve repeatedly a linearised system of equations for 1. and 2. within
a loop correcting for the nonlinearity of 5. Brute force methods of
matrix inversion succeed for all possible network topologies, but
demand computation time and computer memory proportional to the
square of the number of hydraulic nodes and are therefore not practical for large networks. Special "sparse matrix techniques" are needed to overcome this. The traditional Hardy-Cross-method solves only
2. by use of a special choice of variables (loop flows) which fulfill 1.
automatically. This saves computer time and memory, but leads to an
unsolvable system of equations, if the network contains pipes which
cross each other without connection.
NESE1 uses an iterative relaxation method which can deal with any
network topology and for which computation time and memory
requirement increase only proportional to the number of hydraulic
nodes. Crossing pipes and multiple parallel pipes are no problem.
Numerical correctness is not compromised and has been proven in
many projects by numerous calibration measurements.

The Hydraulic Programs NETFLOW and SUPERNET
NESEI is the name of the complete software package which offers a
choice of two hydraulic programs. NETFLOW and Sl'PERNET. Both
programs allow the simulation of steady state How and pressure conditions in complex pipe networks and use nearly the same mathematical algorithm (successive over-relaxation). The older program NETFLOW is written in FORTRAN and is compiled for minimal hardware
requirements. The new program SUPERNET is written in C and
requires a 80586 + 80587 or 80486 processor and some extended
memory. It is, especially for big networks, approximately 10 times
faster than NETFLOW, due to the use of B-trees. On a PC with 640 kB
RAM under DOS6, compiled versions for approximately up to 4000
nodes and 5000 pipes may be generated. Approximately 5000 additional nodes may be simulated per MB extended RAM. SUPERNET
uses nearly the same file format as NETFLOW but offers two additional simulation modes.
Autodimensioning of pipes (mode 2)
It is possible to start with a deliberately underdimensioned hydraulic
model and adequate pipe diameters, so as not to exceed a specified
flow velocity limit, will be computed automatically. Preferably this
process is repeated for a range of load situations, e.g. loss of major
storage tanks, pump stations, peak load hours etc.. to ensure that
these pipe diameters are adequate for all expected load situations.
The usual input data set has to be expanded by an ordered table of
standard pipe diameters.
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Time step simulation (mode 5)
It is possible to simulate a time sequence of load phases which are
specified as a series of quasi-constant steady states. At the beginning
of each phase new boundary and load data as well as new armature
parameters may be specified. At the end of each phase the new reservoir levels are computed and used as new boundary conditions for
the next time step. Reservoirs may have variable cross section. Level
or pressure dependent switches with hysteresis may be specified for
the automatic control of pumps and valves.

The User Interface NESMAN
Figure I shows an overview of the information flow between the various programs and file types.
The generation of the input data files is usually the most labour
intensive step of a hydraulic network analysis. For economic reasons
one must adapt the data processing to the amount and nature (media,
format, etc.) in which raw data are available for each individual project. Therefore this step is least suitable for standardisation. As a universal interface, the option NESEI_DB provides a set of conversion
programs for the import of AUTOCAD-DXF files to DBASE and for
data exchange in both directions between DBASE and NESEI.
The hydraulic computations may be carried out routinely with the
NESEI software package in a practical, convenient and standardised
way.
The graphic presentation of hydraulic results may be carried out with
the NESEI option NETGRAPH (together with SURFER) in a simple and
fast interactive and menu guided procedure, which is again highly
standardised.
An experienced user may use DOS program calls with command line
parameters for all standard and optional programs of the NESEI
package. He may also manipulate all input and output data files with
the help of a text editor. The advantage of such direct program calls
is, that the memory overhead due to the menu guidance is avoided,
so that somewhat larger program versions and data sets may be used.
The practical draw back is however, that long path and file names
have to be typed in at the keyboard accurately and without any errors.
The operation of the various programs of the software package and the
systematic management of input/output/hydraulic/graphic files is
facilitated by the program NESMAN (NESei MANager). NESMAN provides a menu guided user interface with a context specific help system.
This means, that DOS-expertise is not necessary for an efficient operation of the software package. The program package is available in
English and German versions and uses m5/h as input and output flow
rate units. Pipe lengths are given in m, pipe diameters in mm. If any
unit conversions are required these should be done by pre and post
processing of the data with DBASE. EXCEL or similar programs.
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For the digitisation of networks, data management and graphical
presentation, commercial products like GIS-ARC/INFO. GISCAD and
GISYIEW, AUTOCAD or SEBIS may be used. Data exchange with our
package is performed via text files. The use of powerful mainframe
or workstation software leads usually to a splitting of the work
between several persons and consequently to long turn round times
between a hydraulic change and a graphical representation of the
results.
In view of this situation we have developed the option NETGRAPH
which allows the menu guided generation of instructive graphical
results on the same PC and by the same person. The turn round time
between a hydraulic modification, a new hydraulic result and its
graphical representation is for smaller networks just a few minutes.
This allows to achieve a high commercial productivity for the
hydraulic analysis and optimisation of supply systems. NETGRAPH
requires a G1S-ARC/L\FO-DLG file.
An optional set of conversion routines allows import and export of
DBASE-files for NETFLOW/SUPERNET files and DI.G files. A conversion from AUTOCAD-DXF files to G1S-ARC/I.XFO-DLG files (for NETGRAPH) via DBASE is also possible.
NETGRAPH makes use of a software package SURFER (from Golden
Software) which provides printer and plotter drivers for more than
150 different types. Plot files may also be exported as DXF files to
AUTOCAD and PIC files for LOTUS respectively or as HPGL files.
Auxiliary FORTRAN programs CHANGE. NETTEST and EXAMINE
are included as utilities for stand alone installations without GIS or
CAD support.

Application Range
For small and comprehensible networks the generation of input data
files and the interpretation of the hydraulic results can be achieved
with the NESEI base package alone. NESMAN provides an interactive
menu guidance for calls of the auxiliary programs CHANGE, NETTEST and EXAMINE to change, check and manage the input data
files and to inspect the hydraulic significance of the output data files.
A graphic presentation of the network and the hydraulic conditions is
for small networks not essential.
For larger networks an interactive generation of instructive graphic
presentations of the results is provided by the option NETGRAPH.
This needs, however, additional graphic input data describing the
network as a map in the DLG file format. The instructive presentation
of hydraulic results makes the consequences of any hydraulic changes within the network immediately obvious, thereby allowing a quick
feedback for further hydraulic optimisation and allows to achieve a
high productivity in hydraulic network analysis. A special menu
selection allows to plot relative differences between calculated and
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measured (calibration measurements) pressure values on the network map. which allow? an efficient location of hydraulic discrepancies and their possible causes.
For very large networks NESE1 may be used in co-operation with a
database management system (e.g. DBASE) or a geographic information system (e.g. GIS-ARC/I.NFO). Input data files for hydraulic simulations by NETFLOW may be derived easily from simple database
reports (ASCII file format) and NETFLOW result files may be imported again into the database management system or GIS. For the generation of graphic result presentations one may use NETGRAPH or
the corresponding GIS tools. The advantage of the database interface
lies in the efficient manipulation and management of large data sets
within the database management system and the possibility to make
convenient use of any raw data which might already exist in various
external sources.

Water Pressure Logger
In analysing large and complicated networks some difficulties are
caused by the facts that large amounts of input data are involved, that
they are difficult to collect and that the acquired data are not necessarily reliable.
Data can be falsified by human imperfection (typing errors, mistakes
e.g. regarding the condition of valves). Due to the large number of
consumers and their individual and collective behaviour, which can
be foreseen only to a limited degree, only gross consumption rates
can be established. The inner diameter of new pipes is subject to
changes on account of corrosion and incrustations.
A computer model of the network can therefore not be based just on
a collection of nominal data. In addition, reliable information has to
be acquired in relation to the true hydraulic state of the network, and
the computer model has to be verified by comparison with the calculated results.
This is a physical measuring problem which can be solved economically by using the microprocessor-controlled water pressure logger
developed at Seibersdorf, which may be quicklv mounted at hydrants
for unattended data recording over a period of up to three months.
So far these measurements have been made by means of drum plotters. Conventional mechanically driven drum plotters usually run for
a period of 24 hours only, with limited precision (1 percent measuring error). In particular, they are subject to offset errors, non-linearity and hysteresis errors due to friction. They have to be calibrated
before and after each model verification measurement. A further disadvantage is their bulky size which makes installation difficult. If
they are placed on or near traffic lanes, for example, additional warning signs may be required. As they are connected via a hose, dismounting and removal by unauthorised persons cannot be excluded.
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so that longer measurement periods are not practicable. Measuring
results arc plotted on pnper strips, which have to be evaluated
manually.
All these disadvantages can be avoided by the use of our electronic
water pressure logger. Time or event triggered detailed recordings
may be superimposed on a coarser overview recording and due to a
pre-trigger recording capability even rare events may be caught in
detail.

Conclusions
By combining the large practical expertise of SEBA in the areas of
water loss analysis, leak location techniques, map maintenance and
field measurements with the theoretical expertise of Seibersdorf in
physics, mathematics, electronics and computing we can offer an
increasingly important consultancy service and thus contribute to the
global requirement for water consen'ation.
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Integration of GIS and Ground Water Modelling;
Josef FIRST
Department of Water Kconomy. Hydrology.
and Hydraulic Construction
University of Agriculture Vienna

ABSTRACT
F.fßcient management of groundwater resources relies on a comprehensive database that represents the characteristics of the natural groundwater system and modelling tools to describe the impacts of decision
alternatives. This paper describes the use of GIS for the spatial database, the integration of GIS functions and specific functions required for
decision support in groundwater management, and the utilization of
analytical tools and visualization capabilities ofGISforpre- and postprocessing information involved in groundwater modelling .

Introduction
Efficient management of groundwater resources relies on a comprehensive database that represents the characteristics of the natural
groundwater system and modelling tools to describe the impacts of
decision alternatives. A groundwater system is defined by hydrogeological data (aquifer parameters, geological layers, boundaries) and
observations of the historical behavior of the groundwater (groundwater levels, concentrations of solutes, etc.)- In regional groundwater
management problems the information on the groundwater system
also has to be related with land use, surface water, soil characteristics and environmental issues.
Numerical groundwater models are used to simulate flow and transport phenomena in the groundwater and the impact of decision alternatives. Their input requires the specification of several aquifer
parameters for the flow domain, usually diseretized by a finite
element mesh or a finite difference grid. Grid design and model setup
require the manipulation of large and complex data structures, which
is time consuming and costly and often pnnents I lie investigation of
different model geometries and multiple management scenarios.
The effort to perform comprehensive analysis of management scenarios will be substantially reduced by an easily accessible database,
a convenient interface between database and groundwater models,
visualization and analysis utilities for model inputs and results. Geographical information systems (GIS) can provide some of these tools.
Recently. GIS attained a prominent position among the computer
tools for decision support of problems with a spatial dimension. Especially in the context of environmental protection numerous applications of GIS are reported [1], [2). [5|.

58

TcSl/P5/B0RUl

FÜRST

Water Management

The focus of this contribution is on
a) the use of GIS for the spatial database. Problems of integrating
data •with heterogeneous reliability, construction and use of 3-D
models of a spatial variable are discussed;
b) integrating GIS functions and specific functions required for decision support in groundwater management. This is demonstrated
by integrating a finite difference groundwater model;
c) utilization of analytical tools and visualization capabilities of GIS
for pre- and postprocessing information involved in groundwater
modelling.
The variety of tasks and already available partial solutions lead to a
data driven, modular concept of decision support software. All the
required tools are combined in a common user friendly interface and
access the same data. This paper demonstrates, that GIS are a reasonable basis for efficient and economic development of decision support
tools for groundwater management

Decision Support for Groundwater Management
Typical actions with impacts on regional groundwater systems and
thus requiring grounchvater management are:
a) groundwater pumping for domestic, industrial and agricultural
supply
b) hydraulic engineering constructions such as hydro power plants,
river regulations, dams, reservoirs
c) other actions influencing the regional water cycle: roads and
highways, tunnels, waste dump sites, sewer systems, etc.
While general management objectives like maximizing benefits and
minimizing the negative impacts are often easily postulated, it is difficult to formulate direct search strategies for an "optimal" solution. The
decision problems are usually neither well structured nor unambiguous because of multiple objectives and criteria. Uncertainty in the data,
subjective and sociopolitical aspects are further reasons that there is
no unique, objective way to find a "best" solution [4]. The huge number of variables induced by the necessary spatial discretization of
input, state and output of a groundwater system imposes another limit
on the solution by straightforward systems analysis approaches.
Scenario analysis proved to be a reasonable concept to find acceptable solutions. The reaction of the groundwater system to a range of
different decision alternatives is investigated under different assumptions of aquifer properties, boundary and hydrological conditions.
If a responsible decision maker can do the analysis, he will investigate a feasible set of decision alternatives and iteratively find an
acceptable solution. While this solution is not guaranteed to be optimal, it is likely to be robust and highly acceptable, because the
impacts of the decisions can be easily compared and the sensitivity to
any of the assumptions of aquifer properties, boundary and hydrological conditions can as well be verified.
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Database
A large amount of different categories of data forms the computerbased model of a groundwater system.
Time invariant spatial data: Primarily the hydrogeological properties of the aquifer (geological layers, hydraulic conductivity, porosity), but also maps of land use. valuable habitats or regional planning
topics belong to this category. Ideally, we need to know all this information as continuous functions of spnce. However, in most cases only
point (e.g.. from boreholes) or line related data (e.g.. seismic profiles)
are available.
Time series data: For analysis of the historic behaviour of a groundwater system, groundwater levels, solute concentrations, discharges
and meteorological variables are measured at several observation
points. These variables are a function of space and time. The density
of observation points varies and is often very low. Also the observation intenral is usually not constant and observation times are not the
same on different points.
We must distinguish original (observed) data from computed data.
Another important aspect is that also the origin, method of measurement, reliability and similar attributes are available.
The database has to handle time invariant spatial data, time series
data and textual information or expertise. The organisation of the
spatial data must provide the following access methods:
a) selection of objects by identification, coordinates, and/or attribute
values
b) selection by topological criteria (neighbours, nearest points)
The time series database must provide selection of observation points
by name and position, by time criteria and by value. A special case is
the selection of a value at a given time for a set of observation points.
Textual information must be incorporated to capture expertise and to
document the important steps of analysis.
Tools

The tools needed for decision support in groundwater management
can be grouped in three categories: information, scenario generation
and decision support.
Information functions are the tools for data acquisition, data analysis and display. Data acquisition tools cover the tasks of map digitizing, data entry and conversion and import of external data.
Data analysis functions provide specific information about the state
of the groundwater system as represented in the database. They
include time series analysis, spatial analysis, neighbourhood analysis, area statistics, cluster analysis and others.
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Scenario generation and simulation are the key functions. The
main goal of building; a uiiiipuUi model of a groundwater M^eni i>
to provide a facility for specifying decision alternatives and simulate
their impact in the model. .Numerical groundwater models are frequently applied, powerful tools to study the dynamic behaviour of a
regional groundwater system under various conditions.
User interface
A large database and an extensive and complex set of tools makes a
friendly user interface a precondition for successful use. The users
want convenient and safe ways to submit their questions and they
want fast, intuitive presentation of the results [5]. State of the art technology for this purpose are graphical user interfaces and extensive
use of interactive computer graphics.

Application of GIS
In this section the experiences with the integration of groundwater
modeling and two different GIS packages are discussed.
ARCGW is based on the vector based GIS ARC/INFO. The development
approach in ARCGW was to extend the GIS with groundwater specific
modules and then to wrap up those groundwater tools and useful
ARC/INFO functions in a menu driven user interface that appears to
the user as a decision support system. It was developed for conducting
environmental impact analysis of hydropower schemes on the Danube.
LGW (Logical Groundwater Workstation) is a more independent
system with a relational database system, a graphical user interface
and some components of the raster based GIS GRASS. The DSS is
used by the federal water authority to identify the impacts of conflicting projects on a major Austrian groundwater basin and to assess the
degree of interference of the projects.
GIS based spatial database
In ARCGW the spatial database is completely designed as a set of
ARC/INFO point, line and polygon coverages and triangulated irregular networks (TIN). Original data are distinguished from working
data (Figure 1). There is also a complete representation of the geometry, boundary conditions, aquifer parameters and computed results
of the integrated finite difference groundwater model created in
ARC/INFO.
Before the database is ready for scenario analysis, the conceptual
model of the groundwater system has to be derived. We have to construct spatial estimates of the aquifer parameters from scarce point
(e.g.. boreholes) or line (e.g., seismic profiles) information. While
general purpose GIS supply rather simple spatial interpolation techniques, adequate geostatistic methods like kriging had to be accessed
from other sources. Similarly, the available data structures did not
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meet the requirements of 3-D surface modeling. Only the latest
releases of GIS packages begin to incorporate advanced interpolation
techniques and 3-D support.
In LGW the primary database is implemented in a relational database
system. Simple spatial selection and export tools exist to create point-,
vector- or raster maps in the raster based GIS GRASS. Data are only
temporarily kept in GRASS when GIS functions need to be utilized.
GIS tools used for building the database
The database is doubtlessly the fundamental element of groundwater
management and unfortunately the most expensive one. An integrated GIS based solution has several advantages:
a) Digitizing, import, export, cleaning or building of topologies are
readily available basic components of GIS.
b) With GIS being increasingly used by consultants and public
authorities, there is hope that data can be exchanged on electronic media or via computer networks. Major GIS packages have the
advantage of supporting export and import to and from each other.
c) Image processing components of GIS will directly make use of
new data sources from remote sensing techniques.
In ARCGW ARC/INFO functions are used for digitizing hardcopy
maps. Where data are available in tabular format, they are converted
to standard ASCII files suitable for ARC/INFO map generation. An
AML (Arc Macro Language) menu interface can simplify the most frequently needed tasks.
In LGW GRASS digitizing and map import/export tools are available
as well.
GIS tools for data analysis and display
To get a conceptual understanding of the considered groundwater
system we must analyse the data and display various aspects. Some
tasks that are efficiently supported by GIS are described below.
Contour maps. Contour maps contain very comprehensive information about a 2-D variable. While the lines facilitate easy reading of the
displayed variable's value at any point, also the direction and magnitude of its gradient can be seen. Two similar variables (e.g., two
groundwater tables) can easily be compared by displaying their contour lines simultaneously on one map.
Colour coded maps. These maps can very efficiently convey information about a 2-D phenomenon. With an adequate selection of the
color palette, assignment of colors to values of the variable and the
number of colors, interesting effects can be achieved. A gradually
varying palette with many colors and a linear assignment to the values is well suited for displaying topography, geologic layers etc. The
information is similar to contour maps.
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A palette of two colours, e.g. green and signal red can intuitively signal area.-- where certain constraints, e.g. a toxic concentration, are
•violated.
On bitmapped graphics displays the efficiency can further be
improved by dynamic legends. By a mouse click in a field of the legend the area of the corresponding category is immediately highlighted. Optionally, the size and percentage of this category are also displayed. Further, the exact value of the variable at the position of the
mouse cursor is continuously displayed. This feature was not available in the used GIS packages but was developed for the graphical
postprocessor of the groundwater model in I.GW.
Cross sections. To understand the geological shape of an aquifer sections along arbitrary profiles are helpful. Neither ARC/INFO nor
GRASS offered suitable cross section tools. Thus, an interactive cross
section tool was developed for the LGW postprocessor, which allows
to draw an arbitrary line on screen and immediately pops up the corresponding cross section with ground surface, bottom and top of
aquifer as well as selected groundwater heads.
Area statistics. Area statistics are a standard feature of any GIS. In
groundwater management, e.g., a table of the areas of significant
drawdown could help to compare alternatives.
Map calculation. Arithmetic and boolean operations on maps are a
well known characteristic of GIS. These operations require complex
geometric intersection in vector based GIS like ARC/INFO, but are
easily implemented in raster based GIS. E.g., the transmissivity is
easily computed as the product of saturated thickness of the aquifer
and hydraulic conductivity. Four maps are required to compute the
transmissivity map: hydraulic conductivity, bottom and top of aquifer
and a map of groundwater heads.
Thiessen polygons (Voronoi diagram). Thiessen polygons can be a
simple method of regionalization of point related data. This method
is popular for regionalization of precipitation measurements. An estimate of available groundwater volume can easily be computed from
a Thiessen map of groundwater heads, storage coefficient and saturated thickness.
Rule based combination of maps. GRASS has an expert system module that can evaluate a set of rules with raster maps as objects and
generate a new raster map with the conclusion. Also for GRASS, in [6]
a Bayesian reasoning shell for land management is described that
also could find applications in groundwater management.
GIS support for scenario generation and simulation
A Finite Difference 2-D groundwater flow model is used in both,
ARCGW and LGW to compute groundwater flow. This model is integrated with the GIS via pre- and postprocessors. The preprocessor is
the "command board" of the numerical model. Its main features are
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interactive graphical design of the model grid, definition of boundaries using available maps in the G1S. and automatic interpolation of
the aquifer parameters for the designed grid. In ARCGYV. this
required direct access to ARC/INFO coverages using the ARC/INFO
subroutine libraries [7]. In LGW. pre- and postprocessor access data
in a hierarchical file system for better performance.
In ARCGW, the postprocessor simply converts the format of the
model's output and passes selected results to the database for further
analysis and display. Thus, the results of the model also can be compared with other information in the database.
The LGW postprocessor is a specifically developed module for the
interpretation and comparison of scenarios. The most important raster GIS functions were implemented for the finite difference grid. As
data are read from binary files and are kept in memory for different
views, a high speed of execution is achieved. Currently, colour coded
maps with dynamic legends, contour maps, cross sections, vector
maps and time series for unsteady scenarios are supported. For a
given grid, arithmetic operations are possible between aquifer
parameters and computed results.
For background maps. GRASS vector and point maps can be displayed. The postprocessor was implemented in C language, with an
OSF/ Motif graphical user interface and all graphics based on the X
Window System.
Platform for communication between disciplines
In many cases, groundwater management is not the primary objective of a study. For most environmental impact assessment problems
of major projects with influences on the water cycle, groundwater is
just one of the issues to be treated in a larger, interdisciplinary setup.
Impacts of decision alternatives can change the groundwater system
in different ways. But these changes, e.g. a drawdown of the groundwater table, need to be related with a variety of other information like
vegetation, landuse, habitat maps, or surface water quality. To perform the required combination and interdisciplinary analysis, the
involved specialists must provide their data and results in a common,
compatible format. Because the majority of this information has a
spatial dimension, GIS can efficiently serve as a platform for communication.
GIS support for the user interface
In ARCGW the complete user interface was developed with the Arc
Macro Language AML [8]. AML also allows the integration of system
and user developed external programs. The main advantage of AML
is the easy customization and extension of user interfaces even for
the end user. While offering just the required subset of GIS and
groundwater functions through the interface, access to the complete
GIS is always possible for the experienced user.
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In LGW, some of the major modules have their own OSF/Motif interlace, others are implemented as L.M.\ command line tools atid are
accessed via the GRASS add on utility Xgen. a script based application
generator to drive UNIX command lines via an OSF/Motif interface.

Conclusions
The concept, to integrate GIS and numerical groundwater models for
development of decision support tools for groundwater management,
has several advantages. GIS provide a considerable number of components that support efficient groundwater modeling and the application of the results. In fact, a numerical groundwater model can be
seen as a specialized GIS function.
GIS can be efficiently applied for the spatial database management
involved in groundwater modeling, and for most of the visualization
tasks. Much of the power becomes evident in interdisciplinary studies, when groundwater management is just one of a variety of issues.
In this case GIS can serve as a platform for communication between
disciplines.
However, there are some drawbacks which are rather related to the
technical implementation. Support of 5-1.) data elements is not satisfactory in most of the common GIS, although there are efforts to
improve these capabilities. There is also some instability induced by
the combination of different large software packages (GIS, DBMS,
User interface tools, graphics) of which only a fraction is used. Incompatibilities between different GIS systems prevent the optimal choice
of just the required components and can negatively affect the final
system performance due to tedious import and export procedures.
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Transport of Contaminants in Groundwater
Hans ZOJER
Department of Geothermics and Hvdrogeologv
Joanneum Research Graz

ABSTRACT
In order tu Jhllmc up the percolation of nitrogen components fron}
surface to groundwater a lysimeter research station has been established m an agriculture experimental field south of Graz. The geologyis characterized by Quaternary gravels and sands with relatively high
permeability representing an important shallow aquifer used for public water supply in a regional extent. On the other hand the frequent
use ot fertilizers and liquid manures provoked a continuous increase
of the nitrate content in the shallow groundwater. thus reflecting a
serious conflict between drinking water protection and agricultural
activities.
At the lysimeter station, located between two different agricultural test
fields (maize monoculture and crop rotation), a number of parameters
are measured automatically: rncteorologic factors (from atmosphere),
soil temperature, soil moisture, water tension, free oxygen (from unsaturated zone), groundwater level, water temperature and conductivity
(from saturated zone). Furthermore water samples are collected for
hydrochemical and environmental isotope analysis.
As a conclusion from the present state of the lysimeter studies it can be
stated that
• chemical changes of nitrogen components cannot be limited to the
root zone from covering plants,
• hydrogen and oxygen stable isotopes can be applied for the simulation of transport of dissolved substances neglecting hydro- and biochemical reactions.
• mure emphasis should be directed to nitrogen isotopes and
• the most proper results for groundwater protection can be achieved
by the combined application and crmpanson of hydro logical, chemical, biological and isotopical methods.

Introduction
Groundwater occurs in many different geological formations. Nearly
all rocks, whatever their type, origin or age, possess openings called
pores or voids. In unconsolidated. granular materials the voids are
the spaces between the grains, which may become reduced by compaction and cementation. In consolidated rocks, the only voids maybe fractures and fissures, which are generally restricted but may be
enlarged by solution. The volume of water contained in the rock
depends on the percentage of these openings or pores, which is
termed the porosity of the rock.
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When rain falls, some infiltrates into the soil. Part of this moisture is
taken up by the roots of plants and some moves deeper under the
influence of gravity. In the unsaturated zone the empty spaces are
partly filled with water and partly with air. Soil, air and water are in
contact and may react with each other. Downward water movement
in the unsaturated zone may differ depending on the grain size distribution, which is constant, and the soil moisture content, which is variable due to hydrological conditions. Groundwater is governed by
Darcy's Law, characteristics of the flow are expressed by the hydraulic conductivity.
In water quality investigations the groundwater flow system is considered in terms of its ability to transport dissolved substances or
solutes, which m?.y be natural chemical constituents or contaminants. Solutes are transported by the bulk movement of the flowing
groundwater, a process termed advection. Dissolved solids will
spread out from the expected advective flow path forming a plume of
diluted solutes. While molecular diffusion is only important at low
velocities, dispersion plays a major role, which arises from the tortuosity of the pore channels in a granular aquifer, of the fissures in a
fractured aquifer and of the conduits in a karstified aquifer.
Hence the knowledge of flow paths can be considered as a key for the
solution of environmental problems in groundwater.

Nitrate Impact by Agricultural Activities
In order to follow up the percolation of nitrogen components from
surface to grounriwater a lysimeter research station has been established in an agriculture experimental field south of Graz. The geology is characterized by Quaternary gravels and sands with relatively
high permeability representing an important shallow aquifer used for
public water supply in a regional extent. On the other hand the frequent use of fertilizers and liquid manures provoked a continuous
increase of the nitrate content in the shallow groundwater, thus
reflecting a serious conflict between drinking water protection and
agricultural activities.
At the lysimeter station, located between two different agricultural
test fields (maize monoculture and crop rotation), a number of
parameters are measured automatically: meteorologic factors (from
atmosphere), soil temperature, soil moisture, water tension, free oxygen (from unsalurated zone). Furthermore water samples are collected for hydrochemical and environmental isotope analysis.
In spring 1995 infiltration experiments have been carried out in two
lysimeter vats; one of them was laved fallow associated with maize
monoculture, the other was covered by rape. The results of the tests,
expressed in the variation of electric conductivity and oxygen-18. are
illustrated in Figures 1, 2 and 3. Before the experiments, the concentration of outflow water from the vats ranged around -9 to -8.5 dperm
for oxygen-18 and up to 550 uS.cirH for conductivity. The content of
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irrigated water, 61) mm in March and 40 mm in April 1995. was
of -11.4 9perm ( I8 0) and 4fl iiS.crrH (conductivity) respectively
-9.2 öperm and 700 uS.em-1.
The outflow mass from the vat under fallow conditions reacted
immediately at both experiments (Figure 1). At rape cultivation a
response took place only in a small extent and reasonably delayed
(Figure 2). These results show a good agreement with the soil tension
measurements comparing similar conditions (J. Fank & T. Harum,
1994).
Effects of the experiments with regard to conductivity and oxygen-18
must be considered and interpreted in a synoptic way. At the fallow
mize test site the March experiment shows a clear dilution effect thus
resulting a fast flow through macropores. the April experiment produces the impression that infiltration water from the previous test
discharged due to piston flow effects. With reference to the stable isotopes shortly after the April test the system became fairly mixed of
components from both infiltration sources. On the contrary conductivity increased strongly during the same period due to enhanced dissolution conditions for calcium and bicarbonate caused by biological
reactions from mize cultivation in spring 1995.
It is evident that the conductivity from the outflow water in the rape
test site did not change significantly during the experimental work.
The generally high concentration of dissolved solids during the
whole period of investigation points to continuous biochemical activities in the whole system and permits no clear indications on solute
transport. The evaluation of stable isotope compositions allows a better insight to infiltration dynamics. First of all this environmental
tracer is not effected by dissolution processes in water during its vertical migration. Referring to this, the deuterium excess can be
assigned as a sustainable tool for the interpretation of data. In this
respect the correlation of the oxygen-18-content and the deuterium
excess of infiltration water during the tests show a good indication of
discharge water appointed to distinct infiltration conditions. Also in
the rape cultivated lysimeter a piston effect must be determined but
mainly under micropore conditions.
As a conclusion from the presented lysimeter studies it can be stated
that
• chemical changes of nitrogen components cannot be limited to the
root zone from covering plants
• hydrogen and oxygen stable isotopes can be applied for the simulation of transport of dissolved substances neglecting hydro- and
biochemical reactions
• more emphasis should be directed to nitrogen isotopes and
• the most proper results for groundwater protection can be
achieved by the combined application and comparison of hydrological. chemical, biological and isotopical methods.
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Waste Disposal in Fractured Crystalline Hocks
Tin- disposal of wastes must take into account a safe scaling against
biosphere and atmosphere. Therefore the emission of contaminants
is most relevant for site assessments, with special regard to the
knowledge of their subsurface migration. In this connection the term
"geological barrier" has to be defined not in a strictly geological manner but more widely, as hydrological. chemical and biological criteria
must be incorporated. The final definition must consider the whole
geosystem as a barrier.
The discharge of subsurface water generally is directed to a surface
drainage system, depending on time and distance. The location of the
drainage basis and the evolution of the aquifer can cause a deep
reaching circulation of groundwater. In recharge (infiltration) areas
groundwater is moving downwards, discharge (exfiltration) areas on
the other hand are located near to the surface drainage characterized
by an ascending component of groundwater flow (Figure 4).
A site for waste disposal has been investigated in a granulite area of
the Bohemian massif. Lower Austria. Besides classical hydrogeological studies tracer methods have been applied in order to get information on vertical movement of groundwater in the boreholes. Tritium
profiles in Figure 5 show the distribution of water ages resulting the
oldest water just nearby the surface drainage originating from deeper circulation.
The recharge area in this particular study area is characterized by:
• a thin cover of weathered material above the hard rock formation
• changing of groundwater flow direction depending on groundwater level, caused by different local drainages
• considerable seasonal changes of groundwater level
• fast migration of infiltrated water documented by the saturation
index with respect to calcite and high nitrate concentrations
• low ages of groundwater due to tritium contents
Special criteria of the discharge area:
• locally confinec groundwater nearby to the surface drainage
• low seasonal fi jctuations of groundwater level with reference to
the stagnant surface drainage
• practically stagnant groundwater in the fractures of the granulite
(borehole logging, column tracer tests, low chemical mineralization)
• considerably high groundwater ages
On the basis of these results an environmental protection assessment
regarding the waste disposal site has been carried out.
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Microbiological Safety
vs. Increasing Micropollutants Loads
in the Water Distribution System
Yehuda KOTT
Department of Environmental and Water Resources Engineerinj
Technion - Israel Institute of Technology

ABSJKALI
Hater quality is measured by its physical, chemical, radiological and
biological limits, set up by the relevant authorities in various countries
or as recommended international agencies, such as the World Health
Organization or the European Community.
The current technologies enable us to withdraw water in one place,
and deliver it hundreds of kilometers aivay to arid circus which otherwise would not be developed. This might create taste and odor, turbidity, color problems, and enhancement of microbiological activity. The
water technology business, although in early days ivas practiced without a sufficient scientific background, has proved throughout the years
to provide a safeguard. As for instance, the first use of sand filters as
part of water treatment for domestic consumption, ivas introduced
already by the end of the last century.
The coliform. thermotolerant coliform, E. coli counts and the search
for Enteric viruses. Legionella bacteria. (Jiardiu and Cryptosporidiurn
cysts enhanced the research concerning health related water quality on
one side, and the Biological Dcgradable Organic Carbon CBDOC). the
AOC (Assimilable Organic Carbon) and the growth follow up by measuring turbidity, as well as the Adenosine Three Phosphate (ATP) test on
the other side. All these examinations enable to evaluate bacterial quality and regrowth in the distribution system.
Results calculated using .Vortitel. turbidimrtcr enabled to distinguish
between the capability of various bacterial strains isolated from natural water to grow in waters, before and after treatment. E. coli survived in water containing algae cell free extract fur more than 20 days
and Shigella sonnie survived about two weeks. Simulation of fully
treated water that is Jlocculation. sand filtration. Cranular activated
carbon followed by chlorination indicated that chlorination of minute
amounts of micropollutants found in the water enabled bacterial
regrowth. These results call for safe water treatment followed by a
close follow up of regrowth capability of bacteria as part of a routine
procedure in the water supplied for the communities.
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Following historical facts one finds out that in ancient times, communities were living along the river banks, on the lake shores, or
wherever spring water was available. Ttiat brought to the general
belief that "water was created pure". Moreover it was already found
to be erroneous in Biblical times when Eiisha was called to heal the
water source of Jericho, as a clear sign of enteric disease in the water
was mentioned (the Bible. Old Testament).
Nowadays water quality is measured b> its physical, chemical, radiological and biological limits, set up by the relevant authorities in various countries or as recommended international agencies, such as
the World Health Organization or the European Community. The current tec.mologies enable us to withdraw water in one place, and
deliver it hundreds of kilometers away to arid areas which otherwise
would not be developed. This causes the increasing consumption
which is reflected by increasing concentration of pollutants downstream.
The growing concentrations of pollutants found in the water caused
concern not only from the pure health aspects, but from additional
parameters, such as taste and odor, turbidity or color, and enhancement of microbiological activity. All these have caused investigators
to pay more attention to the effluent quality discharged to the rivers
and lakes and of course to find methods to evaluate the water quality
and apply methods for upgrading the raw water to the quality needed for domestic supply.
In the early days of bacteriology, the research efforts were aimed to
enable to isolate, grow and identify pathogenic bacteria, to find
chemicals which would destroy tho bacteria and therefore, would
enable to cure diseases in human beings. The water technology business, although in early days was practiced without a sufficient scientific background, has proved throughout the years to provide a safeguard. As for instance, the first use of sand filters as part of water
treatment for domestic consumption, was introduced already by the
end of the last century.
The universal methods of using eoliform bacteria as pollution indicators and total bacterial counts as indicators for unsafe quality, the
specific methods for faecal coliforms. with the new tendency to look
for E. coli, specifically on one side, and the knowledge that has accumulated on water borne Enteric viruses, their behaviour and survival
in hostile environment, on the other side. The isolation of Lcgionella bacteria, Giardia and Cryptosporidium cysts, has enhanced
research in these specific areas, but in addition has brought new
thoughts dealing with water quality that might enable bacteria to survive, and possibly multiply. In turn, research groups have been stimulated to evaluate the bacterial growth capability of the examined
water, not only by distinct chemical methods, but by introducing bacteria to the water and measuring their capability to grow in it.
Some known methods are used to evaluate bacterial growth capability in water. The total count method done by staining bacteria using
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acridine orange and counting using epifluorescence microscopy,
which counts the viable bacteria total count done on agar plates
shows counts to be about 2-5 orders of magnitudes lower. Inoculation
on plates using the active method yields higher counts than just plating. The Biological Degradable Organic Carbon (BDOC) method is
used in a few European countries. One of the most known methods
relays on bacterial count done on plates incubated for 15 days is the
AOC (Assimilable Organic Carbon) that was developed by Van der
Kooij and is mentioned in the American Standard methods. Another
approach relates to the capability to follow bacterial growth rate in
real time. It is based on the capability of measuring as low as lOVml
bacteria placed in quartz square bottles in a 12° forward scattering
light turbidity meter, the incubation is continuously followed up and
enables to evaluate maximum growth rate of the bacteria. In addition
there are research teams who measure Adenosine Three Phosphate
(ATP) of the growing bacteria and comparing between start of growth
and end of the experiment. From the above mentioned methods it can
be understood that the growth materials that are found in the various
water quality would enable bacterial growth. However, all the methods described are time consuming, and no doubt if a method would
be found that would enable to shorten the time period, it would be
welcomed. Furthermore, one can learn that our knowledge concerning the evaluation of growth capability of bacteria in the distribution
system is limited and almost no research was don° concerning the
survival and possible growth of pathogenic bacteria was published.
The aim of this presentation is to demonstrate that different water
quality enables bacterial regrowth in water and deals with the survival of pathogenic bacteria in it.
Table 1 summarizes results received using the Monitek turbidimeter.
The results appear as value of maximum growth rate on bacteria isolated from various waters. The examined water was supplied from a
water treatment plant. It can be seen that some of the bacteria
showed low growth potential, but others showed high one. In Israel
most of the water is chlorinated more than once, but no other treatment is used. Therefore, it is assumed that algae found in natural
waters when die might contribute growth materials. Table 2 summarizes results on E. coli bacteria that survived in water containing algal
cell free extract. One can see that relative high concentrations of cell
free extract had temporary growth effect and E. coli disappeared
after 20 days. The low level of algal material enabled the bacteria to
survive more than one month. As mentioned the survival of pathogenic bacteria in water was not investigated thoroughly and not
enough data is available to provide precise information. Figure 1
shows that natural water before treatment would enable Shigella
sonnie bacteria to survive about two weeks.
When natural water was examined for its capability to allow
regrowth using Pseudomonas fluorescens P-17 used in A.O.C. water
examination. It can be seen that flocculation had removed much but
not all growth materials, sand filtration has removed additional
growth materials. The application of granulated activated carbon had
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removed very significantly the micropollutants but chlorination of the
water has caused some additional disintegration of micropollutants.
which became available as growth materials to the bacteria and the
maximum growth rate of the pseudomonas bacteria was higher.
Thus to conclude, it can be said that human activities contribute
through waste discharge to lakes, rivers and other water sources. The
micropollutants enhance growth of natural bacteria found in water.
There is a potential hazard of growth capability of indicator and pathogenic bacteria. This calls for safer water treatment and close follow
up of regrowth capability of bacteria as part of routine procedure in
the water treatment that is supplied for the communities.
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MGR of Various Bacteria on Aluniot Plant Water
Remark

.MGR value

Name of Strain
Mixed population from
activated carbon column

NG
0.0454
0.0732
0.0815

Example of 4 samplings

I'seiidomonas vesicularis
Flavobacterium multivorum
Aeiiietobaeter jlmsonii penospeeie.s 7
Aeromonas hydropbila
F.nterobacter acclomerans
Methvlobacterium subgroup !
Metbyldbacteriuin mesoj)lnlicuin
Serratia liquifadens
Klebsella trevisanii
Enterobacter cloacae

0.0534
0.1210
NG
0.1645
O.2OS7
NG
0.0807
0.0567
0.1601
0.1652

Isolated
Isolated
Isolated
Isolated
Isolated
Isolated
Isolated
Isolated
Isolated
Isolated

from
from
from
from
from
from
from
from
from
from

1
1
1
1
1
4
3
water supply
water supply
water supply

Xtitr; MGR Maximum drouth Rate
\G
.\n gnurt/i
I
Ihigushriiu natural flow
)
Jordan River at Degania pumping station
•I
Alumni ivalrr treatment plant

I able 2:

Survival ol E. coli in \\ater
Control

Time (days

Algae Dilution
1:100

1:50
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-

fi.O x 1 0 -

9

4.8
5.1
2.0
2.5
1.9
5.0
5.9

14
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20
25
28
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x
x
x
x
x
x
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5.5 x 10^

TMTC
10101010^
10101
101

5.6
5.9
2.2
1.0
6.4

x
x
x
x
x
0
-

TMTC
1.0 \ 10'1.4 x 10"
5.4 x 10''
1.0 x 10*
4.6 x 102

10*»
W
10*
10^
101

0
-

1:1000
4.5 x 10^

TMCT
2.S
2.0
8.2
4.7
4.6
2.0
4.0
5.1

x 10"»
x 10''
x 10*
x 10*
x 10*
x 10*
x 10"
x 101

yule:
All numbers are bacteria in 1 ml.
The experimental vessel contained saline water (O.S>°'o) with or without Pediastrum cells content incubation at
room temperature. All numbers are an average of various dilutions.
TMTC - too many to count.

T a b l e ~>:

Pseudomonasßuorcscens
P. 17 Capability to Grow
on Hagoshrim Raw and Treated Water

S linple

R,-\v
Af er flocculation
After sand filtration
Afler GAC column**
After cblorination

Number bacteria/ml
beginning
2.0 x 10*
1.6 x 10*
2.0 x 10*
2.0 x 10*
2.0 x 10*

end
7.5
9.0
S.O
6.0
6.0

x
x
x
x
x

MGR*
10-i
10''
10*
10*
10+

0.1987
0.1555
0.1226
0.05 7 Ü
0.1078

* Maximum Growth Rate
" Granular Activated Carbon
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Department of Water Provision. Water Ecology
and W'asle Management
I niversitv of Agriculture Vienna

AHSTRACT
The March/eld region, a flat and agriculturally dominated area in the
east of Austria, is characterized by a steadily lowering groundivater
level due to the discharge of groundivater used for irrigation, industrial purposes and to meet both - local and regional - demands for drinking water during the last decades. A progression of this process would
jeopardize the economical and ecological development of this region.
Hater of the river Danube endowing into Marchfeld Channel can compensate the deficit in the balance of water between surface water,
groundwater and human requirements on agricultural, industrial and
drinking water supply.
In order to meet the actual quality standards for groundwater. the surface water of the Marchfeid Channel has to be treated before infiltration into subsoil. The investigations of this study content various experiments with different water treatment techniques carried out at a small
scale pilot plant for pointing out optimal process combinations and
running conditions according to drinking water quality in the effluent.
The pilot plant consisted of a pretreatment stage for the elimination of
suspended solids and S parallel loaded sand filter basins to reduce dissolved organic carbon and nutrients from the raw water.
The pretreatment stage operated as a horizontal roughing filter with a
3-laycr fixed bed of different grain sizrs each At an average filter load
of 3.2 mVm2.h all over the test periods the injluent concentrations had
been ranging from 1 to 20 mg/l and the elimination rates of filterable
suspended solids had been reaching from 6 1 to 95°/.,. High resistance
against shock loading had been observed. Increasing loss of head of
the filter had not been occured within the running time of one year.
The parallel loaded filter basins were carried out as slow sand filters
planted with and without different macrophytes. The monitoring of the
flow, important physico-chemical and bacteriological analyses, the
hydraulic and organic load of the filters had been carried out periodically within the period of one year to consider short and longterm
change of concentrations in raw water during different seasons.
The results of these investigations show the importance and efficiency
of horizontal roughing filter for the elimination of suspended matter to
ensure the efficiency of the succeeding sand filter. Comparible results
had been shown by both filter types according to the reduction rate of
dissolved organic carbon. 'The concentrations of DOC had been
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decreased from 1.5 to 4.4 mg/l in the raw water to a range from 1.5 to
l.S rng/l in the effluent of the pilot plant. The hydraulic load of the
implanted basins had been ranging from 1.1 to 5.5 m/d that one of the
planted had been ranging from 0.3 to 3.6 m/d. Because of the results
concerning nitrification and phosphate removal were not satisfactory
further research work to obtain better results will be carried out. In
order to limit bacterial growth in the effluent oxidation and adsorption processes will be tested in future, qualifying biologically stability
by analyzing assimilable organic carbon and using different nutrient
a gars.

Introduction
The Institute for Water Provision. Water Ecology and Waste Management (IWGA), Department for Water and Wastewater Engineering.
Industrial Waste Management and Water Pollution Control supervised semicommercial field experiments for designing and optimising a technical plant for artificial groundwater recharge by order of
the Errichtungsgesellschaft Marchfeldkanal (EM) dated from October 3rd, 1991. The tests had been carried out by the EM at a smallscale pilot plant near Deutsch-Wagram, 15 km east of Vienna.
The Marehfeld region (Figure 1), a flat and agriculturally dominated
area in the east of Austria, is characterized by a steadily lowering
groundwater level due to the use of groundwater for irrigation,
industrial purposes and to meet both - local and regional - demands
for drinking water. A progression of this process would jeopardize the
economical and ecological development of this region. Water of the
river Danube endowing into the Marchfeld Channel should compensate the deficit in the balance of water between surface water,
groundwater and human requirements on agricultural, industrial
and drinking water supply. This multifunctional water management
project has been implemented since 19S7.
The water supply system consists of Marchfeld Channel, transporting
surface water from river Danube to the centre of the Marchfeld
region, the creeks Russbach and Stempfelbach, distributing the water
in the eastern part of the region and discharging into the river March
and Danube downstream (Figure 2).
Another part of the rehabilitation system, consisting of some artificial
groundwater infiltration ponds including a purification plant near
Deutsch-Wagram, has not yet been established in technical scale.
The results of a computer modell is shown in Figure 3. The place of
groundwater infiltration and the conturlines of increasing groundwater level resulting from artificial groundwater recharge can be seen.
In order to meet the actual quality standards for groundwater which
are the same as for drinking water [5] in Austria, the surface water of
the Marchfeld Channel has to be treated before infiltration into subsoil.
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Objectives
In 1978 the ÖROK [1] decided to solve the water deficit of Marchfeld
region by realizing an integrated water resources management. Since
1985 Marchfeld Channel has been planned and built and the infiltration plant is part of the base equipment according to law [2].
The two major goals of the Marchfeld Channel project can be defined
as follows: On one hand to slop groundwater extraction for crop land
irrigation by farmers, on the other hand to lift the groundwater level
slowly up to the longterm average values. Altogether to stabilize
withdrawing and natural groundwater recharge of this region.
The goals of the groundwater infiltration plant are pointed out by EM
J5] as follows: To lift the groundwater level, to plnrc irrigation water
at farmers disposal, to compensate for reduced natural groundwater
recharge in years of poor amounts of precipitation and to improve the
groundwater quality by diluting it with treated surface water. Surface
water from the Marchfeld Channel should be treated by the infiltration plant to drinking water quality before being infiltrated into the
underground. The infiltration rate is calculated by [4] and ranges
between 50 and 250 1/s. The average coefficient of permeability of the
subsoil at the infiltration site is 10-- m/s and the storage coefficient
ranges at 10% [5]. Relating to longterm pumping test the subsoil conditions are well suited for water infiltration. The groundwater level
varies between 6 and 7 m below the surface. The disposable infiltration site covers an area of 100.000 m2.
Our work was focused on water quality and suitability of the raw
water for infiltration into groundwater, checking out different processes of water pretreatment and main water conditioning and looking for the optimal combinations of treatment processes according to
low operational costs and high security in operation.
Concerning hygienic goals hygienic unobjectionable water corresponding to the Austrian standards [5] had to be produced. Additional investigations using AOC-technique had been done to test if the
treated water from the infiltration basins is "biologically stable". The
terminology "biologically stable" is a new feature [6] to evaluate
water quality according to the remaining bacteriologically growth
potential.

Materials and Methods
Description of the pilot plant
In order to reach the goals mentioned above a small scale pilot plant
was erected by EM in summer 1992. Figure 4 shows the site plan of
the pilot plant. Figure 5 shows a longitudinal section of the prefiltration stage. Figure 6 shows the site plan and a cross section of a planted sand filter and Figure 7 the site plan and a cross section of a slow
sand filter (SSF). The pilot plant consisted of a raw water pumping
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Station, where surface water extracted from Marchfeld Channel was
pumped to the prefiltration stage. The effluent of that stage could be
distributed by 8 pumps and pipelines to any of 8 sand filter basins
with impermeable bottom. Each filter had a different irner structure
and was charged in parallel operation varying the hydraulic load.
Planting started in summer and operation in November 1992.
The Horizontal Roughing Filter (HRF, see Figure 5), a horizontal flow
triple layer gravel filter, was situated in a steel tank with a length of
12 m. a width of 2.4 m and a height of 2.4 m. The influent flew from
the inlet chamber distributed by a perforated partition wall through
the filter bed no. 1 . The length of zone I was 6 m, the width was 2.4 m
and the height 2.0 m. All other filter beds had been of the same width
and height. The grain size distribution of zone I had been ranging
from 16 to 52 mm. The length of the second filter bed had been 5 metres and the grain size distribution had been ranging from 8 to 16 mm.
The last Filter bed was only 1 metre long and had the smallest grain
sizes with 4/8 mm in order to eliminate the smallest fraction of suspended solids contained in the raw water. Every part of the filter bed
had been equiped with sampling points. The location of the sampling
points within zone I had been at 1 m. 5 m and 5 m. within zone II at
0.5 m and 2 m and within zone III at 0.5 m of the total length of each
zone. The sampling points consisted of drain pipes 1" in diameter and
a length of 2 m each.
Each of the 8 sand filter basins consisted of a Filter tank, made of reinforced concrete with an impermeable bottom, containing the underdrain system, the filter bed and the supernatant water. The measurements of the surface area were 16 m2 (4 m x 4 m) each with vertical
walls of 2.7 m height. All basins had the same design but the internal
structure was different. 6 basins were designed for planting macrophytes on the surface layer and 2 others for conventional slow sand
Filtration without plants. Basin no. 1, 2, 7 and 8 were planted with
Phalaris arundinacea. Basin 5 was planted with various macrophytes:
20 pieces of Butomus umbellatus. 18 pieces of Iris pseudacorus,
15 pieces of Typha latifolia, 9 pieces of Spaganium erectum, 8 pieces
of Carex species, 6 pieces of Juncus effusus. 1 piece of Lythrum salicaria and 1 bunch of Ranunculus species. Basin no. 6 was planted
with reeds. All plants were withdrawn from the nearby creeks Seyringer Graben and Rußbach and were growing well.
All planted basins had the same design (Figure 6): Height of root zone
20 cm consisting of round gravel size 4/8 mm, height of infiltration
layer 100 cm consisting of natural sandy gravel (material withdrawn
from the surrounded underground), height of supporting layer 55 cm
consisting of round gravel size 4/8 mm surrounding the extraction
pipes. The maximum supernatant water level lay at 100 cm. Sampling
points consisted of drain pipes 1" diameter, each one equiped with a
control valve, situated at the outlet and at 5 different levels of the filter bed.
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The design of the two SSFs is shown in Figure 7. One SSF (no. 4) was
equiped with a 100 cm d<.'ep sand layer size 0.4 to 0.S mm and the
other was equiped with a sand layer of the same depth and a size of
0.63 to 1.0 mm. The lower layers of both SSFs consisted of 250 mm
natural subsoil supported by 500 mm washed gravel 4/8 mm. Inlet
and outlet constructions, sampling points, flow meter stations and
control valves were installed in the same way like described above.
Experimental programme
The tentative operation can be divided into 5 various periods with different running conditions:
• Planting and growing up from summer 1992 to Nov. 24th 1992
• 1st observation period from Nov. 25th - Dec. 21st 1992 (27 days)
• Standstill from Dec. 22nd 1992 - Mar. Kt 1995
• 2nd observation period from Mar. 2nd - Mar. 22nd 1995 (21 days)
• 3rd observation period from Mar. 25rd - May 13th 1995 (51 days)
• 4th observation period from May 14th - May 27th 1995 (14 days)
• 5th observation period from May 28th - Sep. 50th 1995 (126 days)
Prefilter operation:
The HRF had been run with 4.2 1/s during all test periods. The average flow velocity had been at 5.2 m/h according to a filter bed area of
4.8 m~. This represents a medium surface loading rate of the filter
and a slow clogging of the filter during the operation time of one year
has been expected. Beyond Ave focused our experimental work to the
suitability of the chosen grain size distribution of the 5 layers and further on to the elimination rate of the suspended solids and on the dissolved oxygen concentration remaining in the effluent.
Sandfilter operation:
In Table 1 the different hydraulic loads of the sand filters are pointed
out. Normally SSF will be run with a flow velocity of 1.1 to 5.5 m/d
(compare Figure 12).

Table 1:

Average Hydraulic Loads of the Sand Filters (SF) in m/d (rounded)
for the 5 Observation Periods.

Observation
periods

SF 1
grass

SF2
grass

SSF 5
sand
coarse

SSF 4
sand
fine

SF5
mi\ed

SF6
reed

SF7
grass

grass

1
.Nov-Dec
2
Feb-Mar
5
Mar-May

-

-

5.1

5.5

0.8

1.4

0.8

0.5

1.4

1.6

1.1

2.7

0.5

0.8

0.5

0.8

1 T

5.6

1.1

5.4

0.9

1.6

0.9

0.5

1.2

2.0

5.5

_

0.4

1.4

0.3

0.9

1.0

2.0

5.1

4.4

0.5

0.8

0.5

0.5

4
May
5
May-Sept

SF8
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Different filter runs had been carried out resulting in different elimination raU'.s ul'DUG. nuinenb, bae U-i iac tuuiib clc. aevurding tu filter load and other external impacts (e.g. algae growing, shock loading with different water ingredients). Filter running time between
two bed regenerations, consequences of algae growing and parameter due to shock loading should be estimated.
Samples had been taken from raw water, from the effluent of the HRF
and from chosen sampling points within the filter layers of the sand
filters. These samples had been evaluated by measuring the following physico-chemical parameters: temperature. pH, dissolved oxygen, electrical conductivity, redox potential, turbidity, suspended solids (filter pore size 0 0.45 um), LT-absorption at a wavelength of
254 nm NTU-N, PO4-R hardness total and carbonate, HCO3, Fe, Mn,
NOj, NO-,, C1-. SO 4 -. Na-. K-. Ca~. M«-, ROD,. TOG. DOC. organic N,
Kjeldahl-N, total P.
Beyond the physico-chemical parameters the following microbiological parameters had been measured: colony count (culture agar at
20° C and 57° C after 44 hours), Escherichia coli, coliform bacteria,
enterococci and Pseudomonas aeruginosa. Additional parameters
as assimilable organic carbon (AOC) [6] and impedance measurement [7] representing the rate of the so called biological stability had
been observed too.
Sampling intervalls had been changed in accordance to requirements
of the filter run from weekly, fortnightly to monthly periods.

Kesults and Discussion
Only a small part of the most important results is presented hereby. A
detailed summary of all results and interpretations is contained in [8].
Raw water
The temperature of the raw water had been ranging from 1.2° C in
March 1995 to 21.2° C in June 1995. No significant difference among
raw water, prefilter outlet and sand filter outlet had been observed.
The average suspended solids had been ranging from 5.8 to
12.5 mg/1. Single maximum values had been as a high as 20 mg/1.
Sufficient dissolved oxygen had been available at all times (Figure 9).
Minimum value observed had been at 6.1 mg/1 O_>. DOC had been
ranging from 1.5 to 4.4 mg/1 whereas the average values of the single
test periods had been laying between 2.4 and 5.5 mg/1 (Figure 10).
Ortho phosphate could be observed in the range from 5 to 70 ug/1
PO42- and total phosphorous in the range from 40 to 150 pg/1 P. Kjeldahl nitrogen could be measured from 0.1 to 6.2 mg/1 N whereas
average values had been ranging from 0.45 to 1.97 mg/1 N at several
test periods. Little variations of ammonia, nitrate and nitrit had been
observed during all times. The absolute average values had been at
the range of 0.7 mg/1 NH.v+, 2.1 mg/1 NO5 and appr. 0.012 mg/1 NO_>.
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The fecal pollution of the raw water had been low during all observation periods. The colony count per 100 ml had been ranging from
15 to 150. The colony count per milliliter had been ranging from 85 to
8.500 at 22° C and from 100 to 4.600 at 57° C.
'refiltration
The average suspended solids had been ranging from 2.8 to 4.5 mg/1
in the outlet of the HRF. The average reduction rate had been 64% or
1.5 kg per day, single maximum rates had been going up to 95%. Oxygen consumption had been ranging from 25 to 47% at all times. The
remaining oxygen concentration had been 5.4 mg/1 as a minimum
average and 5.8 mg/1 as an absolute minimum (Figure 9). The average oxygen consumption of the HRF had been ranging from 770 to
1700 g per day. DOC reduction rate could be summerized from 20 to
25% (Figure 11) or 0.7 to 0.8 mg/1 in absolute terms (Figure 10). All
other parameters did not decrease proportionally. Neither increasing
of filter head loss nor filter clogging had been occuring at any time.
The elimination rate of colony counts in the pretreatment stage had
been appr. 50% concerning cfu/ml and 90% concerning E. coli compared to raw water values.
Sandfiltration
Poor DOC reduction rate have been observed at all sand filters
(Figures 10 and 11). By far the best results of the planted filter had
been watched at filter no. 8 (Phalaris arundinacea) reaching up to
29% average DOC elimination at an average filtration load of 0.9 m/d
(Figures 11 and 12). Best rates of slow sand filter (no. 5, coarse gravel) did not exceed 25% reached at a hydraulic load of 5.5 m/d which
was 5.9 times faster than filter velocity of the planted filter. Comparing sand filter no. 5 (mixed formation) and no. 5 (SSF) running at 1.1
and 0.9 m/d planted filter achieved 25% whereas SSF got only 18%
DOC elimination rate in the same observation period. Comparing
sand filter no. 2 and SSF no. 5 at 5.6 m/d, the later one had shown
DOC rates 11% higher than those of the planted filter but at different
observation runs. At any other time the planted filter could not reach
as high filtration velocities as had been achieved by the SSF. Consequently the results cannot be compared directly. No correlation at all
could be found between DOC elimination rate and filter velocity and
therefore DOC elimination rate is not a consistent criteria for excluding one of these processes.
Because of the poor DOC/NH4-N ratio of less than 2.5% of NH4-N portion according to DOC concentration in influent of the sand filter and
the same ratio in the effluent, a further DOC biodegradation in the
aquifer seems to be impossible, because of nitrogen being the limitating factor for this process. Turbidity of the effluent both in planted filter and in SSF had been ranging from 0.5 to 0.7 TE/F. All other parameters measured did not show any significant reduction.
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The bacteriological water quality from the outlet of the sand filter
basins no. 5. 4. 5, 7 and 6 was. except for one sampling date, very satisfactory. The effluent values had been <100 cfu/ml and E. coli had
not been provable. At all other basins cfu/ml had been >100 and
sometimes E. coli could have been observed. Basin no. 5 (slow sand
filter), no. 5 and 7 (different macrophytes) had shown the lowest bacteriological remain in the effluent.

Conclusions
Several pilot-scale slow sand filters and sand filters planted with various plant formations had been tested and compared over a period of
one year divided into 5 test runs Suspended solids had been removed
prior by a 5-stage horizontal roughing filter very efficiently at all
times. According to dissolved organic carbon dissolved in the raw
water ranging from 1.5 to 4.4 mg/1 in average. DOC removal rates up
to 50% had been reached in the sand filter planted with the mixed
formation and running at a hydraulic load of 1.1 m/d. Slow sand filter without plants could achieve only 25% reduction rates but at 5.6
m/d. Further biodegradability in the aquifer after recharge seems not
to happen according to the reduction of the hydraulic infiltration rate
caused by bacterial growth. Sufficient oxygen supply of the biomass
had been available under the test conditions at all test periods. Filter
clogging had not been occured at the horizontal roughing filter during the observation time but twice in slow sand filter no. 5 and one
times in SSF no. 4. All filter cloggings had been caused by algae
blooms in supernatant water. Algae growth in planted filter did not
happen in such a great amount.
The decrease of bacteria density between raw water and the outlet of
the pilot plant indicates the efficiency of the treatment process.
AOC-investigations and impedance measurements show that even
the water from the outlet of the plant is not biologically stable. That
means, that different compounds available for the multiplication of
bacteria growth are still present. Limiting the multiplication of
microorganisms is an important objective in water supply, in addition
to the elimination and subsequent prevention of fecal contamination.
The regrowth of bacteria can be limited by reducing the concentration of biodegradable compounds in water treatment. As long as heterotrophic growth potential is high, abrupt excesses of guide values
(cful/ml >100) can occur. Supplementary should be pointed out that
even the groundwater of this area is not biologically stable. Therefore
further research work in order to qualify these phenomena and in
order to find a guide value of AOC or impedance measurement will
be effected.
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Karchfeld 1000

Figure I: Location of the Marchfeld region within Austria

Figure 2: Course of the Marchfeld Channel and location of the
groundwater infiltration plant
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figure 3: Result of a computer simulation for an infiltration rate of 250 l/s effecting the
depth of the groundwater level in a large area of the Marchfeld region
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Emissions from Landfills and
Groundwatcr Protection
Peter LECHNER cV; Carolin ZIEGLER
Department of Water Provision. Water Ecology
and Waste Management
University of Agri
"c Vienna
AIJSnULT
As precipitation infiltrates through the landfill kachatc is produced.
Learhate results from the biological, chemical and physical processes
taking place within the landfill, coupled with a leaching effect as water
thrickles through the landfill. The product of these processes is a more
or less highly polluted leachate whose constituents are heavily dependent on the condition of the landfill. Harmful germs may also be contained in the leachate.
Water is a scarce commodity especially in arid and semi-arid areas and
pollution of surface and underground water resources can be disastrous to communities and households depending on these sources for
domestic supply. Such pollution is also most costly and difficult to
clean up once it has occurred. If nothing is done to ameliorate the situation, the pollution may persist in the groundwater for a long time,
even though the source of the pollution has been removed. It must b:
recognised that good engineering and management of a landfill can
be used to maintain a perennial water deficit within the fill even
though there may actually be an excess of precipitation over potential
evaporation.
Site lining is required in all cases. The efficiency of a liner system refers
to the ability to resist the seepage forces of leachate generated within
the landfill. Efficiency can be improved by preventing significant levels
of leachate ponding on the liner:
Therefore steps must be taken to ensure that under no circumstances even in the long term - it will be possible for a build-up of leachate to
occur in a landfill. Leachate must be able to exit from the area of the
landfill following the naural gradient. By means of the drainage
system the leachate from any point of the landfill basis has to be
removed. Another goal is to remove the pollutive potential of waste
mate ids to be landfillcd prior to landfilling to an extent that would
protect the environment from negative impact due to emissions.

1. Leachate Formation
Leachate contamination is the result of biological, chemical and physical processes that take place within the reactor landfill, in conjunction
with the leaching effects that occur as liquids percolate through the
landfilled materials. Constituents of the waste material are either dissolved immediately as precipitation enters the landfill, or go into solution as intermediate or final products of the degradation processes.
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The quantity of leachate generated within a landfill depends on the
amount of liquid originally present in the waste and the external sources of water to the landfill. Climate, e.g. precipitation and evaporation,
site topography, e.g. surface run-off, final cover material, e.g. retention
capacity and permeability, and vegetation, e.g. evapotranspiration and
surface run-off, are the most important factors influencing the input of
water into the landfill. Additionally water is produced by biochemical
processes and water is lost because of natural gas venting. The final
surplus is the leachate being collected at the landfill basis.
Leachate production is high in poorly compacted landfills without a
soil cover. In case of intense compacting, ponding of rainwater can
often be observed at the landfill surface.
Evaporation and evapotranspiration
The vegetation growing on the final cover of the landfill needs water
for producing plant tissue and causes water loss by transpiration. In
addition, water evaporates directly from the soil depending on soil
texture and climatic conditions. A distinction has to be made between
the period of landfill operating - maybe with intermediate cover and the finished landfill with a final cover and revegetation.
Under humid climatic conditions the average difference between
precipitation and evaporation - independent of different vegetation
types - is positive. Obviously the smaller the precipitation and the
larger the evapotranspiration and run-off is, the less is the potential
for leachate generation. These conditions are particularly favourable
in water deficient areas.
Leachate circulation
In regions with low annual precipitation (<750 mm) a leachate circulation system reduces the quantity of leachate by evaporation and
accelerates the biochemical decomposition processes in the landfill.
This leads to a decrease in the decomposible organic content of the
leachate and accelerates the production of methane gas.

1. Anaerobic .Metabolic Processes in a Reactor Landfill
The chemism of landfilled waste, as far as it contains biogenous
materials and provided that no unusual toxic effects arise within the
landfill, is predominated by fermentation processes.
In case of the direct storage of waste, anaerobic biological degradation processes take place in the following phases succeeding one
another (see Figure i):
• Hydrolysis and acidification phase
• Initial phase of methane generation
• Stable methane phase
• Slow-down phase (phase in which measurable biological activity
decreases)
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Despite the fact that the biocenosis occuring in landfills are always
mixed cultures, it is generally possible to clearly distinguish the
development of two fermentation phases: the socalled "acidic phase"
and the stable methane phase.
Besides the hydrolysis of biogenic macromolecules the first phase is
predominated by the metabolic processes we are already familiar
with from the acetic acid, propionic acid and butyric acid fermentation processes. Relatively high concentrations of acetic acid and/or
acetate, and of propionic acid and/or propionate are generated here.
At the same time, albeit in lower concentrations, butyric acid, isobutyric acid and isovaleric acid (or their salts, depending on pH value)
are produced. These intermediate products of fermentation cause a
considerable drop in the pH of the landfill; simultaneously, the COD
and BOD of the leachate rise. Throughout this first phase, there is
a clear dependence on substrate temperature. The acidic leachate
(pH <6.0) is readily biodegradable due to the close BODjiCOD ratio.
Methane generation is not yet taking place.
The only products from the first fermentation phase that can be
decomposed to CH4 and CO2 by methane bacteria during the initial
methane phase are CO2, Hi and acetic acid. An increase in gas generation can now be observed, and the composition of the gas changes
as well. Primarily carbon dioxide is produced by metabolic processes
that take place during the acidic phase. Once methane fermentation
begins, methane gas, always together with carbon dioxide, is generated.
As soon as the stable methane phase is reached, gas composition and
gas production rate remain approximately constant over a longer
period of time under steady state. The distinct decrease of acetic acid
concentration in the leachate, corresponding with an increase in
methane production, are characteristic of this phase. Even though
the BOD of the leachate is still relatively high, it continues to drop
steadily; pH is already neutral to weakly alkaline. When the stable
methane phase takes place in an optimal fashion, lower organic acids
disappear from the leachate only after a short period of time. The primary contaminants remaining in the leachate are those organic substances that resist biodegradation. The initial B O D J : C O D ratio of
approximately 0.5 continues to drop (-• 0.2) as the methane phase
progresses.
A complete biologic degradation of organic substances usually does
not occur. In particular, certain substances exist which are not
accessible to anaerobic degradation processes. The final phase of
anaerobic decomposition is therefore characterized by a constant
decrease in measurable biological activity and a corresponding drop
in methane generation. Easily biodegradable organic substances
(BOD) have practically disappeared from the leachate, and the proportion of substances measured by means of COD also drops constantly (see Figure 1).
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5. Dispersion of Pollutants in the Subsoil
The entering of leachate into groundwater under a landfill without a
liner leads to a transformation of aerobic to anaerobic conditions.
This is caused by metabolic reactions of microbes living in the subsoil or groundwater. Oxygen is consumed for the microbial degradation of organic substances in the leachate, nitrate is reduced. Subsequently the anaerobic metabolic reactions, such as reduction of iron,
mangan and sulphate, dominate under the reduced conditions.
Unless iron and mangan entered the groundwater in the leachate,
these substances will be dissolved from the aquifer by anaerobic
metabolic reactions and will be mobilized this way. The soil located
above the aquifer as well as the aquifer itself have got a certain purifying capacity. Influencing parameters are leachate load and soil conditions, as the adsorbing capacity of the soil for pollutants is growing
with an increasing content of clay. The unsaturated zone is the most
efficient. But a quantitative evaluation of the purifying capacity is not
possible because the extremely complex processes taking place during the transport ofleachate. The cleaning capacity of the soil is limited. Reversible mobilizing processes can take place as soon as the
adsorbing and ion exchange capacity is exhausted.
Besides physical and chemical processes (filtration, adsorption, ion
exchange, precipitation and coprecipitation) above all biological
activity is responsible for the spatial restriction of an encroachment
on the groundwater.
Like every sewage water leachate has a selective influence on the
microbes of the subsoil. The number of those microbes that are disadvantaged because of the changed environmental conditions
decreases quickly (e.g. mushrooms), whereas individuals which find
better living conditions because of a higher quantity of nutritive substances and the changed medium increase quickly. The colonization
of microbes is particular}- stimulated in aquifers with low flow rate
(<1 m/d) when leachate with organic compounds is present over a
long period.
Under aerobic conditions organic carbon, sulphur and nitrogen compounds can be mineralized to their end products - e.g. CO_>, SO4--,
NO5 and water. Also anaerobic compounds are oxidized. In this case
ammonium is converted to nitrate by nitrification, reduced sulphur
compounds are oxidized and bivalent iron is converted to trivalent
iron.
The distances for the transport of pollutants in the subsoil of a landfill are naturally very variable. Pathways of pollutants up to 5.000 m
downstream the landfill were observed when the flow rate of the
groundwater was 5-10 m/d. On the other hand high degradation
rates for organic contamination can be observed over relatively
short distances of a few hundred meters in aquifers with a flow
rate of <1 m/d. while hardness and alkalinity maintain relatively high
values.
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1. Landfilling Concept
The safety of a landfill should not just be a question of landfill engineering. Although lining systems for landfills can be used for longterm prevention of the migration of harmful substances into the subsoil, the durability of even the best lining system is very short in relation to the life-span of many harmful substances. Technical barriers,
which are only effective for a certain limited period of time, always
require the additional safety offered by the quality of the waste itself
and by the natural barrier(s) of the site.
The complete safety of the landfill should thus be assured by three
barriers:
• Barrier 1: Quality of the waste to be landfilled - "Internal" safety
• Barrier 2: Landfill site - geological barrier
• Barrier 5: Landfilling method (technical barriers) and long-term
monitoring
The "internal" safety of landfills was often incorrectly assessed in the
past decades, but to a certain degree was also irresponsibly neglected. If landfills are to be still accepted by the year 2000, it will be advisable to set up strict demands on the quality of wastes to be landfilled
and thereby credibly prove the feasibility of environmentally compatible landfilling.
The emission potential of landfilled waste - without pretreatment can reach a dimension that a significant amount of soluble components will be leached out not only riiirinir the life-span of the emission
control measures. Some components such as carbon, copper and sulphur will be released from landfills for hundreds of years.
Since landfills will stay in place forever, the installations for emission
control should also last as long as possible. Since the life-span of
every technical installation is limited, we have to aim at controlling
and. if necessary, repairing these installations.
As a first step the amount of v\äste to be landfilled has to be reduced
to an acceptable level. In this regard the production of waste has
to be decreased (e.g. by using less packing material, reusing used
bottles).
The amount of waste can also be reduced by errecting recycling centres, and by incineration as well as composting. In order to produce a
compost with a low pollutant content, only the organic waste (biowaste) collected separately in the households should be used. In
addition the hazardous waste fraction collected in the households
such as batteries, medicine, paints and detergents, has to be treated
separately. In doing so, leachate and gas from municipal solid waste
landfills will contain lower concentrations of toxic and biologically
non-degradable substances such as halogenated hydrocarbons, mercurv and other h e a w metals.
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Concerning the siting of landfills several remarks must be made.
Firstly, the criteria for the siting of a landfill should not only include
the existence of natural clayey soils. In many cases such sites are only
available when areas covered with forest or meadows are used.
Secondly, natural barriers are still the main criterion for the siting of
a landfill but. in general, additional measures for ground-water control are necessary. Thirdly, plants for pretreating and landfilling
waste should be sited in industrial or polluted areas. If this requirement is met, together with the construction of the plant sanitation
measures can be carried out; in addition, an intact biotop has been
saved. In such areas more efforts may be necessary to install an adequate lining system.
Waste could be deposited anywhere without any precautions if it is
possible to modify the quality of waste so that no components will be
emitted through the dust, gas or water phase. Until now this aim has
not been reached even by means of solidification but, as a result of
further investigations, this may change. Investigations tend to find a
way of leaching out the soluble components of specific wastes - e.g.
ashes or slag - under controlled conditions.

5. Landfill Siting
Landfills should for several reasons be constructed above ground (in
form of mound landfills) with a sufficient distance to the natural
ground water surface. The installation of landfills in pits has enormous disadvantages, because of the possibility of uncontrolled water
inflow from the sides and because deep leachate collection manholes
often have to be constructed in the landfill itself. The inspection of
such manholes is dangerous. If the drains are to be inspected and
cleaned by means of high-pressure water, manholes with large
diameters are necessary (Stegmann, 1990).
The main factors that must be known in order to make a detailed
evaluation of the site's suitability are:
• geological and geotechnical situation
• position relative to existing water supply and drainage systens
• existing uses of water
• climate
• location with respect to urban areas
Concerning the final shape of the landfill certain aesthetical aspects
have to be considered. In addition, optimum surface water run-off
should be made possible, but erosion should be avoided. The final
soil cover should encourage plant growth; with increasing depth this
covering layer will have its own water regimen. During landfilling
dams around the landfill should always be higher than the working
area. By these measures, emissions of dust, paper, noise can be minimized (Stegmann, 1990).
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b^oltiiely unsuitable sites are:
Water catchment areas.
Groundwater protection areas,
Sites upstream to groundwater reserves and of importance for
present or future drinking water supplies
Free leachate flow
Steps must be taken to ensure that under no circumstances - even in
long term an impoundage of leachate within the landfill can occur.
Leachate must be able to run off the landfill without let or hindrance
following the natural gradient.
When a pit is completely filled and no free leachate flow is provided,
the surface of the leachate is rising as soon as the pumping system
fails, even if the leachate collection system is optimally constructed.
If no measures are taken, all the free pore water in the mineral base
liner begins to permeate the liner, as soon as a certain hydraulic
potential is built up. Permeation is now determinated by the equation
v = k x (i-io). In other words, there is laminar flow through the liner.
The mineral liner is thus no longer "technically impermeable".
In case of a free leachate flow a hydraulic gradient only arises from
the controlled flooding of the drainage system according to the
hydraulic requirements for the run-off of the leachate. The hydraulic
gradient generally will not exceed a value of 1.5. The coefficient of
permeability k, = i, 5 relevant for the actual percolation through the
base liner is thus much lower than kj _ w. which is a standardized
value for the determination of the permeability coefficient in the
laboratory. In mineral materials of low permeability (k, = 3o<10-8 m/s)
the combining capacity between soil particles and adsorbed water
films cause a non-linear relation between filter velocity (v) and
hydraulic gradient (i) at low hydraulic gradients.
In other words, the prevention of a percolation of leachate is virtually infinitely high at a low hydraulic gradient. The nnn linear proportion between v and k can be explained by the fact that the weakly
adsorbed water films only contribute to the pore flow at an increasing hydraulic gradient. In this case the cross-sectional flow area and
as a consequence the permeability increases. As long as the hydraulic gradient is low, a mineral liner of low permeability can therefore
be described as "technically impermeable".
This is the reason for the decisive importance of free leachate flow. Its
necessity is now generally accepted in many countries. This means that
the hydraulic conductivity, according to Darcy (k = v/i), is not a constant
value for a clay liner. As shown in Figure 2 conductivity, calculated as
v/i, increases with an increasing gradient. Therefore permeability coefficients measured in the laboratory can only to a certain extent be used
to predict leakage through clay liners in the field. This is only possible
when the range of the ratio between v and i has been investigated and
the expected dimension of the gradient i in the field is known.
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6. Technical Barriers to Avoid Leachate Contaminating Groundwater
A base lining system must prevent leachate from the landfill from
entering the subsoil even in the long term. The lining system also
must prevent the release of organic pollutants. A lining system for
landfills therefore has lo meet more strict requirements than a lining
system for pure water.
In most European countries as well as in the USA the lining system
must be constructed of two different materials that have appropriate
chemical properties and sufficient mechanical strength and thickness
to prevent failure. The system requires a primary flexible membrane
liner of at least 2 mm of synthetic material, chemically resistant to
waste and leachate. This primary flexible membrane liner must be in
direct contact with a secondary compacted mineral liner of low
permeability. The mineral liner consists at least of (Mi m of compacted material with a hydraulic conductivity of 1O9 m/s or less. This soil
liner should be made of 5 separatly compacted layers of 0.2 m each.
A drainage system removes leachate from any point in the site. It consists of a gravel layer and embeded drainage pipes. If the flow
through the pipes is restricted, the gravel layer alone should meet the
drainage requirements.
Access should be provided to all parts of the system. This enforces the
placement of manholes to enable inspection and maintenance. The
distance between two access points should be twice the maximum
operating distance of the jot Henning equipment.
The encapsulation of contaminated land
Encapsulation with cut-offwalls currently represents an often applied
and favoured method for the sanitation of contaminated land because
of lower costs and greater feasability. Several methods are available
for the placement of these vertical sealing elements in the ground,
some of which have successfully been applied in numerous cases.
Generally, the sanitation of contaminated land with cut-off walls is
based on the following principles: cut-off walls with thicknesses
dependent on construction method and material are set up vertically
around the periphery at the contaminated area. They have to extend
sufficiently into the groundwater confining layer, so that the contaminated land is totally surrounded by a medium with low permeability.
In an ideal case, groundwater is protected from the polluted leachates generated by the landfill. Groundwater from inside the encapsulated area is removed with pumps to keep the water level within
the cut-offwalls several decimeters to one meter lower than the naturally occuring groundwater water level outside.
Percolation tests in the laboratory and calculations based on them
showed that in cut-off wall materials diffusion processes take place
even against a hydraulic gradient (Ziegler: 1992).
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So despite a draw dov.'u within the encapsulation th p '-•onr-entration nf
leachate constituents outside the encapsulation rises asymptotically
up to a certain value, depending on the substance itself and on various parameters such as the extent of the draw down. Phenol for example after a period of about 10 years reaches a concentration of 17% of
the starting concentration inside the walls, potassium about 40%.
An encapsulation with a draw down inside the cut-off walls is able to
prevent the percolation of groundwater but cannot prevent the
migration of pollutants in the long term. Unlike a landfill with base
lining system and free leachate flow where generated leachate is
drained off and brought to a treatment plant immediately, the encapsulation during a long period of time has to meet the impact of leachate with a certain concentration of pollutants.
Our calculations showed that evon in the case of encapsulations combined with a drawdown within the cut-off walls pollutant transport
has to be expected because of diffusion processes.
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ABSTRACT
Hater that is taken from a mountain stream is seldom so clean that it
can be put to use without purification. Usually, mechanical pollution
such as floating debris, bedload and suspended load must first be
removed. Especially suspended load in the form of sharp-edged, fine
sand ivill attack concrete constructions (tunnels, canals, etc.) and steel
constructions (penstocks, gates, etc.), to say nothing of the runner
vanes of the turbines of water-power stations.
I17iHe floating debris carried by the watercourse can easily be caught
in a coarse rack and removed by means of a trashracke rake gantry,
gravel and sand must be extracted by so-called sand traps in the form
of settling basins. The load that settles in the basins of the sand traps
must be flushed out either continuously or at certain intervals.
This paper describes the function of such sand traps and suggests
hydraulic design criteria for the settling basins. These design criteria are
based on 30 years' experience in the operation of sand traps in the TyroHan Alps. Such sand traps have also been successfully used, in somewhat
altered form, in water catchments for irrigation purposes in Algeria.
The sand and gravel flushing takes place completely automatically;
when a certain load level is reached in the settling basin, a flushing
gate opens to allow water to clear the basin of the debris. Both the raising and lowering of the gate and the activation of the flushing process
make use of hydraulic phenomena without the need for an additional
supply of energy. This is a considerable advantage for the high-altitude
water catchments of Tyrol, with their limited accessibility.
Where a power supply is available, the flushing process can be controlled electronically and adjusted to provide the optimal volume of
water.

Water that is taken from a mountain stream is seldom so clean that it
can be put to use without purification. Usually, mechanical pollution
such as floating debris, bedload and suspended load must first be
removed.
The sediment transported by a mountain stream consists, as measurements of the particle diameters in the Tyrolean Alps have shown,
mostly of small particles. Figure 1 shows a typical particle-size distribution from such measurements. One can see that around 40 weight
percentage of the particle-size distribution within the sediment has a
diameter smaller than 2 mm.
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Figure 1: Gradation curves for bed load in mountain streams of the
Eastern Alps
In swift streams, the greatest particle size of suspended sedimen' may
attain the gravel fraction, and grains of 2 to 5 mm in diameter are not
infrequent. This fine gravel and sand will not merely attack constructions. If the water caught in a mountain stream is transferred to a
storage basin together with its suspended load, the basin may fill up
too rapidly with sedimentation.
The extraction of sand by sand traps is intended not only to minimize
the wear on hydraulic constructions of concrete or steel but also to
prevent a too-rapid fill-up of reservoirs. Such a problem arises especially with storage basins for irrigation purposes when water is
caught from river systems in arid areas. Therefore, particles larger
than 0.2 to 0.5 mm are usually removed.
At this point I would like to outline broadly the hydraulic design of
sand traps in the form of settling basins:
For the continuous wear and erosion of hydraulic constructions such
as tunnels, canals, penstocks or gates, and of hydraulic machinery
such as pumps or turbines, suspended sediment alone is of significance. The bulk of bedload moving along the bottom can be effectively removed through a well designed intake. In the case of intake from
a creek bed by means of a so-called Tyrolean Weir, a special design
of a vertical-diversion intake, the bedload is caught with the water
and later extracted in the settling basin with the suspended sediment.
Figure 2 shows a water catchment with a Tyrolean Weir, viewed from
the tailwater side.
The water passes the concrete fixed wTeir and, overflowing the
recumbent rack, drops into a cross flume which conveys the flow
through a bend into the settling basin. The rack usually retains
any gravel and cobbles. In most cases the width of the weir is sufficient to allow excess waters and floods to flow off unhindered. Otherwise an overflow spillway or other type of outlet structure must be
provided.
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Figure 2: Water catchment with a Tyrolean Heir, viewed from the
tail water side

The largest structure of a water catchment in terms of yolume is the
settling basin. The broader cross-section of the basin leads to a
reduction of the through-flow velocity and thus also of the waters
capacity to convey sediments. The result is deposit of the caught sediments. The load that has settled in the basin of the sand trap must be
flushed out either continuously or at certain intervals. In the system
described here, the flushing out of sediment takes place at certain
intervals.
When I was chief engineer at the Tyrolean Water Power Company, we
measured these sediment deposits as a part of the discharge in the
creek beds. Figure 3 shows our results.
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Figure 3: Sedimentation in a horizontalßow settling basin
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Most of the gravel and sand remains in the front part of the settling
basin. During design discharge, the crest of sedimentation is found in
the highest quarter of the settling basin. In this area there is a pressure cell, or bottom membrane, which senses the force exerted by the
sediment. This pressure cell triggers practically all the flushing processes. If the first pressure eel! should fail, there is a second one in
the lowest quarter of the basin.
Depending on the size of the catchment area and the caught sediment, flushing will be initiated when sediment reaches a height of 50
to 80 cm. The flushing process lasts 5 to 10 minutes.
In hydraulic scale model tests it was discovered that the optimal
depth-to-width ratio of the settling basin's cross-section is 5 to 4.
Otherwise, a high-velocity central current between dead spaces and
vortices can occur, instead of the low-velocity full-area How expected
according to the design.
When one of the pressure cells triggers the flushing process, the
flushing gate opens at the downstream end of the settling basin. This
opening of the gate can be electronically controlled with the help of
motors or automatically, without electrical energy input.
I would now like to describe this intermittent flushing system which
operates without electrical energy input (Figure 4).
The installation consists of a releasing system triggered by the pressure exerted by the sediment and the system of the flushing gate. As
the figure shows, the bottom membranes are linked with the membranes of the pressure scale system via water-filled pipes. The second
membrane of the pressure scale system is connected with a membrane on the wall. If there is no sedimentation in the settling basin,
then both pressure cells measure only the pressure of the water. The
membranes making up the pressure scale system, which are connected by a balance beam attached directly to the membranes of the
pressure cell, are in equilibrium. When sedimentation amasses on
the bottom membrane, pressure rises in the connected pressure
cell, whose membrane begins to bulge. Via the balance beam, this
bulge pushes a catch bar until it releases a lever. Once the lever is
free, a counterweight linked to it opens the flap valve in the feed pipe.
Water from the settling basin flows through the feed pipe into a fixed
tank (Figure 5).
As soon as the fixed tank is filled, the incoming water overflows the
side spillway in this tank and flows into the space between the fixed
and movable tanks. This space fills up rapidly, and the resulting
hydrostatic pressure forces the movable tank downward (Figure 6).
As the movable tank is counterbalanced by the radial flushing gate,
this gate rises sharply, which enlarges the space between the tanks
and allows the level of water in the space to fall, reducing the hydrostatic pressure on the movable tank (Figure 7).
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During the first raising of the radial gate, the movable tank moves
downward, opening an aperture in the bottom ot the fixed tank. The
water can now flow more strongly into the movable tank, and the
opening of the radial flushing gate continues with the filling of the
movable tank. The opening now proceeds more slowly, however, than
during the first raising of the gate (Figure S).
While the radial flushing gate opens and the counterbalanced movable tank moves to its lowest position, a retraction cable pulls the
lever from position b back to position a. This closes the flap valve in
the feed pipe, ending the flow of water from the settling basin. The
fixed tank now begins to drain.
When the movable tank is in its lowest position, a syphon begins to
empty it. This emptying can be regulated by means of adjustable
valves on the syphon. As the movable tank loses its water, the flushing radial gate slowly returns to the closed position. After the closing
of the gate and the refilling of the settling basin, the situation is the
same as before the flushing.
If the settling basin is to be flushed successfully, it is necessary to
have free-surface flow. The opening at the downstream end of the
settling basin must be large enough to allow this free-surface flow.
As mentioned before, the sediments in the basin settle as a result
of the decrease in velocity of the water. We should now look at this
settling process more closely.
The main parameter of the settling effect is the settling velocity of the
largest particles to be filtered out. The settling velocity cannot be
determined by purely theoretical means, but there are several empirical approaches. Using the resistance coefficient of smooth balls, we
can conclude the settling velocity of corresponding pieces of sediment (Figure 9).
Diagrams based upon experimental results are the most useful, such
as Sudry's findings on settling velocity in stagnant water, plotted
against the density of silt water and the particle diameter. Similar
investigations by Bechteler of Universität der Bundeswehr in Munich
used sedimentation columns to determine the settling velocity.
Once the velocity of the settling particles has been estimated, the
main dimensions of the required settling basin can be calculated.
The simplest calculation assumes that the settling time of the suspended load is equal to the retention period in the settling basin.
From this it is easy to figure the length of the basin.
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A) Neglecting the effect of turbulent flow upon settling velocity:
Settling time of a particle: ti = —
to

h depth of the basin
w settling velocity
Retention period of a particle in the basin: t2 = —
L length of the basin
v flow-through velocity
Required length of the basin:
I, = t*

L= AÜL

The presence of turbulence in the settling basin, however slight,
should also be taken into account, because the retarding effect of the
turbulence influences the settlement of particles quite noticeably. In
other words, turbulence slows down settlement and keeps particles
suspended longer. The decreased settling velocity has been calculated by Büchi and Sokolow using an empirical approach that has also
been tested in practice. Again, the required length of the settling
basin can be figured out by assuming settling time and retention period to be equal.
B) Taking into consideration the retarding effect of turbulence:
Reduction in settling velocity: o>n ~ a • v
a
v

coefficient according to Büchi and Sokolow
flow-through velocity

Required length of the basin: L =

A further advancement is offered by the investigations of Welikanow,
which are based upon the calculation of probabilities. According to
this method, the necessary settling length for turbulent flow is computed from the settling velocity in stagnant water and from the flowthrough velocity.
Finally, we should consider the theory of diffusion (Figure 10). If a
drop of dye is introduced into a turbulent, steady, uniform flow, the
drop expands its volume as it flows, at the same time changing its
shape. This increase in volume and change in shape cannot be attributed to the turbulence effect alone.
Apparently an additional physical process is at work here. Since the
dye is constantly blending with its surroundings, and its concentration (evidenced by intensity of color) decreases from the center of
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its shape to the edge, we can recognize it as a case of diffusion.
The diffusion effect terminates only when the entire liquid is of a uniform color.
In addition to dye, other substances carried by liquids, such as suspended load, can be subject to the diffusion effect.
Diffusion thus means the transport of material. Within a period of
time, a quantity is transported by an element in the direction v. The
quantity corresponds to a change in concentration in the direction v.
multiplied by the appropriate diffusion coefficient. Since the concentration of particles decreases toward the surface of the settling basin,
the quantity becomes negligible (Figure 11).
Einstein defined the diffusion coefficient as a product of Karman constants, shear stress velocity and of the location of the mean velocity,
according to the turbulent velocity distribution.
If we observe the increase in concentration of an element of a settling
basin, we may certainly assume a constant level of concentration in
the cross section. The particles sink to the bottom. The increase in
concentration thus occurs primarily in the direction ofthe r-axis. The

Figure 10:Diffusion effect in a turbulent, steady, uniform flow
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change in concentration in the direction of the current, that is. along
the .r-axis, is negligible. The input-output ratio in an element leads to
the equation of diffusion. This equation describes a time-related level
of concentration.
Increasing suspended l(i,id<oncem:ation in a MiKtll
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The solution of the diffusion equation gives us this diagram. Like
Welikanow, we can choose a level of settling, here in the form of a
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The required length of the settling basin depends on the fictitious
velocity at t h e surface.
This concludes r e m a r k s on how settling basins are designed and
operated.

Water and Energv Svstems

NACHTNEBEL

TcSl/Pl 1/B0KL4

105

Water: Resources Management
under Conflicting Objectives:
Hydi opower versus National Park
Hans-Peter VVCmWKBEL
Department ofNYaler Management.
Hydrology and Hydraulic Engineering
lni\ersi!\ of Agriculture Vienna

•UiST/UCT
llydropowcr plays an essential role in the Austrian energy supply. About
two thirds of the electric cunsuniplu/n are covered by hydropower generation. The objective of this paper is to analyse a pending conflict between
hydropower utilization and environmental concerns along the Austrian
section of the Danube downstream of I'ienna. In the first step the utilizeable hydropower potential of the respective section and the environmental impacts are assessed. In a subsequent step a framework is elaborated to compare and to trade off economic and environmental objectives.
Such a procedure requires preference values and is thus subjected to subjectivity, introduced cither by decision makers or by involved parties.

Introduction
The Danube is nearly completely impounded along its Austrian seclion (Figure 1). Nine hydropower schemes from which one is jointly
operated by the FRG and Austria generate about 50% of the hydropower energy of Austria. To stress the importance of hydropower in
Austria it is worth to note that about 2/5 of the electric energy consumption are covered by hydropower generation. Simultaneously, the
runoff river schemes along the Danube serve navigation purposes.
The respective recommendations for the dimension of the waterway
are summarized in the declaration of the Danube commission.
Only a few free flowing sections of the Danube remained within
Austria from which the longest and ecologically most attractive is
located downstream of Vienna In 1984 the responsible hydropower
company submitted a project (Donaukraft, 1984) to be authorized by
the Supreme Water Law authority which is associated to the Austrian
Ministers of Agriculture and forestry. The goal of the proposal was to
implement the last hydropower station along the Austrian Danube a
few miles upstream of the Austrian-Slowakian border. The proposed
scheme was a runoff river type station with similar characteristics
like all the Austrian Danube power stations. The negotiation process
performed under the Supreme Water Law Authority, acting as a lead
agency, resulted in the approval of the project although several
improvements were additionally imposed to protect the environment.
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Figure 1: Present utilization of hydropower along the Danube
in Austria
Due to severe concerns raised by eco-activistic groups who received
strong support by the public, especially by some newspapers, and
who finally claimed the project site the clearing works had to be postponed. Later on the Supreme Administrative Court annuled the water
law concession.
To resume negotiations the federal government established an Ecological Advisory Board to elaborate proposals for the future management of the respective Danube section. Although this board was composed of environmentalists, engineers and regional planners it
worked surprisingly efficient and the members finally recommended
that the last unimpounded section from Vienna downstream to Wolfsthal (Figure 2) should be prevented from any economic utilization.
Until now a final decision is pending.
In this paper an attempt is proposed how a rational comparison of
conflicting objectives might be achieved. A framework considering
economic, ecological and social criteria is elaborated and a methodology for identifying a compromise solution is explained.
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Description of the Resources Downstream of \ ienna

The raw energy potential which refers lu the complete utilization of
[))<• disci.,u^e over the full head along the section is given in Table 1.

Table 1

Raw Energy Potential Downstream of Greifenstein in GYVh/a
(Donaukrafl. 1990)
Stream location

Subsection

(km)

Raw Energy
potential
(GWh)

Greifenstein-Vienna (Reichsbrücke)
Vienna (Reichsbrücke)-Hainburg
Hainburg-Moi'.th of river March
Mouth of river March-border

1948.88-1929.09
129.OU-1H85.90
1885.90-1880.10
1880.10-1872.70

1281
5022
511
524

Greifenstein-Borcler

1948.88-1872.70

515s

It is worth to note that in the lowest subsection of the Danube constitutes the border between Austrian and CSFR and thus the hydropower potential has to be properly allocated to both countries.
Floodplain Forests
In Austria more than 75% of water bodies typical for flood plain areas
are located along the Danube. They cover an area of 1540 ha from
which 750 ha are found in and downstream of Vienna (Gepp, 1985 a).
The importance of this flood plain area becomes more evident when
only surface waters are considered which still exhibit a natural
dynamics and which are frequently subjected to frequent flooding.
Preliminary investigations and preparatory planning activities to
establish a national park in this region indicate a total area of
250 km2 to be protected. The "kernel area" is about 110 km2 which
should be excluded from any economic utilization. Additionally,
94 km2 of riverine zones along the tributary March should be integrated into the planned national park (Schulz, 1986).
With respect to biological diversity it is estimated that approximately
12,000 species (faunistic and floristic) are abundant in the Austrian
flood plain areas (Gepp, 1985 b). In the concluding paper of the Ecological Advisory Board (1985) an est'.nate of 5000 faunistic species is
given for the region. Several of them are enumerated in the list of
endangered species.
About 80% of the birds hatching in Austria are native in the flood
plain areas. Further, this region is of essential importance in serving
as a resting place during the migration of birds.
Oxbowlakes and stagnant shallow waters constitute the spawning
grounds for numerous fish species. 57 species (Jungwirth & Rehahn
19S6: Schiemer, 1986) are obser\ed in the Danube from which
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52 species are abundant. These backwater areas serve also as a
spawning ground and habitat for amphibia which require shallow
water zones, bank line vegetation and sunny patches. Flood events
stimulate their reproduction and subsequently enhance the cyclic
migration into the remote back water areas.
Groundwater System
The Danube recharges a groundwatersystem extending on the left
bank over 1000 km-. Domestic and agricultural water requirements
are covered by groundwater pumping on the left bank and some wells
on the right bank are al.so dependent on the Danube watertable.

Identification of Goals to this Section of Danube
Hydropower
A governmental agreement underlined once more the importance of
hydropower utilization downstream of Vienna but simultaneously
asked for planning steps to establish a national park in the flood plain
area of Danube and March.
Goals related to power generation and energy management are
included in the energy reports issued regularly by the Ministery of
Commerce and Trade. The principles of governmental energy and
environmental policies include the following set of guidelines:
• reduction of primary energy consumption
• increased utilization of renewable resources, especially of hydropower
• minimization of environmental impacts related to power generation and consumption.
Navigation
The Danube section from Braila (170 km) to Kehlheim, FRG (2414.7 km)
is classified as category IV according to the European waterways standards (Fekete, 1990). This requires for unimpounded sections a minimun depth of 1.85-2.50 m and a width of 40-180 in for navigation. In
impounded sections the minimal prescribed depth is 5.5 m. For the
respective Austrian stretch of the Danube the recommendations of the
Danube commission include a minimum depth of 2.10 downstream of
Vienna to the border of the CSFR and a width of 150 m. During low flowperiods several fords with a deptli of 2 m and less restrict economical
navigation and frequent dredging works are required to maintain the
waterway. Thus, it is an important goal to guarantee at least the minimal
requirements for navigation throughout the year.
Drinking Water Supply
One of the goals of the regional water management is the protection
of the extended alluvial aquifers bordering the Danube. This
resource partly serves the Viennese drinking water supply and also of

Water and Energy Systems

NACHTNEBEL

TcSl/Pl 1/B0KL4

109

some villages in the vicinity of the Danube. In this context the
emphasis is also on the protections of a medicinal spring which is
supplied from a karstic aquifer closely located to the Danube.
Environmental preservation
In 1978 and 1979 major areas of the flood plain forests were legally
protected by the respective provinces. Because of the unique ecological characteristics of this area planning activities were initiated in
the last years to delimit on natural preserve worthy of becoming a
national park.
Recently, institutional framework has been elaborated as was declared
in an governmental agreement in 19S7. Obviously, the preservation of
the flood plain forests and of the riparian wetlands by establishing a
national park constitutes an important objective for that region

Description of Alternatives
A project named hydropower station Freudenau has been elaborated
by the Donaukraft (1989 a). This scheme is located in Vienna and its
implementation is planned within the next five years. Therefore, in
this paper only the stretch downstream is considered and a time horizon of twentyfive years in assumed (Figure 2).
Various hydropower alternatives have been elaborated in the last six
years (Kaniak, 1986; Donaukraft, 1984, 1989 a, b; Regio, 1989).
The level of elaboration varies among the alternatives from a general plan to a detailed engineering plan. The alternatives are characterized (Table 2) by their location and their capacity. Additionally, every
alternative is split into a pure economical alternative and a "softer
alternative" including secondary measures for the compensation of
hydrological impacts caused by the hydropower scheme.

Figure 2: Alternative plans for hvdropoiver utilization
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The status quo is considered by alternative 1 which itself is split up
into two subalternatives. The first excludes any hydropower utilization downstream of Vienna, while ( l a ; additionally substitutes the
nonutilized hydropower by energy import.
The runoff river schemes upstream of Vienna trap the sediments of
the Danube, especially the coarse material. As a consequence degradation downstream the last power station is observed. The mean
annual degredation of the river bed has been estimated to
1.5-2.5 cm/a (Kresser. 1984) and measures have to be taken to coop
with this process. Several measures including artifical armoring of
the river bed and addition of coarse grained bed material to decrease
the degradation process were analyzed (Ogris. 1989; Zottl. 1988;
Bernhart. 1988). Due to the assumed time horizon none of these
measures is considered in this paper.

Identification of Compromise Solutions
Based on the analysis in the previous chapters a set of subgoals specifying the general tasks more precisely has been defined. In Table 3
each goal is expressed by a set of criteria and measures (Nachtnebel
et al. 1990). The impacts of each alternative are characterized with
respect to the full set of criteria and the respective measures.
(Table 4). For ranking the alternatives weights expressing the importance of a criterion have to be defined and a common scale for a tradeoff among the criteria has to be established. This second part of the
procedure is value dependent and is thus subjected to subjectivity.
Various methods have been developed to assist in multicriteria and/or
multiobjective decision making (Goicoechea et al. 1982; Nachtnebel,
1988).
Due to the fact that some of the criteria are expressed in an ordinal
scale the ELECTRE method (Benayoun et al., 1966) has been applied
for ranking the alternatives. Without discussing the ELECTRE method in detail it can be summarized that this method is based on a pairwise comparison of alternatives Aj and Aj. A concordance index counts
how often - with respect to a certain criteria - Aj is better than A, and
expresses the preference by the respective sum of weights. A discordance index considers how strong the assumption A, better than Aj is
violated with respect to a certain criteria. Obviously, an alternative
should exhibite a high concordance index and a low discordance
index to be among the prefered alternatives.
It is evident that the ranking process is heavily dependent on the
weights. Assuming equal weights for the three main objectives the
alternatives 1, 2 and 5 are dominated by 4. 5 and 6. Further, alternative
5a achieves the best compromise among the objectives. Even in case of
increasing the weight for the ecological objective alternative 5a
remains among the best until it is finally dominated by alternative la.
This holds only if weights greater 0.7 are assigned to the ecological
objective and 0.5 for the social and less than the economic objectives.
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List of Hydropower Alternatives
2

No of
Alternative

Hainburg

3

5

t>

Wildungsmauer
Woirsthal 2

Engeln.
stellen

1892.5

1885.0

4

Schönauer Feld Pelronell 2
Fetronell 1
Wollsthal 2
Wolfsthal 2
1906
1890
1890
1873
1875

Location (km)

1885

No of Power Stations Installed
Capacity (MW)
Annual Energy
Generation (GWli)
Investment Costs
(Mrd. S)

1
560

5
247

2
527

527

1
552

2075

1700

1990

1920

2055

11.4

24.9

15.9

15.6

12.2

Table 5:

1875

Goals, Criteria and Units for Hydropower Uliliza'von

Goals
Subgoals
maximize economical maximize power
utilization of
generation
resources
minimize costs
increase social
welfare

preservation of the
specific ecosystem
in this region

increase of
employment rate
improve recreational
opportunities
improved navigation
protection of the
medicinal spring
preservation of the
in flood plain forests

preservation of typical
faunistic populations
preservation of the
morphometxic
variability of
riverbanks

preservation of the
water quality

Criteria
annual power output
investment costs
operation costs
short-term employment
long-term employment

duration of restricted navigation
risk

Units

Number

GWh

Cl

Mrd. ATS
ordinal
man years
number of
jobs

C2
C5

ordinal
days/year
ordinal

C6
C7
C8

ha
losses due to construction
ha
area of initial vegetation
O'
losses of inundated area
/o
area of flood plain forests
ha
km
forest edges
km
forest galleries
impact on water fowl
ordinal
impact on other populations
ordinal
compatibility with national
ordinal
park requirements
ratio of impoundment to
km/km
free flowing section
length of remaining
km
riverbanks
km
length of water-bank line at low flows km
length of water-bank line at
mean discharge
ha
shallow water zones at low flows
ha
shallow water zones at mean discharge ha
gravel banks at low flows
ha
gravel banks at mean discharge
number
connectivity between main
ordinal
river and oxbows
ordinal
rate of dcgration of the
ordinal
river bed
km
saprobic scale
kmchange in groundwater quality
kmlength of impervious dams area
with changes in the
kmmean groundwater table (>0.5 m)
area with croimdwaler dynamics (0.5-1.0 m)
area with groundwater dynamics (> 1.0 m)

C4
C5

C9

C 10
C 11
C 12
C13
C14

C 15
C16
C17

C 18
C 19
C 20
21

c
c 22
c 25
c 24
c 25
c 26
c 27
c 28
c 29
50
c 51
c 52
c
C 55

!
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A sensitivity analysis was additionally performed to consider the
uncertainty inherent in the figures given in Table 2. It can be summnri/'"-) ti1;it tfip rtnminnrK-e of 5 and 4 is stable within a broad variation of the outcomes of the alternatives.

Summary and Conclusions
Several alternatives for utilizing the hydropower potential of the
Danube downstream of Vienna have been elaborated. Due to ecological objections no decision has been taken until now. In this paper a
methodology has been presented to assist in decision making. In the
first step a pure impact assessment was performed within an extended framework considering economic, ecological and social tasks. A
set of 55 criteria characterized quantitatively - as far as possible - the
outcome of each alternative with respect to the goals and the corresponding subgoals.
In a subsequent step aspiration levels and weights were assigned to
each criterion to achieve a tradeoff among the objectives. A compromise solution including two hydropower scheme downstream of
Vienna was identified. This solution exhibited its preference within a
broad variation of the weights. In case of a pronounced preference of
the ecological objective the alternative without any hydropower utilization became dominant. However, the evaluation procedure, performed in the second step is subjected to subjectivity inherent in any
preference structure. The proposed methodology provides a tool to
trade off differently expressed criteria, to aggregate the measures of
efficiency and finally to rank the alternatives. Subsequently, a sensitivity analysis was applied with respect to preference values or judgements for each criterion.
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Hydro-Power and Its Ecological Implications
Heinz LÖFFLER
Linmological Division. Department of Zoology
I'niversity of Vienna

/

.WSTIL-iCT
Hydro-power is not only one of the oldest energy sources of man but
played also a significant role for his cultural development. During the
Antique Age water-pums, watermills and other water driven engines
and instruments such as the water-organ and water clocks reached a
high level of sophistication. Along with the fast expansion of watermills ecological impacts started during the Middle Ages, when the construction of millstreams and even the damming of lakes became significant activities.
The critical change from local towards regional
environmental
impact, however, started only in connection with hydroelectric power
engineering and comprises mainly the period since 1940. Its ecological,
socioeconomic and even seismic consequences are underlined and
described in this paper. It will be, however, demonstrated that the most
unexpected positive ecological outcome from certain constructions of
hydroelectric power-plants did also occur.
Apart from sun, wind, fire, beast- and man-power, hydropower is one
of the oldest energy sources11 used by man. Apart from economic uses
such as traffic, transportation, watermills. well-wheels and
ship-mills, hydropower also served social and cultural purposes like
water clocks, water pipesJ) or the sophisticated water-organs
(Hydraulikon Organun, see Vitrov "De architectural [1]).
Very early man also started to dam and to regulate rivers (which
'•pleased the numerous gods of rivers" according to Roman opinion).
This was mainly done for the purpose of the drinking water supply,
irrigation, and river control and to a lesser extent and later so. for the
improvement of traffic. Examples of these activities are endless and
concern mainly regions of the Near East (e.g. Lake Moeris built during the rulership of Amenemhet III. 1830-1795), Middle and Far East.
Likewise in Egypt, the Suez Channel had early precursors about
1400 B. C. and during the Pharao Necho (G16-600). It should be
stressed that many of these activities eventually resulted in profound
and often positive changes to the landscape. Thus the construction of
approximately 900 artificial lakes in Sri Lanka and dams resulted in
an enormous wealth with respect to its waterflow.

1) Likewise volcanic energy would belong to lliis group, however, il has been used only since the Middle Apes.
2) Not to be confused with the "Nnrpilch" for smoking.
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Only during the early Middle Ages and especially from the 8th and
9th centuries onwards, the establishment of watermills of different
kinds (cereals, oil, textiles; increased exponentially. During the
11th century 5.624 watermills were recorded in England. The
replacement of mills operated by man and beasts by mechanization
had adverse impacts on the environment initially. Numerous millchannels like the Aim Channel south of Salzburg were built and Grosser Plönersee in northern Germany was dammed for the sake of
hydropower in the 15th century. Situated in flat country, the increase
of the water-level caused flooding of adjacent areas with rich soil and
therefore considerable increase in eutrophication which lasts until
the present [2. 5]. Similarly, but much later, the construction of a millchannel entering Lake Bled in Slovenia contributed greatly to its
eutrophication [4].
In order to improve and rationalize smelting works the blast apparatus was replaced by hydropower during the 12th century. Quite obviously this new type of small industrial establishments must have
resulted in considerable, though local pollution of running water. At
about the same time sawmills, invented in Italy, spread across the
continent. In this connection it may be mentioned that the widespread use of coals started during the late Middle Ages and introduced the first kind of man-made air pollution. This is a.o. documented by the flight of Queen Eleonora from her castle in Nottingham as
a consequence of air conditions [5].
Periodic closures of valleys had become important means of timber
transportation at some stage during the Middle Ages, and was still in
use in the Alpine region during the early 20th century. Apart from this
function they also provided an economic strategy to establish traffic
ways along the rivers if the flooding period lasted long enough to
eliminate the riverrine forest vegetation. Likewise, the construction
of channels for timber transportation is of early orgin. A more recent
example of this is the Schwarzenberg-Channel which was finished in
1795 and - still in existence - has a total lenghl of 44 km [6].
Due to limited engineering capability, the damming of rivers or valleys remained an activity of limited dimensions for some millenia.
Only in our century has one witnessed the onset of large dams such
as La Loutre (Canada) with 1295 km- which was opened in 1917.
Though often multifunctional, they increasingly involved hydroelectric power. There is no doubt, that hydroelectric power plants, at
the right site and well designed, provide for "clean energy" without
impact on the environment and even have become paradigmatic elements of riverrine landescape. Nobody, for example would and could
question the outstanding quality of the hydroelectric plants along the
lower Inn. It must, however, be kept in mind that "clean energy" from
hydroelectric power plants is very often connected with a multitude
of impacts and conflicts which do not admit to any realistic solution.
Among those, the evacuation of people and their involuntary resettlement [7] is perhaps the most dramatic. Very often such displacement
is combined with the loss of jobs and other adverse socioeconomic
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events. Or. to put it according to a World Bank technical paper [7]:
"Involuntary resettlement gives rise to a great extent different from,
and usually more severe than those encountered in cases of voluntary
resettlement. A feeling of powerlessness and alientation is often
engendered in those who are relocated, especially when entire communities are uprooted from familiar surrounding"". And therefore:
"Whenever feasible, involuntary resettlement must be avoided or
minimized, and alternative development solutions must be explored.'"
Among the most dramatic examples of relocation. Lake Rariba (more
than 5,500 km2, opened 1965. about 60.000 people of the Tonga tribe
violently evacuated). Lake Yolta (about 8.700 km-, opened 1968,
78,000 people resettled), Aswan (6,000 km-, opened 1971, 120,000
people concerned) and '"Three Gorges'" in China (likely to be in operation by 2010, more than 700.000 people will be concerned, according to Goldsmith and Hildyard [8] even 1.400.000) may be mentioned.
Numerous other cases, specially in Latin America. India (e.g. Narmada River), Canada and (mainly Eastern) Europe could be added.
In tropical and subtropical countries the damming of valleys is often
connected with a considerable rise of tropical diseases like Malaria
and Schistosomiasis. In most cases, however, exact figures of the
infected people are not available. In addition, large dams may have
increased events of earthquakes or be exposed to danger in seismic
risk areas.
The loss of economic areas, valuable landscape and species diversity
must be considered carefully in cost-benefit calculations for each
damming site. Thus the Balbina Dam in Brazil's state Amazonas
floods 2560 km- of tropical forest. On the other hand dams of the
Ehvha River in northwestern Washington and built in 1911 and 1927
will be removed for the sake of the landscape and fishery restoration [9], In contrast, attempts to mitigate the impacts of the Gabcikovo Dam on the Slovakian Danube have so far failed. More recently a
careful analysis of cost-benefit calculations of damming activities
within the inner deltaic area of the River Niger (Mali) has demonstrated not only that Hie ecological and economic conditions before
the damming were far better than afterwards but also that without
careful consideration of all soeioeconomic parameters, such as seasonal migration by herdsmen, a realistic cost-benefit calculation is
impossible [10].
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The Impact of Environmental Constraints
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// cannot be denied that the utilization of water for energy generation
contains also undesired side-effects on the environment. Most of them
are based on interference with the natural morphologenctic processes
taking place in the river. Interference can be caused by the change of
the flow conditions (construction of darns and barrages) or the flow
rate (diversion, release and storage of water). Environmental sideeffects which might occur in connection with hydropower generation
are
• sediment deposition upstream of dams
• degradation downstream of dams
• interruption offish migration
• change of habitat characteristics for fauna and flora through reduction of flow velocity upstream of dams
• change of habitat characteristics for fauna and flora through reduction of flow rate downstream of diversions
• raise of groundwater level upstream of dams
• drop of groundwater level downstream of dams.
The side-effects listed above must not necessarily be seen as negative
impact on riverine environment, in certain circumstances some of them
might even be desirable. This is the case in river portions where the
original morphological process progresses towards conditions that
must be considered as environmental hazards. One example of this
kind is the continuous degradation of a river because of progressive
vertical erosion, a case frequently found at rivers with mountainous
catchment areas which had been subject to excessive river training
work and aggressive corrections in the past (River Rhine, Danube and
its alpine triburaties, etc.). In this case the construction of a dam might
be the sole solution to stop further degradation and to avoid environmental desasters.
Apartfrom the effect of hydropower generation on riverine environment it must not be ignored that, on global scale the impact of hydropower generation on environment is basically positive as it lacks the
negative effects of all other power generating methods (fossil fuel,
nuclear reaction, photovoltaic processes). Hydropower is clean energy,
self-regenerating and without any waste. The required equipment has
the longest lifetime of all competing techniques (i.e. 100 years and
more) and does not create hazards even when dismantling and recycling should become necessan- one day.
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Introduction
Hydropower is the cleanest and most efficient sustainable source of
energy we have on this planet. It neither produces toxic emissions
nor hazardous waste. On global scale, hydropower must be considered positively as it lacks the negative side-effects of all other energy
sources we use to exploit (fossil fuel, nuclear reactions, photovoltaic
processes, etc.). Furthermore, the required equipment has the longest lifetime of ail competing techniques (100 years and more) and it
does not create hazards even when dismantling and recycling should
be come necessary one day. On the other hand, it cannot be denied
that the utilization of water for energy generation contains also undesired side-effects on the environment. Most of them are based on
interference with the natural morphologenetic processes taking
place in the river. Interference can be caused by the change of the
flow conditions (construction of dams and barrages) or the flow rate
(diversion, release and storage of water). Sideeffects which might
occur in connection with hydropower generation are:
Upstream of dams or barrages:
• loss of land
• reduction of flow velocity
• sediment deposition
• raise of groundwater level
• interruption of fish migration
Downsteam of dams or barrages.
• reduction of flow rate
• degradation
• drop of groundwater level
The side-effects listed above must not necessarily be seen as negative
impact on riverine environment, in certain circumstances some of
them might even be desirable. This is the case in river portions
where the original morphological process progresses towards conditions that must be considered as environmental hazards. One example of this kind is the continuous degradation of a river because of
progressive vertical erosion, a case frequently found at rivers with
mountainous catchment areas which had been subject to excessive
river training work and aggressive corrections in the past (River
Rhine, Danube and its alpine triburaties, etc.). In this case the construction of a dam might be the sole solution to stop further degradation and to avoid environmental desasters.
In the following, the consideration of environmental aspects on planning and realization of hydropower projects shall be demonstrated by
means of two recentiy completed run-of-river power plants in Germany. It shall be shown how environmental conservation can be symbiotically linked with hydropower generation, but it shall also be
shown how environmental constraints might become a reason to
abandon basically reasonable and fossible projects.
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The Vohburg Hydropower Plant al Ihe Danube River
The Danube ist the largest river in Southern Germany. 200 years ago
it used to be a braided river of several km width. Towards the middle
of the 19th century the pressure of people living next to the river
resulted in extensive regulation works with the aim of land reclamation for settlements and agricultural purposes. Up to the year 1900
the formerly braided river had been converted to one single confined
channel of limited width and rather regular geometry. Due to the
change of the flow regime (straightening of the course, meander
cut-offs, flow concentration) the river started to cut deeper into its
alluvium causing continuous degradation.
With the beginning of the exploitation of the river's hydropower
potential in the 20th century the morphological side-effects caused by
regulation were superimosed with those caused by the construction
of dams and barrages. Due to trapping of sediment upstream of the
barrages the sediment supply towards downstream was cut. The deficiency of sediment resulted in further degradation of the river bed.
Towards the end of the fifties the construction of hydropower plants
was interrupted because of fading economic feasibility and continuously increasing resistence from environmentalists. Downstream of
the last barrage erosion went on impetuously, removing the original
cover of quaternary gravel and exposing highly erodible tertiarysands to the flow. During the following years the degradation proceeded dramatically endangering bridge foundations and bank protection works.
As further erosion could not be tolerated an appropriate method of
river bed protection had to be found. In a respective investigation the
following methods were compared and discussed [1], [2]
• increase of channel width
• increase of channel length by reactivating former meanders
• artificial armouring of the bed permanent artificial gravel feeding
• construction of consecutive low head sills or drop structures
• construction of a run-of-river power plant.
The discussion about the most adequate solution to the problem was
highly controversial. Finally, decision was made in favour of a barrage combined with hydropower generation. From beginning, planning of the new barrage (Vohburg) was carried out in consense and
with permanent consu'-ancy of environmentalists and nature protection people.
Ecological compatibility was recognized as one of the main planning
objectives. An extensive survey of aquatic and terrestric life in and
around the river was carried out and later on used as a basis of a
special "environmental protection plan" and an "ecological risk analysis'* [5] which were both incorporated in the technical design.
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The final solution which was approved by environmentalists as well
as hydraulic engineers is an example of fruitful cooperation of both
parties (Figure 1). On one hand, the environmentalists were proud of
accomplishing a considerable number of their goals, as f.i.
• preserving an uninterrupted belt of riparian forests on both sides of
the river
• stabilization of the groundwater levels
• safeguard of natur-like inundation of lowlands and riparian forests
• safeguard of migration of fish through natur-like water courses
(steps and pools, changing width, alterning steep and flat banks)
• creation of islands and shallow water zones in the reservoir
• transplantation of valuable plants which otherwise would have
been submerged.
On the other hand, the hydropower engineers had the chance to realize an efficient and economically feasible scheme of high technical
standard (Figure 2, 3 and 4).
The Vohburg Hydropower Plant is characterized by the following
specifications:
• power capacity 25.5 MYV (head 6 in. discharge 480mVs) produced
by 5 Kaplan turbines with vertical axis
• 4 tainter-gates of 20 m width each with flap gaies on top and with
the centre of rotation upstream, total capacity 5100 mVs
• ship lock for sport and fishing boats of 20 m length and 4 m width
• length of reservoir 15 km, reaching to the next barrage upstream.
The philosophy of conservation applied at the Yohburg power plant
was not to design a perfectly shaped landscape but to prepare habitat
conditions for certain environmental targets and leave the development open according to the dynamics of natural succession (Figure 5). An important target was f.i. an optimum variety of species, preferably autochthonous ones.
The early engagement of environmentalists and nature protection
people already in the planning phase created an atmosphere of confidence from the first day of cooperation. The final solution satisfied
all parties involved. The scheme is recognized as an example of optimum consideration of environmental aspects, worthwhile to be set as
a standard for future projects of this kind. However, everything on
earth has its price. The environmentally oriented auxiliary measures
alltogethcr amount to 20% of the total costs.

The New Kinsau Hydropower Plant at the Lech River
The Lech river has its source in the Northern Alps in Austria. Close
to the town of Rissen it crosses the border to Germany and after flowing North for 170 km joins the Danube. As all Alpine rivers the Lech
originally was a braided river of more than 1 km width. River regulation works in the 19th century converted it to a single channel of confined width with the well-known consequence of degradation at the
beginning and aggradation at the end of the regulated river portion.
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As in the example mentioned before, hydropower exploitation was
also started rather early in the Lech river with the Rinsau Power
Plant being the first scheme constructed at this river (Figure 6). Being
in operation since 1909. by 1988 wearing and certain deficiencies of
the Rinsau plant necessitated a decision on either rehabilitation of
the old plant or construction of a new one. A respective investigation
showed that rehabilitation of the old plant considering modern standards was not possible.
Consequently the hydropower company in charge (BAWAG) presented
the design of a new scheme which was technically perfect, economically feasible and fulfilled all requirements of a modern power plant
including improved flood control and stabilization of the considerablyeroded river bed downstream of the old barrage. The project was based
on selection of a new site downstream of the degraded river portion.
The project failed due to the disagreement of environmentalists and
nature protection people. They instead demanded a solution similar
to the design of the old power plant characterized by diversion of the
turbine water from the river by means of a diversion dam, downstream of which a reach of 2 km of the original river bed was left
uninfluenced by any backup effect. They insisted that a certain river
portion with quasi natural flow conditions had to be maintained.
In order to meet this demand alltogether nine alternative designs
were studied [4]. Finally one of them found the environmentalists'
approval. The finally accepted solution consisted of two separate
structures, the main power plant with auxiliary weir, and the main
barrage with a small auxiliary turbine for internal use (Figure 7, 8
and 9) In addition the following demands had to be fulfilled:
• No construction activities of any kind were to be allowed in the
undisturbed river portion between the main barrage and the junction of the tailwater channel downstream of the main power plant,
except the deposition of 10.000 m 5 of gravel in order to protect the
bed surface (which consisted already of highly erodible tertiary
sands as the quaternary gravel layer had already been removed).
• Creation of small streams with quasi-natural flow conditions at
either side of the river which are connected with the river
upstream as well as downstream to allow for migration offish.
• Creation of a protected biotope on the island forming between the
two branches of the river.
• Creation of gravel bars in shallow zones of the reservoir and downstream in the two branches of the river.
• Transplantation of valuable plants from locations where they
would have been submerged to safe places by peeling off large
pieces of the top layer of the soil.
After hard and highly controversial discussions all the demands were
met including a number of additional requests coming up during construction.
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The technical specification of the various components of the scheme
•were as follows:
Main power plant and auxiliary weir (Figure 10 and 11):
• power capacity 8.1 M\V (head 7.6 m, discharge 2 x 60 mVs)
• 2 bulbturbines with integrated generator
• design flow of weir 280 mVs
• 1 radial gate of 15 m width
Main barrage with mini-powerplant (Figure 12):
• design flow of weir 1000 mVs
• 5 radial gates of 15 m width each
• power capacity 1.1 M\V (head 6.5 m, discharge 20 mVs)
• 1 Kaplan turbine with synchrone generator.
At the end, the new hydropower plant fullfilled the requirements of;a
modern scheme, it took into consideration the necessities of morphological stabilization and it paid particular attention to environmental
aspects. Thus, at first sight, the new Rinsau Hydropower Plant might
be evaluated as a perfect joint venture of all parties involved.
The environmentalists and the nature protection people indeed readily propagated this conclusion. However, an unbiased objective evaluation of the scheme can hardly get around the economical aspect
and at this point the issue becomes questionable. When one realizes
that the finally adopted solution with utmost consideration of environmental aspects has resulted in an increase in costs of 54%
(50 Mio DM) compared with the first proposal of a conventional,
technically as well as economically sound solution then it must be
allowed to ask whether the prize for the excessively praised harmony
of all parties must not be considered too high [5].

Conclusions
Hydropower is the cleanest and most efficient sustainable energy we
have on earth. It neither produces toxic emissions nor hazardous
waste that has to be disposed. Optimum exploitation of this precious
source of energy deserves utmost attention, now and even more in
future when the non-regenerative energy sources approach exhaustion and/or the waste they produce can no longer be tolerated. On the
other hand, the construction of hydropower schemes means significant interference with nature and environment. There is hardly any
other engineering discipline whose work is as closely related to environment and natural processes as hydraulic engineering. For this
reason hydraulic engineers are committed (and traditionally used) to
do their job with high responsibility.
Hydropower development must not necessarily be in incompatible
opposition to environmental conservation presumed either side is
prepared to consider other opinions and willing to accept reasonable
compromises. The presented examples show that joint realization of
at first site considerably differing goals is possible when the dialogue
of the parties involved is open and the demands are balanced and fea-
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sible. But they show also that there always is the danger of one party
being too selfish in following own interest, thus preventing a balanced compromise which in turn must create resignation and distrust
and necessarily will handicap any further cooperation.
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Unterwasser

Figure 2: Vohburg Powerhouse - Section

Figure 3: Vohburg Heir - Section
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Figure 4: I ohburg Hydropowcr Plant from
(courtesy RMD, Munich)

downstream

Figure 5: Natural succession in shallow water zones of the Ibhburg
reservoir (courtesy KMD, Munich)
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Bridge

Tailrace Outfall

Figure 6: Layout of the Kinsau Hydropoivcr Scheme of 1909 at the
Lech river

New Kinsau
Reservoir

New Kinsau
Power Plant
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Old Diversion Dam
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Figure 7: Layout of the new Kinsau Hydropower Scheme of 1992
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Figure 9: Overall view of the neu- Kinsau Hydropower Scheme
(courtesy BAff'AG. Munich)

Figure JU:.\ew Kinsau Hydrupuwer Scheme, powerhouse and auxiliary weir (courtesy BAJJAG, Munich)
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SNAP Technology

ABSTRACT
SNAP is an acronym for a technology to create electric power and
desalinated water in the world deserts, using air and a spray of water,
as its source of energy. The cost of the electric power has been projected to be about 2 cents per kfl'h, less than the cast of fuel. This is for sufficiently large plants. In association with SNAP, water can be desalinated at a fraction of present day costs. Over 40 countries and states can
benefit from the SNAP technology. The theoretical potential of this tech-
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nology is many times the whole electricity and water needs far all
humanity at the level of Western Europe. SNAP plants can work day
and night and use renewable resources - solar energy from dry air and
sea water. The output was calculated, recalculated, and confirmed in
different experiments on models. All technologies seem to be available.
and no technological obstacle has been identified. The project is in a
stage that requires finalizing conceptual design and some studies leading to the construction of a pilot plant. The company, "Sharav Sluices",
a subsidiary- of the Technion - Israel Institute of Technology, looks for
funding to implement pilot plant. The S.XAP technology can be a corner
stone for cooperation between Israel, Jordan and other countries and
can bolster peace relations. It may mitigate some other conflicts on
resources. There is no other single technique which can contribute as
much as SNAP to the improvement of the global environment.

1. What is SNAP?
SNAP is a project which was initiated over a decade ago to utilize
solar energy in desert areas for the production of low cost eletrieity
and low cost desalinized water. The essence of the technology is that
it uses the latent heai of vaporization and the natural thermodynamic cycle, with a very low efficiency, in a way which is surprisingly
inexpensive.
SNAP is a machine that produces wind. The central idea is to cool the
hot and dry air of the desert by a fine spray of water (evaporative
cooling). The cooled air contracts and obtains a higher density. The
cooled air is contained within a tall and large diameter chimney. The
process in the chimney is the opposite of a common smoke stack
where the air is warmed. Instead of going up, it flows down. If the
chimney is tall enough, the downward airflow reaches high velocity
and actuates turbines which generate electricity. The downdraft
sucks in more and more dry and warm air. which is continuallycooled by a spray of water.
SNAP requires dry and hot air as a continuous source of energy and a
large volume of brackish or sea water to cool the air. About 5 kWh
can be produced with each cubic meter of sprayed water. Desalinated
water at approximately half of the investment and half of the energy
of today's methods will be a by-product of SNAP.
This new Israeli technology is now substantially ready for design and
construction of a pilot plant. The first application of SNAP will be
wherever the decision makers will have the vision and the commitment to choose. In theory, it has been proven that the world quantity
of energy and water which SNAP can produce is huge - much more
than humanity needs.
Typically, in desert areas, it is possible to obtain 0.5-2.5 megawatt per
square kilometer. With SNAP, we hope to take the predicament of the
desert and turn it into an asset.
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The SNAP technology was first conceived in California by Dr. Phillip
Carison. at Lockheed, in the seventies. Also developed independently in the eighties at Technion - Israel Institute of Technology, in Haifa.
The Technion team developed several key new concepts which make
SNAP economically attractive. In addition, some important environmental concerns were eliminated or mitigated to the point of safe
management. Therefore, we expect the environmentalist community
to support SNAP. In fact, it is today the only large scale energy source
at such low cost which can eliminate pollution by CCb, SO^, NOx and
pollution of mining, transportation of fuels and the need for waste
disposal.
The very same physical process which takes place in SNAP occurs
frequently in nature. A cloud sheds rain into relatively dry and warm
air. The evaporative cooling produces a downdraft which can reach
over 20 meters per second (45 miles per hour). Such downdrafts are
the cause of "wind shears" which endanger landing airplanes.
The continuous source of dry and hot air is a result of a permanent
global natural circulation that starts when the air rises in the equatorial zone as the sun warms it up. On ascending, the air cools and
sheds rain. Its moisture content reduces. Then the air flows north and
south and descends again over the two global desert belts. As air
descends, it warms up maintaining its low moisture content. This
descending air then turns back towards the equator. Enroute, it evaporates water and cools.
The descending hot and dry air produce the two belts of deserts all
around the globe, both south and north of the equator. These are
areas where SNAP plants may potentially be installed. By wetting the
air inside a chimney, we do not change the natural cycle; we only
enhance it slightly. If we would use SNAP to provide the full electrical consumption of humanity at a level of Western Europe, it will only
enhance less than 1% of the natural circulation.
Two common questions directed to us are:.
"Will the humidification of air fill up the land and stop this process?"
"Are you not claiming a 'perpetual motion'?"
The answers:
The cool air is evacuated at exactly the same rate as hot air is supplied and. it can be proven, that the exhaust from a SNAP plant can
never mix with the hot air intake - not ever. The motion is perpetuated by the sun and the solar insolation providing the energy for the
process. Meteorology textbooks estimate the transfer of latent heat of
evaporation from the equator toward the desert belts. There are natural processes that act like SNAP and they always will with no end.
The hot air is supplied day and night. Thus, SNAP will produce electricity day and night - an important advantage when compared with
many other ideas on utilizing solar energy.
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The motive to develop SNAP came from the realization that solar
energy woifld be cheaper if it did not require a solar collector. This is
the key to the low cost of electric power by SNAP. One plant can draw
hot air at high altitudes from many kilometers away.
There are several issues which need to be addressed before a decision for large scale funding from government, industry, and the
investment community can be made. These are grouped into the following:
a) Energy output of SNAP (see section 2)
b) Availability of technologies (see section 5)
c) Projected cost of power and water (see section 4)
d) Environmental effects (see section 5)
e) The potential of SNAP in different regions and possible ways of
marketing (see section 4 to 8 and appendix 1)
f) The program ahead (see section 9)
Following is a brief discussion of each of these issues, in view of the
work which was done so far.

2. Energy Output of SNAP Plant
The team at the Technion has developed and improved the mathematical model for computing the output. The output was calculated
and compared by several methods and several experts. Climatic
measurements were made near Eilat (south of Israel) and in other
sites, by radio probes. We have built, at Technion, two models for preliminary verification of various parameters which confirm the theoretical model. The larger model is a 70 foot high chimney with water
sprayers at the top and various measuring instruments. We have carried out various experiments in a wind tunnel to measure coefficients
of energy losses and structural requirements. We have also used
existing know-how on various components and assemblies such as
gears, generators and pumps, and carried out experiments with
shrouded turbines at the Faculty of Aeronautical Engineering. We
have finally reached a point where we can compute the output accurately to + or -15% which for this stage is considered to be a very low
uncertainty compared with the potential margin of the profit. The
calculations of the output were made in a consenative way. and there
seem to be several ways to improve the output. For the purpose of
economic evaluation the figures for the most accurate calculation
were finally reduced arbitrarily by 20% as a contingency.
For a specific site and a specific design, we need more wind tunnel
tests in order to reduce the friction coefficient and to refine the
requirements for the structural design. More climatic data are necessary. Improvements in the computer software are planned along with
structural design and experimental computer model runs. We shall
have to complete the conceptual design and some of the tests on
important subsystems. These are necessary and very worthwhile
parts of the engineering process. They will certainly be required by
the rather-conservative power industry.
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Several general characteristics of the power output are worth mentioning:
a) Efficiency
The efficiency of transforming heat to mechanical energy is well
defined and it is about 80% to 90% the Carnot efficiency. It depends
only on the chimney's height. For a 1000 m chimney it is about 2.6%.
b) Pumping Energy
It can be generally proven, that the pumping to the top of the SNAP
tower is nearly a constant factor of the gross mechanical energy about 1/4.
c) Energy Losses and Net Energy
It can be proven that for maximum net deliverable output, another
1/4 must be spent on energy losses. Thus, the net deliverable energy
is between 55% to 40% of the gross mechanical energy. It is slightly
above 1% of the latent heat of evaporation (low efficiency indeed, but
very cheap "fuel")- The difference to 100% (10% to 15%) is due to the
turbine and generator efficiencies.
d) Power Variations
The output fluctuates about 15-20% from day to night and around 1:5
between winter and summer. (According to the climatic conditions in
Eilat, Israel)
e) Power Optimum
The power must be optimized at every moment by regulating the
amount of sprayed water, the droplet size, the power transmission
and by the turbines blades angle of attack.
f) Economy of Scale
The power of the SNAP plant increases as the diameter squared and
as the height nearly squared. Therefore, to be most economical, the
plant chimney must be large. 1000 m in height and a diameter which
is 1/5-1/2 of the height, is not quite an optimal design.
The size of the smallest economical SNAP plant depends on the price
obtained for electricity and many other parametres. Roughly, it can
be 500-600 m high and 150-200 m in diameter, with a 20-40 MW
average net deliverable power plant.

5. Availability of Technologies
The whole project was developed trying, as a guide line, to use only
off the shelf technologies. A systematic study was made to identify
existing and needed technologies and to integrate them into a combined system. Innovative ideas were considered only if they were
unavoidable or when we felt their development would not need long
range basic research and would result in a practical and relatively
risk free contribution. However, in no case. SNAP depends on their
success.
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Two such new technologies were developed at Technion and they are
as follows:
a) A special geometry of space frames for construction.
b) A new atomizer for the water.
a) The Structural Geometry
The basic structure is expected to be of either galvanized and painted steel or special alloy aluminum which is corrosion resistant, ductile and strong. The cladding inside the chimney can be chosen from
several possibilities.
The very tall and large diameter chimney is required to get good
energy economy. The construction cost is about half of the plant cost.
Thus, an effort was made to reduce the cost of the structure.
The developed method is a result of years of work of Prof. M. Burt. the
Dean of the Faculty of Architecture and Town Planning, at Technion,
Haifa. A smart geometry enables a construction of high rigidity over
large spans with a very low weight. Under certain circumstances, it is
extremely cost effective. The construction itself including the bars,
the joints and erection methods, are of existing commercially available practices. The essence of the specific structural geometry is that
it develops very large structural heights with small bars keeping their
buckling resistance to a maximum. The investigation and search for
geometries that will optimize the different functional requirements
and for material choice will continue.
A preliminary design and calculations of the structure were performed for the purpose of a preliminary feasibility and cost estimate.
"Turner International", of New York, one of the largest builders of tall
structures in the world, sees no insurmountable problem in building
SNAP structures. "Turner's" independent scope budget verifies the
Technion estimates. "Starnet Structures" of West Babylon, New York,
specializes in space structures. "Starnet" suggested, at the request
of Turner, that they can build a 927 meters high SNAP structure in
56 months at a cost which is quite near the Technion"s estimate (11%
difference).
The Israeli branch of "A. Epstein & Sons" of Chicago, also evaluated
our cost estimates for a given design and confirmed it.
Future work will include the design and the construction of a one
hundred to two hundred meter high, forty meter diameter test pilot
plant to study, among others, some components of the structure and
erection methods. A lot more must be done in selecting joints,
dynamic analysis, non liner design, corrosion, maintenance, etc. The
same construction geometry may be used for large free span roofs,
bridges, towers, chimneys, etc. at substantial savings. Other geometries and optimization methods are being considered in order to further reduce the costs.
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b) A new atomizer
The spraying system is the heart of the SNAP mechanical system.
There are commercial atomizers which can perform the required
function, however, not one of these combines all the performance
characteristics required for the SNAP application. We, therefore,
developed a new atomizer which has proved to have the following
characteristics:
• It is immune from clogging;
• It uses less energy to operate:
• It is easily to control droplet size and volume of flow independently to comply with climatic changes;
• It produces very uniform droplet size which makes SNAP more efficient and reduces the possible effect of salt spray drift.
The uniform droplet size is an important advantage in avoiding a
high percentage of fine spray that will not precipitate and will pollute
the environment by drifting.
The new atomizer is being used successfully in experiments, at Technion. While there is a great advantage in the new atomizer, the use of
commercially available equipment is also a possibility.
Toward application, we shall have to design and make several
improved commercial models of our atomizer, conduct a series of
bench tests and complete the engineering for production.
The atomizer and its principles may be adapted for several other applications in agriculture, sewage treatment, aquaculture, spray drying, etc.
The turbines and power pack
The relevant turbines have been widely investigated in hydroelectric
projects and for shrouded wind turbines. They will have high solidity.
There will be little or no similarity to common wind turbines. The
technology for construction of the turbine is fully available including
corrosion and erosion protection of the blades.
Not all the subsystems of the SNAP plant have been studied with the
same amount of detail and confirmed by outside commercial companies as was the structure.
We were fortunate to obtain an independent estimate of the cost of
the water supply, power pack, control and connection to the grid. It
was prepared by a leading U.S. utility. Their estimates were less than
30% higher than ours. They did not doubt the feasibility of any of the
elements.

4. Projected Cost of Power and Water
The uncertainty in costs must be reviewed in reference to the following four very important considerations:
a) The economical margin between the projected cost and the
opportunity prices (see figures in the following).
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b) At this state, the decision is not to build a full scale plant; but. only
a pilot plant after finalizing the conceptual design and after the
measurements of design parameters.
c) There are several built-in conservative assumptions in our
design. Improvements in the economy are almost certain.
d) We hope to improve the design of several important factors.
The projected cost of electricity is highly sensitive to the size of the
project and the interest rate. Our procedures resulted in cost estimates which can be as low as 2 cents per kWh for power and as low
as 40 cents per cubic meter for desalinated sea water. These power
costs are matched only by large hydroelectric power costs. This is the
main reason why the SNAP technology has the potential to become a
major player in the power industry. There are more potential locations for SNAP plants than hydroelectric plants. They are usually
where hydroelectric power is not available.
The cost of electricity is sensitive to the distance from a water source
and to the difference in elevation between the water source and the
plant base. For example, an elevation of 100 meters will reduce the
net output of a 500 MW plant by about 15 MW. The investment in the
pipelines constitute about $150-180 million per 100 kilometers. (Total
plant cost for this output is in order of $600 million and the cost of
KWh is about 5 cents/kWh) The total conveyance constitutes no more
than another 0.5 cent per kWh for a single plant. For multiple SNAP
plants, in the same region, the cost of water conveyance will be
reduced.
Various ideas are in the process of evaluation with strong indications
that the above cost figures can still be reduced significantly. It may be
assumed that such improvements will at least offset changes caused
by cost omissions.
Following are curves describing the relations between investment,
and plant size, costs per kWh vs. plant size in a specific site in Israel.
Compared with these values, the nominally avoided cost in Israel is
6-7 cents per kWTi. With communal externalities, it may be well over
10 cents per kWh. These externalities involve pollution, health
effects, defense cost, unbalanced commerce, etc. There are specific
sites where the alternative cost is even higher. In some sites, it is possible to obtain additional benefits by the interception of brackish
water, improve water quality in rivers, desalination and combining
SNAP with a hydroelectric project.
As an example, a 1000 m high and 500 diameter plant, will have 455
net average deliverable MW. 5.7 billion kWh per year deliverable to
consumers, requires a typical investment of $804 million dollars.
Such a plant is equivalent to the supply of a coal plant, of some
750 MW installed capacity. Project Internal Rate of Return (IRR) with
100% equity (no loans), varies from 15.1% to 27.1% with no tax and
5 to 10 cents selling price per kWh, respectively. It varies from 10.5%
to 19.4% with 40% corporate tax.
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In a most recent preliminary study of the Israeli Electric Corporation,
it was studied the advantage of a long term development program,
with one such as SNAP plant (starting 2001). compared with the optimal program without the SNAP. This advantage in present values to
2001, was 864 million Dollars.
The size of the smallest economical SNAP plant depends on the revenue that can be obtained for the electricity and many other parameters. The smallest economical size is probably 20—4-0 megawatts; bui,
in special circumstances, it can be smaller.
Figures 1, 2. 3 the cost per k\Vh, the investment per k\Y and the total
investment are respectively given for different plant sizes. Note that
the power is given in terms of net deliverable average power. The
installed power may be 3 fold.

5. E n v i r o n m e n t a l Effects
As a result of our analysis, it seems clear that the SNAP technology
has the potential of becoming both the leading source of clean energy and an inexhaustable source of desalinated water. One of the
issues relating to the environment is the concern that a salt spray
drift will be created. The development team has addressed the issue,
and the new atomizer was developed in large part to prevent salt
spray drift. The demonstration of an assortment of other methods to
be used separately and in concert is an important objective of the current program.
The amount of sprayed water is always larger than the minimum
which is necessary for evaporation. The spray is to be collected by
precipitation of the droplets and by other methods and sent back to
the sea as a liquid.
Further studies and tests will be required to come closer to the optimum and to find the most cost effective combination. The local water
quality has much to do with it also.
Note that the amount of water per K\Yh in SNAP, (about 0.2 cubic
meter) is nearly the same amount required per k\Yh in a conventional thermal power plant station for cooling.
We envisage some other environmental issues to be raised such as:
a) Return of partially concentrated sea water to the sea;
b) The danger of ground water pollution by seawater spills;
c) Interference of a tall chimney with aviation;
d) Landscape impairment;
e) Low key noise.
It seems that most of the issues can be overcome. At least, they are
more than offset by eliminating the collective list of environmental
problems caused by firing power plants with fossil fuel.
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6. The Potential of SNAP
Deser! areas which are suitable for the SNAP technology extend from
17 to 40 million square kilometers over land. The theoretical potential of the SNAP technology world wide is greater than hydroelectric
power. In fact, it is many times the electricity needs of all humanity
at a level of Western Europe.
In the Arava (the southern part of Israel) and around Eilat. it is possible to produce far more electricity than Israel and .Jordan can consume. Typically, for each cubic meter of sea water used in a SNAP
plant. 5 kWh of electricity deliverable to consumers will be generated. The necessary rate of flow for a 500 MW net average deliverable
output plant is in the order of 15-20 mVsec. If the conduit is built for
5 or 4 plants, the cost of conveyance per cubic meter per 100 km can
be reduced to 1.5-2 cents. Thus, the added cost will be 0.5-0.4 cents
per kWh per 100 km distance from the sea.
About 6-8 kWh are normally necessary to desalinate one cubic meter
from sea water, however, as stated previously, we found a way to
desalinate with less than half of this energy using off the shelf technology. If there is brackish water nearby, the cost of desalination will
be reduced even further.
A large regional development can be initiated around SNAP. It mayinvolve aquaculture and/or chemical industries which require
electricity as a major component. The low cost desalinated water
(about 40 cents per m"3) can create a very productive area of high cash
crop irrigated agriculture. The sea water supply canal could gradually evolve and eventually serve other purposes such as conventional
power cooling, transportation and recreation.
The actual penetration of SNAP plants depends on a wide variety of
parameters including: physical conditions, economic opportunity,
government support, the size and the composition of the existing
electrical power grid, the rate of increase in power demand and the
ability to combine SNAP plants with other units ascertaining enough
supply reliability.
There are about 40 countries and states that may benefit from the
SNAP technology with a realistic world potential far larger than
hydroelectric power. The actual market development will depend on
physical conditions, on the growth of energy demands, on government support and on the existing components in the eletrical grid.

7. A Possible Connection to the Red Sea - Dead Sea Canal
Jordan has suggested digging a canal between the Red Sea and the
Dead Sea, on its border with Israel (Multilateral Peace Talks in Vienna 1992).
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One of the variants of the Red-Dead Canal sugsest 50 m5/sec capacity of the conduit (l.fj billion ni5 a year). A full size SNAP plant
requires some 0.5-0.7 biiliun cubic meters of sea water a year. Along
the Arava Valley it may be possible tu construct 10-20 plants following the growing demand (5.000-10.000 net deliverable MYV). The first
2 or 5 plants could be constructed near Eilat-Aqaba using a first stage
canal as a water conduit.

8. Applications in the U.S.A.
The southwestern states can become a source for very large amounts
of electric power and desalinized water. Cooperation with Mexico can
further increase the potential of electricity from solar sources
through SNAP.
Multi-purpose programs have been considered to intercept brackish
water from rivers such as the Colorado Paver, in order to reduce their
salinity and use the brackish water for energy and for cheap desalination. Such a program would prove far more rational than the
present desalination of the Colorado River water. Other combinations
with mineral utilizations and solving environmental problems have
been considered.

9. The Program Ahead
a) Along with the completion of the conceptual design and testing of
variuus design parameters, a pilot plant is to be built within three
years. The developers look for potential participants in the investment and development.
b) The first commercial size plant can be commissioned within
54 years after the completion of the pilot plant.
c) Several technological offshoots have very important economic
advantages. They can be developed and commercialized in a short
period of time.
d) The business plan based on an updated technical summary, a
detailed list of work, tests to be performed, and a detailed economic analysis needs to be implemented.
e) Two parallel efforts are now being undertaken to obtain:
1. Contributions and research funds for dry air research in general and different applications and offshoots.
2. Investment for the execution of the business plan and the construction of the pilot plant.
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Target Markets - Preliminary
The following is a tentative list of countries with climates making
them probable candidates for construction of SNAP plants.
U.S.A.
California
.Nevada
Utah
Arizona
Texas
Mexico
Argentina
Uruguay
Paraguay
Brazil
Chile
Morocco
Algeria
Mauritania
Senegal
Gambia
Mali
Niger
Nigeria
Chad
Sudan
Libya
Tunisia

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Egypt
Ethiopia
Somalia
Zambia
Botswana
South Africa
Syria
Jordan
Israel
Saudi Arabia
Yemen
Muscat
Kuwait
Iran
Iraq
Pakistan
India
China
Turkey
Soviet Union
Afghanistan
Australia

(For each country & site, a careful climate and feasibility study will
be needed.)
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Appendix 2
Some Important Quotes Regarding the Technology
1. From a letter of March 13, 1991 from Israel's Ministry of Energy:
"A committee appointed by the Ministry and composed of experts
from academia, industry and government reviewed Prof. Zaslavsky's work, and concluded that the concept is physically sound and
that the technologies needed are largely available."
"...in our opinion this project makes sense only as an international cooperation enterprise."
2. Letter of May 27, 1992 from the Chairman of "Turner International" New York, regarding the structure:
"We have re\iewed the information you have provided to us
describing the design concept for the proposed SNAP project..."
"...Our opinion is that the concept represented by the basic structural element of a 926 meter tall space frame structure on top of a
reinforced concrete ring diffuser building is certainly constructable...."
5. From a letter of August 16, 1992 by Israel Desalination Engineering:
"We have reviewed the thermodynamic and power calculations of
this process as submitted to us by Prof. Dan Zaslavsky, and found
them to be basically sound."
"To sum up, I would like to point out that the SNAP system has
many attractive merits. Being a capital intensive process, it is justifiable to take careful and progressive steps towards realization
of this ecologically clean and economical solar energy utilization."
4) Letter of May 26, 1992 from "Starnet Structures", liest Babylon,
N.Y. (space structure experts):
"A. Geometry - the design we have used is a 927 meter high cylinder with 550 meter inside diameter.
C. Schedule - we would see the actual project schedule of the
structure being about 56 month.
12. Durability - with all the materials being mill finished aluminium there is no need for finishing... Also aluminum is ideal for
the possible deposit of any salts on it since it is self healing."
5) Letter of May 26, 1992 from Dr. Yoav Same of "A. Epstein and
Sons" of Chicago (their Israeli branch):
"I have reviewed the cost estimates of the SNAP structure
Material - the cost of 81,500 per ton is correct..."
"Erection - ...I first concluded that the erection cost of the SNAP
structure is too low. Following a detailed review of the erection
cost breakdown, not finding any error or omission, I tend to agree
with the $540/ton erection cost.
Concrete - The cost of concrete as reported is correct. However.
since the SNAP structure may be built far from the central part of
the country, I would suggest to increase it by 10%—15%."
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6. Recommendation letter from e.tpert team tu Israel's Minister of For
eign Affairs (January 1993):
A. The SNAP project takes the predicament of the desert and turns
it into an asset. The combination of large quantities of low cost
electricity and large volume of low cost desalinated water and the
possible incorporation with the Red-Dead Canal without having to
wait until the whole canal is constructed in order to start getting
some benefits, all of these, aside from its addition to its political
contribution, warrants a serious consideration of the project.
B. The above is based, among other factors, on the high reliability
and competence of Technion team and the excellent reviews
made by top professionals.
C. The proposal to complete various items and build a first
reduced size pilot is correct and indicates high responsibility and
should be supported. The risk using this approach is minimal.
D. Compared with the risk, the loss due to any delay seems many
times larger. It is therefore recommended:
1. To support the project according to the suggested plan with no
delay.
2. Encourage the participation of commercial partners that will
invest. The project must be supported at a level of Top National
Project."
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CA Methods for Optimisation, Design
i! Hy^ro Power Plants
Heinz-Bernd MATTHIAS & .Josef PROST
Department of Hvdropower and Pumps
University of Technology Vienna

ABST/UCT
'The recent developments in the personal computer field enable their
intensive use in the hydraulic engineering world. Precondition is the
availability af computer pi igrams adjusted for the special needs. At the
Institute for Hydropower and Pumps at the Technical University of
Vienna we are very engaged in the development of suitable software
packages. The range of application covers the following topics:
• Optimisation of the design data of hydro power stations.
• Calculation of the main dimension of hydro power stations and
hydro turbines.
• Measurements on hydraulic machines as a basis of the valuation of
the scheme.
• Valuation of hydro power stations.
The economical aspect is certainly important in determining whether
any hydro power project is practicable. This is true for small hydro
power stations in particular as the costs of these plants are high related to the earnings by sale of energy. Aim of the optimisation of the
design parameters of small hydro power stations is to maximise the
realisable profit. The essence of the modelling is the simplification of
the reality to a mathematical formulation. He have to take presumptions concerning the payments and to use approximation formulas to
calculate the cost for the erection of the plant. The use of a sensitivityanalysis enables us to check the sensitiveness of the results on the variation of different input parameters.
Knowing the discharge and head for one turbine we have different programs to calculate the main dimensions, e.g. diameter of the runner,
diameter of the generator, dimensions of spiral casing and draft tube
These values are calculated using equations obtained from statistic
analysis of hydro power plants already built. The user of the program
has the opportunity to contribute his own experience and knowledge.
The development of portable computers and analogue/digital expansion boards enable the use of PC's for measurements on turbines in the
scheme. On-the-spot investigations of turbine efficiency or dynamic
behaviour make possible a quick valuation of the scheme.
The growing power consumption on the one hand and the increasing
sensitisation of people for pollution control on the other hand poses
problems for technical engineers, that can be solved only by economising the stock of energy. One possibility is to operate power-plants in the
optimum and to avoid losses of old plants, lie use a knowledge based
system for the evaluation of the investigation of the plant. This system
contains analytic and heuristic knowledge.

150

TcSl/P15/TUW5

MATTHIAS et al.

Water and Energy Systems

Introduction
The recent developments in the personal computer field enable their
intensive use in the hydraulic engineering world. Processors with
faster processing times, expansion boards for the most different
needs and powerful software packages may make easier the job of
engineers engaged in this field. Precondition is the availability of
computer programs adjusted for the special needs.
At the Institute for Hydropower and Pumps af the Technical University of Vienna we are very engaged in the development of suitable
software packages. Our programs are based on MS-DOS software like
Turbo-Pascal, C++ or AUTO CAD. The range of application covers the
following topics:
• Optimisation of the design data of hydro power stations.
• Calculation of the main dimension of hydro power stations and
hydro turbines.
• Measurements on hydraulic machines as a basis of the valuation of
the scheme.
• Valuation of hydro power stations.
The use of such programs is very useful especially in the field of
small hydro power stations. It is possible to get a general view of the
scheme and its economical aspects. The following paper gives a short
report on some of these programs.

Technical and Economical Optimisation of Small H>dro Power Stations
The economical aspect is certainly important in determining whether any hydro power project is practicable. This is true for small hydro
power stations in particular as the costs of these plants are high related to the earnings by sale of energy. The basis parameters of the planning are the hydrological and landscape data on one hand and the
financial conditions on the other. In order to get the optimum dimensions of the plant it is necessary to calculate the earnings and the
costs in dependence on different design parameters (e.g. discharge,
head, type and number of turbines). Extensive preliminary studies
however - the usual thing for power stations of greater output - are
rare in the field of small hydro power stations. Even it is not rare that
predictions on the economy have to be done based on incomplete
data.
First of all the unconditional input parameters for the investment calculation have to be fixed: The annual profits may be calculated from
discharge, head, efficiency and tariffs. These parameters are connected in part (e.g. discharge and head) and variable with time (tariff). The costs of building and construction raise with head and discharge. The financing and financial requirements are of great influence whether the erection may become profitable. The interests are
fluctuating over the refund period (15 to 20 years). It has to be considered whether the energy may be used by the owner of the plant to
own purpose or if it has to be sold to a service company. These input
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parameters result in payments (earnings and the costs) which may be
calculated by a computer program.
Although the principles are valid for all types of small hydro power
stations the folloAving explanations are restricted to low head power
plants. The fact for this restriction is the experience with small hydro
in Austria. A lot of small low head power stations have reached an age
for uprating and refurbishing. In these cases the question of the
design discharge for new turbines or the design parameters for a new
power plant may be essential.
The listing of the payments for investments can be classified as follows:
• Expenses for planing, feasibility studies, licences, construction and
supervision.
• Expenses for the purchase of building site and develop.
• Expenses for the building.
• Expenses for electrical and mechanical engineering.
The quantity of expenses for different components is connected to
their dimension. This dimension is related to nominal head and discharges. So in connection with empirical coefficients it is possible to
estimate these expenses out of head and discharge. The annual costs
for the operation of the plant are less to those of the investment. In
order to include them in the calculation the annual profits are
decreased.
The complex connection of the economic and technical data calls for
certain simplifications in order to get a handy algorithm. We have to
take presumptions concerning the payments and to use approximation formulas to calculate the cost for the erection of the plant.
Concerning the payments we use a model of a "isolated" investment.
The profits are used to reduce the "negative" means. On the remaining negative means we have to add the interest. Reaching the point of
amortisation the earnings will bear interest Ml payments are related
to the end of the examined period.
The valuation of the produced energy is done using the tariffs paid by
the local energy authorities. If the energy is used to own purpose we
have to use the tariffs which have to be paid for the purchase of energy. The annual profits are calculated on the assumption of a steady
raising of the tariffs and the own demands of energy.
The energy available on the terminal block of the generator is a function of head, discharge and efficiency of the scheme. The head is on
account of the backwater curve a function of the discharge 0- ' ! has
to be calculated using the hydraulic data of the river or the feeding
channels. The efficiency T] is put together from the turbine efficiency
TIT. the generator efficiency T)G and the efficiency of the mechanical
components TIM and may be calculated using empirical formulas. So
the profits can be calculated as a function of the nominal discharge.
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The optimisation of the design parameters of the power station, especially of the nominal discharge, corresponds tn the maximisation of
the earnings. This is expressed by a maximum earned income or a
maximum raising of the mean. The quality of this calculation corresponds to the precision of the input parameters. Some of these
parameters however are uncertain. For example it is hardly possible
to predict the development of the bank rates and the tariffs exactlyover a longer period. The use of a sensitivity-analysis enables us to
check the sensitiveness of the results on the variation of different
input parameters. To a certain degree this sensitiveness permits a
fundamental analysis of the project. On the other hand it becomes
obvious which parameters have to be collected carefully.

Computing the Alain Dimensions of Machine Units
and Hydro Power Stations
Knowing the discharge and head for one turbine we have different
programs to calculate the main dimensions, e.g. diameter of the runner, diameter of the generator, dimensions of spiral casing and draft
tube. These values are calculated using equations obtained from statistic analysis of hydro power plants already built. The user of the
program has the opportunity to contribute his own experience and
knowledge. He may change and vary each of the computed dimensions. The program supports him however with values computed
according to values specified in literature.
A good presentation of the results obtained in this way is very important for further discussions. So as a further step we have developed a
software package based on AUTO CAD using the language Auto LISP.
The main dimensions of the machine are the input parameters. The
output are sectional drawings of the scheme.
The output of the program for Pelton turbines for instance is a twodimensional drawing of the runner, cross-sections of the buckets
(Figure 1) and different velocity triangles along a line of flow. The
component runner is put together with other components to get a
sectional drawing of the scheme (Figure 2). The drawing now may be
modified and finished by the user.

Measurements on Hydraulic Machines
The development of portable computers and analogue/digital expansion boards enable the use of PC's for measurements on turbines in
the scheme. On-the-spot investigations of turbine efficiency or
dynamic behaviour make possible a quick valuation of the scheme.
A good example is the efficiency measurement on low head water
turbines. For the efficiency measurement the following data have to
be recorded (Figure 3):
Electrical power Pe
Discharge
Q
Head
H
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The head is measured with two electric pressure gauges and the real
pun er wattage is registered b> a digital watt meter.
The flow measuring is done by the current meter method. The speed
of the current meter is proportional to the velocity of the flow in the
measuring point. The velocity distribution over the cross section of a
channel is calculated by a numerical integration method based on
cubic parables between the measuring points and potential functions
at the boundary zone. The computation of the area under the curve
gives the flow in this vertical plane of the cross section. Figure 4
shows the plot of a measured velocity distribution.
Using a portable PC it is possible to do this computation immediate
after the recording of the data. The flow and the efficiency are known
directly, a check of the results is possible on the spot. The complete
characteristic of the turbine is determined at a later date from the
data stored on the hard disk.

Valuation of Hydro Power Stations
The growing power consumption on the one hand and the increasing
sensitisation of people for pollution control on the other hand poses
problems for technical engineers, that can be solved only by economising the stock of energy. One possibility is to operate non-polluting
power plants in the optimum and to avoid losses of old plants. If we
use new technologies in these plants, we can gain considerable
inereasements of electric output. So for example, if we replace
40 years old runners to runners with new technology, the increase of
efficiency is about 2-5%.
To examine old plants on their demand for uprating and refurbishing
we need certain systems of diagnostics for a quick valuation of the
plant. To get a description of the general condition of the whole
power plant it is not necessary to examine each insignificant component of the plant. On the other hand it is not enough to check one or
two symptoms to decide upon the future of a water power plant.
It is very important to find a small number of predicative indicators
which are significant in each hydropower plant. Figure 5 shows 10
indicators we found to be much important. These indicators are
divided into refurbishing-tracers and uprating-tracers. After weighting the values of indicators are joined together using certain keys.
The results of these investigations with the knowledge based system
are:
• Report of the plant, which is the base for further detailed investigations.
• The valuation of the plant shows a priority list for urgent repair
works on components.
• The decision on the future strategy shows the requirements on
uprating and refurbishment.
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To get the data we need to feed our program for the valuation we use
a form that can be completed by the staff of a hydro power station.
Using the communication facilities of our days (e.g. telefax) a first
valuation of the plant can be done by us without being on the spot.
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Compressed Air Energy Storage (CAES)
Using Water Compensated Rock Caverns
and Aquifers
Hernia im HASELBACHKR
Department of Thermal Turbomachines and Power Plants
l'niversitv of Technology MCIHHI

ABSTRACT
(Jompn *scd air energy storage is a rclatirtiy new technology that was
developed to meet peak-demand requirements of electric utility companies. Surplus power generated in base-load plants is used to compress
air and store it in underground geological formations. There it serves
as a supply to drive gas turbines during periods when peaking capacity is needed.
Two basic types of storage facilities are possible: a) Those in which the
air' pressure is uniform at anytime, and b) those in which the air pressure undergoes large spatial variations. Type a) are caverns with
either constant volume or constant pressure. They are represented by
solution mined caverns in salt domes and water compensated caverns
excavated in hard rock. Type b) are aquifers, i. e.. porous water-bearing sedimentan-formations.
Solution mining is relatively inexpensive and salt caverns are simple
and safe to operate, but siting opportunities are limited and disposal of
the brine could be an issue.
By comparison, sites with hard rock and aquifers suitable for air storage are rather numerous. However, there arc several problems associated with the design and operation of these storage systems.
In aquifers, these problems include primarily the displacement of water
to develop the air storage zone and the matching of the airjlow characteristics of the tttrbomachinery and the aquifer.
In water compensated caverns, it is the so-called champagne effect that
may be the origin of operational problems during charging of the
cavern. This phenomenon may arise when air that was dissolved in the
water goes out of solution as the water Jloivs up tin compensation pipe
between the cavern and the surface reservoir. The consequence could be
ßow instabilities disturbing the charging phase.

Introduction
It may seem to ask for too much of a paper on thermal turboniachines
to be in line with this Symposium's two topics: Water and Energy. Vet
this contribution will consider both of them and deal with two special
types of'pmverplanls in which thermal turbomachines and water play
important roles, i.e.. with compressed air energy storage (CAES)
systems with water compensated rock caverns and aquifers.
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Design Principle of CAES Plants
The design principle of CAES plants can be derived from conventional open-cycle gas turbines (Figure la) by rearranging their most
important components and by adding a few new ones. A CAES turbomachinery train (Figure lb) is obtained simply by placing the generator/motor between the compressor and the turbine. By installing
two self-synchronizing clutches as well as by adding an air storage
reservoir and a set of valves, the compressor and the turbine can be
operated indepently from one another either in the charging or in the
generating mode. To save space and costs, the air is stored in
man-made or natural underground cavities.
Operating Principle of CAES Plants
During the charging mode of operation, the turbine is shut down and
electric energy supplied by other units of the utility system is used to
drive the generator/motor-compressor section to compress air and
store it in the resenoir at high pressure. This is done when the
electricity demand is low and the existing intermediate generating
plants would operate at reduced capacity. During the discharging or
generating mode, the compressor is shut down and compressed air
from the resenoir is heated and expanded in the turbine to drive the
generator/motor. This is done during periods of high electricity
demand, and the CAES plant would replace now less efficient peaking units of the utility system (Figure 2). The time intenal between
two consecutive fully charged resenoirs would typically be a day or
a week. During these daily or weekly cycles, several discharging/
generating and charging sequences would usually be performed.
Benefits of CAES Plants
The major benefits, in part already indicated above, are as follows:
increased capacity factor of highly efficient base load units, displacement of less efficient intermediate generating and peaking units,
improved overall system economy, lower forced outage rate and
improved environmental characteristics of CAES plants in comparison with conventional intermediate generating units.
Types of Air Storage Reservoirs
The CAES principle briefly explained above can be realized in many
different ways. As far as the geologic air storage resenroir is concerned, three basic systems are presently considered optimal for
CAES applications [2]:
1. Solution mined salt caverns (Figure 3)
2. Hard Rock caverns (Figure 4)
5. Aquifer air storage (Figure 5)
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These type« of reservoirs hav^ bp^n mod by the nil and natural gas
industry for many years to store various kinds of their products. So
there exists a considerable amount of experience in making and
operating such reservoirs. However, this experience is not with air
and the storage cycles are seasonal rather than daily or weekly. A
potential additional problem concerns the matching of the turbomachinery and the reservoirs, in particular the aquifer air storage, as
will be seen later.
Solution mined salt caverns are relatively easy and inexpensive to
make, and CAES plants with this type of reservoir are uncomplicated
to operate. This is proven by Huntorf and Mclntosh. the two commercial CAES plants built to date, which use solution mined salt cavern.
Huntorf has been in operation since 197S. and experience with it has
been published on numerous occasions. See, for example. [5 - 5].
With respect to Mclntosh, which was first started up in 1991, refer to
periodic reports in EPRTs CAEScope Newsletter.
Solution mined salt caverns are operated as constant-volume reservoirs and need to be relatively large if the storage pressure variation
and associated losses during an operating cycle shall be small. Domal
salts have the required properties such as extent and sufficient uniformity for good solutioning control, but bedded salts do not, and
therefore siting opportunities are rather limited.
Alternatives are excavated hard rock caverns and aquifers. Both of
them have been studied very thoroughly theoretically and experimentally, but no commerical project has been realized so far.
Hard rock caverns seem to have the widest siting opportunities but
are relatively expensive to excavate. To minimize the necessary storage volume, they would therefore be designed and operated as constant-pressure reservoirs. This would be done by providing water
compensation as shown in Figure 4. However, even with water compensation, the cost per kW of hard rock caverns is approximately 60%
higher than that of solution mined salt caverns [6].
In the cavern, the water will absorb high pressure air and eventually
become saturated because of the permanent contact between the two
media. As long as the water remains at a pressure equal to or greater than that of the cavern, the air would remain in solution. However,
during charging, saturated water flowing up the vertical water shaft
will reach a level where the hydrostatic pressure is less than the dissolved air pressure. There the air will begin to come out of solution
and create an unstable two-phase flow called champagne effect.
Under certain circumstances even a cavern blowout might occur. The
turbogroup itself would hardly be affected by the champagne effect or
even by a complete blowout of the cavern [7]. Nevertheless, it is desirable to reduce the champagne effect transients, and it is mandatory
to avoid a blowout since this would be a major disruption of the powerplant operation. Because of the importance of the champagne effect
and its mitigation it will be discussed below in more detail.
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Aquifers are porous formations in sedimentary geology which are
Filled with water before they are developed for air storage operations.
The pressure of the water in an aquifer prior to creation of an air
storage reservoir - also called discovery pressure - is normally about
the hydrostatic head for the aquifer. When high pressure air is injected into the aquifer through a system of wells the water is displaced
and an air bubble begins to be formed whose pressure is greater than
the discovery pressure. However, the long term stable pressure will
correspond again to the aquifer discovery7 pressure. The volume of
the air bubble is typically about ten times the required working volume. Siting opportunities are said to be good, and the cost per kW is
about the same as that of solution mined salt caverns [6].
For short cycle times (daily cycles), the response of the reservoir is
practically that of a constant volume system. As indicated above, for
long periods, the reservoir pressure will tend toward the discovery
pressure, adjusting the storage volume to the total stored air mass. In
other words, the reservoir works in a damped compensated mode
because of the slow response of the air-water interface.
For the storage system to operate according to powerplant specifications, the well manifold and the compressor and turbine characteristics have to be carefully matched. Since the turbogroup will most
likely be built of already existing components, which would be
expensive to modify, the task is to design and if necessary adjust the
well field so that it satisfies a given duty cycle. The distribution and
the depth of wells will depend greatly on the air flow rates within the
aquifer which is governed by Darcy's law. The matching and the consequences of mismatches will be addressed below in more detail.

Champagne Effect
The champagne effect has been studied by many researchers, most
notably by engineers and scientists at Pacific Northwest Laboratory
and United Technologies Research Center. The results presented
here have been taken from a report by A. J. Giramonti [8]. By careful
modelling and numerical analysis he has investigated all the important parameters influencing the champagne effect transients. In this
way it was also possible to study the effectiveness of measures controlling the champagne effect. A very important geometric parameter
is the L'-bend configuration, see Figure 6. The detailed dimensions of
the stepped diameter U-bend studied by Giramonti are presented in
Figure 7. In this figure, the high and low water levels, corresponding
to the empty and fully charged cavern, are marked by HWL and LWL.
With these and a few additional geometric data numerous calculations were performed in which other important parameters were
systematically varied. A sample of the results is discussed here. In all
cases studied, the compressor charging the cavern was shut off when
the water level in the cavern reached the LWL mark. Figure 8 shows
the velocities at the bottom of the main water shafts of the two
U-bend configurations. The constant diameter U-bend reaches much
higher velocities and is therefore considered less suitable than the
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stepped diameter U-bend. Consequently, all further investigations
were based on the stepped diameter design. Figures 9a to 9c are plots
of various charging transients. Figure 9a is just an extension of Figure 8 to longer times, while Figure 9b is a plot of the water velocities
at two additional locations in the water shaft and the U-bend. Figures
9b and 9c are for caverns 94% and 98% full of air, respectively, when
the compressors are started for charging. Note that in the 98% case
the flow reverses at about 900 sec after start of charging. Comparing
now these cases with that of the cavern empty of air at start of charging (Figure 9d), it is observed that the transient of the bottom velocity is now more moderate. Figure 9e presents the results for the
initially unsaturated shaft water. The maximum velocity and a flow
reversal occur relatively late after start of charging. In addition, the
peak velocity is considerably higher than in case of initially saturated
shaft water.
Important conclusions from the above results are as follows: The
water velocities in the water shaft are rather high and could lead to
damage to the cavern and the water shaft. Although an immediate
danger of a cavern blowout is not apparent, it cannot be excluded.
Even if there is no serious cavern or turbomachinery breakdown,
plant operation would be disrupted. These investigations should still
be viewed with caution also because the computational results need
to be verified by experiments. A step in this direction were the experiments performed by SEO, see Figure 10 [9]. Another approach to
reduce risks is to provide improved cavern designs and installations
to remove saturated water from the cavern, see Figure 11 [7].
However, one of the most important efforts should be the development and installation of a reliable control system for the compressor
and the cavern to shut down the compressor when the cavern is fully
charged and prevent inadvertant overcharging and eventually a
blowout.

Aquifer-Turbomachinery Matching
The flow of air, the movement of the air-water interface in the aquifer and the matching of the reservoir with the turbomachines of CAES
plants have also been carefully investigated by various institutions.
Pacific Northwest Laboratory was very active in this field as well, and
among industrial companies, Westinghouse Electric Corporation
made significant contributions |10. 11]. The figures used in this section have been taken from reference 10.
The properties of aquifers usually show great spatial variations. The
set of partial differential equations describing the air flow and the
equation of state must be solved simultaneously with the characteristics of the compressor and the turbine. This is done for even" well
bore at any instant of time. Figure 12 depicts this situation for the
charging of the reservoir. The left inset shows the relationship
between the pressure and the radial distance and Darcy's law for well
i from which the velocity at any distance r can be calculated. The sum
of all well bore mass flows is equal to the mass flow of the compres-
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sor. Its characteristic is shown in the right inset. The compressor exit
pressure and the well bore pressure differ by the pressure losses in
the manifold and the well casing and by the pressure gain due to the
gravitational head between the surface and the well bore.
For a complete duty cycle, the integrated inflows and the integrated
outflows must be equal. If they are not. as shown in Figure 13. but the
inequality is small, the problem can be solved by adjusting the number of wells, the well bore diameter and the well bore spacing.
The proper match is shown in Figure 14. If the air mass flow inequality is very large, these adjustments would often not be sufficient or
too costly. In such a case, the simplest solution, though possibly unacceptable to the operator, would be the relaxation of the duty cycle.

Summary
This contribution reviews CAES technologies with water compensated hard rock caverns and aquifers. Special emphasis is put on the
interface between the turbomachinerv and the air storage.
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Modelling of Compustioii in Circulating
Fluiciizeii ned Boilers (CFBB)
Wladimir LINZER
Department of Thermal Engineering
rniversitv of Technology Vienna
'!•>.

ABSTRACT
The Institute für Technische Wärmelehre (Thermal Engineering) is
working nn a long term project with the aim to develop a simulation
model for circulating Jluidized bed boilers for engineering purposes.
The model consists of 3 main subroutines:
• Solids Distribution
• Coal Combustion

• Heat Transfer
• Pollutants modelling
The global model and the submodels will be briefly described. A short
report will be given on the scope of laboratory testing in I ienna carried
out in cooperation with other Institutes and International Cooperation
within Europe.

1. Introduction
Environmental constraints are demanding new and clean technologies
for the combustion of solid fuels, such as coal, industrial residues etc.
The Circulating Fluidized Bed Technology is an approriate solution for
converting all kinds of solid combustibles into thermal energy.
This technology was originally developed for chemical processes and
is just used as firing system in larger scale in the past decade.
The realisation of such systems and the evolution of this technology
require a better knowledge of the fundamental mechanisms that govern the 2-phase gas particle flows, the combustion process, the heat
transfer, the formation of air pollutants such as NO\. SOj, etc.
In order to ensure the necessary evolution of this method theoretical
and experimental investigations are necessary to develop appropriate
design tools.
To predict the performance of Fluidized Bed-Systems under various
conditions mathematical models are a very necessary and efficient
tool.
Figure 1 shows the model for the Thermal-Energy Balance in a CFBBoiler. It can be clearly seen that, a mathematical-model for such a
system requires the cooperation of different engineering disciplines.
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To acoount for future progress, a modular design of a computer
mode! is obligatory.
Figure 2 shows the basic structure of our Computer-Model. The modular designs allows easier future improvements of the sub-modules.
Because of the very complex system this presentation has to be limited to the description of two sub-modules, namely the Solids-Distribution and the Char-Combustion.

2. Solids Distribution
For engineering design purposes the solids distribution model should
not be too complicated in order to save computing time. On the other
Ihi'id it must have enough physical background, to allow the correct
prediction of the performance of a CFB-System in engineering measures. Most known CFB-models utilize a one dimensional approach.
Figure 3 shows three possible approaches for one dimensional solids
flow models. We have chosen the Two Channel-Annular flow model,
because it allows 10 consider the downward flow in the near wall
annulus. This fact is important for the correct modelling of the heat
transfer from the solids to the reactor-walls. This model was developed by A. Glatzer [1] and can in a simplyfied way be considered as a
combination of a semi-empirical entrainment model [2] with an
annular flow model [5J. To calculate the flow distribution the entire
system is divided into a certain number of cells.
Figure 4 shows the basic equations and the solids massbalance for a
certain cell. The results of the solids distribution module are the mass
and pressure distribution (porosity) and the externally (ms) and internally (mnp, mdn) recirculating mass flow rates for the solids. Equation
2.4 represents the continuity equation for the solid phase.
The annulus-core structure allows a better modelling of the local
heat balances especially the radiative heat transfer Figure 5. We have
developed a new model for the heat transfer in Circulating Fluidized
Beds [4].
To calculate heat transfer in CFB's convective and radiative mechanisms have to be considered.
For radiative heat transfer a new model was developed, based on the
two-flux-model (Schuster-Schwarzschildapproximation of the radiative heat transfer equation in an absorbing, emitting and anisotropically scattering medium), which allows to take into account the annular region (by dividing it into a number of sublayers), which has a
considerable higher density and lower temperature, Figure 6.
The two-flux model assumes the intensity distribution to be semiisotropic in a forward and backward direction. Particle coefficients
for absorption and scattering are calculated with the Mie-theory.
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The influence of density and thickness of the wal] layer (annulus) and
uf the temperature profile in the wall layer can not be negW-ted. Considering the layer near the wall reduces the heat transfered by radiation to the wall as much as 50% and more compared to common other
models in literature and thus those seem to overpredict the contribution of radiation to the total heat transfer in CFB"s.
To calculate total heat transfer the two-flux-model for radiation was
coupled with a model for convective heat transfer from literature,
which was adapted to the two-zone-model for solids distribution and
showed promising results.

5. Coal Combustion
Heating, drying and devolatilization of the fuel are treated separately
from char combustion. This is justified by the fact that char combustion is a slow process, which is not necessarily finished when the particle is entering into the separation device (cyclone) for the first time.
3.1 Heating, drying and volatile release
To determine the distribution of fuel moisture and volatile components over the reactor height the residence time distribution (RTD) of
a certain fuel particle in the different balance cells has to be modelled
in combination with the time dependent release of moisture and volatiles. For the whole combustion process a Shrinking-Particle Model
is assumed.
3.2 Char combustion
Main model assumptions
1) The CFB-system is divided into a certain number of balance cells
(Figure 1) and described by a set of equations including the overall energy balance, the overall solids mass balance and mass balances for fixed carbon for each size fraction in each cell.
2) Char combustion is assumed to be independent of the drying and
devolatilization processes. The only influence is given by a lower
oxygen concentration due to volatile combustion.
5) Primary fragmentation during pyrolysis may be considered by a
shift in the particle size distribution of the generated char in relation to the size distribution of the fuel particles.
4) Char combustion of a single coal particle starts when pyrolysis
has finished.
5) The separating devices of the system (cyclone, filter and ash classifier) are described by their fractional efficiency rates.
6) The mass flow of fixed carbon mc n.v (i) of a fraction i leaving a
cell j may be expressed tunic n.x (i) = mOui.s • CK (j) • XK (i, j) • S (i, j).
A switching function s (i. j) is introduced for considering classification effects in upflowing exit streams.
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7) The traces of hydrogen, oxygen, nitrogen and sulphur in the
residual char arc assumed to burn simultaneously with the car
bon. They are considered as a part of the fixed carbon.
For further information see reference [5].
Overall mass balance
In the overall mass balance all in- and outgoing solid flows have to be
;
dered. For the net inflow of sorbent ihe solid mass change due
ination and sulfatation has to be considered. An analog mass
_ze of organic fuel components due to combustion is accounted
for.
Fractional mass balance of fixed carbon
The Carbon Content in the solid material is divided into a certain
number of fractions with different sizes. The equation on Figure 7
describes the fractional mass balance of fixed carbon.
The vector sup(i,j) takes account for classification effects. Sjfb(j),
SGA (j) and SFA (j) are switches which are equal 1 for the cells where
solids are reintroduced or drained from the combustor.
From this equation it can be noted that the shrinking of the particles
by attrition is also considered (last two terms in the equation Figure 7). To calculate the C-fix distribution in each cell additional equations for the separation devices are needed [5]. The total number of
equations depends on the number of individual cells and the nirnber
of fractions for the C-fix-balance. To arrive at reasonable results a
system of about 100 equations has to be solved.

4. Results and Discussion
In the Figures S and 9 some simulation results for a 147 MWu,
CFB-boiler burning German lignite are presented. The furnace has a
cross section of 50 m- and a height of 54 m and is divided into jm = 8
balance cells. The solids inventory is divided into 16 size fractions.
The smallest 4 of them (d <70 jam) are treated as fine fractions (these
fractions receive material from the bigger particle•> due to attrition).
Figure 8 shows the calculated profiles for drying and volatile release
of 5 different size fractions and for the overall combustion process. In
the left picture (overall processes) it can be seen that drying of the
coal is restrained to the two bottom cells, while devolatilization of
medium size coal particles (0.75 mm) is not finished before a height
of about 25 m. Devolatilization of big and small particles takes mainly part in the bottom section of the combustor. The reason for the
16 mm particle is that it cannot be entrained whereas the reason for
the 0.167 mm particle is that it devolatilizes very fast.
Figure 9 shows simulation results for temperature, carbon content,
O2 and porosity. At full load the temperature is almost constant over
the combustor height. Flue gas recirculation is used to keep the temperature level below 900° C. At part load the temperature level
decreases and the gradient n the combustor increases. The carbon
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content shows a strong decrease over the height. The reason for that
are classification effects (specific surface increases over the height)
and combustion. The discretization for the solids distribution model
[1] is very fine and the locations of the secondary and tertiary air
inlets can be seen in the porosity profile.
Figure 9 shows also the results for the particle distribution of char
and solids inventory at different locations of the CFB-loop. In the left
part of the picture the particle size distributions for char in feed,
cell 1. cell 8. fly ash and bottom ash are shown. In the bottom cell the
particle size distribution shifts towards coarser particles due to the
fact that big particles shrink slower (this effect depends on the extent
of primary fragmentation). At the combustor exit (cell No. 8) the
effects of classification and attrition can be seen.
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Submodel for Fluid Dynamics and Solids Distribution
Combination: Entrainment Model + Annular FlowPressure balance:
^Pdenscphnae + &Ptransition zone + ^Pcycl + ^Pacc = A p r e ( u r n _ | e 5

(2.1)

Porosity distribution [2]:
e(k) = t - (e* - cbcd,urfacc) * exp(-a • h)

(2.2)

where
(2.3)

a-U0 = A',
Ka ... approx. a constant
Circulating mass flow:

(2.4)

Relative cross-section of the core:
(c(h)-eA(h))

=

(2.5)

=

DFR(h)>

(ec(h) - .

annulus:
• mass m^O)
concentration c„,

core
mass m6c(j)
concentration

Mass flows:

)) = -4FR

(2.6)
CO 7\

Figure 4: Submodel for Fluid Dynamics and Solids Distribution Combination: Entrainment Model + Annular Flow

186

TcSl/PI 7 TL'W5

L1NZEK

h:.tT''\

wail

ho)

radiative heat fiovvs
convective heat flows
enthalpy flows
Figure 5: Local Energy Balances (annual.time

approach)

T.

T.
n=1

Lp/2

r
X

—

Figure 6: Model for Radiative Heat Transfer in CFBB

I.INZER

TcSl/P17/TL'W5

1S7

Fractional Mass Balance of Fixed Carbon
Equation 2.S describes the fractional mass balance of fixed carbon. The vector Sup(i,j) takes
account of classification effects. Sj/i(j), SGA(J)- SJT^(J) are switches which are equal 1 for the
cells where solids are reintroduced or drained from the combustor.
£[rns(j)-cK{j)-xK(Lj)}

=

0 =

flow 1T1
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i
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S«r(i,jJ = l if v,(d(i), PCH)- ^CH) < Uo(j')
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Total number of equations:
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Figure 7: Fractional Mass Balance of Fixed Gabon
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Nomenclature
i svinbol

Dc(h)
ÜFH (llj

h
Ka
ms
mU|).> (j)
ITdn.S Ö)

unit

signification

[l/m]
[m]
im]
|m]
[l/s]
[kg/s]
[kg/s]
[kg/s]
[N/m^]

constant for decay of porosity
diameter of local core zone
diameter of combustion chamber
reactor's height
constant
externally circ. solid mass flow
upwards mass flow leaving cell (j)
downwards mass flow to cell (j)
pressure drop in due to acceleration
pressure drop in cyclone
pressure drop in dense phase
pressure drop in return leg
pressure drop in transition zone
superficial velocity
velocity of particles in annulus zone
terminal velocity of particles
ration between iocal core/annulus cross section
porosity dependent on height
porosity in annulus zone dependent on height
porosity in core zone dependent on height
transport porosity at infinity
porosity at surface of dense bed

[]
ri?lurn leg

Vf. A
Vi

a(h)
t (h)
EAOI)
ec (h)
e*
ttu-d sur fac

[N/m-1]
[N7m-'l

[m/s]
[m/s]
[m/s]
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ABST1UCT
One nft fie must promising and important applications of solar energy
is in the area of process heat generation for industry. Ulüle the greater
part of the effort in solar research has traditionally been spent on
developing devices for domestic use. it fias long been recognized that
the industrial user has a far greater potential. Apart from the quantities of energy involved, the industrial user is a convenient one and particularly geared for solar energy utilization. The main limitation of the
industrial user with regard to solar energy utilization is his need for
steam - rather than hot water at temperatures below 100° C. The common flat-plate collectors are inadequate for generating steam and
other types of collectors, usually more expensive, have to be employed.
This paper describes a study aimed at incorporating a solar collector
of a particular design in the roof structure of an industrial building,
thereby bringing down the cost. The particular feature of the collector,
based on the SBTA Stationary- Reflector/Tracking Absorber concept, is
a stationary spherical mirror which focuses the solar rays on a small,
cylinder-shaped tracking absorber. Industrial roofs are usually constructed of modular elements, mounted on a support structure. It has
been suggested to combine the spherical mirror of the collector in the
modular roof element, thus obtaining a roof which can serve at the
same time as a solar collector The advantages to doing this are many:
The added cost of the solar system is reduced since the roof itself provides the structure of its mirrors; the mirrors reduce the insulation
requirements of the roof; optimum utilization of the roof area for solar
energy collection can be achieved; the mirror surface can be renewed
and refurbished in-situ. and there is no need to replace the entire mirror when its reflectivity decreases in time.
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Introduction
One of the most promising and important applications of solar energy is in the area of process heat generation for industry. 'While the
greater part of the effort in solar research has traditionally been spent
on developing devices for domestic use, it has long been recognized
that the industrial user has a far greater potential. In Israel, having
the highest per capita utilization of solar energy in the world, most of
the use is in domestic water heating. It is estimated that given the
proper technology to expand into the industrial application, the
amount presently utilized could be easily increased by a factor of five.
Apart from the quantities of energy involved, the industrial user is
amenable and particularly geared toward solar energy utilization.
Some of the reasons for that are as follows:
1. Industry works mostly during the day and can use the solar heat
when available whereas the domestic user needs the energy
mostly at hours of no sunshine and requires costly storage.
2. Industry uses the energy for the same application on a steady
basis yearround, thus making effective use of the capital investment in the solar equipment whereas the domestic user may
switch from winter heating to summer air conditioning and during part of the year may not use solar at all.
3. Industrial installations are generally located in one-story buildings, having plenty of roof area for solar energy collection.
4. Industry can handle small maintenance jobs, thus eliminating the
need to construct an expensive full-proof system as required by a
domestic user.
5. Industrial systems are large compared to domestic ones and enjoy
the advantages of the economy of scale.
The main limitation of the industrial user with regard to solar energy utilization is his need for steam - rather than hot water at temperatures below 100° C which is sufficient for most domestic uses. The
common flat-plate collectors are inadequate for generating steam
and other types of collectors, usually more expensive collectors have
to be employed.
This project has centered around the concept of incorporating a concentrating solar collector of a particular design in the roof structure
of an industrial building, thereby bringing down the cost. The particular feature of the collector, based on the SRTA* concept [1, 2], is a
stationary spherical mirror which focuses the solar rays on a small,
cylinder-shaped tracking absorber. Industrial roofs are usually constructed of modular elements, mounted on a support structure. It has
been suggested to combine the spherical mirror of the collector in the
modular roof element, thus obtaining a roof which can serve at the
same time as a solar collector. The advantages to doing this are
many: The added cost of the solar system is reduced since the roof
itself provides the structure of its mirrors: the mirrors reduce the
' SRTA - Stationary Reflector/Trackin" Absorber
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insulation requirements of the roof for thermal comfort inside the
building: optimum utilization of the roof area for solar energy collection can be achieved; the mirror surface can be renewed and refurbished in-situ, and there is no need to replace the entire mirror when
its reflectivity deteriorates in time.
A schematic isometric view of the proposed steam-generating roof is
given in Figure 1.
The present study forms the first step in a project to design, build, test
and evaluate a solar steam-generating roof of the type described. The
basic module is to be developed and tested for the ability to serve
both the roofing and solar collection functions. Then, a roof section
of an industrial building is to be composed e;' these modules to generate steam and to be tested over a period of time. An economic analysis of the entire system is to be conducted, to predict its cost-effectiveness over its life cycle.
The present study has concentrated on evaluating the potential to
provide significant amounts of process heat from the sun to various
industrial sectors in Israel. Considering the geometrical parameters
of the solar roof, the amounts of solar heat that can be derived from
it have been calculated and the design optimized with respect to
these parameters.

Principle of the SRTA-based Solar Roof
The Stationary Reflector/Tracking Absorber (SRTA) was proposed
several years ago [1] as a relatively simple focusing solar collector
concept for heating a fluid to intermediate temperatures. While most
solar concentrators track the sun with a movable reflector, the SRTA
employs a fixed spherical reflector and tracks the sun with the
absorber, which is considerably smaller in size than the reflector.
Although the optical characteristics of the SRTA are less favorable
than those of a central receiver or a parabolic dish collector system,
the stationary mirror feature makes the construction of the reflector
simple and inexpensive.
The optical principle of the SRTA system is illustrated in Figure 2,
showing the path of the solar rays reflected from the stationary spherical reflector at five different times of the day. The absorber has a
cylindrical shape and its length is equal to half the reflector radius. It
pivots about the center of the sphere and tracks the sun so as to be
aligned with the incident solar rays. As evident from Figure 2, the
concentration of reflected rays along the absorber is not uniform,
with the larger intensity occurring near the pivot end. The flux distribution and other optical characteristics of the SRTA have been
studied in detail [2]. and a thermal performance analysis was conducted [5], which identified the important design parameters influencing heat losses from the absorber. Initial experiments were performed with a small system, employing water as the heat transfer
medium [4j.
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Work on SRTA sulür collectors has begun at the Technion in the mid
70"?. Several units of different sizes were constructed and tested and
considerable experience has been gained. The first prototype,
2.5 meters m diameter was completed in 1978 by Grossman and
Frucht er [5], using water as the heat transfer fluid. The system was
able to achieve a thermal efficiency, based on direct radiation, of
47.6% at outlet temperatures up to 150° C. Attempts were also made
to conduct tests at higher temperatures, but as a result of boiling in
the open test loop, steady-state conditions could not be maintained
with water as the working fluid. Another unit of the same design,
operated with a mineral oil-based heat transfer fluid [6], made it possible to reach temperatures up to 500° C at overall efficiencies around
55%. Fruchter, Grossman and Zvirin [7] subsequently constructed a
considerably larger unit, 8.7 meters in diameter, employing the same
mineral oil. A direct efficiency of about 42% was obtained at low output temperatures, decreasing to 29% for the higher temperatures
near 500° C. Figure 3 is a photograph of the 2.5 meter diameter unit
[5] in operation. Experiments have also been conducted with a
2.5 meter SRTA unit for heating of liquid metals [8].
Our extensive experience with the SRTA systems has shown them to
be efficient, reliable and easy to construct and operate. The stationary mirror feature eliminates stability problems due to wind forced
on the reflector. Accurate tracking can be achieved and steady operation maintained throughout most of the sunshine hours of the day.
Having gained practical experience with the SRTA solar collector and
realizing the advantages of the stationary mirror feature, it was proposed to apply the principle to the design of a modular roof element
for an industrial building which can serve at the same time both the
roofing and process heat generation functions. A schematic isometric
view of a roof constructed of such elements is given in Figure 1. The
roof is of the saw-tooth design, common in industrial buildings. The
sloped part of each module, facing south, includes in its structure a
spherical concave bowl. This bowl may be lined with a reflective
material (similar to wall paper) to form a mirror. The added expense
to that of the roof itself is only the cost of the reflective substance,
approximately $10/m 2 Above each mirror there is a tripod, carrying
the cylindrical absorber. Piping connecting the absorbers of all the
modules for the heat transfer fluid complete the system. Common
tracking may be arranged for all or several of the absorbers.
In addition to providing process heat to the industrial plant from solar
energy, the solar reflector forming part of the roof reflects away the
radiation incident on the roof, thus reducing the insulation requirements. The vertical part of the roof module, facing north, can be
made of transparent material to allow the daylight from the north,
free of direct radiation, to penetrate the building.
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Figure 1: Schematic isometric view of a solar steam-generating roof

(a)

Figure 2: Schematic sketch illustrating the optical principle of SRTA system:
(a) position of the absorber at <V a.m. or 4 p.m.: (b) position of the absorber at
10 a.m. or 2 p.m.; (c) position of the absorber at 12 noon
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Figure 3: Photograph of the 2.5-m SRTA unit in operation
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Energy Demand oi the
International Metallurgy - Saving Possibilities,
Scenarii for the Future
Peter PASCHEN
Department of .Nonferrous Metallurgy
University of Mining and Metallurgy Leoben
ABSTRACT
Mankind rinds metals in thousands <if uses in consumer and investment goads. Tlir annual production of the ten most important metals
amounts to Jut million tons, '/'lie energy demand for the production
only (without further processing) of these metals is in the order of magnitude of IS EJ (Exa-Joule = W> Joule), which corresponds to the heating value of 512 million tons of coal.
The total world energy consumption per year amounts to 11.000 million tons of so-called coal equivalent (hard coal + lignite + mineral oil
+ natural gas + hydro- and nuclear power, all included), so that the
production of metals accounts for about j % of the world energy consumption.
The metal intensity of highly developed economies stagnates, but in
emergent nations it is rocketing up - and these countries exhibit big
population increase. Various extrapolations can be given.
These nations need metals and they need energy for pure survival too
- a target conflict. If the international aluminium industry would succeed in cutting their energy demand for aluminium production only by
3 percent, this would make available the energy for cooking one hot
meal per day for 250 million people.
For providing the necessary energy for the metal producing industry in
2030 different scenarii can be outlined including energy savings, process changings. use of solar and nuclear energy, combined with hydrogen metallurgy.
A world without metals is unthinkable. Every man in the world used
155 kg of steel per year and 9 kg of nonferrous metals in 1991. The
main applications are investment and consumer goods: machine construction, steel construction, automobile, railway, ship building
industry, household articles for steel and the transportation sector for
aluminium (e.g. aircrafts and carriages), electrotechnique for copper,
galvanizing of steel and brass production for zinc, batteries for lead,
Table 1.

200

TcSl/P19/MLLl

Table 1:

World Metal Consumption and Metals Industry Energy Consumption
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Metal Consumption of the World 1992
, SU-cl
Aluminium
Copper
Zinc
Lead
all others

7*2

Vil!. !

26
10.S
6.i
5.1

Mill.
Mill.
Mill.
Mill.
Mill.

i total

782

Mill, t

15
150
25

GJ/t
GJ/l
GJ/t

Energy Consumption for Metals
Steel
Aluminium
i all others

V

X
X

752.10"
26.10"
24.10"

=
=

11.0 EJ
5.9 EJ
0.6 EJ

. . .

Metal production is an energy-intensive industry, Table /. GJ (Gigajoule) is 109 Joule. EJ (Exajoule) is 1018 Joule. These are unimaginable big figures, because 1 Joule is practically nothing. One egg has
400.000 Joule and one hour heavy work, consumes 5 million joules.
Compared to the worldwide energy consumption of 11.109 t of so-called coal equivalent, which corresponds to 522 EJ, Table 2, metal production needs almost 5%.

Table 2:

Total World Energy Consumption and Percentage
of Metal Producing Industry

Total World Energy Consumption
(1 E.I = 51.15 Mio t SKE)
1991
11,000
or

million t SKE
522 EJ

2050
19,000
or

million t SKF.
557 EJ

Percentage of Metal Industry
1991
15.5 EJ

of 522 EJ

4.82%

2030
Scenario A:
Scenario B:

20.75 EJ of 557 EJ
52.16 EJof557EJ

3.72%
5.77%

=
=

2.0 t/ man
58.55 GJ/man
2.0 t/ man
58.55 GJ/man

The 570 million motorcars in the world consume gasoline with about
56 EJ per year, nearly 4 times that of metal production or 17.4% of the
world's energy output.
The main increase factor for the consumption of all consumable
goods, whether it is food or water or metals or energy, is the increase
of the world population. Today there live about 5.5 billion people on
earth and serious and lowcase extrapolations yield about 9.5 billion
people in 2050. in 56 years from now.
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All metal and energy consumption figures for the year 2050 have,
therefore, at least to be extrapolated to that amount of 9.5 billion population. The crucial point is, however, the fact that all countries with
high consumption rates have low population increase and all countries with high population increase have low metal and energy consumption rates... and that these countries want to gain, to develop
themselves, to bring up their standard of living by overproportional
consumption increase.
Table 3 shows a selection of countries with less than 1% population
increase per year. The United States. Russia and Japan are the biggest
three. In total, they will grow from 824 million to about 1 billion people, which means a percent decrease from 15 to 10.5 of the world
population. We are going to call these countries "I-countries" in the
following.
The next figure. Table 4. gives a selection of countries with a higher
population increase than 1.5% per year.
Table 5:

Countries with <1% Population Increase per Year
Population (million)

Germany
France
UK
Italy
Japan
Austria
Russia
Spain
USA
9 countries
% of the world

Table 4:

2050

1991
80.1
57.0
57.6
57.S
123.9
7.8
148.7
59.0
252.7

S5.2
68.1
62.1
62.5
146.1
9.5
185.5
45.1
541.4

824.6
15.0

1000.1
10.5

Countries with >1.5 % Population Increase per Year
Population (million)

Egypt
Ethiopia
Bangladesh
Brasil
China
India
Indonesia
Iran
Israel
Mexico
Nigeria
Pakistan
Phillipines
Thailand
Turkey
Vietnam
16 countries
% of the world

1991
55.6
52.8
110.6
151.4
1150.0
866.5
181.3
57.7
4.9
85.5
99.0

115.8
62.4
57.2
57.5
67.7
5172.0
57.7

2050
96.9

110.9
188.2
256.5
1848.8
1545.5
500.0
157.5
8.8
119.6
200.0
241.0
115.9
95.0
107.6
118.4
548S.8
57.8
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What we can see. are tremendous increases, doubling or almost doubling the present population, in total from 5.1 billion to 5.5. It is interesting to note, that the percentage of the world's population remains
constant. What is the reason for that?
The extraordinary population increase countries are Kenia, Zaire.
Algeria, Sudan. Tanzania. Moroc etc.. not listed here. We have now to
find out the impact of this population increase figures, first, on metal
production, and second, on energy consumption for metal production.
As we have seen in Table 1. it will be sufficient to look on steel and
aluminium and forget more or less all other metals.
Table 3 gives a survey on steel production in 1991 and 2050. Highly
developed countries exhibit per capita consumptions up to 800 kg
with an average of 405. Only one eights of that, namely 55 kg, is the
per-capita consumption of the so-called "countries II". The world's
total was 754 million tons in 1991. If you extrapolate to the world population of 2050 with the same per-capita consumption, you will reach
a total steel figure of 1,264 million tons - 72% more than in 1991. This
extrapolation is not very probable. We have calculated one low-case
scenario and one high-case scenario. Scenario A reflects the decreasing steel intensity of highly developed economies, together with a
stagnation in the emergent nations. We have assumed a rather big
step backwards from 405 to 360 kg per capita - more than 10%. In this
case the world steel production will only go up to 810 million tons in
2050.
The high-case scenario stays with 403 kg per-capita in the highly
developed countries and assumes 150 kg per-capita in developing
countries. 150 kg is the present consumption of Turkey - a figure far
from being exaggerated. This calculation results in 1,509 million tons
of steel in 2050... more than doubling the present figure.
The same estimate we have done for aluminium. Table 6.
Fig. 5:

Steel Consumption 1991 and 2050. Scenario A and B
1901

countries 1
conn tries II
world

2050

per capita

total

405
55
155

(Mio. t)
554
168
754

per capita

total

405
55
155

(Mio. l)
405
291
1.264

Scenario A (decreasing consumption in countries I: stagnation in countries II)
Scenario B (stable consumption in countries I; increase in countries II) all 20)0
scenario A

countries I
countries IJ
world

scenario B

per capita

total

per capita

total

560
55
85

(Mio.t)
560
291
S10

405
150
159

(Mio. t)
405
714
1.509
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Aluminium Consumption 1991 and 2050. Scenario A and B
2050

1991

countries I
countries II
world

205

per capita

total

per capita

total

(kg)
25.0
1.2
4.7

(Mio. t)
20.6
5.4
26.0

(kg)
25.0
1.2
5.7

(Mio. t)
25.0
10.2
35.2

scenario A
per capita

scenario B
total
(Mio.t)
25.0
25.5
50.5

(kg)
25.0
5.0
5.3

per capita

countries I
countries 11
world average
Scenario A (constant consumption in countries I, increase in countries iU)
Scenario B (increasir g consumption in both countries), in 2030

(kg)
50.0
5.0
5.8

total
(Mio. t)
30.0
25.5
55.5

Highly developed economies have had 25 kg per-capita consumption in
1991 and the not or less developed countries only 1.2. Aluminium as a
very modern metal exhibits much bigger differences in per-capita consumption than steel. Extrapolating these figures to the population
increase gives a future aluminium consumption of 55 million tons.
Opposite to steel, one cannot expect an aluminium consumption
decrease in the industrial economies, on the contrary, whe have
assumed an 20% increase from 25 to 50 kg. For the less developed
countries we took 5 kg for 2050, the present figure of Brazil, once
more a conservative figure. But even with this, the aluminium production could rocket up to 55.5 million tons, more than doubling the
present figure.
We forget all other metals and will only make a small correction for
them at the end.
We now come to the energy which will be needed for these metal production figures in 2050, Table 7.
Table 7:

Energy Consumption for Metal Production
i

1991
Steel
Aluminium
all otliers
total

752 mill, t
26 mill, t
24 mill, t

X

810.0 mill, t
50.5 mill, t

X

X
X

15 GJ/t
150 GJ/t
25 GJ/t

11.0 E.I
5.9 EJ
0.6 E.1
15.5 E.I

2050
Scenario A
Steel
Aluminium

X

IT GJ/t
150 GJ/t

12.15
7.58
1.00
20.75

EJ
EJ
EJ
EJ

15 GJ/t
150 GJ/t

22.64
S.32
1.20
52.16

EJ
EJ
EJ
EJ

till OtiK'I'S

total
Scenario H
Steel
1509.0 mill, t
Aluminium
55.5 mill, t
all others
total
Witliinil any specific energy saving per t of metal

X
X

!
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Steel needs about 15 GJ per ion from ure to cast steel and aluminium
ten times that amount because aluminium ores have less metal content and the production process with pressure leaching and electrolysis is much more energy intensive... 150 GJ/t as a mixed figure for
primary and secondary production. All other metals account for a
minor amount of only 0.6 EJ. the total adding up to 15.5 EJ in 1991.
We have then taken the two low case scenarii A which result in
20.75 EJ for 2050, and the two high case scenarii B yielding 52.16 EJ.
All these figures are without any specific energy consumption savings
- I'll come back to this later.
We remember (Table 2) that the metal production accounted for
4.82% of the world's total energy demand, and, depending on A- or
B-scenario, for 5.72 or 5.77% in 2050. But, the 557 EJ figure was only
a straight extrapolation with the same energy per-capita consumption as today, Table 8, table below.
For good reasons one can assume an energy consumption decrease in
the highly developed economies, think of less gasoline per km, think
of better efficiencies in heating and cooling and think of better power
station efficiencies too. We have been optimistic with a 20% reduction from 189 to 150 GJ per capita. On the other hand, we have taken
into consideration the energy hunger of the third world and have
assumed a doubling or a trebling of its specific energy consumption.
In these cases we arrive at very high figures in 2050, which would
mean building about 5000 more big power stations worldwide with a
tremendous output of COj to the atmosphere - if not built as nuclear
power stations.
What can the metal production industry do, to bring down these
gigantic energy consumption figures? Modern steel and aluminium
production technologies have only small saving potentials. We can
imagine that steel could be brought down from 15 to 12 and aluminium from 150 to 120 in the very best cases, compare Table 1 and 7.
Table 8:

Energy Consumption, Extrapolation and Scenario A and B
1991
per capita

countries I
countr. II and all others
world

2050
total

(GJ)
1S9
56
58.6

(EJ)
156
1S6
522

per capita
(GJ)
189
45
58.6

(EJ)
189
368
557
scenario B

scenario A

countries I
countr. 11 and all others
work)

total

per capita

total

per capita

total

(GJ)
150
72
80

(EJ)
150
612
762

(GJ)
150
108
112

(EJ)
150
918
1.068

Scenario A: Decreasing consumption in countries I; Doublint: in all other countries
Scenario B: Decreasing con sumption in countries I; Trebling in all other countries: all 2030
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The two scenarii of Table 7 would then change as follows, Table 9.
Our present figure is 15.5 EJ. The low figure scenario with decreasing steel consumption in the developed economies and per-capita
stagnation in developing countries and, in case of aluminium, stagnating per-capita consumption in developed economies and increase
in the rest of the world, turns out to be 16.68 EJ, only slightly higher
than 15.5. This could be reached by building only 15 more big power
stations in the world, could be generated with the same primary energy carrier mix as today and with sligthly more or no environmental
impact. This could be a reason for us metallurgists to be proud on our
technology progress in saving energy.
Quite other results, however, must be taken into consideration with
the high figure scenario. 25.87 EJ is more than 10 EJ more than the
present figure of 15.5.
In iron and steel production, energy means coke. The reaction product of burning coke is COj. COj is released into the atmosphere. In
case of aluminium, energy means electricity. And this electricity must
not be produced by burning coal or fuel oil or natural gas in fossil
power stations (also generating COj), but could be produced in
nuclear power stations or by a fascinating modern route, where, however, tremendous efforts are still necessary in technical and commercial respect to realize it. This concept is shown in Table 10.
The only primary energy is the sun, the solar electromagnetic radiation. Solar cells transform this radiation energy with an efficiency of
about 15% into electricity. Most of the highly developed countries in
the world are not situated geographically in areas with high sun
energy, but. most of the quickly industrializing countries are. Electricity is not transportable over very large distances. Therefore, the
electricity generated in equatorial regions should better be used to
decompose electrolytically water into hydrogen and oxygen. Hydrogen is an excellent fuel and can be transported in tankers to the
industrial centers in Europe, North America, Japan, Russia. This
hydrogen is burnt again in a power station, where steam turbines
generate electricity again - and here the aluminium smelters should
Table 9:

Metal Production and Energy Consumption with Saving Potential
in 2050

2050
Scenario A
; Steel
Aluminium
all others
:
total
Scenario B
Steel
Aluminium
all others
total

S10
50.5

mill, t
mill, t

x
x

12 GJ/t
120 GJ/t

9.72 EJ
6.06 EJ
0.90 EJ
16.68 EJ

1509
55.5

mill, t
mill, t

x
x

12 GJ/t
120 GJ/t

18.11EJ
6.66 EJ
1.10 EJ
25.87 E.I
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be situated. The reaction product of burning hydrogen is always
water vapour H_>0 and not the environmentally dubious CCK
Technically, this concept is mature already today. Because of the high
investment costs, the costs for one kWh is still by far too high 10 S/kYVh. about ten times that of what we consume today.

Conclusion
The international metal producing industry will have to provide steel,
aluminium and other metals in a tonnage which will be roughly the
double of the present one in 2050. By technological progress one can
expect that the necessary energy consumption will not be double but
only increased by factor 1.6.
Steel needs coke. The equivalent to 7 EJ more are 250 million tons of
coal per year, which can easily be delivered by countries like USA,
Russia, China, South Africa, Australia. The increase of 250 mill, t is
only 7% of the present production. The disadvantage is that coke is
transformed into CO2. which is released into the atmosphere.
Iron ore too is abundantly available.
The same applies for bauxite as the aluminium raw material. The
energy source for doubling the aluminium production is electricity,
which can prim ipally be generated in power stations by burning coal
or oil or natural gas or nuclear fuel. The latter does not release CO2
to the atmosphere. A quite new concept for providing the 2.8 more EJ
for aluminium production in 2050 is using solar energy, generating
electricity, then hydrogen, transport hydrogen and burn it again in
power stations without CO2 emissions.
In the sun belt of the earth the production of the necessary energy
(2.8 EJ) would need a surface of only 60 km x 60 km, all efficiency
losses included. This route is, however, still by far too expensive.
The energy saving efforts of the international metallurgical industry
could result in an amount of energy providing one hot meal per day
for more than 1 billion people.
Thank you for your kind attention.
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Figure 1: Energy Concept for Aluminium Production in 2030
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ABSTRiCT
JJ'astewatcr reclamation and reuse are becoming important components of the management of urban, regional and national water
resources. Recently, not only countries with chronic water shortage, but
also urban areas in temperate climates have considered and implemented wastewater reuse schemes expanding the scope of consumptive
uses to include toilet flushing and landscape irrigation, using dual distribution systems and even the reuse as potable waters is being considered and evaluated. Israel is an example of intensive reuse in agricultural irrigation and much experience lias been gained in treatment,
seasonal reservoirs and establishing quality requirements. The trend in
Israel is to allow irrigation of crops without any restrictions, including
irrigation of vegetables eaten uncooked. This imposes high quality and
safety demands.
The economical justification of wastewater reuse schemes should take
into account the overall treatment costs, the environmental and health
allowances, i.e. the cost of treatment required even when reuse is not
practiced, the benefits of water and savings in conveyance and pumping.
The paper also briefly describes the two largest wastewater reclamation projects in Israel, namely: the Kishon Complex Scheme, using the
effluent of the Greater Haifa area (approximately 20 million cubic
meters per year, memy) and the Dan Region scheme, (Greater Tel-Aviv
region) with an annual flow of 90 memy. both aimed at reuse of the
treated effluent for unrestricted agricultural irrigation of all crops.

Introduction
It was Laszlo Somlyody in his key-note address at the celebration of
the 25th anniversary of the IAWPRC plenary session held in Kyoto,
Japan, on August 2, 1990 who ingeniously rephrased a paraphrase as
follows: "...towards the end of this century, we must reach the conclusion of which the idea that the solution of pollution is dilution, is only
- an illusion". It has been alternatively suggested that the real solution of most sources of environmental pollution should be based on the
"Big Five R's": recycling, reuse, reclamation, recovery and renovation.
This is particularly true with the commodity which, toward the 21th
century, will be the most endangered one by pollution and which on a
world-wide scale will be the most scarce - fresh water.
Wastewater reuse stands unique in the attempt to apply the '"Big Five
IVs" in the solution of environmenlal pollution problems as compared
to other fields (such as municipal solid wastes, industrial wastes,
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animal wastes., coal fly ash, cement dusts, etc.) for the following
reasons:
a) wastewater reuse is strongly associated with risks to human
health;
b) the human psychological sensitivity to the quality of fresh water;
c) the vast volumes and flows involved;
d) the complexity of pollutants involved (microorganisms, minerals,
organic matter, dissolved oxygen, etc.);
e) the multitude of processes and techniques involved, and
f) legal problems as well as the associated problems of public acceptance and public opinion.
Fore and foremost in resorting to wastewater reuse are regions
where water is scarce, at least during a given season of the year. In
such regions usually two basic conditions prevail:
a) the meagre water resources are under a threat of pollution due to
the Jack of dilution, dispersion, or wash-out, and
b) there is a demand for water for irrigation purposes, at least in a
rainless season. Regions such as North Africa, the Middle East,
Southern Europe, South Western U.S.A., Mexico, South America,
Southern Africa, parts of Central and East Asia and Australia are
those where wastewater reuse is most practical and in many
cases, vital.
Another venue of wastewater reuse is based on reclamation of municipal wastewater within the same urban area for nonpotable reuse
(urban landscape irrigation, recreation, toilet flushing, etc.), thus
resorting to a dual distribution system, or for even all-purpose water
uses (including potable). This venue, although usually augmented by
general scarcity of water, is sometimes motivated by economics
and/or political factors. For example, the need to "export" water into
a city from other regions, involving high costs of conveyance and
pumpage while crossing regional or state political boundaries.
Wastewater reuse does not only support and enhance the idea of "closing the water cycle", long cherished by environmentalists and ecologists, but done correctly, it is a good environmental engineering
practice with sound and favorable economical, political and public
opinion merits. Reused wastewater is considered as a major and vital
water resource in Israel and it has been, therefore, put high on its
national priorities. This is due to the combination of the following
conditions:
a) a severe water shortage;
b) a severe pollution threat to its diminishing water resources;
c) its highly concentrated urban population;
d) its highly intensive agricultural irrigation, and
e) high environmental awareness of the public and general acceptance by the public for the need of recycling and reuse.
Relative to its size and to its overall water consumption, Israel is, therefore, reusing wastewater in a higher proportion than any other
country in the world. Thus, reused wastewater has been well incor-
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porated into the overall water resources management of Israel (Shelet, 1991). The experience and know-how that has been gathered in
NrnH in the past three decades can be useful in the management of
extensive wastewater reuse schemes in other countries and some of
it is. therefore, reflected in this paper.

General Considerations
Incorporating reused wastewater within the overall water resources
management of a country, state, region or city, is not a simple task.
Actually, it is vastly more complicated than the management of "conventional" water resources such as surface water and groundwater.
Some factors which should be considered in this matter are as follows:
a) the consumptive uses of the reclaimed waters:
b) the water quality required for each consumptive use:
c) the degree of treatment required to attain the assigned water
quality;
d) monitoring and surveillance:
e) the overall economy as well as dividing the cost of treatment between the "environmental purposes" and the "consumptive purposes";
f) agricultural irrigation techniques or methodology of urban reuse,
such as establishing a dual distribution system:
g) pricing of water to consumers according to various consumptive
uses and water quality;
h) risk assessment and public health considerations;
i) public acceptance, public education and public endorsement:
j) legal aspects concerning responsibilities, ownerships, "water
rights", risks and possible indemnities and
k) political aspects particularly when urban effluents are reused in
distant agricultural areas crossing regional and political boundaries, or else, when an "exchange" of waters is taking place.

Reused Wastewatcr and the Water Resources Balance
Reused wastewater can be taken into account in the balance of water
supply and demand within an urban area, a region or a country. As far
as the long-term reliability of this source is concerned, it is superior
to other rain-fall dependent sources, since its availability is almost
assured, even in drought years, being produced mostly from household origin.
Table 1 illustrates the balance of water in Israel in an average year as
compared to the hydrological year 1990/1991, which is one of the
most severe drought years in this century.
Most reused wastewater in Israel is directed to agricultural irrigation,
substituting water of potable quality for municipal and industrial uses.
According to the Water Master Plan for Israel (Schwartz 1988, Shelef
1991), the role of reused water within the overall water balance will
substantially increase in the future, as shown in Table 2 and Figure 1.
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Table 1

Wastewater Reuse as a Part ol Israel's Water Resources Balance
Average ^ear

1990/91 Drought
1250
600
740
120
210
16.8
28.4

20-50
640
1280
150
190
9.2
14.S

Total Water Supply, iiicniy*
Municipal Water Supply, mcmy
Agricultural Water Supply, inciny
Industrial Water Supply, many
Reused Wastewater. mciny
Reused Wastewater. Percent of Total. •»
Reused W-W. Percent of Agricultural Supply.
* many - millions cubic meters per rear

Table 2

Wastewater Reuse and the Planned Water Resources Balance

Year

1985
1989
2000
2010

* many - millions

Total \Yater
Supply

Reused Wastewater

memv*

Agricultural
Supply
nicinv*

me ni v*

% of Total
Supply

2050
2050
2090
2240

1490
12S0
1260
1250

SO
190
275
420

5.9
9.5
15.2
IS.8

of Agricultural
Demand
5.4
14.8
21.8
55.6

cubic meters per year

'///.;///',

1980

''///'laXd

Wastewaier

Reuse '•'' %

2010

Figure 1: IVaalcwater reuse us par! uf the overall water balance.

As shown in Figure 1 and Table 2. overall agricultural water demand
is to be decreased by approximately 16% from 1985 toward 2010
while the proportion of reused wastewater will increase up to about
one third of all agricultural waters. The essence of it is that the agricultural sector will have to give up a large portion of fresh water
(drinking quality) which will be replaced in part by reusable waste-
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waters. It should be noted that although agricultural water allocation
will be slightly reduced, the overall agricultural production is planned to triple within the next twenty years. This will be accomplished
by further intensification (mostly by industrialized greenhouses) and
the rigorous application of water-saving irrigation techniques, such
as drip and underground irrigation.
The 1990/91 drought year have recently caused some rethinking
whether virtually all reused wastewater should be directed to agriculture irrigation, where such waters are defined as '"rigid" and "nonmobile" resources vs. potable quality waters which are defined as
"flexible" and "mobile". Early planning to use reclaimed wastewater
within the urban area in dual distribution systems for flushing toilets
and for home and public gardening have already started. Some suggestions were made to consider combining tertian and quarternary
treatment of wastewater with reverse osmosis to produce potable
water for the cities of Jerusalem and Eilat.
The proposed ban on irrigating home and public gardens and lawns
during severe drought years and the sharp increase in the cost of
urban waters raised interest in using household "grey waters" for
such purposes.

Consumptive Uses and Quality Requirements
General considerations
As in conventional water resources management, the logical sequence of considerations is as follows:
a) determine the consumptive use of the reclaimed wastewaters;
b) determine the respective water quality requirements;
c) determine the treatment necessary to achieve the quality requirements, and
d) determine the monitoring and sun-eillanee necessary to control
the overall water resources management.
Table 3 schematically depicts the various consumptive uses of reclaimed wastewaters together with their respective water quality considerations in more or less an ascending order of quality requirements.
Quality of wastewater reused for agricultural irrigation
Quality requirements in Israel. Since most wastewaters in Israel are
being reused for agricultural irrigation, much thought has been invested in establishing the necessary quality requirements. In 1975, the
Israeli Minister of Health. Mr. Shemtov, appointed an advisory committee on quality requirements for wastewater reuse for agricultural
irrigation known as the "Shelef Committee" (Shelef 1978).
The ten-member committee, representing experts from the Ministry
of Health. Ministry of Agriculture and the Water Commissioner's Office had analyzed available data in Israel and world-wide and heard
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numerous witnesses. Its 1978 requirements are still the guidelines for
wastewater reuse in Israel and parts of its recommendations were
incorporated into the Public Health Act. A summary of the quality
requirements is given in Table 4. Although there are many similarities between the Israeli requirements and those issued by the State of
California (1978) almost at the same time, the former are more detailed in the various consumptive uses within the agricultural sector
and the health risks assumed for each group of crops.
These requirements are being reevaluated now and the author of this
paper has been nominated by the above Ministries as the chairman of
the new Advisory Committee. During the early deliberations in this
regard, it appears that certain requirements will be slightly lowered,
while others will probably become more stringent, particularly those
concerned with irrigation of unrestricted crops inlcuding vegetables
eaten raw (uncooked). For example, the requirement for total coliform counts will be replaced by fecal coliform concentrations. It is
not surprising that the farmers consuming the reused waters for irrigation, as well as the municipalities supplying (or selling) the effluents to the farmers are in agreement of not lowering the requirements. They are quite concerned with the moral and legal reponsibilities in risking the health of the population which consumes the produce, irrigated with reused wastewaters, as well as their interest in
not compromising the quality and safety of their marketed produce
and their fear of lawsuits and damage indemnities.

Table 5

Consumptive Uses of Reclaimed Wastewaters and
Water (Duality Requirements

Consumptive Use
j
i
Landscape & Forest Irrig.
Irrig, of Restricted Crops
• (Groups A&B*)

Removal of
Pathogenes

Chlorine Remov- Pres- Remov- Remov- Removal
Residual al of
ence of
al of
al of of Taste,
or other Susp. Dissolved BOD
NutriOdor
Disinlec- Solids & Oxygen & COD
ents
and
tion Turbidity
Color

•

_

•

•

•

_

•

_

•

•

•

_

•

Removal RemovofTrace
al or
Organics Excess
& Metals Salinity
.

o
. » o

Irrig, of Limited Crops
(Group C*)
Irrig, of all Crop> & Produce
(Group D*)

Groundwater Recharge
Industrial Reuse

•••
••

••
••

•••
•••

••
•••

•••
•••

•••
•••

•••
•••

•••••

•..«•

•••••

••••

.....

....

.....

••
•

Dual Urban Systems - Toilet
Flushing and Gardening
Potable Reuse

.....

, (—) So need: CO) usually not essential; (•) slight need: (") moderate need; (*«v strong need; ('*")
| requirements; (•••••; very stringent requirements 'see Table 4

...
stringent
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Quality Criteria of Treated Wastewater Effluent to he Reused
tor Ajjricullural irrigation

Group ol Crops

A

li

Principal Crops

Cotton, sugar
beet, cereals.
drv fodder
seeds, forest
irrigation

Green fodder.
olives, peanuts.
citrus, bananas.
almonds, nuts.
etc.

D

Deciduous fruits'*
Unrestricted
conserved vegetables. crops, including
cooked and peeled
vegetables eaten
vegetables, green
uncooked (raw).
belts, football fields
parks and lawns
and golf courses
(requirements should be met in at least 80% of samples taken)

KITluent quality
BODv total, mg/1
BOD-,, di-s.solvi.-cl. mg/1
Suspended solids, mg/1
Dissolved oxvgen. mg/1
Culifomis counts/100 nil

*60
'50
0.5
-

Residual avail, chlorine. mg/1
Mandatory Treatment
Sand filtration or equivalent
Chlorination, niiniinum
contact time, minutes
Distances

*45
•40

0.5
-

55
20
50
0.5
250
-

0.15

!

15
10
15
0.5

12 (80%)
2.2 (50%)

;

0.5
i

-

-

_

-

60

required
120

_
250
From residential areas, m.
300
25
From paved road. m.
50
'Different standards will be set for stabilization ponds with retention time of at least lj da vs.
" Irrigation must stop iwo weeks before fruit picking; no fruit shoutd be picked from the ground.

i

The quest for unrestricted crop rotation. Until 1985, most reused
wastewaters in Israel had been used for irrigation of cotton which
required minimum effluent quality (Group A in Table 4). Due to the
short irrigation season of cotton (less than 90 days), seasonal storage
by stabilization reservoirs was stressed. The communities producing
the wastewater found a recipient (the agricultural sectors) who willingly accepted minimally treated effluents. As cotton prices in world
markets have sharply declined since 1985, the farmers demanded
wider crop rotation, to include highly profitable vegetables and fruits
aimed not only at the local market but also for export.
Occasionally, due to a temporary slow-down in agricultural production caused by high interest rates coupled with abundant precipitation in a given season, farmers declined to accept effluents formery
delivered to them by urban and semi-urban neighbouring communities. A gross pollution of streams, waterways and groundwater threatened the environment as a resuit, with a public outcry that was later
intensified by a small polio outbreak in 1988 (later found to have
almost no association with city effluents). In addition, the widespread
wastewater reuse schemes in pressurized piped distribution systems,
increased the danger of cross-connections with the local and even the
regional drinking water networks in the rural regions.
The current trend, therefore, is to require from the "wastewater-produeing" communities a full treatment of their wastes to produce relatively high quality effluent (hence, "'baseline treatment"), which by
some added treatment could meet the effluent requirements for
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unrestricted irrigation 'Group p in Table 4). Furthermore, there is a
trend to make the requirements even more stringent (approaching
drinking water standards; which is actually demanded by the farmers
who are exporting their produce to highly competitive foreign markets. This trend will ultimately result in a better treatment with an
improved technology, better overall environmental conditions,
increased demand for reusable wastewaters by the farmers and better acceptance of such schemes by the public.
The WHO (1989) proposed guidelines. Like many countries, particularly most European and North American countries. Israel definitely will not adopt the proposed "Health Guidelines for the Use of
Wastewater in Agriculture and Aquaculture" (World Health Organization, 1989) which, although its Technical Report Series No. 778
still maintains only a status of "this report contains the collective
views of an international group of experts and does not necessarily
represent the decisions or the stated policy of the World Health Organization"... it has already caused much damage in giving a sort of
'•legitimacy'' to a severe lowering of the international "common denominator" of the necessary public health borne quality requirements
for wastewater reuse in agriculture.
This is particularly true with regard to the report's microbiological
quality guidelines, allowing up to 1000 fecal coliforms per 100 ml
(geometric mean) for the irrigation of crops likely to be eaten uncooked. Some of the criticism of the WHO 1989 proposed guidelines
which virtually reiterated the Engelberg Report (1985) which in turn
was much based on the work reported in the World Bank Technical
Paper No. 51 (Shuval et al, 1986), stem from the following:
a) It's "epidemiological evidence" is based on partial studies in developing countries which among other things, ignored the acquired
immunity oi' the population involved in. or neighbour to, irrigation of vegetables with virtually untreated wastewater; it did not
take into account epidemiological data (which is hard to get) on
the population at large that consumed the irrigated produce
(including tourists that lack immunity).
b) It completely ignored health risk assessment methodology, including statistical correlation between ingested pathogenes and
disease (Haas, 1985; Rose, 1986; Rose and Gerba. 1991).
c) It payed little attention to the actual survival of bacteria, indicator
of pathogenic ones, and of viruses along wastewater treatment
processes and on vegetables irrigated or watered with treated
wastewaters (Prost, 1987; Kott, 1975; Ward and Irving, 1987;
Armon and Shelef, 1991; Hejkal ct al, 1981; Gerba 1981 and manyothers).
d) It was not concerned with the principles of health calculated risks
which are based on ingestion dose, ratio of indicator organisms to
pathogenes, probability of acquiring disease from a given ingestion doses, all those constituting the world-wide foundations of
drinking water quality standards, tested and well proven during
half a century (Haas. 1985).
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e) It ignored basic farming practices such as watering of fresh produce (lettuce, for example) by available waters in the field (reused wastewater) immediately before delivering it to the market
(often when it is already in boxes and carts) where contact with
the consumer can occur within 2-1 or 48 hours (Armon and Shelef,
1991).
f) Equating quality requirements of irrigation waters drawn from
rivers (Shuval, 1991) with those of wastewater effluent treated
and supplied (or sold) by a municipality to farmers, is totally erroneous from both public health and legal points of view. The origin
and composition of indicator organisms in rivers are totally different of those found in effluents of exclusive human origin.
g) With the levels of health risks involved, it ignored the sensitivity
of both treatment plant owner and of the farmer to the safety and
reputation of produce marketed to the public (and often exported
to other countries) and the public opinion and legal consequences
that might be brought up (Richardson, 1985).
The intentions of the World Bank and the UNDP, who sponsored the
early work in this field, which were originally aimed to introduce at
least some treatment (stabilization ponds for example) prior to irrigation of vegetables with raw sewage, as practiced in some developing countries, is understandable and even commendable. Supporting the introduction of only partial treatment prior to irrigation,
should have been done only as an interim and limited measure, while
insisting that by proper surveillance and control, only restricted crops
will be irrigated (excluding vegetables eaten uncooked). All this,
until the developing countries will be able to provide a higher degree
of treatment to allow irrigation of all vegetable crops. Turning this
interim measure into a "World Standard", legitimized by a prestigeous organization such as the WHO, is indeed a grave mistake. Since
it is safe to assume that most modern and developed countries will
not adopt the proposed WIIO Guidelines, there is a subtile implication that Guidelines are actually aimed only for developing ami less
developed countries. This approach does not only border with paternalism but also contradicts the WHO long cherished policy of opposing the validity of "Plebeian Law" vs. "Patrician Law"' in matters of
health protection.

Wastewater Treatment Needed for Various Consumptive Uses
Modern wastewater treatment techniques, arbitrarely classified as
primary, secondary, tertiary, quaternary and even quinternary, can
sequentially produce water quality for almost every consumptive use,
including potable water. Table 5 delineates various suggested trains
of processes to achieve the required quality for the respective consumptive uses. This is based on experimental work and full-scale
projects in Israel (Juanico and Shelef, 1991); Southern California
(Crook and Asano, 1990; Asano and Tchobanoglous, 1991); Denver,
Colorado (Miller. 1990); South Africa (Odendaal, 1991); Namibia
(Isaacson and Saved, 1987) and in Japan (Murakami, 1989; Tanaka,
1990).
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>t:> and Benefits
Conceptual economical justification
Figure 2 conceptually delineates the benefit gained by improving
public health and environmental resources (lower vertical axis), achieved by a higher degree (and cost) of treatment (horizontal axis) with
the growing benefit coincidentally gained by the higher quality of effluent to be reused (upper vertical axis). Thus, the higher degree of
treatment (involved higher cost) produce reclaimed water of higher
quality, wider consumptive uses and, therefore, higher economical
benefit and value. The summing up of the benefit of preventing health
and environmental damage (A-B in Figure 2) with the benefit gained
from the value of the reused waters (A-C). which together have the
value delineated by B-C, is decisively greater than the cost of treatment
(line A-D). Individually, each benefit (A-B or A-C) is smaller than the
cost of treatment (A-D) but their sum is significantly greater, resulting
in an overall "profit". Not always can this concept be translated to "real
life" since the economical weight and expected benefit attributed by
society to health and environment might differ between countries
(hence, "country M" and "country N" in Figure 2). Moreover, the "true
economic value" of reused waters is sometimes hard to quantify due to
governmental policies of water subsidies and water allocations. The
positive value of agricultural nutrients (N.P.K), present in reused
wastewater. should be considered as an "extra bonus" to this scheme.

Urban

Cost (and degree) o( Treatment

ountry M "

Figure 2: Benefits of wastewater reuse vs. cast of treatment.
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Preliminary case studies
The Jerusalem case. The City ol Jerusalem (.pop. ÜJO.UUUJ is situated
inland in Israel at an elevation of about GO
' O m above sea l e \ i l There
are virtually no near-by water resources and water is pumped by conduits from the foothills and coastal plain 40 to 50 km away. With the
increased population, a fourth conduit was planned which gave rise
to the preliminary consideration of Jerusalem wastewater reuse in
the following alternatives:
a) no reuse;
b) reuse in agricultural irrigation;
c) urban dual distribution system mainly aimed at toilet flushing and
home-garden and landscape irrigation, and
d) potable reuse.
An early and a most preliminary costbenefit analysis has been conducted comparing the four alternatives, and while the exact figures
might be significantly changed, the conceptual approach is interesting. The basic assumptions were as follows:
Alternative (a): no reuse. This alternative still required ''baseline
treatment" to the wastewalers (U.S. c50/irp), determined by law. to
produce effluent of up to 20 mg/1 BOD in at least 80% of the samples
taken and up to 50 mg/1 suspended solids in at least 75% of the samples taken (Shelef et al, 1989). In addition, due to environmental
requirement to protect the natural reserve and groundwater surrounding Jerusalem, extra treatment above the "baseline" one (U.S.
e!2/m 5 ) should be applied.

Table 5

Treatment Unit Train** of Various 'Wastewater Reuses

Consumptive L'se
Treatment

Anaerobic ponds
Facultative ponds
Primary treatment
Biological 2nd trim.
Stabilization reservoirs
Nitrif.-clenitrif.
Lime treatment
Ammonia removal
Recarbonation
Flocculation
Filtration
Chlorination
; Activated carbon
Ozonation
, Reverse Osmosis
Air stripping

Irrigation
#

Group A* Group B

•
•
•••

L'rban D'ial System

Group C* Group I)'

Alternative 1

Alternative 2

Potabie Reuse
Allernative 1

Alternative 2

••
••••

*•
••••

•
••
•••

•
••
•••

••
•••
••••

••
•••
••

••

••
•••

••
•••
••••
••
••
•

•••
•••
••
••
••
•••
••••
•
••
.

••*
••••
•»•••
••••
•••
•••
.
.

•••
•••
••
•••
••••
.....
••••
•••
•••
.
.

•; ••; •••,• etc. - denotes the ascending importance or intensity of a pivrn treatment process.
' see Table 4
" The exact order of the units in the train can be altered, some units can be omitted, uiiile some processes can
be applied mare than one time within the train.
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Alternative (b): reuse in agricultural irrigation. A conduit of 50 km
length (U.S. cll/m 3 ) should be constructed leading the effluent to a
seasonal reservoir with extra chlonnation needed (U.S. c5/m3) to
meet the irrigation quality requirements of Group C crops (sec
Table 4). The water once used for such irrigation has an inferior
value of only U.S. e25/m3 as compared to the marginal value (at source) of potable quality waters which is now about U.S. c45/m3. The
value of water for irrigation should be determined by its value to the
farmer and is lower because the reused water is defined as "rigid immobile", i.e. limited to a given locality and to a given consumptive
use, needing special and separate conduits.
Alternative (c): reuse in urban dual distribution. This alternative
requires a substantial "extra treatment" (U.S. c45/m>) above the
"baseline treatment" (see Table 5) and requires a dual distribution
system (separate conduits, pumps and separate piping and installation within buildings and households) estimated at U.S. e55/m3. The
value of water saved by the city in this alternative is however the
value of potable quality waters at source of U.S. e45/m3
("flexible-mobile" waters) as well as the saving of the cost of conveyance and pumping of the water from the far-away source, a cost
which is estimated at U.S. c48/m3.
Alternative (d): potable reuse. The "extra treatment'" here is substantially higher (see Table 5) with assumed cost of U.S. c90/m3 and
will probably include ultrafiltration or reverse osmosis as the "final
barrier" and to remove excess salinity. There is no need for a parallel distribution system in this alternative and the benefit of water
saving and saving in conveyance and pumping are similar to alternative (c).
Table 6 summarizes the cost/benefit crude analysis of the various
alternatives. Here, the total (simple) benefit, B, is the difference between the total direct benefit, Bd and the total cost, C. The actual
"true" benefit, Ba, is the sum (total) of the direct benefits, Bd, minus
the difference between the total cost, C, and the basic "environmental
& health allowance", A, which in turn is equal to the cost of sanitary
and environmentally safe disposal of the wastewater, where no reuse
is considered (in our case - alternative (a)). Thus,
B = Bd - C
and
Ba = Bd - (C -A)
The actual benefit, Ba. of the dual distribution system (alternative c)
of U.S. c25/ m3 seems to be the highest, while the actual benefits of
agricultural irrigation (alternative b) and of direct potable reuse
(alternative d) are economically very close together at U.S. c!2/m3
and U.S. clO/m3, respectively. It should be noted that the potable
reuse alternative (d). can save higher daily quantities of source
waters as well as substantially reduce the overall amount of
"blow-down" wastewaters from the citv. as reverse osmosis is incor-
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Preliminary Cost-Benefit Estimation of Reuse Alternative in Jerusalem
(Li.S.c per m 5 )

Table 6

Alternative (a) - No Reuse
Benefit
| Cost
30
0
Baseline Trtin.
12
0
Extra Trtin.

42
0
Total. A.
Basic 'Environmental <£• Health Allowance". A 42
=
B = Bel-C
Ba = Bd-(C-A)

Alternative (c) - Dual System
Cost
baseline Trtin.

50

Extra Trim.

45

Benefit
Saved Water
{at source)
Saved Conveyance
& pumping

35
Dual Distribution
Total. C.
no Total. Bd.
Total Benefit, H = 9-110 = -17
Actual Benefit, Ba = 9)-( 110-42) = +25

Alternative (b) - Agricultural Irrigation
Cost
Benefit
Baseline Trtin.
50
Value of Reused Water 25
Extra Trtm.
5 i
Eff. Conveyance
11 1
Seasonal Reservoir 9
Total. C.
Total. Bd.
25
55
Total Benefit, B, =25-55 = -30
Actual Benefit. Ba. = 25-(55-42) = -12

Alternative (d) - Potable Reuse
45

Cost
Baseline Treatment 30

48

Extra Treatment

95

Total. C.
125
Total. Bd.
Total Benefit. B = 93-125 = -32
Actual Benefit, Ba = 93-(125-42) = +10

Ü5

i Benefit
Saved Water
45
' (at source)
1 Saved Conveyance 48
i & pumping
9i
'

porated in its train of processes (Table 5). This alternative should.
therefore, become a viable one in the future, particularly when source waters will become scarcer and their marginal cost will increase.
This will definitely become true at the time when Israel's new additional water resources will depend heavily on seawater desalinization — a situation envisioned early in the 21st century.
The Eilat Case. The city of Eilat. at the southern tip of Israel, is a
resort town at the shores of the Red Sea, famous also for its unique
coral reefs and diving attractions. Its population is about 50.000
which can be almost quadrupled at the peak of the tourist season. Its
average annual rainfall is below one inch and the local groundwater
is highly brackish. An existing 15.000 mVday reverse osmosis plant is
deminerali/ing the water of nearby eleven Sabha wells containing
5000-9000 mg/1 TDS; 800-4500 mg/l Cf: 600-1500 mg/1 SO4=; 190-250
mg/1 Mg"~ and 2.0-2.5 rng/1 F~. The desalinated water is mixed in a
1:1 ratio with waters conveyed by a 100 km long pipeline from the
Faran wells containing 1050-1900 mg/1 TDS; 200-500 mg/1 CT;
500-420 mg/1 SCV and 50-70 mg/1 Mg++. The supply water to Eilat
contains finally 800-1000 mg/1 TDS; 250-550 mg/1 Cf; 250 mg/1 SOf
and 50 nig/1 Mg~+.
The wastewater effluent of Eilat. partially treated by anaerobic-facultative ponds followed by impoundment, cause pollution of Ihe Sabha
aquifer (where the water is drawn to the reverse osmosis plant), while
excess effluent is occasionally discharged into the Red Sea malaffecting precious bathing beaches and coral reefs. Naturally, the wastewater effluent, originating from desalinated supply water, is much less
saline than the Sabha well waters. The city is now considering two
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reuse alternatives: (a) urban dual distribution system aimed at landscape and park irrigation, later to be expanded to household toilet flushing and watering of home gardens, or (b) potable reuse. Alternative
(a) will require a considerable train of processes (see Table 5), while
in alternative (b) the fully treated wastewater will be mixed with local
well waters to be processed by the existing reverse osmosis plant
which will be expanded accordingly. The relatively low salinity of the
wastewater effluent can save considerable energy requirement at the
desalinization plant as well as reducing the amount of water pumped
and conveyed from the distant Faran wells. An economic feasibility of
both alternatives is now being carried out. Any of the reuse alternative will eliminate the severe pollution caused by the current discharge
of insufficiently treated wastewater effluent.
Large Waslewater Reuse Schemes in Israel
The two largest wastewater reuse schemes in Israel, both producing
reclaimed water for agricultural irrigation are briefly described herein. The Hakishon Complex is hosed on open two-stage stabilization
reservoirs, while the Dan Region scheme relies on subsurface storage in a sandy aquifer.
The greater Haifa Hakishon complex wastewater reuse scheme
The best and largest example of seasonal surface storage of wastewater to be reused, is the Greater llaifa-Hakishon Complex scheme
where over 15 million m"1 per year of biologically treated effluent is
conveyed by a 50 km long, 56 inches diameter pipeline to dual stabilization reservoirs of 12 million m5 in volume (Figure 3). The points of
disinfection along the scheme produce waters that meet Group C and
almost meet Group D requirements, as defined in Table 4. The quality of the effluents along the scheme is given in Table 7 (Shelef, 1989).
The Dan region (greater Tel-Aviv) wastewater scheme
Seasonal and actually multi-yeaily storage is accomplished in the
Dan Region (Greater Tel-Aviv) wastewater reuse scheme which is the
largest in Israel with an annual flow of 85 million m5. The Dan Region Wastewater Treatment Plant is the largest wastewater treatment
and reuse project in Israel, serving the metropolitan Tel-Aviv area
consisting of seven satellite towns. The population served is 1.2 million inhabitants, but together with industry, the population equivalent
is 1.7 million. The treatment plant (Soreq site) consists of two parallel parts: (1) Biological treatment in facultative stabilization ponds
with internal recirculation and chemical treatment by the high
lime-magnesium process, followed by detention of the high-pH effluent in polishing ponds to attain ammonia stripping (Shelef et al,
1977); (2) Modified and completely mixed, activated sludge system,
with a single-stage nitrification-denitrification process, without primary settling, consists of two biological reactor-modules, each with a
total volume of 55.000 m*1 followed by live 52 m diameter clarifiers.
(Kanarek et al. 1989). The scheme of the plant is given in Figure 4.
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Table

Effluent Qualitj Along the Hakishon Complex Scheme

Point Along the Flow Scheme
(see Fig. 3)

SHELEF

BOD;
mg/1

Waste Water Treatment

COD

TSS

mg/l

mg/l

1267
690
i Raw Sewage
595
145
46
46
Haifa Treatment Plant Eff.
_
Kollowinc 1st Chlorination
155
3S
Maalc Kishon Resen'oir Inlet
56
54
25
Maale Kishon Resen'oir Outlet
41
66
Kfar Baruch "Lake" Outlet"
6
'Some polluted water is disciiar« i'd into the "Lake" from other sources.

Table 8

Total N
rag/1

Total P
mg/1

89
47
_
47
24
4

11.7
7.4
7.4
5.1
0.6

Fecal
Coliforms
per 100 ml
7.60 x 107
5.9 x W>
(i.7 x 103.2 x 101
1.0 x 102.0 x 10-1

Effluent Quality Along the Dan Region Wastewator Treatment
and Reuse Scheme

Point Along the Flow Scheine
(sec Fig. 4)
Raw Sewage
Stabilization Ponds Eff.
Lime Treated Eff.
Polishine Pond Eff.
Activated Sludge Eff.
Recover.' Wells

BOD-,
nig/1

con

TSS

mg/l

mg/l

TotalN
nig/1

Total P
mg/l

380
110
35
23
29

810
400
180
110
106
12

340
190
95
45
50
0

64
61
50
17
14
<1

16
15
5
34

<0.5

5
<0.1

Fecal
Coliforms
per 100 ml
2 x 10"
10«
900
40

4 x 10''
<1.1

The final effluent from the activated sludge treatment plant is recharged to regional sandy groundwater aquifer by two spreading basin
areas located near the town of Yavne. as follows: (1) Yavne 1 site,
seven km, south from the Soreq site, consists of four basins with total
area of 24 hectares, and (2) Yavne 2 Site, ten km south from the Soreq
site, consists of three basins with total area of 18 hectares. The aquifer provides storage retention of at least 500 days and the water
which is drawn by a ring of recovery wells consists of 29 wells operated round the western, southern and eastern sides of Yavne 1 site
and a ring of 16 wells round the northern and western sides of Yavne
2 site (Idelovitch and Michail. 1985).
The recharging of the aquifer by the spreading basins, the long
underground retention and the passage through several kilometers of
the sandy aquifer, provide a most important additional treatment,
hence, "soil-aquifer treatment" (SAT). The recovered water is then
conveyed by a 70 inch in diameter pipeline (the "third line") to scores of agricultural communities at distances up to 80 km in the arid
southern part of Israel (the Northern .Negev). where it is the major
source of irrigation. Following disinfection, operational storage and
thorough quality monitoring and surveillance (Shelef et al. 1991). the
reused effluent easily meet the Group D requirements (see Table 4)
for irrigation of unrestricted crops, including vegetables consumed
uncooked. The effluent quality along this scheme is given in Table 8.
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Conclusions
The forthcoming era of wide-spread wastewater reclamation and
reuse schemes which will be expanded to include industrial and
urban reuses in addition to agricultural reuse, will provide a major
challenge to the profession of environmental engineering. As in all
environmental engineering Fields, reuse, reclamation and recycling
constitute the pinnacle of the technological and scientific endeavour,
thus combining the nobility of bettering the environment together
with the profitability of recreating valuable waters for the use of mankind. Standing before this immense and exiting challenge, one can
only requote the biblical saying of Samson's Riddle (Judges, 14,14)
"and out of the strong came forth sweetness'".
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How to Solve industrial Waste Water Problems
Helmut KROISS
Department ol"\Yater Quality and Waste Management
University of Technology Vienna
ABSTRiCT
Discharges of untreated industrial waste waters into receiving waters
often cause severe receiving water pollution problems. The solution of
such problems has to start with a process of consciousness in the production management and normally ends with the operation of an adequate waste water treatment plant. In many branches of industry
organically polluted waste waters play an important role. Hliercucr
this is the case biological treatment processes normally result in the
lowest costs and the lowest environmental impacts as compared to
other solutions. From the experience gained during more than 20 years
of investigations into the solution of industrial waste water problems
the following general aspects can be distinguished:
• data acquisition, mass balances for the production process
• pollution abatement at the production process (change of production
process or raw materials, water circuits, etc.) the role of authorities
(legal constraints)
• waste water management team
• process selection, feasibility considerations, labscale investigations,
comparison of different solutions Ccosts, etc.)
• selection of the optimal process(es)
• pilot investigations on site for design parameter verification (scale
up) and acquisition of operational experience
• design and construction of full scale plant
• full scale operation, start up problems, process control
• linking production management and waste water treatment plant
operation
The successful application of the theoretical considerations to industrial waste water problems will be demonstrated by different case studies.

1. Introduction
Industrial development is one of the key prerequisites of social welfare in modern states. In most of the cases it is also one of the most
important sources of the money needed to implement environmental
protection policy. Still today industry is developing or is developed
wasting part of the environment by discharges of noxious amounts of
waste into air, water and soil.
Discharges of untreated industrial waste waters into receiving waters
often cause severe receiving water pollution problems. The solution
of such problems has to start with a process of consciousness in the
production management and normally result in the lowest cost and
the lowest environmental impacts as compared to other solutions.
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This paper tries to demonstrate ways to solve existing problems from
the consciousness of the pollution until full scale implementation and
operation ut pollution abatement technology, i lie basis of this paper
is the experience gained over about 20 years at very different industrial waste water problems in Austria and other countries.

2. Problem Characterisation
Scheme 1 shows the way from the recognition of the environmental or
water pollution problem until the characterisation of the specific
complex local situation.
It is very important to put much effort in understanding the whole pollution problem in detail before different technical solutions are investigated. End of pipe technology alone should never be applied. The
sources of the pollution must be detected starting from all the raw
material used for production. The second important point is the specific local environment in regard to receiving waters, local infrastructure
as existing waste water treatment plants, sewer systems, landfill sites
a.s.o. The third important point is the human aspect. The solution of
complex problems needs a team of experts which is able to understand
and analyse the whole situation and has enough expertise to develop,
implement and operate the technical and organisational solutions. The
aim must be to have the most recent know-how for the solution gathered in this team or at least should it have access to this know-how.
Authorities responsible for water pollution should normally be
involved in the solution process at a very early stage, so that they are
finally able to understand the solution for a reasonable permit. On the
other hand the solution has to comply with the legal framework to
which the authorities have the best access and experience.
The public relation problem concerning water pollution has become
an important issue. In several cases the pressure to solve the problem
comes from the public or the media. Also this aspect should always be
kept in mind during the solution process because it influences on
local politics.
Finances of course play a decisive role in industrial management. It
should only be emphasised that the development of solid knowledge
of the specific complex situation as basis for all decisions needs time
and money. Good low cost solutions normally start by spending
enough money at the beginning to avoid bad surprises at the end.

5. Development of the technical solution
Scheme 2 shows the way from the characterisation of the specific local
situation until the full scale implementation and operation of the technical solution. The whole process is governed by the "team of experts"
formed during the first step of investigations. Starting point of the
development of solution is a mass balance concept of the industrial
enterprise, which is part of the problem characterisation (Figure 1).
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The basic idea is that neither mass nor energy can disappear. The
consequence is that all the raw material introduced into the factory
has to be contained either in the sellable products or will leave the
factory as waste (water, air. solid waste, heat). The main problem is
the complex transformation process of all matters during production.
But at least all the raw material masses bought can be determined,
these data of course can be confidential, a problem which has to be
solved within the team of experts. Many problems can be caused by
very little amounts of (sometimes toxic) matter, as their importance
is not recognised or neglected.
The data acquisition needs a detailed knowledge of the production
process and much experience in regard to the data of importance for
pollution abatement. The latter depends on the kind of pollution as
well as on the size of the plant. Besides the mass balance the variability of mass flows over time have to be investigated in detail over different periods of time (hourly, daily, weekly, monthly variations). The
first stage of solution development should be indoor pollution abatement, which normally results in savings of raw material or/and energy input. Sometimes new sellable products can also be the result. The
goal of these investigations is the minimisation of pollution to the
environment and an optimisation of the economical situation of the
factory in compliance with the environmental legislation. The following ideas should be applied to reach the goal:
• Pollution abatement at its source
• Use of other raw materials
• Modifications of the production process
• Separation of different qualities of waste water
• Installation of water circuits, reuse of waste (water)
• Transfer of pollution to other media
The development of a control strategy must be in compliance with
the environmental legislation and needs to be acceptable for the public. The authorities therefore play an important role in guiding a compromise between economy and environmental protection which:
• secures the production from avoidable restrictions
• secures the factory management and the authorities from illegal
situations (criminal law)
• secures the environment from damages
• increases the (public) awareness of water protection.
The goal of knowledge acquisition in most of the cases is the adaptation of unit processes and their combinations to the specific waier protection problem to be solved. A technically and economically feasible
solution has to be developed. To reach this goal experience from similar sites can be used. Different processes or process combinations have
to be compared and the crucial problems to be sorted out. In many
cases investigations into the solution of detailed problems (lab scale,
pilot scale) will be necessary. The development of industrial treatment
processes will be handled in detail in chapter 4. During the process of
solving the problem the team of experts has to be transformed to a
waste water management team, where the operational and control
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aspects as well as cost control becomes more important. The competence required will vary from one site to the other depending on the
size and the complexity of the technical solutions. The following list of
expertise therefore should only be looked at as an example:
• Production management
• Safety and environmental management
• Waste water treatment process engineering
• Design and engineering (civil, mechanical, electrical, automation,
control)
• Finance
• Scientific advise
In many cases it has been proved to be the best solution to give the
responsibility for the waste water treatment operations to the production management. In this case all the strong relations between the
problems in the production process and the difficulties in the treatment processes are in one responsibility resulting in minimisation of
information lags.
Design of waste water treatment facilities should always start with a
couple of different options of technically feasible solutions. The goal
is to sc- een the optimal solution for the local situation. Site specific
characteristics as soil, ground water level, infrastructure, sludge
(waste) disposal sites etc. have to be considered in detail. The influence of investment and operational costs as well as availability of
funds can also be very different from case to case. It has also to be
kept in mind that the future development of the production will be
influenced by the water protection facilities and vice versa. Discharge
limitations from receiving water capacity (in stream standards) can
also have influence on the decisions regarding future development of
production and water protection facilities.
After having decided the solution to be implemented the authorities
will have to be addressed for the discharge permit. Whenever the
authorities have been involved in the development of the solution
early enough the process of permitting will not cause too much problems. Nevertheless the procedure for getting the discharge permit is
a critical phase, where especially the future development of the
enterprise will have to be kept in mind and thoroughly discussed.
Decisions on new productions or extensions are made on the basis of
a 3 to 7 years future. Treatment facilities are often designed for a
period of 10 to 50 years lifetime. Sometimes also the legal constraints
change very rapidly (every 2 to 5 years). After having finished the
construction operation starts. During the start up period the whole
water protection management should still be available, because only
there is the complex knowledge which is important to overcome all
start up problems without creating new troubles.
Full scale normal operation has the goal to optimise the environmental behaviour of the enterprise by a continuous feedback between
production and waste water treatment efficiency with a minimum of
costs.
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Water protection is always a continuing task as production processes,
capacities, leual framework and the economical situation are changing over time.

4. Development of Industrial Processes for AVater Protection
Waste water pollution in most of the cases is a very complex mixture
of different compounds of which only a part is known. The consequence is that the success of unit processes cannot be predicted in
many cases even they are well known and have proved in practice.
The result is that these processes will have to be tested or adapted to
the special circumstances. In other cases there is a necessity to develop new processes or combinations of processes.
There are two ways to overcome the difficulties of process development, depending on the questions to be answered. Scheme 3 shows
the different questions and the way to find answers. Of course there
are also questions which can be solved by theoretical considerations.
The left column of Scheme } refers to scientific questions, which can
be solved by experiments (mostly in lab scale). Without a theoretical
background it is not possible to set up the experimental equipment.
The answers gained by such experiments can help very much in
regard to process selection, design consideration, change of raw
materials etc. It will not be possible to solve typical engineering questions, as shown on the right side of Scheme 3.
These questions refer to the solution of the complex relationship
between production process with all kinds of operational circumstances and the design concept. For this very important purpose pilot
investigations are a valuable tool. Pilot investigations normally must
be done on site and with the real waste water; this is not a question
of scale but of operation. Further are also questions in regard to corrosion, process, stability, control and automation, scaling, foaming,
settling properties a.s.o. can be answered by pilot investigations. The
whole start up process can be optimised in pilot scale. Perhaps the
most important goal of pilot investigations is the adaptation process
between production and waste water treatment. Especially the last
item has been proved to be very cost saving, as the majority of problems can be eliminated before full scale operation as the whole operational know-how could be accumulated by the waste water management of the factory. This means that even in the case proven technology is applied, pilot investigations before the end of the detailed
design period can be recommended.
Figure 2 shows the differences between (lab scale) experiments and
pilot scale testing. The decision whether to use experiments or pilot
investigation is a matter of answers we are looking for, whether we
want to increase our knowledge or our experience. In practice often
both ways have to be used and pilot scale problems are the source of
experimental research.
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5. External (End of Pipe) Treatment and Local Infrastructure
Despite minimisation of pollution by indoor modifications (source
abatement) in many cases there will be a need for end of pipe waste
water treatment. Especially in the case of organically polluted waste
waters the local municipal infrastructure (sewer system, treatment
facilities) will have to be considered for the design concept. Figure 3
shows the different concepts for the treatment of an organically polluted industrial waste water.
The easiest solution is the direct discharge of the industrial waste
water to the municipal sewer system and a combined treatment. The
main problems which can be associated with such a solution are:
odours (temperature) along the sewers, corrosion, sludge bulking (if
activated sludge is used for biological treatment), shock loadings,
combined sewer overflow, nutrients (nitrogen, phosphorus,), shut
downs of production, inhibiting compounds (nitrification). Despite all
these problems this solution has proved to be the most economic way
in many cases.
Equalisation of flow and load for organically polluted waste waters
increases the danger of odour formation and bulking but decreases
the problems of shock loading and inhibition. Equalisation of such
waste waters is not an easy problem.
Biological aerobic or anaerobic pretreatment as well as separation of
solids by mechanical treatment normally results in sludge disposal
problems at the factory. It reduces the influence on the municipal
treatment plant. Deoending on the sizes of the municipal and the
industrial pollution load the precaution for reliability of the whole
system can be attributed to the municipal plant or has to be provided
at the pretreatment plant.
Full treatment and direct discharge to the receiving water for industrial waste waters has always two important aspects: one is treatment
efficiency the other treatment reliability. The disposal of solids from
the treatment process has to be solved. The reliability of sludge disposal is an important prerequisite for treatment reliability.

6. Case Study (Citric Acid Factory)
Specific Local Situation
One of the largest citric acid factories of the world is situated in a
river basin with a small catchment area and a susceptible receiving
water. The steadily increasing pollution load resulted in severe water
pollution problems. As the area is a mainly agricultural region the
industrial enterprise is of great importance for the region.
The main waste water source of the enterprise is the citric acid production from sugar or molasses. It is a biochemical process with the
mass balance shown in Figure 4.
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In order to understand the waste water composition the following
Figure 5 shows the production scheme used. The concentrated waste
water ("Schlempe") contains about 90% of the carbonaceous pollution and only about 10% of the waste water flow. There is a second
waste water stream, the low concentrated one. which results from
different processes and rinsing water and has similar concentrations
as domestic sewage.
Table 1:
Q
COD
TK..N
Ca
SO4

Waste Water Characteristics (Mean Values)
highly cone.

lowly c o n e .

2.500
50,000
1.500
1.000
4,500

15.000
300
-

dim.
mVd
mg/1
iug/1
IH2/1
mg/1

!

The highly concentrated waste water has a temperature of about 60° C.
Table 2:

Effluent Standards
(Max. Concentration. Daily Composite Samples)

parameter

0
COD
BOD5
NH 4 -N
NO2-N
NOvN
tot-N
PCU-P

elimination
20.000
500
20
5
2
50

in'Ai
mg/1
mg/1
mg/1
mg/1
mg/1

>90%
>99%

>70%
1 mg/1

The values indicated in Table 2 are valid for daily composite flow proportional samples of the homogenated effluent and are maximum
values. As the influent concentrations and load vary in a broad range
(±50%) it is rather difficult to reach a reliable high treatment efficiency.
After having analysed the waste water situation in detail the first concept was to use anaerobic pretreatment for the high concentrated
waste water and nitrification denitrification activated sludge process
for post treatment. As there was no full scale experience in the anaerobic treatment of the concentrated waste water a lab scale investigation programme was started immediately to test its feasibility and
treatment efficiency as well as stability. For this purpose up to six lab
scab units (4 i) were operated at the same time with different operational parameters. After some months it could be stated that anaerobic treatment would be feasible with an efficiency of COD removal
>75%. There was a decrease of stability with increasing loading rate.
After this experiment a 4 m"> pilot reactor system was implemented at
the factory and fed with the original effluent from the production process. A flow scheme is indicated in Figure 6.
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A classical UASB reactor was used for the methane reactor. In order
to equalise flow and concentration and for acidification an equalisation tank was installed in front of the UASB reactor. It later turned out
that the acidification process is of great importance for the stability of
the methane reactor performance.
After one year of pilot scale operation the following conclusions could
be drawn:
• sulphide toxicity has to be investigated in detail
• calcium carbonate precipitation has to be thoroughly investigated
for reactor design
• ammonia toxicity can play an important role
All the three problems had to be investigated in lab scale experiments, which lead to knew findings and models for sulphide and
ammonia toxicity and calcium carbonate precipitation. It was possible to show that the stability of the process can only be obtained as
long as treatment efficiency is high. Which results in high pH values
(7.4-7.6) due to the high ammonia concentrations. If the ammonia
concentration exceeds about 1.500 mg N/1 problems with ammonia
inhibition of the methanogenic bacteria will occur. The decisive factor for sulphide inhibition is the ratio COD/S and the pH.
As severe calcium carbonate precipitation could not be prevented the
normal UASB reactor system failed. The sludge bed was petrified and
inhibited mixing of active biomass and waste water. A new reactor
type had to be developed. The outcome was a UASB reactor in which
a continuous removal of the precipitates during operation is possible.
The new developed EKJ reactor was then first tested in pilot scale (45
m5) with a similar water depth as it was suggested for the full scale
plant design. The full scale reactor is shown in Figure 7.
A rotating scraper removes the precipitates from the bottom to a
withdrawal pump and at the same time this device is used for the
equal distribution of the waste water on the bottom and smoothly
mixed with the anaerobic sludge. In the upper part of the reactor
there is a sedimentation tank to keep the sludge in the reactor. A separate scraper mounted to the rotating system returns the settled
sludge to the reactor. This system was tested for about one year in
pilot scale until the final decision was made to go to full scale (volume of the first reactor 11,000 m3). The pilot scale results also confirmed the design loading and the operational parameters. During the
construction phase of the first step of the full scale treatment plant
the start up period was tested several times in order to exactly know
how to proceed in full scale.
After having solved the problem of anaerobic pretreatment aerobic
post treatment had to be developed too. The first step was the addition of a high loaded aerobic post treatment to avoid odour formation
and toxic effects at the discharge of the anaerobically pretreated
waste water to the receiving water. This first aerobic stage was also
tested in pilot scale. It later turned out that the full scale anaerobic
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pretreatment readied much better efficiency than in pilot >cale. The
result was that the loading of the first activated sludge plant was
much lower than assumed for the design, which resulted ever in partial nitrification - denitrification.
After one year of full scale operation of the first part of the whole
treatment plant (Figure S) a second anaerobic stage was designed
and constructed. Meanwhile the final aerobic stage for complete nitrification and very efficient denitrification was developed from labscale to pilot scale.
This was necessary because the ammonia concentrations in the influent were in the range of 400 mg/1, so that ammonia inhibition of nitrification had to be investigated. In addition temperatures of 25° to
55° C had to be considered. One of main problems to be solved was
nitrate accumulation (Istanbul 1992). During pilot testing there was a
strong feedback to the production process. It was necessary to separate different waste water streams in order to avoid anaerobic breakdowns and some chemicals used had to be abandoned and replaced
by others.
The following table shows the history of water pollution abatement at
this factory. It took 10 years from the first investigations until the
effluent standards are met with the reliability required.

Conclusions
The solution of the waste water problem reported above was a rather difficult one and many new developments in science and engineering had to be made in order to reach the goal with economically feasible means. The biogas produced from the waste water
(-50,000 mVd) is used in the factory instead of natural gas and reduces the operational costs.
The success of the whole project is due to a very effective cooperation between the production management of the factory, the scientific advise of the Institute of Water Quality and Waste Management,
and the different consultants for the design. The team of experts and
later the waste water management team always was in touch with the
authorities responsible for this project. The overall investment costs
are in the range of 20 million US dollars, including sludge treatment
and disposal. As the pollution load corresponds to roughly 1 million
popular equivalents the specific investment is in the range of
20 USS/PE.
Since the pilot plant investigations there is a continuous feedback
from the waste water treatment plant to all managerial decisions of
this factory which results in a steady improvement of the overall performance of water protection and economy.
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LAB SCALE TO PILOT SCALE TESTING FOR IHb
SOLUTION OF INDUSTRIAL WASTE WATER PROBLEMS

lab scale

pilot scale

Figure 2: Labsrale versus pilot scale investigations
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Figure 3: Concepts for combined and separate waste water treatment
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>Yater Treatment for Organic Pollutants
Using Ozone and Electronic Beam Irradiation
Peter GEHRINC.ER
Department of Chemical Engineering
Research Center Seibersdori"
ABSTILICT
ihcaus-- of nitrite and hydrogen peroxide formation irradiation treatment alone is not apt for groundwater remediation with regard to utilization as drinking irattr. Addition of ozone to the water I) efore irradiation eliminates the nitrite and hydrogen pero.ride as well and causes
the reducing species of water radiolysis to be converted into OH radicals. I he resulting advanced oxidation process is the only one which is
based on two OH radical sources: water radiolysis and ozone decomposition. The basic chemistry and a } m} prototype installation is
described.

Introduction
Drinking water undoubtedly is the most important foodstuff. Among
the different sources for its production the most precious one is
groundwater. Nowadays a serious concern facing a large number of
water supplies is the appearance of chlorinated ethylenes. such as trichloroethylene (TCE) and perchloroethylene (PCE) in groundwater.
The removal of low levels of these compounds from water is a difficult task. Conventional treatment processes based on carbon adsorption create filters of hazardous solid waste which must be disposed of.
Therefore, a demand for an alternative purification technology is still
existing. Oxidation of TCE and PCE. respectively, in water could be
an attractive method of treatment because it might result in farreaching mineralization of the pollutant i.e. conversion to innocuous malerial like carbon dioxide and chloride ions which are already contained as natural solutes in every sroundwater. With regard to a technical application the only sufficient oxidant for trace levels of TCE
and PCE in water is the Oil radical.
By far the simplest method for in-situ generation of OH radicals is the
action of ionizing radiation on water because it works without any
addition of chemical agents. The following discussion addresses the
specific applicability of water radiolysis as Oil radical source, and the
circumstances under which this technology can be applied to groundwater remediation for chlorinated ethylenes in particular and to
water disinfection in general.
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Process Description
The ionisation and excitation of water molecules by high-energy
radiation are known to result in the formation of free radical and
molecular species, as well as H* and OH". For low level contamination of groundwater (>1 mg.dm-">) just the highly reactive free radical
species OH. e~aqu and H are of interest for pollutant decomposition.
The pollutants compete for the free radical species with the natural
solutes and the oxygen contained in the water.
Chemical reactions of the Tree radical species
In air-saturated groundwater containing TCE and PCE as micropollutants most of the solvated electrons e"aqU and the hydrogen radicals H
are scavenged by the oxygen forming Superoxide anion 0 / and
hydroperoxyradical HOj, respectively. The latter is in an acid-base
equilibrium with the G\f (pR = 4.7). At the usual pH-values of groundwater the equilibrium is shifted towards O r i.e. most of the reducing
species are converted into the Superoxide anion Oj~ which is a rather inert radical. It certainly does not react with PCE and TCE. Most
likely it will not be further involved in the reaction of interest for the
TCE and PCE decomposition. Its probable fate is its disproportionation into H2O2 and O2. Roughly speaking only OH radicals remain as
active species for pollutant decomposition in irradiated groundwater.
OH radicals react very fast with TCE and PCE. Under the conditions
given and as long as the nitrate concentration is low only bicarbonate
ions are serious competitors for OH radicals according to their high
concentration. For nitrate ion concentrations higher than about a few
mg.dm- 5 scavenging of solvated electrons and subsequent formation
of nitrite ions cannot be longer ignored. Nitrite ions scavenge OH radicals very effectively and worsen considerably the condition of pollutant decomposition. Moreover, nitrite itself belongs to hazardous substances in drinking water. Consequently a process for groundwater
clean up based on irradiation alone can never be applied for
drinking water production because of exceeding the limit values
of nitrite as well as hydrogen peroxide in drinking water. (See
Figure 1 and 2)
The situation is completely changed when the irradiation is performed in the presence of ozone. On the one hand, ozone is known to
oxidize nitrite to nitrate very fast: on the other hand, ozone reacts
with hydrogen peroxide. Therefore, a residual ozone concentration
present after the irradiation process eliminates residual hydrogen
peroxide (Hoigne and Racier. 1989) and nitrite as well (Gehringer et
al., 1989: 1992).
Moreover, ozone acts as additional OH radical source (see Figure 3). It
may effectively intercept hydrated electrons forming ozonide anion
O r and in concentration usually applied in drinking water treatment
(about 10-* mol.dm-"1) it scavenges about 25% of the e~aqu provided
that the nitrate concentration is below 10 mg.dm-"1. The ozonide anion
decomposes immediately into OH radicals. The ozone transfer simul-
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tanenusly increases the oxygen content of the water and as a consequence up to 60% of the e"aqu are scavenged by the oxygen forming
Cb~. In the presence of ozone the Ch~ transfers its electron to the ozone
thus initiating the decomposition of the ozone into OH radicals.
Because the reactions of the H radicals with ozone and oxygen,
respectively, lead to the formation of OH radicals, too (see Figure 3), all
reducing species formed act now as promoters for the ozone decomposition into OH radicals. In this way almost the whole radiation energy is transferred into OH radicals. None of the conventional processes
for OH generation can provide OH radicals in such high concentrations than the combination of aqueous ozone and ionizing radiation.
Prototype installation
Bench scale experiments (sec Figure 4) have demonstrated the trace
amounts of TCE and PCE in groundwater can be oxidized effectively
by an ozone-electron beam treatment. A first cost estimation has indicated that this process might compete with conventional technologies
(Gehringer et al., 1991).
The next step, therefore, was the construction of a prototype in Seibersdorf, which is a downscaled model of a full size plant capable of
purifying up to 1000 mVh. To get all the necessary components performing realistically a maximum water flow of 5 mVh was chosen for
the prototype.
The first problem to be addressed is the solution of ozone in water. The
ozone concentration in the O2-O3 mixture produced by ozone-generators is less than 10%. Therefore and because of the different solubility
of O2 and O3 the maximum 03-concentration in water can be achieved
only when the solubility limit O2-O5 is transgressed. The excess O2 has
to be removed. As this gas volume will also contain some of the volatile pollutant it is not possible to inject the O2-O3 mixture directly into
the groundwater. The solution of this problem is shown in the left
upper part of Figure 5: the O2-O5 mixture from the ozone-generator is
mixed with purified water1 at elevated pressure. In the gas separator
the excess O2 is removed. The ozonewater is then mixed with the
groundwater coming from the vessel in the right upper part of Figure 5.
In the prototype the concentration of die pollutant can be varied.
The second problem are the flow characteristics in the irradiation
chamber: here the water depth is limited by the penetration of the
electrons. On the other hand the velocity of the water results in a
pressure which is limited by the strength of the foil covering the irradiation chamber. It is therefore necessary to optimize the flow path to
ensure the maximum utilisation of the electrons together with the
transport of a high amount of water through the chamber.
Calculations and engineering considerations indicated possible solutions of these problems; the prototype which is already in operation
is expected to prove the technical feasibility as well as our estimates
of the costs of the process.
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Drinking water disinfection
Beside the decomposition of chlorinated ethylenes this prototype may
be also used for experiments regarding disinfection of drinking
water.
Since February 1992 the Metropolitan Water District of Southern California tests the performance of both ozone and ozone/hydrogen peroxide in eliminating disease-causing water-borne microorganisms
and reducing concentrations of disinfection by-products in a demonstration plant having a capacity of about 21 million litres of water a
day (R. Rice. 1995). The "Advanced Oxidation" treatment is expected
to significantly reduce levels of disinfection by-products suspected of
being carcinogenic. These by-products are supposed to be regulated
more strictly by the U.S. Environmental Protection Agency. With
regard to drinking water the combination ozone/electron beam irradiation with its special aptitude in high through-put capacitites
should have substantial advantages as compared with ozone/hydrogen peroxide. It should be considered as an very attractive alternative, therefore.
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2.0

Figure 1: Nitrite formation in natural water as a function of the
nitrate content by different irradiation treatments.
(•) -^-irradiation 1.3 Gy.s-':
(o) electron beam irradiation 3S0 Gy.s-'.
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The Use of Solar Energy in
\> as Lew a Lei JPreaiiiieiiL Willi SpeeiaJ

on Developing Countries
Gedaliah SHELEF & Yosef AZOV
Division of Environmental Engineering and Water Resources
Teehnion - Israel Institute of Technology

•\RSTHACT
Photosynthetic conversion of solar energy into microalgal biomass can
reach an efficiency of 2 to 3.5 percent based on total solar incident irrudiance or 4.4 to 7.S percent based on phutnsynthetically available incident irradiancc. Average annual yields ranging between 20 and
35 gm-2 day-' have been achieved in small and medium size installations in various countries when favorable climatic conditions prevail.
These yields arc attained by "clean" algae systt rns where microalgae is
grown on inorganic media and COj is added in a gaseous form or as
bicarbonates or carbonates. Although some (.-4 higher plants such as
sugar cane or sorghums can convert solar radiation with a higher efficiency, the energy is stored mainly as starch cellulose and lignin while
with the production of microalgal biomass the energy is stored as proteins (40 to 70 percent depending on species and growth conditions)
and to a lesser degree in the form of lipids and digestible carbohydrates. Common mechanical wastewater treatment processes, such as
activated sludge and aerated lagoons, are energy intensive mainly for
aeration. Approximately 1 kwhr is required per kg of oxygen transferred to the aqueous phase. The use of solar energy to replace electricity needed for aeration has much appeal in countries with ample sunlight in both developed and developing countries. The paper will
describe two major processes in this regard, namely: 1) photosynthetic
processes using microalgae which produce o.v)gen tri he used by heterotrophic aerobic microorganisms to degrate organic matter, and
2) photochemical processes using a dissolved dye (such as methylene-blue. titanium oxide and others) which serve as a catalyst to produce free oxidizing radicals serving both for removal of organic matter and disinfection.

Introduction
As shown by Shelefet al. (1978a. 1978b. 1980. 1981). one of the most
economical ways is to use algae production system in conjunction
with treatment of biodegradable organic wastes (municipal, agricultural or industrial). In those systems an added value is attributed to
the photosynthetic oxygen production for bacterial removal of the
biochemical oxygen demand (BOD) exerted by the organic wastes.
The bacterial and heterotrophic algae biomasses supplement the
photoautotrophic algal biomass production and total biomass yields
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of between 55 and 50 gm-- day-' can be reached producing over
180 metric tons (dry) of mixed biomass per hectare per year. Moreover, both the capital investment and the operating costs can be
shared by the various "beneficiaries'" of this system, i.e.. those whose
main concern is the treatment of wastewater. those who are interested in the biomass product (animal proteinaceous feed, lipids. energy)
and those who are interested in the reuse of the treated effluent (the
latter case is of paramount importance in Israel, for example). Another advantage of the waste borne algae systems stems from the fact
that municipal, agricultural and many industrial wastes can sustain a
full algae productivity without supplementation of macro and micro
nutrient or carbon source.
The work in Israel which had started in 1968 at the Hebrew University of Jerusalem (Shelef et al. 1975). continuing at the Technion in
Haifa from 1970 to date (Shelef et al. 1976, 1977, 1978a, 1978b, 1980)
constitutes one of the most comprehensive studies on the HROP treatment of municipal, agricultural and agro-industrial wastewaters. It
has involved extensive laboratory work and outdoor studies with continuous operation of ponds of various sizes, i.e., 56 mini-ponds
(0.54 m-), 8 "bath" ponds (1.2 m-), the Jerusalem pilot-plant pond
(110 m-), two Technion pilot-plant ponds (120 m- and 150 m2) and
two Yagur field-scale ponds (1000 m2 each). In addition, the full size
HROP ponds in Eilat (20,000 m-) and the Dan Region recirculation
ponds (the HROP predecessor, 108 hectares) have been followed up
closely. The Technion comprehensive study on Combined Algal
Wastewater Treatment and Reclamation-Protein Production involved
also algal biomass harvesting using various sizes of equipment units,
including: five flotation units, cross-flow filtration unit and other
physical separation units.

Biomass Productivity and Light Conversion Efficiency
Many factors determine algal biomass productivity of which irradiance (insulation) and temperature are the principal and the least
controllable ones. As shown by Radmer and Kok (1977), Bassham
(1977) and others only 27 percent of the photosynthetically available
radiation (PAR) can be converted into chemically fixed energy by the
photo-electric-chemical reaction using the photosynthetic apparatus.
Although the percentage given by Radmer and Rok has been based on
red light and quantum demand of 11 Einsteins per mole of CO2 fixed,
it can be generalized for the overall PAR spectrum if one takes lower
quanta demand (for a long time 8 Einsleins per mole CO' was the
most frequently used number). Since PAR is approximately 44 percent
of the total incident solar radiation (TISR) it follows that 12 percent is
the maximum attainable photosynthetic efficiency based on total
solar incident irradiance.
In an optically dense culture with relatively strong surface incident
irradiance (such as in outdoor algal ponds) it can be shown that light
utilization efficiency is only 25 to 40 percent (Shelef, 1978a, Goldman,
1979). This is due to the inability of algae near the surface of the pond
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to fully utilize the prevailing high irradiance intensities. It stems from
the fact that the relationship between the algal specific growth rate n
and the irradiance levels of an exposed algae at any point in depth
within the algae culture follows a "diminishing return" type function.
Such function has the basic structure of whether a rectangular hyperbola, an exponential or a 1st order - 2nd order type functions. The
total efficiency Ei is therefore the multiplication of the photosynthetic efficiency Ept, and the utilization efficiency. Eu. Taking values for
Epi, and E„ of 0.12 and 0.55, respectively, the total efficiency (based on
TISR) is approximately 4 percent.
It can be shown (Shelef. 1968) that the maximum (theoretical) efficiency of conversion (E) of incident solar irradiance Io to algal biomass
chemical energy in an optically dense culture of algae is as follows:
(1)

f\=700mjji

J

OnI

°

where
A. the light wave length in millimicrons (mu)
qx the Emerson relative quantum yield coefficient
I s the saturation irradiance of the photosynthetic apparatus
Io the incident photosynthetically available irradiance excluding
reflection
On the number of quanta needed for the fixation of a molecule of CCb
through the photosynthetic apparatus (conventionally Qn = 8)
K a constant and is based on the following equation:

K - _JL_

(2)

" NA he

where H is the energy content of the photosynthetically-produced
organic matter and is 112 Kcal per mole of COj fixed; NA is Avogadro
number = 6.0225 x 1023; h is Planck's constant and equals 6.6255 x
1027 er g - seconds, and c is light velocity (5 x 108 m/sec). The value
of K is therefore 0.00592 mu-1.
For example, the maximum light conversion efficiency of light at the
550 mu spectral (where qx = 0.94) band with incident irradiance of
0.5 cal/cm2-min and Is of 0.05 cal/c;n~-min will be as follows:
„ 0.00592x550x0.94x0.05,.
0.5 .. n „ o . c , _ .„
„
E=
_
(In —p + l) = 0.08o6(or8.o6xpercent)
It can be shown that "softer" light (when Io approaches Is) and long
wave-length light are used more efficiently. Since the yearly average
efficiency is a compilation of all light irradiances and spectral distributions during the day, season and year, only computer analysis can
compile such data. .Nevertheless, the theoretical maximum efficiency
with the spectral distribution of the sun under outdoor conditions can
rarely surpass twelve percent.
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The actual overall photosynthetic efficiency (on annual basis) in the
1AWTS should Lie considerably less than the theoretical because of
shading by nonalgal suspended matter and by slower growth of algae
caused by various limiting factors, among them temperature and
algae lysis, decay, settling and algae consumption by herbivores.
The efficiency of an algal system can be measured as follows:
EP = P n xH a
SI«,
where
Pn the net algae yearly production
Ha the energy of combustion of the algae (approximately 5.5 Kcal per
gram (dry)
SI,, the compilation of all photusynthetically solar irradiance during
the year
The total yearly irradiance in Haifa is 1.69 x 10° Kcal/m- of which
the photosynthetically available irradiance is 0.762 x 10G Kcal/m2
(approximately 45%). The various calculations of the light conversion efficiency are given in Table I.
Table 1:

Summary of Light Conversion Efficiency Based on Technion Ponds
Light Conversion Efficiency (percent)

Type of Production

Based on photosynthetically
available irradianrc. %
Photoautolrophir nlear production
5.20
Total algae production
6.60
Total biomass production ("apparent efficiency")
(10.75)

Based on total
incident irradiance. %
2.47
2.98
(4.84)

Only half of the total yield of the IAWTS pond as expressed by total
biomass production is due to light conversion through the photoautotrophic production of algae while the second half is actually a heterotrophic conversion of sewage borne organic matter mainly into bacterial biomass and into some algal biomass (assuming 20% heterotrophicity of the total algae production). For comparison with areal
yields of other crops, the "apparent efficiency" was introduced.
It can be seen from Table 1 that the efficiency of light conversion in
the IAWTS is slightly less than those reported for "clean" algae cultures (5.29% vs. 8%) but is much higher than most agricultural crops
(usually less than 1.5 percent for the growing season). Although
record reported yields of sugar cane and elephant grass show light
conversion efficiency of 10 percent (based on photosynthetically
available irradiance, Hardy et al.. 1968), it should be noted that this is
based on the total vegetation rather than the commercially utilizable
part and that most of the endproducts are carbohydrates and lignin
while the IAWTS yields a product with proportion of proteinaceous
matter which is much more valuable.
The total biomass production of approximately 150 metric tons per
hectare per year (dry matter) of the IAWTS under climatic conditions
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of Haifa (55° latitude) of which over 45 percent are proteins comprises approximately 50 fold increase over the yields of soy beans (with
nearly similar protein content) of approximately 5 tons per hectare
per year.
In a high rate oxidation pond (HROP) where organic wastes with concentration So (mg/1) of 5-day biochemical oxygen demand (BOD5)
constitute the culture media, the production of bacterial biomass,
heterotrophic algal biomass and inanimate suspended matter should
be added to that of the photoautotrophic algal biomass. A useful
approximation of this added net productivity P bn (g m---day) is given
as follows:

Pbn =

10-2 Kj

SoY

d

e + K d Q2

1 *

where
Kj a constant which its value is a function of the type of wastewater,
degree of pretreatment and degree of pond mixing (values vary
from 0.75 to 0.95)
Y the heterotrophic biomass yield coefficient (when based on BOD5
removal it can be assumed as 0.5)
Kd the decay coefficient of the heterotrophic biomass
Ks the substrate saturation constant (based on a Monod-type relationship between biomass specific growth rate and substrate concentration)
u the biomass specific growth rate (maximum) at substrate saturation
d the pond depth in cm
9 the pond retention time in days (the reciprocal of Dp)
50 the influent substrate concentration (usually expressed in terms
of total BOD5)
Ai the effluent dissolved substrate concentration (usually expressed
in dissolved BOD3)
The value of Si can be found as follows:
51 =

So

(6)

10-^YKsd
It should be noted that the value of 6, i.e.-jj, calculated on the basis
of the photoautotrophic algal productivity is usually long enough for
the heterotrophic biodegradation of organic matter required to produce an adequate effluent quality.
The total biomass net productivity Pln is the sum of the net algal productivity, Piin, times a certain factor Rm and the net non-algal productivity. Pbn. thus:
Pin = Kn, Pan + Pbn

(7)
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Experience showed that in HKOP systems fed with raw municipal
sewage (following bar screening and/or communising) the value of
Km is between 0.S0 to 0.95 reflecting reduction in productivity as
compared to productivity of algae grown on inorganic media. This
reduction is mainly due to light absorption by non-algal suspended
matter.

Microalgal Solar Energy Farming
The development of the "Algae-Methanic Combie" (A.MC) in Israel
yielded a most economical solar energy farming system where solar
energy is converted to algal biomass which in turn produce biogas of
unprecedented quality (85 to 90 percent methane) in one inexpensive
combined system. The A.MC main features are as follows:
a) a meandering channel high efficiency paddle-wheel mixed high
rate algae pond;
b) enhanced autoflocculation section with a direct biomass feeding
into the anaerobic digestion section;
c) "cellar"-type anaerobic digestion section which is an integral part
of the overall system;
d) biological (water-bridge) CCb scrubber which yields CH.j enriched
biogas;
e) intrinsic self regulating buffering system;
f) complete recycling of CO2 and nutrients.
The AMC system can work as a ''clean" algae system with an initial
supply of nutrients and CCb followed by only intermittent supplementation or as a part of a municipal (raw sewage or sludge), agricultural or industrial waste treatment scheme.
Although the AMC system was operational on a small scale, preliminary cost estimates which are summarized in Table 3 suggest that it
will become a basis for the technology of converting solar energy into
methane through a photosynthetic intermediary.

Photovoltaic vs. Algal Photosynthetic Solar Energy Conversion
Systems
The idea of a direct conversion of solar incident irradiance to
electricity by photovoltaic silicon, gallium arsenate or cadmium
sulfide cells has gathered enthusiastic support in the past five years.
Although single silicon crystalline homojunction photovoltaic cells
can achieve up to 20 percent solar energy conversion efficiency, practical outdoor silicon cell systems have achieved only less than 10 percent efficiency under prolonged operation, while CdS/Cu^S or GaAs
cells showed efficiencies of less than 5 percent under semipractical
conditions (OTA. 1978). When subject to prolonged large-scale operation under less-than-ideal conditions (dust, haze, variable temperature, tendency of plastic encapsulation to become opaque, etc.) the
attainable efficiency can be further reduced. While intensified algal
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photosynthetic processes will not reach the nominal efficiencies of
photovoltaic cells, they constitute, nevertheless, a much cheaper and
simpler way to convert solar energy into stored useful energy. Even a
fraction of public funds which are now directed into research and
development of photovoltaic solar energy systems could yield the
development of a much more economical and reliable intensified
photosynthetic system of solar energy conversion.
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Constructed Wetlands for Waste Water
Treatment in Rural Areas
Reinhard PERFLER & Raimund HAIJERL
Department of Water Provision. Water Ecology,
and Waste Management
University of Agriculture Vienna
ABSTRACT
Within a longterm project from 1991 to 1996 investigations: on the use
oj constructed wetlands for pollution control in rural areas will be carried out especially regarding the rather strict limiting values for nutrient elimination. The actual discussion is also relevant for very small
systems applied in single households. Three reed bed systems - one vertical flow, single stage; one vertical flow, double stage (for parallel and
in-series operation); one horizontal flow, double stage - have been constructed in 1991 regarding all the new experiences on optimizing this
technology. The results of sampling from April 1993 to June 1994 are
presented. In general the experiences of operation from 1991 till now
prove that the removal efficiency of reed bed systems (vertical flow,
intermittent loading) is according to the actual standards of effluent
quality (COD 90 mg/l, BOD; 25 mg/l, XHj-.X 10 mg/l) - usually with
effluent concentrations far below these limits.

keywords
Waslewnter treatment, rural areas, single households, constructed
wetlands, nutrient removal

Introduction
Continuing the long research work of the Institute concerning constructed wetlands three reed bed systems for wastewater treatment in
single households have been installed 1991 (8 p.e; 8 p.e.: 10 p.e.).
These plants have been constructed with regard to rather stringent
rules concerning the nutrients N and P - not only for the effluent of
treatment plants but also for the recipients. The research programme
to be carried out till 1996 will concentrate on the choice of soil substrate, the optimization of operating conditions, the determination of
area requirement and nutrients removal. The experiences shall lead
to the acknowledgement of the use of this system for the wastewater
treatment according to the new legal standards.
Table 1 shows the demanded values of effluent quality depending on
the size of the treatment plants and the limiting concentrations for
the surface water which have already come into force or are discussed at the moment.
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Table 1:

Limiting Values for Effluent Concentrations (mg/1)
ol f a s t e n a t e r Treatment Hants (bit £ BUL)5.day-' = 1 p.e.)
<= 50 p.e. > 50-500 p.e.>500-5000 p.e. recipient quality

i BOD.,
:
COD
MU-N
Nror

25
90

25
90

10 1'

10 11

-

Pi in

-

20
75

5 ''
-

1.5-

5.5
_

0.5/0.5
6.5/6.5 'i
0.1/0.2*'

i 1) effluent temperature >12'C
j 2) > 1000 p.e.
• }) ML - .V - \(): - .V - .\(h - -V
4) PO, - P

As o n e c a n s e e from Table 1 t h e r e a r e n o l i m i t s given for XTOT a n d
PTOT in c l a s s u p to 500 p.e.. b u t by r e l a t i n g to r i v e r q u a l i t y often h i g h e r e l i m i n a t i o n r a t e s m u s t be a c h i e v e d .

Configuration and Construction oflhe Reed Reds
The systems installed are subsurface flow systems used for domestic
was'e water treatment. The sewage encloses black and grey water of
farm houses without surface water (roof and road drainage) and - of
course -- without agricultural sewage. Mechanical pretreatment is
provided by settling pits. The influent is loaded without pumping by
electric valves which are opened depending on time function. The
beds planted with Phragmites australis are used as a '-biological
treatment" zone comparing with conventional systems.
The main purpose of the construction of the actual pilot plants air.s
at the enhancement of elimination efficiency especially in the field of
nutrients. Regarding this, the oxygenation of the soil profile should be
improved by interval loading of the inflow to afford stable conditions
for nitrification. The denitrification process should be controlled by
the rising and lowering of water level in the bed. The choice of soil
material has been determined by the needs of hydraulic conductivity,
fixation qualities (P) and disposal in the neighbourhood.
The configuration of two cells was made to secure a good variety for
different operation conditions of the systems during the experimental
period, i.e. parallel and series How. heavy loading of one bed. comparison of efficiency due to different water levels, etc.
The present research programme mainly uses vertical flow systems
due to their expected high potential for nutrients removal [1][2][5],
although horizontal flow systems have shown a rather good reliability in operation and experience with this system has been well documented. The principles of the system layout should afford a combination of high efficiency, high reliability, low operation demands and
simple construction which could support low installation costs and
self construction.
The following systems were chosen for single houses (system \ . B
and C: 8-10 p.e.. 5 m-/p.e.):
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• System A: mechanical pro-treat merit. buffering tank, square shaped
reed bed (single cell) with vertical flow, discontinuous feeding by
timing device, take-otl filler and drainage system spread over the
whole bed area, rootzone depth of 0.8 m (Figure 1).
• System B: mechanical pretrealment, buffering tank, two square
shaped reed beds for operation in series or in parallel by choice,
vertical flow, discontinuous feeding by timing device, take-off filter
and drainage system spread over the whole bed area, rootzone
depth of 0.6 m. The two stage realization allows the adjustment of
different water levels in the two beds when working in series and
the variation of feeding in dependence on time and rate over a
wide range when operating in parallel (Figure 2).
• System C: mechanical pretreatment, buffering tank, two rectangular shaped beds (length:\vidth=2:l) for operation in parallel, horizontal flow, discontinuous feeding by timing device, distribution
filter in the inlet and take-off filter in the outlet part of the bed,
rootzone depth of 0.6 m. The two stage realization allows the
simultaneous observation of removal efficiencies at different water
levels and of different soil materials respectively (Figure 3).
The planting of all systems was carried out by taking rhizom parts of
old Phragmites stands and putting them into the upper 20 cm of the
main layer by hand. The soil material of A, B, and C was chosen
according to the results of physical and chemical analysis of samples
from sand and gravel pits in the neighbourhood of the locations
(Table 2).
Table 2:

Values of Chemical and Physical Analysis of the Soil Material
System A

prain size [mm]
kg |in.s-"]
pH (CaC)j)
CO-, [%]
Fc [p.kg-iTS-i]-)
A] If-'.kp-iTS-i]-')
Mn ifi.Uf; '•IS-i]-i

0/4

1.4*10-*

System B and CD
1/4

1.9M0-1

7.9

8.2

36.0
1.02
0.47
0.11

59.4
0.15
0.15
0.04

1.1 bed 2 of system C
2) extraction with .XHj-oxalate

Sampling. Analysis and Statistics
Sampling programme of the influent and effluent is carried out by
automatic devices over a period of 24 hours. In addition several times
a year samples are taken to determine the diurnal and weekly variation of inflow and outflow quality. The analysis includes the common
parameters for the characterization of domestic waste water, the
analysis of nitrogen and phosphorous is emphasized due to the elimination purpose. Analytical methods are following DEV (Deutsches
Einheitsverfahren) standard.

264

TcSl/P24/BOKU5

PERFLER et al.

Waste Water Treatment

At this stage statistical interpretation is made at a rather simple standard by common calculation software such as EXCEL and SYSSTAT.
In the future simulation modelling of elimination process will be carried out based on the data gained by additional sampling points within the beds.

Treatment Efficiency
In the following some experimental results of system A are discussed
in a more detailed way. for systems B and C some characteristic figures are given.
Table 3 includes average values for the treatment efficiency of
system A April 1995 to June 1994. The elimination of COD. BOD5 and
TOC amounts to 90%, 96% and 86% respectively. The inflow concentration varies from 140 to 702 mg/1 for COD, from 19 to 265 mg/1 for
BOD5 and from 42 to 212 mg/1 for TOC. The main reason for the
lower inlet concentrations in comparison with common values for
domestic sewage lies in the mechanical pretreatment (settling pit).
The elimination rates for nitrogen and phosphorous show an average
performance between 56 and 65%. Influent quality varies between 48
to 87 mg/1 for ammonia-nitrogen, 67 to 118 mg/1 for total nitrogen
and 9 to 14 mg/1 for total phosphorous. Ammonia-nitrogen is reduced
at 94%, reaching an effluent concentration of 6 mg/1. Due to the
retention time of the pretreatment most of the content of urea in the
raw water should be transformed to ammonia, the same should be
true for the transformation of polypusphates tu ortho-phosphate.
The average hydraulic load of the system A amounts to 1 mVday
which means a specific surface load of the reed bed of approximately 25 mm/day. By calculating 150 I/person.day the actual hydraulicload is adequate to 7 p.e. (layout dimension 8 p.e.). Referring to p.e.
(BOD5) the value is about 5 p.e. (120 g / 40 g) for the bed. Elimination
rates are calculated without taking into account losses by evapotranspiration.
Figure 4, 5 and 6 show the development of inflow and outflow concentrations of COD. BOD-5 and NH4-N for system A from IY/1995 to
VI/1994. As can be seen for COD and BOD5 in general the effluent
quality has a high stability with values far below the regulation limits. The reason for higher values at one date - reaching up to the limits - were not clearly identified. Operation during winter time causes
no lowering of the elimination efficiency. As can be seen from Figure 6 a drop of ammonia content appeared during spring time - after
lowering the water level in the reed bed to the minimum in March 95.
The positive effect of the low water level seems to be superimposed
by the rise of effluent temperature after winter time. From Oct. 95 to
Jan. 94 once again higher effluent concentrations up to 10 mg/1 could
be observed. Minimum values were far below 1 mg/1.
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Table r

median
BOD-,
TOC
MU N

Table 4:

140
19

82

42
48
67

10

roc

NH4-N
NTOT

Pun

Table 5:

150
38
44
51
65
7

median
BOD,
TOC
NH4-N
NTOT
PTOT

87
118

14

effluent [nip/l] elimination I%]
median
meal!
25
4

90
96
86
94
56

9

6
55
5

63

niiu.

max.

6S
6
25
27
58
5

580
176
130
58
75
15

effluent |mp/l | elimination [%]
bed 1 + 2
bed 1+2
median
mean
29
5
10
2
53
6

S2
92
-•92
10
27

System C - Mean Influent and Effluent Concentrations
and Elimination Rates (24hr-Coinposite Samples Y/95-YI/94)

parameter

COD

702
265
212

influent |rnp;/l]
median

BODs

9

max.

System 15 - Mean Influent and Effluent Concentrations
and Elimination Hates (24hr-Composite Samples Y/95-VI/94)

parameter

COD

influent [nig/1]
nun.

298
109

N'TIIT
PTOT

265

Svstem A - Moan Influent and EfTluent Concentrations
and Elimination Rates (24hr-Compositc ' Samples IV/95-Y 1/94)

parameter
COD
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214

49
59
82
91
11

influent |ni£/l]

effluent [HIR/I |

elimination [%|
bed 1 + 2

min.

max.

bed 1+2
median

97
9

4(50
180

42
4

80
93

50
55
44
7

179

15
9
45
2

79
91

108
11 1

14

mean

46

70

In Figure 7 ammonia-nitrogen in he effluent is 1
jlotled as a function
of effluent temperature. Regarding all the measurements, there is
only one value higher than 10 rrig/1 (regulation limit for effluent temperature >12° C). More than 50% of the samples were taken at temperatures below 12° C. The linear regression line with a confidence
interval of 95% declines from about 8 mg/1 at 5C C to 2 mg/1 at 15° C.
As for systems B and C in Tables 4 and 5 characteristic figures for
treatment efficiency are included. System B shows a rather similar
behaviour to system A without reaching the optimum vaiues. The values of COD, BOD5 and TOC are rather low because of the decay
caused by a rather long retention time in the primary settling pit.
Moreover the hydraulic load reaches only about 60% of dimensioning
load.
The horizontal flow system C has a lower reduction performance
especially regarding ammonia. In addition there is a rather clear
dependence between effluent temperature and ammonia concentra-
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tion. Therefore during winter time the values for .N11+-.N are partly
exceeding the limiting value. Considering the fart, that the limit is
only valid for effluent temperatures >12° C. the horizontal system is
meeting the demands of the regulation. Detailed interpretation of
these system» cannot be given in this report.

Conclusion
The report contains some principle information about the construction of the reed bed systems of the research programme. On beha'.f of
the improvement of nutrient elimination mainly vertical systems
were chosen. The results after approximately 2 1/2 years of operation
show a considerable positive view of treatment efficiency and experience of operation. The simple mechanical treatment of raw sewage in
the settling pit turned out - up to now - as a sufficient device for prevention of bed surface clogging by suspended solids. Primary sludge
has been removed at the first time after appr. 2 years of operation, hi
future it will be carried out at a 2 years intervall. As for removal of
COD and BOD5 a very high standard could be stated throughout the
whole season without tendency for lower values during winter time.
The nitrification process mainly depends on water level in the reed
bed and partly on temperature.
As for operation conditions interval loading has to be guaranteed.
The best results ( « 1 mg/1 NH4-N) were obtained by operation of the
beds at a minimum water level in summer time. But also at low temperatures (<6° C) the regulation standard for the effluent - 10 mg/1
.\H4-I\\ valid for >12° C -was not exeeder1, usually at a clear distance
to the limit. Differences of treatment efficiency due to different soil
material, water level, load, retention time and others will be interpretated after gaining a more detailed and comprehensive data base.
By optimization of operation conditions it should be possible to establish the wetland system as useful technology for waste water treatment in rural areas.
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Figure I: System A: Construction scheme and detail of soil material profile
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Figure 2: System B: Construction scheme and detail of soil material profile
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Figure 3: System C: Construction scheme and detail of soil material profile
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Figure 4: Concentration of COD in the inßuent and effluent of System A (1995-1994)
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Figure 5: Concentration of BOD; in the inßuent and effluent of System A (1993-1994)
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Figure 6: Concentration ofXH^-.X in the inßuent and effluent of System A (1993-1994)
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igure 7: Correlation between concentration of .XHj-.\ and temperature in the effluent of System A (1993-1994: linear, confidence interval 95%)

