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PREFACE

For some time the Netherlands has had a problem with water quality,
particularly salinity, eutrophication, and thermal pollution. Moreover,
the future demand for fresh water is expected to exceed the supply. The
growing demand for the limited supply of groundwater is leading to
increased competition among its users: agriculture, industry, nature
preserves, and companies that supply drinking water. The supply of
surface water is sufficient except in dry years, when there is competition

not only among such users as agriculture, power plants, and shipping, but
alsc among different regions.

Facing such water management problems, the Dutch government wanted an
analysis te help draft the first national water management law and to
select the overall water management policy for the Netherlands. It
established the Policy Analysis for the Water Management of the
Netherlands (PAWN) Project in August 1976 as a joint research project of
Rand (a nonprofit corporation),’ the Rijkswaterstaat (the government
agency responsible for water contrel and public works),? and the Delft
Hydraulics Laboratory (2 leading Dutch research organization).?®

The primary tasks of the PAWN project were to:

1. Develop a methodelogy for assessing the multiple consequences
of water management policies.

2. Apply it to develop alternative water management policies®
for the Netherlands and to assess and compare their conse-
quences.

3. Create a Dutch capability for further such analyses by training
Dutch analysts and by documenting and transferring methodology
developed at Rand to the Netherlands.

The methodolegy and results of the PAWN project are described in a series
of publications entitled Policy Analysis of Water Management for the

Netherlands. The series contains the following volumes:

. Volume I, Summary Report (Rand R-2500/1)

Volume II, Screening of Technical and Managerial Tactics

{Rand N-1500/2)

Volume III, Screening of Eutrophication Control Tactics

{(Rand N-1500/3)

Volume IV, Design of Long-Run Pricing and Regulation

Strategies (Rand N-1500/4)

. Volume V, Design of Managerial Strategies (Rand N-1500/3)

. Volume VA, Methodological Appendixes to Vol. V (Rand N-1500/54)

. Volume VI, Design of Eutrephication Control Strategies
(Rand N-1500/6)
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*  Volume VII, Assessment of Impacts on Drinking-Water Companies
and Their Customers (Rand N-1500/7)

o Volume VIII, Assessment of Impacts on Industrial Firms
(Rand N-1500/8)

*  Volume IX, Assessment of Impacts on Shipping and Lock
Operaticon (Rand N-1500/9)

. Volume X, Distribution of Monetary Benefits and Costs
(Rand N-1500/10)

. Volume XI, Water Distribution Model (Rand N-1500/11)

* Volume XII, Model for Regional Hydrology, Agricultural Water
Demands and Damages from Drought and Salinity (Rand N-1500/12)

. Volume XIII, Models for Sprinkler Irrigation System Design,
Cost, and Operation (Rand N-1500/13)

. Volume XIV, Optimal Distribution of Agricultural Irrigation
Systems (Rand N-1500/14)

. Volume XV, Electric Power Reallocation and Cost Model
(Rand N-1500/15)

- Volume XVI, Costs for Infrastructure Tactics (Rand N-1500/16)

. Volume XVII, Flood Safety Model for the IJssel Lakes
{Rand N-1500/17)

. Volume XVIII, Sedimentation and Dredging Cost Meodels
{Rand N-1500/18)

. Volume XIX, Models for 8alt Intrusicn in the Rhine Delta
(Rand N-1500/19)

. Volume XX, Industry Response Simulation Model {Rand N-1500/20)

Four comments about this series of publications seem appropriate. First,
the series represents a joint Rand/Rijkswaterstaat/Delft Hydraulics
Laboratory research effort. Whereas only some of the volumes list Dutch
coauthors, all have Butch contributors, as can be seen from the
acknowledgments pages.

Second, except where noted, these publications describe the methodolegy
and results presented at the final PAWN briefing at Delft on December 11
and 12, 197%. For Rand, this briefing marked the beginning of the
documentation phase of the project and the end of the analysis phase.
Rand and the Rijkswaterstaat (RWS) considered the results to be
tentative because (1) some of the methodology had not become available
until late in the analysis phase, and (2) the RWS planned to do
additional analysis.

Third, the RWS is preparing its Nota Waterhuishouding, the new policy
document on water management scheduled for publication in 1982, by
combining some of the PAWN results from December 1979 with the results
of considerable additional analysis done in the Netherlands with the
PAWN methodology. Because the understanding gained in the original
analysis led to improvements in the data--and, in some instances, the
models--used to represent the water management system in the additional
analysis, the reader is hereby cautioned that the numerical results and
conclusions presented in the PAWN volumes will not always agree with
those presented in the Nota Waterhuishouding or its companion reports.
(It has net been possible to indicate such differences in the volumes
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since they are being written before the Nota is published.) Thus, the
present series of publications puts primary emphasis on documenting the
methodolegy rather than on describing the policy results.

Fourth, Vols. II through XX are not intended to stand alone, and should
be read in conjunction with the Summary Report (Vol. I), which contains
most of the contextual and evaluative material.

The present volume, Vol. XI in the PAWN series, describes the Water
Distribution Model (DM), the central medel in PAWN's analysis methodology.
The DM is a computer simulation of the water distribution system in the
Netherlands. It determines water demands over time, allocates water
resources to help meet the demands, calculates the concentrations of
several water pollutants throughout the distribution system, calculates
losses to agriculture and shipping due to water shortages and water
salinity, and provides output from which the costs of meeting water
thermal standards can be determined for the electrical power industry (see
Vol. XV).

The DM was used in the screening stage of the PAWN analysis to estimate
the expected monetary benefits (or disbenefits) to agriculture and
shipping from implementation of the technical and managerial tactics being
evaluated. In the impact assessment stage of the analysis, the DM was
used to determine the monetary benefits (or disbenefits) of promising
water management policies to agriculture, shipping, and the electrical
power generating industry, and to determine any effects of these policies
on pollutant concentrations througheout the country.

This volume should be of interest to the users of the PAWN analysis who
would like to know more about the details of the DM simulation, to readers
of the other volumes who are interested in how the results presented in
those volumes are used in the DM, and to research analysts concerned with
water management analysis methedology. The volume also serves as an
intreduction to the water management system in the Netherlands, since the
text provides an integrated description of the system infrastructure and
the managerial rules used to control water distributicn.

NOTES

1. Rand had had extensive experience with similar kinds of analysis
and had been working with the Rijkswaterstaat for several years
on other problems.

2. The Rand contract was officially with the Rijkswaterstaat,
Directie Waterhuishouding en Waterbeweging (Directorate for Water
Management and Water Movement), but numercus other parts of the
Rijkswaterstaat contributed to the analysis.

3. Delft Hydraulics Laboratory research was performed under project
number R1230, sponsored by the Netherlands Rijkswaterstaat.

4. Each water management pclicy involved a mix of tactics, each a
particular action to affect water management, such as building a
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particular canal or taxing a particular use. Four kinds of tactics
were considered: building new water management facilities
(infrastructure) or applying variocus treatments to the water
(called technical tactics); using managerial measures {called
managerial tactics)} to change the distribution of water among
competing regions and users; and imposing taxes or quotas to affect
the quantity or quality of water extracted or discharged by
different users (called price and regulation tactics,
respectively). A mix of tactics of the same kind is called a
strategy. Thus, the overall policy could be conceived as a
combination of technical, managerial, pricing, and regulation
strategies.
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SUMMARY

The surface water management system in the Netherlands is a large
system of many compeonents. The system infrastructure consists of the
rivers and canals that transport water, the lakes and reservoirs that
store water, and the weirs, locks and lock bypasses, sluices, and
pumping stations that are used to control the transport of water to
and within the various regions of the country. The water distribution
model (DM) described in this note simulates the major components of
this system in detail and contains aggregated representations of the
other components. For convenience, three categories of subsystems are
distinguished in the overall water distribution system:

. The large rivers, canals, and lakes that comprise the

national system {e.g., the Rijn River and its branches--

the Waal, IJssel, and Neder-Rijn--the Maas River, the

Amsterdam-Rijnkanaal, the Noordzeekanaal, the IJssel lakes,

and the Zoommeer).

The networks of waterways (small rivers, canals, boezems, and

lakes) that transport water from the national system into the

regions and comprise the regional svstems.

. The networks of ditches that carry water from the regional
systems to the individual farms and the inlet works and small

waterways that connect the ditch network to the regional
systems.

The national and regional systems are schematized in the DM as a single
network (called the PAWN network) consisting of 92 nodes and 154 links.
In general, the links represent sections of waterways, and the nodes
represent locations where waterways join or places where water is
stored. TFor the purpose of modeling drainage, groundwater, and the
water demands of agriculture, the entire country is divided into 77
districts, and the networks of ditches are treated in an aggregated way
within the districts.

A complete account is kept of all the water that enters the country
and all the water that leaves (except that the southwestern corner of
the country, the coastal dunes, and the islands in the North Sea are
not included in the model}. FEach point in the country is assigned to
one of 14 weather stations, and selected years of historical
precipitation and evaporation patterns from these stations are used to
determine precipitation on and evaporation from all bodies of water,
and precipitation on and evapotranspiration from all croplands and
nature preserves. The flows of the major rivers entering the country
(the Rijn, Maas, Overijsselsche Vecht, Roer, Niers, and Swalm) are
entered as discharges at the nodes where these rivers enter the
network. Drainage from streams and small rivers and groundwater
drainage inte the large rivers, originating inside the country, are
calculated as part of the discharges from the districts to the nodes
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of the network. At nodes on the upper Maas, additional discharges are
entered that represent drainage from highlands areas in Belgium and
Germany to the Maas that is not included as part of the discharges of
the major rivers.

The water demands of each of the water use categories is represented
in detail in the DM. Agriculture is by far the largest user of water;
croplands cover over 60 perceat of the country and, during a dry
period, evapotranspiration from croplands way be over 1000 m®/s, most
of which is provided by precipitation. (In contrast, the combined use
of water by drinking-water companies and industry is about 30 m®/s.)
Agricultural demands are calculated by a submodel of the DM called
DISTAG (for District Hydrologic and Agriculture Model) that performs
detailed water balance calculaticns within each of the districts
(including groundwater) and determines the water extraction and
discharge demands from the distribution system for each of the
districts as a whole.

Level control requires a large percentage of the water available
during dry periods--evaporation from open water and leakage from
canals and ditches can amount to as much as 300 m®/s (approximately
one-half of this is due to evaporation from the IJssel lakes). In
the districts, constant water levels are maintained, and water required
for level control is part of the water demand of the distriect. TFor
links in the network, evaporation creates a diminished flow in the
link, or, for links representing canals, a demand at the upstream end
of the link to replace the water lost by evaporation. At nodes
representing hodies of water used for storage, e.g., the IJssel lakes,
evaporation from the storage area is treated as an irreducible water
demand from the storage at the node.

Although shipping requirements for water are not represented as a
direct demand, water shortages are reflected by increased shipping
costs due to low flows in the major shipping arteries--the Rijn, Waal,
IJssel, and Maas--and to shipping delays at locks when insufficient
water is available for optimum locking cperations.

Water demand for pollution control takes two forms: higher quality
water is used to dilute polluted water by flushing, and water flows are
used to push back salt intrusion from the North Sea or brackish bodies
of water. These flushing water demands are represented as desired
flushing flows through districts and desired minimum flows on specified
links (for cooling water for electrical power plants, for combating salt
intrusion at salt-fresh locks, for flushing the canals in cities, etec.).
Management policies reduce lower priority demands for Rijn water during
periods of low flows in order to increase the discharge in the
Rotterdamse Waterweg and, thereby, decrease the inland pemetration of
the Rotterdam salt wedge.

The water demands of drinking-water companies and industry are input
as groundwater extractions in the districts and surface water
extractions at the nodes of the network.
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A DM run simulates the water distribution for a calendar year (January 1
through December 31), using a decade as the computational time step.

A decade is nominally a 10-day interval, but for comvenience in
aggregating results for monthly, seasonal, and yearly comparisons, a
decade is defined as a variable-length interval dividing the year into
36 decades. Each month is divided intc 3 decades with the first 2
decades being of 10 days' duration and the third decade filling out the
remainder of the month.

Given input and calculated data by decade on how much water is
available across the country (from precipitation, river discharges,
groundwater flows, and storage), and how much water is desired by the
varicus water users, the model determines the water flows in the
sections of the major rivers and canals and the levels of the storage
lakes. The distribution of water flows in the network is
demand-driven and determined in several steps. All desired
extractions and discharges (by districts, industry, etc.) are entered
at the nodes, desired and minimum flows are specified for certain
links, and target and emergency levels specified for the storage lakes
(IJssel lakes, Zoommeer and Grevelingen when fresh, and the Maas weir
ponds). A trial set of flows is obtained that meets the demands but
may exceed flow capacities or the guantities of water available. When
any of the constraints are violated, the DM evokes managerial rules
that cut back demands for coocling water, flushing, and surface water
sprinkling that affect the violated constraints until the constraints
are met (or until the demands are reduced to their minimum values).
In the event that any constraints are still violated, messages are
printed notifying the user of the violations so that remedial action
can be taken on subsequent runs (reducing the demands, changing
managerial rule parameters, etc.).

After the water distribution has been determined for a decade, the DM
determines pecllutant concentrations at each node and in each district,
for up to six pollutants: salt (chloride ion), heat, phosphate, BOD,
nitrogen, and chromium. $alt concentrations are always calculated but
the other pellutants are optional. Pollutant concentrations in the
rivers when they enter the country are combined with pollutant
discharges internal to the Netherlands, and changes in concentrations
over time are modeled as exponential decay processes.

The model then calculates the monetary losses to agriculture and
shipping when compared with the ideal situation in which neither of
these users suffers any losses due to water shortage or salinity. The
model also provides output from which costs of meeting thermal standards
can be determined for the electrical power industry (Vol. XV). By
comparing the output of the DM for rumns with different tactics or
policies, the model user can determine the relative monetary benefits of
the different tactics or policies to agriculture, shipping, and the
electrical power industry. The effects of different tactics or
different policies on pollutant concentratiens throughout the
distribution system can then be compared.
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GLOSSARY

A stratum of earth or porous rock that contains water.
The amount of oxygen consumed by the bacterial
digestion of substances in water in a standard amount
of time at a standard temperature (usually 5 days

and 20 deg C).

The system of main rivers, lakes, and canals that
serve as a water supply and drainage system for groups
of polders in the lowlands of the Netherlands.
Centimeter.

Used by the Dutch to refer to one-third of a wonth.
The first two decades in any month have 10 days, and
the third decade has the number of days necessary to
complete the month.

Dutch florin (guilder).

Millions of Dutch florins.

Delft Hydraulics Laboratory.

District Hydrologic and Agriculture Model.

The basic hydrologic entity in PAWN. The Netherlands
has been partitioned into 77 districts, each of which
is small enocugh that internal details of surface water
movement can be regarded as unimportant from a water
management standpoint.

Decimeter.

Water Distribuntion Model.

The flow of groundwater to streams and rivers.

Drinking water.

The condition in which a body of water is becoming
rich in dissolved nutrients.

Electric Power Reallocation and Cost Model.

The combined loss of water from an area by direct
evaporation and transpiration by plants.

Water in the ground near the surface that fills
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Waeter in the ground near the surface that fills
wells and in high ground drains to lower ground,
streams, and rivers.

Hectare.

That part of the Netherlands where the ground eleva-
tion is more than 2 m above mean sea level.

The final phase in the PAWN study. Promising
water management policies were compared in terms of
their many consequences (impacts) on the various
sectors of the economy and the Dutch society in
general.

Kilogram per second.

Kilometer,

Square kilometer.

The maintenance of the level of a body of water at
a desired value.

That part of the Netherlands where the ground eleva-
tion is less than 2 m above mean sea level.

Meter.

Square meter.

Meter per second.
Cubic meter per second.
Milligram per liter.

A prescribed action or set of actions that controls
water allocation or distribution, at least lecally.

A tactic that involves changing the way the water
management infrastructure operates (i.e., a change
in a managerial runle).

The set of nine dominant promising technical and
managerial tactics presented at the final PAWN
briefing.

Megacalorie per second.

Managerial Strategy Design Model.
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NAP Normaal Amsterdams Peil, the mean sea level at
Amsterdam. This is the reference for measuring
elevations in the Netherlands.

national syvstem The major rivers, canals, and lakes in the Netherlands.

PAWN Policy Analvsis for the Water Management of the
Netherlands.

pelder A land area surrounded by dikes.

region The basic geographic unit used in the screening

analysis. The Netherlands was divided into eight
regions, each of which is a combination of
contiguous districts.

regional system The rivers, canals, and lakes that transport water
within a region and from the national system to the
region.

RID Rijksinstituut voor Drinkwatervoorziening, the

Netherlands Institute for Drinking-Water Supply.

RIZA Rijksinstituut voor Zuivering van Afvalwater,
State Institute for Wastewater Treatment.

RWS Rijkswaterstaat, the Dutch government agency respon-
sible for water control and public works.

screening The first stage in the PAWN study. In this stage a
large number of potential tactics was reduced to a
small number of promising tactics that could be
examined in detail.

tactic A change in the water management system that is
designed to meet a particular objective.

technical tactic A tactic that involves changing the water management
infrastructure (e.g., building a pumping station).

waterboard A governmental body that is responsible for water
management within its boundaries. There are about
200 waterboards in the Netherlands.

waterboard plan A plan developed by a waterboard for expanding or
improving the water supply possibilities within its
jurisdictien.

water management A combination of tactics--technical, managerial,
policy pricing, and regulation-~designed as a package to
be an overall policy for the management of Dutch
water res5o0lurces,
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weir pond
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A river, canal, or lake that is used to transport
water.

A pumping statien, sluice, syphon, or lock that is
used to transport water between adjacent bodies of
water.

A (movable) dam placed across a river to raise the
level of the river behind the weir.

The water behind a weir.

Directie Waterhuishouding en Waterbeweging (The
Directorate for Water Management and Water
Movement). The directorate within the RWS for whom
the PAWN study was done.

Microgram per liter.




Chapter 1

INTRODUCTION

This note describes the Water Distribution Model (DM), a computer
simulation of the surface water distribution system in the
Netherlands. The model simulates not only the system as it currently
exists but has provisions for modifying the system (by simple model
inputs under contrel of the user) to include most of the large number
of technical and managerial tactics considered in the PAWN study for
improving the current system (see Vol. II}.

Historically, the main water management problem in the Netherlands has
been too much water. More than one-quarter of the country lies below
mean sea level, and more than one-half of the low-lying portion of the
country must be protected by dikes and artificially drained by use of
electric and diesel pumps. Over the years continucus effort has been
devoted to improving these protective measures. In recent years,
increased attention has been given to the problem of too little water.
As the country's population and industry have grown, the water needs of
the various water user groups have grown in parallel. During dry
pericds the water resources are not sufficient to meet the demand. For
the recent drought year 1976, it is estimated that the effects of the
drought cost the economy over 6000 Dflm. In average years drought
losses are on the order of 1000 Dfim (these losses are primarily to
unirrigated crops}. The primary effort in the PAWN study has been the
evaluation of varicus proposed improvements to the water management
system that ameliorate the effects of drought pericds. The design of
the DM reflects this emphasis on drought periods, and the model contains
no representations of the effects of floods and storms.

1.1. SOME HYDROLOGICAL FEATURES OF THE NETHERLANDS

The Rijn River provides a major portion of the water supply of the
Netherlands and is the most important shipping artery in Europe. In
an average year the Rijn accounts for 63 percent of the Netherlands'
water supply, precipitation 27 percent, and the Maas River 8 percent;
the remaining Z percent is from small rivers and groundwater
drainage. Shortly after crossing the border from West Germany, the
Rijn divides inte three branches: the Waal, Neder-Rijn, and the
IJssel rivers (see Fig. 1.1). The IJssel flows north intoc the
lJsselmeer, forming with the storage in that lake the principal
surface water supply for the northern portion of the country. The
Waal and the Neder-Rijn continue westward to the North Sea and along
with the Maas River provide the principal water supply for the
southern part of the country (the Maas is the main supplier for the
southeastern section).

The division of Rijn water among its three branches is controlled by
means of a weir (barrier) at Driel on the Neder-Rijn. At low Rijn
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Fig. 1.1--Water system in the Netherlands: Major features




flows and with the weir completely open, the Waal carries 67 percent,
the Neder-Rijn 20 percent, and the IJssel 13 percent of the Rijn
flow. With the weir fully closed (or set so that there is a small
flow in the Neder-Rijn}, the Waal carries approximately 80 percent and
the IJssel 20 percent of the total flow. Thus, the amount of Rijn
water sent to the north can be substantially increased from the
natural division, but at the expense of decreased supply to the
southern (and midwest) sections of the country. (The two most
important effects of lower flows on the Waal and Neder-Rijn are
increased shipping costs on the Waal due to lower water levels and an
increased penetration of the Rotterdam salt wedge, with a resultant
increase in the salinity of the water supply to the salt-sensitive
glasshouse crops in the midwest section of the country.)

In PAWN the lowlands are defined as that part of the Netherlands that
lies below NAP + 2 m;! the remainder of the country is highlands.

The lowlands are in the northwest, and a line drawn from the southwest
corner of the country to the northeast corner approximates the division
between lowlands and highlands (see Fig. 1.1).

Much of the lowlands is subdivided into polders, areas containing
networks of ditches and enclosed by a system of raised canals called a
boezem. Excess water from precipitation and seepage is artificially
drained by pumping from the polders to the boezem systems and drained
naturally or pumped from the boezem systems directly to the North Sea
or to waterways that connect to the North Sea. The original low
elevations of the empoldered areas have become even lower over time
due to subsidence--the change in elevation amounting to 10 to 20 c¢m
per century. Water in the ditches and boezems is maintained at high
levels to prevent the soil from drying out and shrinking, and thereby
further subsiding.

An extensive surface water distribution system exists in the lowlands,
connecting the lccal boezem systems to the major distribution system.
However, in dry periods parts of the lowlands distribution system have
insufficient capacity to provide all the freshwater demands in the
lowlands~--for level centrel, crop irrigation, and salinity centrol.

4 major water management problem in the lowlands is excess water
salinity. The level differences between the low-lying polders and the
North Sea force saline water from the North Sea and from deep brackish
aquifers into the groundwater of the polders and subsequently into the
surface water of the polders and the boezem canals. Saline water also
enters some boezem systems as a result of locking operations at
salt-fresh locks that connect canals in the lowlands te the North Sea or
to brackish waterways {e.g., to the Noordzeekanzal or the Rotterdamse
Waterweg).

Ancther important source of salt intrusion into lowlands is the
Rotterdam salt wedge. The Rotterdamse Waterweg carries Rijn and
Maas water intec the North Sea. During periods of low discharges,
tidal action forces the denser salt water of the North Sea under the
lighter fresh water {in the form of a salt wedge) and the salt water




may penetrate tens of kilometers inland. As the salt wedge penetrates
farther upstream, mixing takes place, the vertical salinity profile
becomes less pronounced, and water extracted at points in the Rijn
delta under influence of the salt wedge will have an increased salt
content. (The salinity of seawater is approximately 18000 mg/1.
Since damage to salt-sensitive crops starts at salinities of 200 mg/l
or so, it is easy to see the importance of keeping seawater away from
intake points for agriculture.) The most important intake point
influenced by the salt wedge is the inlet at Gouda on the Hollandsche
Ijssel. The Gouda inlet provides the water supply for the midwest
section of the country, 2 sectien that contains a high percentage of
the valuable, and salt-sensitive, glasshouse crops.

The increased salinity in the polders and boezems due to seepage and
salt intrusion is diluted in wet periods by precipitation. But during
dry periods surface water extractions are used to dilute and flush the
saline water from the boezems. Most of the surface water supply in
the lowlands is from the Rijn, and, since the salinity of the Rijn has
been steadily increasing, the salinity-reducing effect of flushing is
continually being diminished. (The average rate of increase per vear
in the salt load of the Rijn is about 6 kg/s, from 60 kg/s in 1330 to
35C kg/s in 1979; in perieds of low Rijn flows, the salt concentration
may exceed 400 mg/l.)

The situation in the highlands portion of the country is quite different
from that in the lowlands. There are no polders and no serious salinity
problems from seepage or salt intrusion. Excess water from
precipitation drains from the land by ditches into streams or percolates
into the groundwater from where it drains intoc streams and rivers. The
surface water supply system in the highlands is much less developed than
in the lowlands, and some areas have no access to surface water.
Accordingly, there is a much higher use of groundwater for crop
irrigation in the highlands than in the lowlands. Even though the
supply needed in the highlands is small relative to that needed in the
lowlands, the capacities of the supply routes to the highlands from the
major distribution system generally are becoming inadequate to meet the
increasing demands during dry periods.

In the Southeast Highlands (the highlands south of the Waal River) the
principal source of surface water is the Maas River. The Maas has
very low salinity {(usually less than 100 mg/l) and generally adequate
discharges, but during dry periods the Maas may provide as little as
10 m'/s to the supply of the Southeast Highlands®--not nearly enough
to meet the needs at Maastricht, where the Maas discharge is divided
among several competing demands: a flow on the Zuid-Willemsvaart to
supply water to a large portion of the Southeast Highlands and for
shipping on the Zuid-Willemsvaart and the Wilhelminakanaal; extractions
by industry of 1.7 m*/s; a desired flow on the Julianakanaal of 14
m?/s for shipping; and a desired flow on the Grensmaas (the section of
the Maas that is part of the border with Belgium) of 10 m*/s for
pollution control. As the Maas flows farther north into the
Netherlands, the flow is increased substantially by the discharges of
small tributaries and groundwatrer drainage (e.g., between Maastricht




and Panheel the Maas flow is increased by 6 to 8 m’/s by groundwater
drainage, and at Roermond the flow is increased by a minimum of 10 to
12 m3/s by the discharge of the Roer River).

The Northeast Highlands (the highlands north of the Waal) are supplied
from the east by the discharge of the Overijsselsche Vecht River, from
the south by the IJssel River via the Twenthekanaal, and from the
north by the Ketelmeer via the Zwartemeer, Meppelerdiep, and the
Drentsche Hoofdvaart. The combined capacity of all of these routes is
insufficient to meet the demands in dry periods (e.g., the discharge
of the Overijsselsche Vecht can drop below 2 w¥/s). Furthermore, the
source for the northern and southern supply routes is ultimately the
Rijn, and the increasing Rijn salinity is increasing the salinity of
the supply to the Northeast Highlands. Tortunately, the crops grown
in the Northeast Highlands are not very salt-sensitive, and losses to
crops due to salt damage are relatively small.

1.2. THE RELATIONSHIF OF THE DM TO WAMAMO

At the beginning of the PAWN project there was already in exXistence a
computer model of the water distribution system in part of the
Netherlands called WAMAMO (for Water Management Model). Although
WAMAMO contained many of the components needed for PAWN, it was
decided that & number of changes would be necessary and that it would
be more efficient to design a new model incorporating many of the
features of WAMAMO but tailored to the needs of the screening of
technical and managerial tactics and impact assessment stages of

the PAWN study. In particular, it was decided that a more realistic
model of agricultural water demands and the costs of water shortage
and water salinity to agriculture was necessary; that the various
managerial and technical tactics to be evaluated be incorporated
directly in the model; and that provision be made for including
several pellutants. Since the new agriculture model envisioned would
be expensive in computer running time, it was desired that the
remainder of the DM model be as efficient as possible, and that the
best way to achieve this goal was to develop a new model of the water
distribution system in parallel with the development of the model for
agriculrure.

The WAMAMO and DM models are to a certain extent complementary. WAMAMO
is best used to obtain estimates of frequencies of occurrence of various
events of interest to water management based on historical time series
on weather and water supply, e.g., the number of decades in which
IJsselmeer levels drop below a specified level. The DM is more useful
as an aid in estimating costs and benefitrs of proposed changes in water
management infrastructure and policies.

1.3. THE RELATIONSHIP OF THE DM TO MSDM

A second model of the water distribution system in the Netherlands
was developed in PAWN (Vol. V). The MSDM (for Managerial Strategy




Design Model) starts from the conceptual point of view that the water
management problem is one of optimal allocation of scarce resources
among competing demands. The problem is then formalized as a
neonlinear program that distributes water to maximize the total
monetary benefits. Within the model, for example, water quality
standards may be placed as constraints and the costs of meeting these
constraints measured by the loss in benefits under the (new) optimal
allocation. The DM and MSDM models are complementary--the more
detailed DM has no optimization procedure but can use optimal
allocation rules developed by the MSDM, apply them throughout the
year, and serve as a check on the MSDM optimization that uses
aggregated versions of the PAWN network and districts.

1.4. THE USE OF THE DM IN SCREENING OF TECHNICAL AND MANAGERIAL
TACTICS

A water managerial tactic is any proposed change in the water
management system that is designed to sclve some water management
problem or help meet some water management objective. A technical
tactic is one that modifies or adds to the existing water management
infrastructure, e.g., the expansion or construction of canals,
pumping stations, or weirs. A managerial tactic changes the
operation ¢f the water distribution system. Changes in weir control
schedules, lake level control rules, and flushing rules for

lakes and boezems are all examples of managerial tactiecs. Technical
and managerial tactics influence the supply of water by physical
controls and restrictions on water movement or lake levels. The
demand for water can also be influenced--by pricing and regulation.
Pricing and regulation tactics change the prices of water and the
regulations on its use,

In the screening of technical and managerial tactics stage of the

PAWN study, over 100 individual techmical and managerial tactics and 65
waterboard plans were evaluated. (Waterboard plans are proposals by
waterboards for improvements in the local infrastructure that provides
water to the individual farms in the area under the waterboard's
jurisdiction.) The purpose of the screening stage of the analysis was
to eliminate from further consideration those tactics whose benefits
were judged not to be worth their costs or which were dominated by some
retained tactic designed to solve the same water management problem.
The DM was used in the evaluation to estimate the expected monetary
benefits {or disbenefits) tc agriculture and shipping from
implementation of the tactics.

The benefits from implementing a tactic will, in general, differ year
by yvear, depending primarily upon the temporal pattern of river flows
and the temporal and spatial patterns of precipitation and
evaporation. In principle, the expected (or average) benefits of a
tactic could be estimated by running the DM for a large number of
years, using actual patterns of river flows, precipitation, and
evaporation, or by using a time series of these random variables
derived synthetically from Monte Carle procedures using estimated




probability distributions. Twe such runs would be compared--one with
the tactic and one without--to determine the benefits of the tactic.

However, this procedure would be prohibitively expensive for the many
tactics to be evaluated and the many simulated years needed to obtain
useful estimates of the expected benefits of each tactic--the DM costs
approximately 250 Dfl per simulated year. Instead, formulas were
developed that provide upper and lower bounds on the expected benefits
of a tactic as weighted sums of the calculated benefits from rums of
only four years {Vol. 1I). Three of these vears were selected from
among the years 1930-1976 on the basis of their ranking on variocus
drought criteria: 1959 was selected as a "very dry" year; 1943 as a
"moderately"” dry year; and 13967 as an "average dry" year. The fourth
year {called DEX), an "extremely dry" year, was constructed artificially
using 1976 values except for Rijn flows, which were set equal to the
minimum of the flows from the dry years 1976, 1949, and 1934 on a
decade-by-decade basis. (A wetter than average year was selected but
net used in screening since all the tactics evaluated were designed to
help solve water shortage problems in drought periods and will have
little or no benefits in wet years; and in the upper- and lower-bound
formulas, wetter than average years are assumed to have zero benefits.)
Special multiyear runs of the DM for the years 1930-1976 were used to
estimate the probability distribution of losses due to water shortage
and water salinity, and the exceedance probabilities for each of the
"dry years' were estimated from the year's position in the estimated
probability distributions. The weights attached to the years in the
upper- and lower-bound formulas are functions of these exceedance
probabilities (see Vol. II). Table 1.1 contains the estimated
exceedance probabilities for each of the four years.

Table 1.1

ESTIMATED EXCEEDANCE PROBABILITIES
FOR THE FOUR SELECTED YEARS

Type DEX 1959 1943 1967
Losses due to water shortage g.02 0.07 0.21 0.63
Losses due to water salinity 0.02 0.09 0.13 0.57

NOTE: An exceedance probability is the probability that
an annual loss will exceed that of the given year.

1.5. THE USE OF THE DM IN IMPACT ASSESSMENT

In PAWN, a water management policy is a combination of tactics--
technical, managerial, pricing, and regulation--designed as a package
to be an overall policy for the management of Dutch water resources.
The cbjectives of the PAWN study were to formulate alternative water
management policies, to develop appropriate tools and methodologies
for evaluating and selecting promising policies, and to compare the
premising policies in terms of their impacts on the variocus sectors of
the economy and Dutch society in general. After the screening stage




of the study, the surviving tactics were combined into promising
policies, whose many consequences (impacts) were estimated in the
impact assessment stage of the study.

For impact assessment, 38 cases were defined--a case consists of a
water management policy and assumptions concerning scenario variables
defining the future environment for the policy and perhaps affecting its
impacts. Table 1.2 (see page 12) contains the values of the policy and
scenario variables defining the 38 impact assessment cases. These cases
differ in the values of the pelicy and scenaric variables described
below and summarized here:

1. External supply--DEX, 1943, or 1967.

2. Managerial strategy--RWS, MSDM, or VELSEN.

3. Implementation of the 46 waterboard plans, or no implementaticn.

4. MAXTACS or no MAXTACS.

5. Level of installed surface water sprinklers=--low, medium, or
high.

6. Level of installed groundwater sprinklers--low, medium, or
high.

7. Groundwater quota--0.25, 1.0, or 1.5 times the extractable
amount.

8. Groundwater extraction priority--agricultural or
industry/drinking-water companies (for medium and high
levels of installed groundwater sprinklers only).

9. Groundwater charge--0.0 or 0.20 Dfl/m?.

10. Rijn salinity--reference value for the Rijn salt dump
(311 kg/s) or the high value {365 kg/s).

11. Other pollutants--reference values (1976 measured
concentrations) or low (1985 scenarioc) values.

4 complete discussion of the policy and scenario variables is contained
in Vol. I; here we shall describe in general terms those variables that
affect the impact assessment cases. The external supply scenario was
chosen as one of three "dry years" defined in Sec. 1.4--DEX, the
extremely dry year; 1943, the moderately dry year; or 1967, the average
dry year.

Technical tactics can be divided into two groups, network infrastructure
tactics and waterboard plans, and they were evaluated separately in
screening. Eight of the network tactics were considered dominant over
the remainder for a future scenaric that included implementation of
promising waterboard plans and a high level of installed sprinklers (see
below). These eight tactics were considered as a unit, called MAXTACS,
in impact assessment. We assumed that either all or none were to be
implemented. MAXTACS consists of the following:

1. Expansion of the throughput capacity of the Van
Starkenborghkanaal at Gaarkeuken by 9 m®/s.




2. Expansion of supply capacity of the Twenthekanaal by 15 m®/s.

3. An increase in the combined supply capacity of the
Zuid-Willemsvaart, Kanaal Wessem-Nederweert, Noordervaart, and
Wilhelminakanaal (by pumping water south) by 15 m®/s.

4. Maintenance of the portable pumping capacity of 5 m®/s at the
Maasbracht lock on the Julianakanaal.

5. A decrease in the minimum levels of the IJsselmeer and
Markermeer in summer by 10 cm (toe NAP - 50 cm).

6. Construction of a pipeline from the Maas to Delfland with

a capacity of 8§ mi/s,

Constructien of a groin in the Nieuwe Waterweg.

8. A fresh Grevelingen supplied from an inlet in the Grevelingen-
dam.

~

Some 65 waterboard plans were evaluated in screening, and 46 of the
plans were retained as promising; most of the retained plans are located
in the Northeast Highlands, Southeast Highlands, and the Delta areas.
The retained plans were treated as a unit in the impact assessment cases
assuming that either all or none were to be implemented.

Three managerial strategies, i.e., combinations of managerial tactics,
were retained for impact assessment--the RWS, VELSEN, and MSDM
strategies {Sec. 5.4). The RWS and VELSEN strategies differ only in the
managerial rule for flushing the Neocrdzeekanaal. Both strategies are
designed to achieve a minimum flow of 40 m?/s in the Noordzeekanaal for
salinity control in the canal and to provide cocling water for the
Hemweg power plant at Amsterdam and the Velsen power plant at IJmuiden.
But the RWS strategy achieves these objectives by bringing 20 m®/s up
the Amsterdam-Rijnkanaal, while the VELSEN strategy brings sufficient
water from the IJdsselmeer to reach the desired minimum f£low. The MSDM
strategy starts with the flows (and flow constraints) of the VELSEN
strategy and attempts to improve upon the strategy by finding new flows
that meet the constraints and minimize a loss function--the sum of the
low water shipping losses on the Waal and IJssel (Sec. 7.2.1), the
dredging costs on the Waal due to extractions at Tiel (Sec. 7.2.3), a
proxy for the salinity losses due to the Rotterdam salt wedge (Sec.
6.2.3), and the negative of the future value of water stored in the
IJssel lakes {(Vol. V).

Three different levels for the area of croplands irrigated by overhead
sprinkling were used in impact assessment--low, medium, and high. The
total sprinkled area for each level depends upon whether or not the
retained waterboard plans are assumed to be implemented. Without
implementation of the waterboard plans, the low level approximates

the current sprinkled area for both surface water and groundwater
sprinkling. When waterboard plans are implemented, additional
croplands have access to surface water, and surface water sprinklers
are assumed to be installed in this newly suppliable area to the same
extent as in the original suppliable area on a crop-by-crop hasis;
croplands without access to surface water are assumed to have the same
level of groundwater sprinkling as without implementation of
waterboard plans. For the high level, sprinklers are assumed to be
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installed on all croplands for which it is cost-beneficial to do so,
for both croplands with access to surface water and those witheout,
(See Vol. XIV for precise definitions of both the low and high level
cases.) TFor the medium level, the sprinkled areas are taken to be
the average of the low and high levels for both surface water and
groundwater sprinklers. The sprinkled agricultural area increases
from 13 percent of the total agricultural area (10 percent from
surface water and 3 percent from groundwater) for the low level case
with no waterboard plans implemented to 47 percent (31 percent from
surface water and 16 percent from groundwater)} in the high level case
with all retained waterboard plans implemented.

Groundwater quota represents the maximum amount of groundwater that
can be extracted in each district, and is expressed as a fraction of
RID's (the Rijksinstituut voor Drinkwatervoorziening) estimates of the
extractable amounts. The quota values used in impact assessment were
6.25, 1.0, and 1.5 times the extractable amounts.

For cases with the low level of installed sprinklers {i.e., the
current situation), agriculture is assumed to extract what it needs
and industry and drinking-water companies what they need up te the
quota values. For cases with medium and high levels of installed
groundwater sprinklers, groundwater extraction priority may be given
te either agriculture or to industry and drinking-water companies for
the groundwater available over that used by currently installed
sprinklers, up to the groundwater quota.

The groundwater charge is a use charge or tax to be paid by farmers,
industry, and drinking-water companies for each cubic meter of
groundwater extracted. The values used are either 0.0 or 0.20 Dfl/m*;
the latter value is an estimate of the maximum charge to industry in
the propesed groundwater law (Vol. VII).

In the DM, the salt concentration of the Rijn discharge at the Dutch
border may be generated for each decade from a model using a single
input parameter, the Rijn salt dump, representing the annual amount
of salt dumped intc the Rijn by industry. The values used for

impact assessment are the reference value, 311 kg/s, the trend-line
value for 1976, and the high value, 363 kg/s, the trend-line value
for 1985 (Sec. 6.2.1). The salinities of the discharges of the other
major rivers are taken to be their 1976 values.

The concentrations of the other pollutants in the major rivers at the
border are taken to be the reference values, the measured
concentrations in 1976; or the low or 1985 scenario values, the
minimum of the measured concentrations in 1976 and 0.3 mg/l for
phosphate, 2 mg/l for BOD, and 10 ug/l for chromium. The low

values represent a mid-1980s situation in which it is assumed that
measures have been taken to limit the amount of pollutants in the
rivers,

In Table 1.2, the "A" cases are considered to be the base cases--they
approximate the current situation with respect to the policy and
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sprinkling variables. The costs and benefits of other cases are
obtained by comparing them with the A4 cases having the same external
supply. The "A" through "F" cases are considered primary cases and
constitute the minimum set used in all of the impact assessment
evaluations; they consist of the base case, promising policies, and
variations of sprinkler scenarioc variables for both surface water and
groundwater sprinkling. The remaining cases are designed to examine
the impact sensitivities to important policy and scenaric variables.
The cases used in various sensitivity comparisons are given in Table
1.3.

DM runs were made for the 38 impact assessment cases to determine the
monetary benefits (or disbenefits) to agriculture and shipping and the
total costs (sprinkling and tactic cests). The DM output was also
used as input for determining other impacts: the costs to electrical
power companies of meeting the thermal standards on rivers and canals;
the distribution of agricultural benefits among provinces and among
crop types; the distribution of costs and benefits to different impact
groups--producers, consumers, and government; and the division of
benefits and costs between the Netherlands and foreign countries.

The DM ocutput for pollutants provided data for assessing the degree to
which pollutant standards were being met for salt, phosphate, BOD, and
chromium. The measure used for each pellutant was the sum over all
nodes of the number of decades for which the pollutant concentration
standard (Sec. 6.4.6) was not met at the nodes. Separate totals were
also calculated for national nodes (i.e., network nodes in the
national system) and provincial nodes.

1.6. THE CONTENTS OF THIS VOLUME

Chapter 2 presents the PAWN network. It indicates the correspondence
between the network links and nodes and the infrastructure of the
actual distribution system and presents the values that were used for
the parameters associated with the network links and nodes. As an aid
in presenting and interpreting results from DM runs, the Netherlands
was divided into eight regions. For modeling greoundwater and the water
demands of agriculture, the regions were subdivided into a total of 77
districts (districts were further subdivided into over 1200 smaller
areas called plots). The regions and districts are also presented in
Chap. 2.

All discharges (by the major rivers, districts, industry, and
drinking-water companies) and extractions (by districts, Belgium,
industry, and drinking-water companies) from the surface water
distribution system are represented at the nodes of the network.
Extractions from groundwater by industry and drinking-water companies
are treated within the districts (part of these extractions are
discharged back into the surface water of the districts). Chapter 3
describes how the various sources of water supply and the water demands
of the various user groups are integrated into the model.
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In the DM, the PAWN network of nodes and links is divided into a
naticnal system and six regional systems. The national system
represents the major rivers, canals, and lakes that transport water
inte and across the country--the Rijn branches (the IJssel,
Neder-Rijn, and Maas rivers), the Rijn delta, the Maas River, the
Amsterdam-Rijnkanaal, the Noordzeekanaal, and the IJssel lakes. The
links and nodes of the regional systems represent the portions of the
water distribution system infrastructure that connect the natiocnal
system to the different regions and transport water within the
regions. Each of the regional systems extracts and discharges water
at a few nodes of the national system, but dces not connect to any
other regional system (with one minor exception).

This factoring of the network into smaller networks simplifies the
problem of determining the overall water distribution in the DM since
the water distribution in each regional system can be determined
independently of the water distribution in the other regional systems.
And the water distribution in the national system can be determined
separately from that in the regional systems, knowing the regional
system extractions at the nodes of the national system. Chapters 4
and 5 define the nodes and links of the regional systems and the
national systems, respectively, and describe the managerial rules that
are implemented to effect the water distribution within each of the
systems.

Chapter 6 defines the submodels that calculate the pollutant
concentrations at each node and district in the network, and describes
how they were calibrated. Chapter 7 describes how the losses to
shipping and agriculture are calcnlated and combined with the investment
and cperating costs of tactics to give the monetary benefits (or
disbenefits) of the tactics when compared with DM runs without the
tactics. In Chap. 8, a compariscon is made between measured values of
flows and pollutant concentrations and values calculated by the DM for
the drought year 1976.

Several appendixes are included that support the main text. Appendix
A contains equations that give the distribution of the Rijn discharge
ameng the IJssel, Neder-Rijn, and Waal for both the existing situation
and the sitnation if the IJssel is canalized. Appendix B presents
equations that approximate the water distribution among the branches
in the lower rivers portion of the combined delta of the Rijn and Maas
as functions of the flows in the Lek, Waal, and Maas and extractions
from the lower rivers branches. Appendix C presents the differential
equdation that is used for pollutant concentration decay at nodes with
storage. The inputs and outputs of the DM are given in Appendix D.
And Appendix E lists changes that were made in the DM between December
1979 and July 1980.
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NOTES

NAP (Normaal Amsterdams Peil) is the reference water level in the
Netheriands and corresponds approximately to mean sea level.

A proposed treaty between the Netherlands and Belgium, the Maas
Treaty, would guarantee a minimum flow intec the Netherlands of 50
m®/s (through the use of new reservoirs in Belgium). The
Netherlands would return 23 m?/s to Belgium and keep 27 m’/s for
its own use.
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Chapter 2

THE PAWN NETWORK, DISTRICTS, AND REGIONS

2.1. THE PAWN NETWORK

The major waterways of the surface water distribution system in the
Netherlands are shown in Fig. 2.1. The main infrastructure of this
system is schematized in PAWN as s single network consisting of 92
nodes and 154 links (see Fig. 2.2). The links and nodes both serve
dual purposes. The majority of the links represent the major rivers
that bring water into and across the country--the Rijn and its
branches, the Maas, and the Overijsselsche Vecht--or the canals that
supply the various sections of the country with water from these
rivers or from the IJsselmeer. The majority of the nodes represent
the locations where these rivers and canals meet. But nodes may also
be storage nodes representing major bodies of water, and the links
joining storage nodes may represent an open connection between the
bodies of water or sluices, locks, and pumps that transport water
between the bodies of water.

In Fig. 2.2 the circles (with enclosed numbers) represent the nodes,
and the lines joining the circles are the links. The squares (with
enclosed numbers) indicate the 77 districts into which the
Netherlands has been divided for modeling agriculture and groundwater
(see Fig. 2.3 and Sec. 2.2}, and the dashed lines connecting the
district squares to the nodes indicate the closest nodes on the
waterways where the districts extract and discharge water.

2.1.1. Links

The links indicated by solid lines in Fig. 2.2 represent waterways in
the current infrastructure. The links indicated by dotted lines
represent waterways that do not currently exist; they are included in
the network so that they may be evaluated as possible future
additions. As part of the default parameters defining the network,
these links are given flow capacities of zero and are not used unless
nonzero capacities are supplied by the user as part of the inputs.

Each link is identified by both a number and an 8-character mnemonic
name. Table 2.1 contains the link numbers, mnemonic names, full names
of the waterways or waterworks that the links represent, the nodes that
each link connects, and parameter values for the links (the values of
the parameters reflect the current system [2.1, 2.2, 2.3]). The table
is read from a dataset at the beginning of a run; however, at any decade
of a run, the Cap.1l, Cap.2Z, and FICT entries may be changed by inputs.
Fer example, the desired flow for flushing the Markermeer from the
IJsselmeer is 30 w?/s in winter (the FLCT entry for link 67, CRANJESL)
and 70 /s in summer; this desired flow change is effected by an input
that changes the FLCT entry for ORANJESL from 30 to 70 m’/s in the 13th
decade and anot