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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
also among different regions.

Facing such water management problems, the Dutch government wanted an
analysis to 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 control and public works),? and the Delft
Hydraulics Laboratory (a leading Dutch research organization).?

The primary tasks of the PAWN project were to:

1. Develop a methodology 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 methodology 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)

i Volume IV, Design of Long-Run Pricing and Regulation
Strategies (Rand N-1500/4)

. Volume V, Design of Managerial Strategies (Rand N-1500/5)

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

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

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

M Volume IX, Assessment of Impacts on Shipping and Lock
Operation (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)

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

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

o 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 Models
(Rand N-1500/18)

. Volume XIX, Models for Salt Intrusion 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 Dutch contributors, as can be seen from the
acknowledgments pages.

Second, except where noted, these publications describe the methodology
and results presented at the final PAWN briefing at Delft on December 11
and 12, 1979. 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 not been possible to indicate such differences in the volumes




since they are being written before the Nota is published.) Thus, the
present series of publications puts primary emphasis on documenting the
methodology 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. XV in the PAWN series, describes the Electric
Power Reallocation and Cost model (EPRAC). This model uses linear
programming techniques to estimate the cost to power companies of
complying with environmental standards that limit thermal pollution.
EPRAC was used to postprocess some of the output of the Water
Distribution Model (DM) (Vol. XI). A version of EPRAC was also
included as a submodel in the Managerial Strategy Design Model (MSDM)
(Vol. V).

This volume should be of interest to those who are particularly
concerned with the methods and assumptions used in PAWN to study the
interactions between water management and the generation of electric
power. Those who are primarily interested in results, in contrast
with methods, will not find them here, and should seek them instead

in the Summary Report (Vol. I), in the Design of Managerial Strategies
(Vol. V), and to a small extent in Screening of Technical and
Managerial Tactics (Vol. II).

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 numerous 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 policy involved a mix of tactics, each a
particular action to affect water management, such as building a
particular canal or taxing a particular use. Four kinds of tactics
were considered: building new water management facilities
(infrastructure) or applying various 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

Waste heat, a by-product of electric power generation, is usually
discharged into the surface water. When the amount of heat so
discharged is large, environmental damage can occur. The speed by
which chemical and biological processes proceed increases at higher
surface water temperatures, leading to possible oxygen depletion
(particularly in polluted waters), and increased mortality of certain
organisms. Also, a rise in surface water temperatures (particularly
over 20 deg C) can increase the incidence of botulism in birds. In
general, because of differences in temperature dependencies of
different kinds of organisms, shifts in population size can occur
with water temperature rises, even without any direct deadly effects
having been noticed.

In order to keep these damages within certain limits, the Dutch define
thermal standards that specify the allowable temperature increases of
the surface water. In this volume an approach is discussed by which
it is possible to calculate the additional costs which are imposed by
these standards on the power companies and how these costs vary under
different circumstances.

We used two models. The Distribution Model simulates the flow of water
in the water management network of the Netherlands and calculates the
effects of thermal discharges at each point in the network on the
temperature at every other point. This information is passed on to

the second model, the Electric Power Reallocation and Cost Model (EPRAC),
which uses a linear programming optimization technique to calculate the
additional costs to the power companies attributable to the thermal
standards.

The linear programming step in EPRAC selects the generating units to
satisfy the demand for power in the least costly way. There are four
kinds of constraints on this choice: power production by each unit
cannot exceed its maximum capacity; the demand for power in each of
five regions of the Netherlands must be satisfied; the amount of power
transmitted between regions must not exceed the capacity of the
transmission grid; and the thermal standard must be met at each

point in the network. The only component of generating cost we have
considered is the cost of fuel, since it is well known that this
accounts for most of the variable cost of power production. EPRAC
calculates the optimal generating schedule for two basic conditions:
one in which the thermal standards are relaxed (the unconstrained
case), and one in which they are imposed (the constrained case).

The difference between the costs of the two cases is the cost
attributable to the thermal standards.

The most important assumptions in EPRAC are that fuel cost is an
appropriate measure of the total variable cost of power production,
and that there are linear relationships among the amount of fuel
burned, the amount of power generated, and the amount of waste heat
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rejected. Probably the most important neglected costs are start-up
and shutdown costs. Neglecting them should make little difference,
however, since EPRAC only changes the generating schedule at intervals
of a decade (ten days). The linearity assumptions likewise introduce
little error, because linear programming tends to employ units either
at full capacity or not at all. Relatively few units are employed at
part load, where the power output and heat rejection rates per unit
of fuel input vary from the constant values assumed in EPRAC.

As the approach to the EPRAC model is somewhat crude, it was compared
with a more sophisticated model in use by the Dutch power companies.
The additional costs attributable to the imposition of the thermal
standards calculated by the two models compared favorably. Also,

the power production units selected by two models compared favorably.
Gas turbine power plants are an exception, however, since the EPRAC
model rejects power plants that have high fuel consumption rates,
whereas the other model does not.

In this volume we present a few results of the calculations; the bulk
of the results, however, is published in Vol. I of this policy study.
In Chap. 7 and in Vol. I we show that by imposing a 3-deg thermal
standard for canals and rivers, the cost of power production increases
by 42.8 Dflm per year (1.4 percent of the total production costs) in a
very dry year and by 20.6 Dflm (0.7 percent) in a moderately dry year.
If the 3-degstandard is only applied for rivers and a 7-deg standard is
used for canals, the costs increase by 15.0 Dflm in a very dry year
(0.5 percent) and by 3.2 Dflm (0.1 percent) in a moderately dry year.
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GLOSSARY

Centimeter.

Used by the Dutch to refer to one-third of a month.
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.

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

Decimeter.

Water Distribution Model.

Electric Power Reallocation and Cost Model.

NV Tot Keuring Van Elektrotechnische Materialen
(Inspection of Electrotechnical Materials); a company
primarily established for inspecting electrical equipment
such as plugs, cords, irons, etc. Nowadays, it does
power-related research, including cooling water problems.
It is closely related to NV SEP.

Kilogram per second.

Kilometer.

Square kilometer.

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 locally.



managerial tactic

MAXTACS

Mcal/s

MSDM

NV

national system

PAWN

RWS

screening

SEP

tactic

technical tactic

waterboard

waterboard plan

water management
policy

-Xvi=

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

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

Megacalorie per second.

Managerial Strategy Design Model.

A company with limited liability; a corporation.

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

Policy Analysis for the Water Management of the
Netherlands.

Rijkswaterstaat, the Dutch government agency
responsible for water control and public works.

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.

NV Samenwerkende Elektriciteits-Produktiebedrijven
(Cooperative of Electric Power Producers); a company
concerned with the production of power. It maintains
the power grid, manages national production and
develops a national optimal production scheme.

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

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

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

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

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.
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waterway A river, canal, or lake that is used to tramsport
water.






Chapter 1

INTRODUCTION

Surface water is used for cooling purposes in various industrial
processes and in the generation of electricity. In the Netherlands,
industrial waste heat discharges very often are small or occur in

areas where the effects of those discharges can be neglected in general
water management. In contrast to this, in power generation large
quantities of water are pumped and large amounts of heat are discharged
into surface waters. To familiarize the reader with the relationships
between power production and water management, we present first a brief
overview of the power-generating process.

Currently, electricity in the Netherlands is generated in power plants

in which a primary fuel (coal, oil, gas, or nuclear) is transformed into
electrical energy. In most cases the steam cycle process is used. This
process is illustrated in Fig. 1.1. The primary fuel is burned to produce
steam at high pressure and high temperature in the boiler. The steam
drives the turbine which propels the generator to produce electricity.

To obtain an efficient process, a low-pressure condition has to be
maintained on the cold side of the turbine. Therefore, it is necessary
to condense the steam; this is done in a heat exchanger (condenser) where
a coolant is brought in from outside the system. In the once-through
system, the water usually is discharged again in the lake or river where
it came from after its pass through the condenser. However, there are
also systems in the Netherlands in which the water is not discharged in
the surface water, but is run through a cooling tower. As this system is
usually less efficient than the once-through system, it is only used when
the cooling capacity of the receiving body of water is insufficient or
when severe environmental damage is expected.

Although the generation of electricity is one of the most efficient
processes for converting one form of energy into another, a large amount
of energy is lost with this transformation. Only about 40 percent of
the input energy is transformed into electricity, 5 to 10 percent is
lost to the air via the chimney, and the rest is transferred to the
cooling water.

As an illustration of the quantities involved, a modern unit of 500 MW
discharges 20 m®/s with a heat content of 140 Mcal/s into the surface
waters. Since one calorie is required to raise the temperature of

one gram of water by one degree Celsius, such a unit will raise the
temperature of its discharge water by seven degrees. These discharges
create a number of problems, including the following:

1. The heat discharges into the surface water may harm water
quality and the organisms living in it.
2. In an already damp country, as the Netherlands is, such



discharges might increase the possibilities of fog.

3. The sand-carrying capacity of rivers can be affected by
withdrawal and discharge of cooling water. Sedimentation
can occur, and this in turn might create harmful effects
on shipping. Also, the side currents introduced by
withdrawals and discharges might interfere with navigation
of ship traffic.

The first two kinds of problems can be ameliorated by constraining

the number and size of the heat discharges. This is discussed in

Chap. 3. Problems of the last kind usually can be dealt with by
technical means. Since we consider these measures to be part of the
power plant design and not water management tactics, we do not consider
them in this analysis.

The reader should note that figures and tables are located at the end
of chapters.
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Chapter 2

THE ELECTRICAL INFRASTRUCTURE

2.1. ADMINISTRATIVE STRUCTURE

In the Netherlands electricity production is, by and large, organized
provincially. For example, the province of Zuid-Holland is supplied

by a combination of municipal power companies, and the municipality of
Amsterdam is supplied by its own company. The different production
companies together formed a nationwide organization, N. V. Samenwerkende
Elektriciteits-Produktiebedrijven (SEP) in which each company owns
shares. This organization is responsible, among others, for managing

the national power production, maintaining the power grid, and performing
production-oriented studies of mutual interest.

Until very recently each power company tried to be as independent

as possible. Investments in power generation and distribution
facilities made by the various companies were arranged in such a way
that demand in its own territory was met and exchange with other
companies was more an exception than the rule. Due to this policy

and the fact that the environmental aspects of power production were
mostly neglected, power plants were sometimes built in locations where
thermal discharges could cause significant environmental damage. This
production policy had other disadvantages, too. In general, the
production schedule obtained in this way is less efficient than when
production and distribution are planned and implemented on a national
level. Usually, an individual power company tries to economize on its
own fuel costs. Therefore, it will bring its most efficient units
into production first. But each power company owns a mix of older and
newer production units, which were built over the years to meet a
continually growing demand. Further, technical improvements over the
years made newer units more efficient than older ones. So, in one
province power could be produced with less efficient units (because
the company has older units), while in another province (where newer
units were built and some overcapacity was available) more efficient
units were idle.

If electricity production had been organized on a national basis, greater
efficiency could have been obtained. Over the last ten years, however,
there has been a gradual move, strongly influenced by increased energy
costs, toward a national optimal production scheme. Although it is not
yet completely implemented, representatives of the SEP indicate this can
be expected in the very near future. For this reason, in all the
calculations that were done in the PAWN study, we assumed that power

is produced optimally on a nationwide basis. This assumption introduces
some differences with the real world; for instance, although a natiomal
optimal production scheme was not yet in force in 1976, for reasons of
comparability we adopted an optimal scheme for use in all PAWN cases with
a 1976 scenario.



2.2. POWER-GENERATING PLANTS

Figure 2.1 shows the various power plant locations throughout the
Netherlands. Table 2.1 displays data for each unit at these locations
for the year 1976; Table 2.2 shows similar data for a year around 1985.
The data include net production capacity (gross capacity less the power
demand of the unit itself); the type of unit (conventional, nuclear,
gas-turbine, combined cycle, or town-heating); the fuel type which can
be used in the unit (oil, gas, coal, blast-furnance gas, or uranium);
and the amount of heat which is discharged into the surface water when
the unit is operating at full capacity. Although the average fuel
efficiency by unit (energy output divided by energy input) was used in
the analysis, for reasons of confidentiality, we are unable to publish
fuel efficiency data.

Table 2.1 is based on data from Refs. 2.1, 2.3, 2.4 and unpublished data
obtained from the NVSEP! by letter. Table 2.2 takes account of all
units which would be taken out of production (according to Ref. 2.1)

and all of the planned units (according to electricity plan for the
years 1983/1984 [2.2]). We selected the production capacity for the
years 1985-1986 (voorwaardelijke jaren). In the plan for the years
1983/1984, 1984/1985, and 1985/1986, capacity was specified but the
location, type of fuel, etc., were not. In the PAWN study we assumed
that these would be conventional units, fueled with coal or oil, with
the same efficiencies as the more recent units, and they would discharge
outside the freshwater network. Since the units used for town-heating
are rather small and will come into action for reasons other than power
production, they were neglected in the PAWN study.

Gas-turbines are assumed to produce no heat at all. 1In the 1985
inventory there are three units which are supplied with cooling
towers--one at the Amer plant and two at the plant in Maasbracht.

When these cooling towers are working, the efficiency of the unit
declines. This is caused by the higher temperatures at the cold

side of the turbine which have to be maintained in order to establish
sufficient draft in the cooling tower to mantain operation. We assumed
this efficiency decline to be 8 percent. The heat discharge at these
units is assumed to be negligible when the towers are working.

As indicated in Tables 2.1 and 2.2, most power units in the
Netherlands are fossil-fueled. Only two units--one in Borssele and
one in Dodewaard--are nuclear. The small unit in Dodewaard is mainly
used for experimental purposes. One fossil-fired power plant in
Velsen has an unusual fuel source. This plant was built near the
only large blast-furnance company in the Netherlands. The power
company contracts with the blast-furnance company to purchase all

the gas that is expelled by the blast-furnaces. This gas is mixed
with natural gas in order to obtain a mixture of sufficient caloric
value. If the power plant does not use the blast-furnace gas, it must
be burned in the air since it cannot be stored. This is the reason
why this plant has not grown according to demand in its region, but



according to the amount of blast-furnace gas produced. Shifting power
production from this location, e.g., for environmental reasons, not
only creates an energy loss by using less efficient units, but also

an additional loss due to the burning gas. So besides the extra fuel
costs, the price of the burned blast-furnace gas should be viewed as
an opportunity cost. However, due to lack of information about the
precise cost of the blast-furnace gas to the power company, this has
not been taken into account (see Sec. 5.3.3.1).

In cases where it was possible to use different fuel types, our
approach nearly always selects the cheapest one. One exception to
this rule was made. When there was a choice between oil and gas, oil
was used, since most of the gas contracts will run out between now and
1985.

2.3. THE GRID STRUCTURE

The transmission grid (grid for short) consists of all the lines used

to transmit electric power from the generating plants to the

consumer. In the Netherlands the grid can be separated into various
components. The main ones are the 150-kV, the 220-kV, and the 380-kV
grid. They are shown in Fig. 2.2 for the year 1976.

The 150-kV and the 220-kV grids are mainly used to transport power

from its production locations to local consumers. They are seldom

used to transport power from one region to another. The 380-kV grid

was constructed to meet power deficiencies which could arise if a power
company fails to produce the necessary amount of power for its territory
for reasons beyond its control (e.g., storm damage). Currently, this
grid is also used to transport the power which is produced outside the
demand region for reasons of optimality. In the PAWN study it is
assumed that this grid could also be used for transporting power if

the optimal power production schedule has to be changed for environmental
reasons.

Fig. 2.2 distinguishes five separate regions: the northern region,
consisting of the provinces of Groningen, Friesland, Drenthe, and
Overijssel; a region consisting of Utrecht and Gelderland; the region

of Zuid-Holland; the region of Noord-Holland; and a southern region
consisting of Zeeland, Noord-Brabant, and Limburg. With the exception
of the last region, their demand for electricity is roughly equal. In
the PAWN study it is assumed that there is no limitation on the capacity
to distribute the power once it is in the region. The amount of energy
that can be transported through the grid is constrained mainly by two
factors: the capacity of the grid itself, and the capacity of the
transformers that are located between the various grid types. In the
380-kV grid, these transformers are the critical points of the structure.
In order to limit power failures as much as possible, the SEP always has
one transformer in reserve at each transformer station. For instance,
at Ens there are two transformers of 500 MVA, while the maximum
transmission capacity here is considered to be only 500 MVA.



Table 2.3 shows the number of transformers at each critical location
together with their capacity and limitation.

These transformers effectively constrain the amount of power which can
be transported to and from various regions: the northern region is
limited to 500 MVA; the Utrecht/Gelderland and Noord-Holland regions
are limited to 450 MVA each; and the region Zuid-Holland is limited

to 900 MVA. However, as the Maasvlakte power plant feeds directly
into the 380-kV grid, the transport limitations from the latter region
are less stringent than the 900 MVA figure implies; it is equal to 900
MVA plus the minimum of the 380-kV constraint and the maximum capacity
of the Maasvlakte power plant. According to information obtained from
the SEP, the transport of power to and from the southern region is not
limited. (It remains unclear if this was the case with or without

the improvements of the grid from Borssele tc Geertruidenberg, which
are mentioned below. In either case, the assumption was made that there
were no limitations.)

Between 1976 and 1985, various improvements to the 380-kV grid will

be made. The grid from Diemen to Hemweg, from Krimpen to Zoetermeer,

and from Geertruidenberg to Borssele will be extended. Also, the first
steps will be taken to complete the 380-kV circuit by building a line

from Eems to Dodewaard. This would improve the situation for the northern
region and the Gelderland/Utrecht region considerably. Because of lack of
information, the effects of these improvements could not be taken into
account in the study. However, the improvements to be made in the
transformer capacities were taken into account. Table 2.4 displays the
capacities, number of transformers, and their limitations for 1985.

As mentioned above, the 150~kV grid is mainly used for the distribution
of power. However, if one looks closely at the grid, the 150-kV lines
are sometimes used to transport power from one region to another;
specifically, the line from Velsen (Region II) to South Holland (Region
I1I), the line from Nijmegen (Region V) to Limburg (Region IV), and the
line from Diemen (Region II) to Utrecht (Region V). According to the
SEP, the 150-kV lines are seldom used for transporting power from one
region to another; the 380-kV grid can handle the power distribution

90 percent of the time. The 150-kV grid is also comnsidered less
reliable for transporting energy from one region to another than the
380-kV grid. Also, this grid cannot transport energy without large
losses over long distances. TFor these reasons, we only use them for
the exchange of power between neighboring regions. According to the
SEP, the limitations for these 150~kV lines are in the grid itself and
not in the transformers. We have assumed a capacity of 250 MW for the
lines from Velsen to South Holland and from Nijmegen to Limburg, and
300 MW for the line from Diemen to Utrecht.?

In transporting energy through the grid, losses occur to resistance in
the line and the transformers and to atmospheric conditions (rain).

In our calculations we assumed that 1 percent of the transported energy
is lost.



2.4. THE DEMAND

As electrical power cannot be stored, the production of power must
follow demand. Therefore, heat discharges into the surface water

will vary with demand. Demand has a yearly, weekly, and daily
variation. In the Netherlands the demand in winter is higher than in
summer. The rather low summer demand is explained by the lack of air
conditioners in the Netherlands and the higher winter demand by the
greater needs for lighting and heating of residences and commercial
buildings. We take this seasonal demand pattern into account by using

a different national daily-demand curve for each quarter of the year.
Three of those curves were obtained from the SEP for August 2, 1978,

May 30, 1979, and January 10, 1979 (see Fig. 2.3), all of which were
Wednesdays. We used the first curve for the whole summer period and the
third for the whole winter period. TFrom the investigation [2.6] done

by N. V. Tot Keuring Van Elektrotechnische Materialen (KEMA), a research
institute of the power companies, it became clear that the demand pattern
in spring and autumn are similar. Therefore, the second curve was used
for spring and autumn as well.

The weekly demand pattern can be usefully separated into two groups
of days, one for Tuesday through Friday and one for the remaining
days. The daily demand patterns of the first group of days

are roughly alike. The demands of the other days differ from that
pattern; Saturday and Sunday have a lower demand pattern, Monday a
higher. For simplicity, these latter differences were ignored. The
time step (decade) used throughout the PAWN study was assumed to be
composed of ten (or as many days as the decade contained) Wednesdays.

Because the demand curves provided by SEP were for years different than
those chosen for our study, we adjusted the SEP curves to the study
years, as follows, using data from Ref. 2.1. That source gave the
national power demand for the year 1974 and a prediction for the years
1980 and 1985 (equal to, respectively, 45388, 62775, and 78262). If
one assumes a constant growth rate over the years 1974 through 1980 and
from 1980 through 1985, the yearly growth rate can be derived; these
are 5.5 percent for the first period and 4.5 percent for the second.
These figures were used to scale the demand curves down for 1976

and up for 1985.

By using this method of scaling, we neglected a process which the
power companies call "bedrijfstijdenverbetering" (the improvement

of the number of hours that a unit is running at full capacity).

By using pricing-policies, selective policies for large users, and
technical measures, the power companies try to decrease the
difference between the peak and the baseload. They expect that
these improvements will continue in the future. However, since this
process is uncertain and it represents only a small refinement to
our crude calculations, we neglected its effect.

We used data from Refs. 2.5 and 2.2 to derive regional demand curves
from the above-mentioned national demand curves for 1976 and 1985. 1In



these references, disaggregated demand by province is given for 1976
and 1985. From these we derived the demand fractions by region displayed
in Table 2.5.

2.5. SPINNING RESERVE

To diminish the chances of power failures and to meet certain sudden
increases in the power demand, the power companies have an extra
capacity running all the time above the prevailing demand. KEMA advised
us to allocate a capacity equal to 5 percent of power production for
this extra capacity, known as spinning reserve. In our calculations
this feature is simulated by decreasing the maximum production capacity
of all the units by 5 percent.?®

NOTES

1. NVSEP is NV Samenwerkende Elektriciteits-Produktiebedrijven, or the
Cooperative of Electric Power Producers.

2. The SEP disagrees with our schematization of the grid in more ways
than disapproval of the use of the 150-kV lines for transmission
between regions. They indicated that it would be more accurate to
consider the 380-kV lines as a kind of "pool" or "region" in itself,
with all other regions spilling power into it or drawing power out
as required. In this schematization, power would not be transmitted
directly from region to region. The SEP's advice on the schematization
unfortunately came too late to be incorporated in our analysis.
However, any error due to our incorrect schematization appears to be
small, since in none of our cases did the amount of power transmitted
from any region to any other came close to the capacity we used. Nor,
in the cases we checked, would the transmissions have exceeded the
capacities we would have used with the SEP schematization.

3. Alternative approaches would be to designate selected units as
spinning reserve (but which ones?), or to increase demand by
5 percent. The latter course increases the estimated cost by
5 percent, which overestimates the effect of spinning reserve.
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Table 2.1

POWER PLANT INVENTORY FOR 1976

Net Maximum Heat
Production Production
Unit Capacity Type of Fuel (Mcal/s per
Power Plant No. (MW) Unit Type 1000 MW)
Helpman 1 45.0 C 0/G 470
2 45.0 C 0/G 470
3 49.0 C 0/G 470
Hunze 1 125.1 C 0/G 335
2 125.1 C 0/G 335
3 125.1 C 0/G 335
4 125.1 C 0/G 335
5 125.1 C 0/G 335
6 17.0 GT P/G --
Leeuwarden 1 57.5 C 0/G 355
2 64.5 C 0/G 389
3 27.7 GT G --
Bergum 1 322.8 C G 280
2 322.8 C G 280
Harculo 1 57.3 C 0/G 480
2 57.3 C 0/G 480
3 124.1 C 0/G 359
4 129.7 o 0/G 348
5 328.5 C 0/G 283
Hengelo 1(b) 31.6 C K 390(a)
2(b) 53.0 0 320(a)
3 50.2 GT 0/G --
4 51.7 GT 0/G --
Zwolle 1 30.6 C K 390(a)
Nijmegen 1 49.2 ST 0/G 327
2 51.7 C K 414
3 51.8 C K 413
4 61.8 C 0 337
5 81.0 C 0 336
6 123.1 C K/0 300
7 123.6 C K/0 299
Flevo 1 184.8 C 0/G 314
2 184.8 o 0/G 314
3 465.3 C 0/G 312
4 25.0 GT 0/G --
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Table 2.1 (continued)

Net Maximum Heat

Production Production

Unit Capacity Type of Fuel (Mcal/s per

Power Plant No. (MW) Unit Type 1000 MW)

10 Borculo 1 25.0 GT 0 --
11 Lage Weide 1 62.5 C G 347
2 62.8 C G 347
3 129.0 C 0/G 306
4 129.5 C 0/G 306
5 255.3 C 0/G 305
12 Merwedekanaal 1 63.2 C 0 417
13 Nicolaas Beets 1 10.2 sV 0/G --
2 9.9 SV 0/G --
3 14.1 SV 0/G --
4 9.5 SV 0/G --
14 Velsen 1 126.0 C 0/K/HO/G 365
2 126.0 C 0/K/HO/G 365
3 26.0 GT 0/G --
4 106.6 C 0/HO 375
5 106.6 C 0/HO 375
6 127.2 C 0/HO 338
7 449 .2 C HO/G 323
15 Diemen 1 184.8 C 0/G 313
2 184.8 C 0/G 313
16 Amsterdam Noord 1 31.1 C 0/G 440
2 31.1 C 0/G 440
3 29.5 C 0/G 440
17 Hemweg 1 52.5 C K 460
2 52.5 C K 460
3 52.8 C K/G 460
4 52.8 C K/G 460
5 125.1 C 0/G 326
6 125.1 C 0/G 326
7 18.0 GT 0/G --
18 Vuilverbranding 1 17.0 ‘A% 0 430
Amsterdam 2 17.0 \'AY 0 430
19 Leiden 1 29.2 C G 514
2 29.2 C G 514
3 4.9 SV G --
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Table 2.1 (continued)

Net Maximum Heat

Production Production

Unit Capacity Type of Fuel (Mcal/s per

Power Plant No. (MW) Unit  Type 1000 MwW)
20 Den Haag 1 29.0 C/Sv G 465
2 29.0 C/sv G 465
3 30.2 C 0/G 400
4 30.2 C 0/G 400
5 61.0 C 0/G 385
21 Galileistraat 1 161.0 C 0/G 303
Rotterdam

22 Schiehaven 1 61.0 C 0/G 387
Rotterdam 2 59.0 C 0/G 378
3 60.0 C 0/G 372
23 Waalhaven 1 81.0 C 0/G 337
Rotterdam 2 81.0 C 0/G 337
3 142.0 C 0/G 324
4 313.0 C 0/G 304
5 313.0 C 0/G 304
6 14.0 GT 0 --
24 Maasvlakte 1 526.0 C 0/G 286
2 526.0 C 0/G 286
25 Dordrecht 1 50.3 C G 398
2 52.7 c G 414
3 50.3 C G 394
4 52.4 C G 397
5 150.5 C 0/G 301
6 150.5 C 0/G 304
26 Delft 1 25.0 GT 0/G --
2 25.0 GT 0/G --
3 25.0 GT 0/G --
4 25.0 GT 0/G --
27 Zeeland 1 31.7 C 0 420
2 76.7 C 0 326
3 76.7 C 0/G 326
4 76.7 C 0/G 326
28 Borselle 1 182.4 C 0/G 320
2 182.4 C 0/G 320
3 443.2 N U 476
4 18.6 GT 0/G -
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Table 2.1 (continued)

Net Maximum Heat
Production Production
Unit  Capacity Type of Fuel (Mcal/s per
Power Plant No. (MW) Unit  Type 1000 MW)
29 Terneuzen 1 24.3 WF 0/G 1320
30 Amer 1 55.1 C K 410(a)
2 55.0 C K 410
3 9.0 C K 454
4 123.1 C 0 324
5 173.2 C 0 291
6 223.1 C K/0 279
7 223.1 C K/G 279
8 399.2 C 0/G 278
9 15.0 GT 0/G --
10 399.2 C 0/G 278
11 15.0 GT 0/G --
31 Donge 1 116.1 Steg G 211
32 Buggenum 1 55.0 C G 483
2 55.0 C G 514
3 77.5 C C 388
4 123.0 C 0] 307
5 180.5 C 0/G 336
6 227.5 C 0/G 336
33 Dodewaard 1 52.1 N U 450(a)

NOTES: Type of unit--
C = conventional plant
N = nuclear plant
GT = gas turbine
Steg combined cycle
WF = combination of a water and electricity plant

VV = incineration of refuse
SV = town heating
Fuel type--
G = gas
0 = oil
P = propane gas
K = coal
HO = blast-furnace gas
U = uranium

(a) These figures are estimates of the authors.
(b) These units have cooling towers, and hence discharge their
waste heat to the air.
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Table 2.2

POWER PLANT INVENTORY FOR APPROXIMATELY 1985

Net Maximum Heat
Production Production
Unit Capacity Type of Fuel (Mcal/s per
Power Plant No. W) Unit Type 1000 MW)
Hunze 1 125.1 C 0/G 335
2 125.1 C 0/G 335
3 125.1 C 0/G 335
4 125.1 C 0/G 335
5 125.1 C 0/G 335
6 17.0 GT P/G --
Eems 1 574.0 C G 280
2 23.0 GT G --
Leeuwarden 2 64.5 G 0/G 389
3 27.7 GT G --
Bergum 1 322.8 C G 280
2 322.8 C G 280
Harculo 3 124.1 C 0/G 359
4 129.7 C 0/G 348
5 328.5 C 0/G 282
6 329.0 Steg 0/G 211(a)
Hengelo 3 50.2 GT 0/G --
4 51.7 GT 0/G --
Nijmegen 1 49.2 ST 0/G 327
6 123.1 C K/0 300
7 123.6 C K/0 299
8 596.0 c K/0 280(a)
Flevo 1 184.8 C 0/G 314
2 184.8 C 0/G 314
3 465.3 C 0/G 312
4 25.0 GT 0/G --
Borculo 1 25.0 GT 0] --
Lage Weide 3 129.0 C 0/G 306
4 129.5 C 0/G 306
5 255.3 C 0/G 305
Merwedekanaal 1 63.2 C 0 417
2 93.0 SV Steg G 310(a)
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Table 2.2 (continued)
Net Maximum Heat
Production Production
Unit Capacity Type of Fuel (Mcal/s per
Power Plant No. (MW) Unit Type 1000 MW)
12 Nicolaas Beets 1 10.2 SV 0/G --
2 9.9 SV 0/G --
3 14.1 Y 0/G --
4 9.5 SV 0/G --
13 Velsen 1 126.0 C 0/K/HO/G 365
2 126.0 C 0/K/HO/G 365
3 26.0 GT 0/G --
4 106.6 C 0/HO 375
5 106.6 C 0/HO 375
6 127.2 C 0/HO 338
7 449.2 C HO/G 323
15 Diemen 1 184.8 C 0/G 313
2 184.8 C 0/G 313
16 Hemweg 5 125.1 C 0/G 326
6 125.1 C 0/G 326
7 18.0 GT 0/G --
8 506.0 C 0/G 301
16 Vuilverbranding 1 17.0 'A% 0 430
Amsterdam 2 17.0 'A% 0 430
17 Leiden 1 4.9 SV G --
18 Den Haag 5 61.0 C 0/G 395
6 75.0 SV G --
19 Galileistraat 1 161.0 C 0/G 303
Rotterdam
20 Schiehaven 1 61.0 C 0/G 387
Rotterdam 2 59.0 C 0/G 378
3 60.0 C 0/G 372
21 Waalhaven 2 81.0 C 0/G 337
Rotterdam 3 142.0 C 0/G 324
4 313.0 c 0/G 304
5 313.0 C 0/G 304
6 14.0 GT 0 --
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Table 2.2 (continued)

Net Maximum Heat

Production Production

Unit Capacity Type of Fuel (Mcal/s per

Power Plant No. (MW) Unit Type 1000 MW)
22 Maasvlakte 1 526.0 C 0/G 286
2 526.0 C 0/G 286
23 Rotterdam 1 25.0 SV G --
2 25.0 Y G --
24  Dordrecht 5 150.5 C 0/G 301
6 150.5 C 0/G 304
7 600.0 C K/0(a) 280(a)

25 Delft 1 25.0 GT 0/G --
2 25.0 GT 0/G -
3 25.0 GT 0/G --
4 25.0 GT 0/G --
26 Zeeland 2 76.7 C 0 326
3 76.7 C 0/G 326
4 76.7 C 0/G 326
27 Borselle 1 182.4 C 0/G 320
2 182.4 C 0/G 320
3 443.2 N U 476
4 18.6 GT 0/G --
28 Terneuzen 1 24.3 WF 0/G 1320
29 Amer 6 223.1 C K/GC 279
7 223.1 C K/G 279
8 399.2 C 0/G 278
9 15.0 GT 0/G --
10 399.2 C 0/G 278
11 15.0 GT 0/G --
12(b) 600.0 C K/0 277
13 27.0 GT 0] --
30 Donge 1 116.1 Steg G 211
31 Buggenum 4 123.0 C 0 307
5 180.5 C 0/G 336
6 227.5 C 0/G 336



-21-

Table 2.2 (continued)

Net Maximum Heat
Production Production
Unit Capacity Type of Fuel (Mcal/s per
Power Plant No. (MW) Unit Type 1000 MW)
32 Maasbracht 1(b) 633.0 C 0/G 286
2(b) 633.0 C 0/G 286
33 Dodewaard 1 52.1 N U 450(a)
34 Unspecified 1 550.0 C 0/G 280

combination of a water and electricity plant

NOTES: Type of unit--

C = conventional plant
N = nuclear plant

GT = gas turbine

Steg = combined cycle
WF =
W = incineration of refuse
SV = town heating
Fuel type--

G = gas

0 = oil

P = propane gas

K = coal
HO = blast-furnace gas
U = uranium

(a) These figures are estimates of the authors.

(b) These units have cooling towers whose use is optional.

When it

is elected to use the cooling towers, waste heat is discharged into
the air rather than into water, and the fuel use by the unit increases

by 8 percent.
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Table 2.3

CRITICAL TRANSFORMERS IN 1976

Number of Transformers Capacity of the

at That Location in Transformer Constraint
Location the 380-kV Grid (MVA) (MVA)
Ens 2 500 500
Diemen 2 450 450
Dodewaard 2 450 450
Krimpen 3 450 900

Table 2.4
CRITICAL TRANSFORMERS IN 1985
Number of Transformers Capacity of the

at That Location in Transformer Constraint
Location the 380-kV Grid (MVA) (MVA)
Ens 2 500 500
Diemen 3 450 900
Dodewaard 3 450 900
Krimpen 3 450 900

Table 2.5

FRACTIONS OF THE NATIONAL DEMAND
FOR THE REGIONS FOR
1976 AND 1985

Region 1976 1985
North 0.17 0.17
Gelderland/Utrecht 0.14 0.19
Noord-Holland 0.16 0.18
Zuid-Holland 0.21 0.17
South 0.32 0.29
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Chapter 3

ENVIRONMENTAL ASPECTS OF COOLING WITH SURFACE WATER

3.1. INTRODUCTION

When surface water is used for cooling, the quality and the aquatic
environment of the receiving body of water will be affected. The
magnitude of these influences will depend on the temperature rise
of the cooling water, the size of the receiving body of water, the
water quality of this body, and the meteorological and hydrological
environment.

There are several dimensions to the consequences of artificial
temperature increases on aquatic environments:

1. The impact of temperature rises on the total population
in the water is not equal to the sum of the impacts on
each individual species and the physical-chemical effects.
Because of differences in temperature dependencies of
various kinds of organisms, shifts in population size can
occur. Some species can disappear by this mechanism, even
without any deadly effects having been noticed.

2. Physical processes, as such, play a minor role. The
oxygen content that water can hold is lower at higher
temperatures. By raising the temperature in saturated
waters, oxygen will leave the water system. But, presently,
the waters in the Netherlands are seldom saturated with
oxygen. Therefore, this effect is less important. Moreover,
power plants can easily aerate the discharged cooling water.

3. The consequences for biological processes are more severe.

i The speed of chemical and biological processes increases
at higher temperatures, raising the demand for oxygen
and food by water organisms. This will increase the
possibility of oxygen depletion and increased mortality
of certain organisms, especially in polluted waters.

. Botulism deserves special attention. This disease is
caused by the bacterium "clostridium botulism," which
metabolizes organic matter anaerobically (i.e., in the
absence of oxygen). By doing so, it creates a deadly
poison for birds. Botulism in birds appears to be
strongly related to water temperatures above 20 deg C
and some heavily laden cooling circuits have been faced
with botulism. Also, this disease has been found in the
Netherlands under natural circumstances.

Because of these problems and the fact that large areas over long periods
of time are affected by the heat discharge, only small temperature
increases of receiving water bodies are permitted.
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The organisms that the cooling water contains will pass with the water
through the condensers of the power plant. The organisms endure a
temperature shock, and can suffer mechanical damage while passing the
narrow tubes of the condenser and the water pumps of the plant.
Mechanical damage is bound to occur to the larger organisms, such as
fish larvae. Also, mature fish are very often damaged by screens
installed to prevent their entry into the cooling system. Due to the
short residence time of water in the cooling system (some minutes), the
acceptable temperature rise can be higher than that for the receiving
water body.

Finally, we need to mention the environmental consequences of
growth-limiting methods. In general, many organisms tend to attach
themselves to various parts of the cooling system; this diminishes

the system's effectiveness. Various mechanical, chemical, and physical
measures are available to prevent such growth. For cooling systems
which use fresh water, a mechanical method is often used. This has the
advantage that no extra chemicals are added to the environment.

In seawater cooling systems, chloride is used normally to prevent the
growth. In this case, all organisms in the entire flow of cooling
water are killed; also, various chloride aminos and organochloride
compounds can be formed. Because of such unwanted effects, a higher
temperature rise is permitted for power plants that use seawater

for cooling. Thus, a smaller amount of water is used and less chloride
is brought into the environment, resulting in diminished growth of such
organisms.

3.2. STANDARDS

On December 1, 1970, the Surface Water Pollution Act (Wet
Verontreiniging Oppervlakt Wateran) came into force. Among other
things, this act forbids discharges of pollutants into surface

waters without a permit. Heat discharges are considered pollutants
by the Act. The Minister of the Department of Transport and Public
Works, who is in charge of the execution of the Act, defined a number
of provisional guidelines [3.1] which must be taken into account

when discharge permits are granted. These guidelines contain standards
standards to keep environmental damage small. The guidelines are
provisional, because when new scientific results provide a rationale
for change they will be altered.

The standards contain four distinct categories, as discussed below.

3.2.1. The Maximum Temperature Anywhere in the Cooling System

Cooling water is not allowed to exceed a temperature of 30 deg C.
Scientific research shows that the lethal temperature for many water
organisms accustomed to summer temperatures but exposed to this
lethal temperature for some hours or up to seven days, lies in the
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range between 30 and 35 deg C. A few organisms have lethal temperatures
below 30 deg C, but these organisms live only in the upper reaches of
rivers and in mountain lakes. An exception to this standard is made
when cooling towers are used. Here, in order to create enough cooling
capacity, higher temperatures are allowed.

3.2.2. The Temperature Difference between the Water Drawn In and
the Water Discharged

The temperature difference may not exceed 7 deg C in summer and 15 deg

C in winter. (As no official policy has been set, temperature differences
during transition between seasons is determined locally.) The lethal
temperature for many organisms appears to be dependent on the
acclimatization temperature. Various investigations show that after
acclimatization at 6 deg C for perch, the lethal temperature is 24 deg C;
after acclimatization at 15 deg C, 28 deg C; and after acclimatization
at 25 deg is 31 deg C. The difference between these two temperatures
decreases from 18 deg C to 6 deg C. There are indications that this
patterns holds for nearly all organisms. Therefore, the above-mentioned
standards are enforced. An exception to this rule is made for power
plants that are cooled with seawater; here the standards are 10 deg C

in summer and 15 deg C in winter.

3.2.3. The Total Heat Load of the Plant

The amount of the heat discharge has to be related to the extent of the
retaining water body and the way that the heat discharge spreads out in
it. The standards are, in this case, related to the different quality
goals of the retaining water body. The surface waters can be rivers,
large canals, large lakes, small lakes, cooling circuits, the sea, and
the estuaries. Each category has its own characteristics and, therefore,
a different standard should be used. Currently, a standard for the
maximum heat load has been established only for rivers. The temperature
increase above the "natural temperature' averaged over the cross section
of the river should remain below 3 deg C for low flows at any time.
(Natural temperature is defined as the temperature which would have
existed if no heat discharges took place anywhere in the system.) This
implies that the effects of all upstream discharges should be taken into
account as well. The addition at low flows, although not yet clearly
defined, prevents extreme heat discharges at high flows. This standard
is also adopted for the lower course of a river where tidal influences
are noticeable. Here the standard should be calculated as an average
over the cross-section of the river and over a tidal period.

3.2.4. Additional Standards for Periods with a Critical Water Quality

Due to the large effects that a change in oxygen content can have on

the macrofauna in flowing water, an additional limitation is imposed for
rivers. No heat discharges are allowed at an oxygen content below 5 mg/1,
measured upstream of the discharge point, unless extensive aeration

is applied.
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3.3. HOW STANDARDS WERE IMPLEMENTED IN PAWN

The impacts of water management strategies on power plants, and
conversely, can be estimated in various ways. One approach is to
calculate absolute temperature at relevant locations in the water
management system and compare these results across the various
cases. However, to do this requires that a large number of factors
be taken into account, such as radiation, wind velocity, and relative
and absolute humidity. Besides the collection of a large amount of
data, this would require construction of a fairly complicated model.
Then, toc, the interrelations between the relevant variables, such
as water temperature, wind speed, and evaporation, are not yet
completely understood. A common approach is to introduce many
coefficients, a procedure that necessitates an intensive calibration
effort.

As part of the studies done for the International Rhine Committee,

a model was built which took most of those factors into account

[3.2]. It was calibrated using 12 years of data, but its performance
was rather poor--an accuracy on the order of 1 deg C. Because of this
extensive data collection and the fact that the standards, with one
exception, are defined in terms of temperature rises (not in terms of
absolute temperatures), we selected a different approach in PAWN--one
that uses temperature increases above the natural temperature.

The way each type of standard is handled is discussed below.

3.3.1. The Maximum Temperature Anywhere in the Cooling System

Because our approach calculates only excess temperatures, the standard
of a maximum absolute temperature of 30 deg C had to be translated

into an excess temperature standard. Here we made use of a study

[3.3] of the natural temperature which was done for the discharge
permit of the Amer power plant. In the study the natural temperature
was determined by a statistical analysis of various data series after
it was proven that these data would not be affected by artificial

heat discharges. The results are summarized in Fig. 3.1. The middle
line shows the variation in the temperature during an average year.

The upper and lower lines show, respectively, the 2.5-percent
exceedance and underrun curves. That is, on any particular day, there
is a probability of 2.5 percent that the observed temperature will
exceed the value shown by the upper line for the corresponding date.

An analogous statement can be made for the lower line. As no other
comparable studies are available for other locations in the Netherlands
and as there are no reasons to assume that the situation there deviates
considerably from the situation near the Amer power plant, we used this
curve in the PAWN study for the entire Netherlands. By using the
maximum of the 2.5-percent exceedance curve (which is 23 deg C), the
absolute 30-deg-C standard can be translated into a 7-deg-C excess
standard. A refinement is possible by defining a different excess
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standard decade by decade (i.e., for each 10-day period). However,
because of time limitations, this was ignored.!

3.3.2. The Temperature Difference between the Water Drawn In and
the Water Discharged

Theoretically, this standard can always be met, for it is possible

to remain within the bounds of this standard by pumping more cooling
water at a given heat rate. In practice, though, this is not as easy
to achieve. The design of the pumping capacity, the condenser, and
the turbine are carefully tuned to obtain high unit efficiency. Thus,
this standard is more a design criterion than a criterion for daily
management of the power plant or the water system. Even though this
standard is regularly exceeded at existing power plants, we have left
it out of consideration. It is anticipated that any units built in
the future will comply with this standard.

3.3.3. The Total Heat Load of the Plant

The standard for rivers can be applied directly with the selected
modeling technique. No additional problems occur for areas affected
by tides, as the time step for the Distribution Model (DM) is
approximately ten days. (See Vol. XI.) For the lakes, the sea, the
estuaries, and the canals, no similar standards are available. The sea
and the estuaries are not a part of the freshwater system studied in
PAWN, so they were ignored. However, because the hydrological behavior
of large canals, although biologically very different, bears great
resemblance to that of the rivers, we investigated the implications

of applying the 3-deg-C limitation on excess temperature for large
canals, too.

3.3.4. Additional Standards for Periods with a Critical Water Quality

Here we assumed that aeration would take place when necessary, so
this standard was ignored.

3.3.5. Summary of Thermal Standards Used in PAWN

The standards established by Dutch law were thus represented in PAWN
by a 3-deg-C limitation on the excess temperature of the major rivers
(Waal, Neder-Rijn, IJssel, Maas, etc.) and a 7-deg-C limit on the
excess temperature in canals. The 7-deg PAWN standard replaces the
actual Dutch requirement that the temperature should never exceed

30 deg C anywhere in the cooling system, while the 3-deg PAWN standard
is the same as the actual Dutch limit on the total heat load of the
plant. The remaining actual Dutch standards were ignored in PAWN.

We also considered a stricter standard of a 3-deg limit on excess
temperature everywhere in the water management system, including
rivers and canals.
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NOTE

But in the analysis done after December 1979 we did apply this
refinement.
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Chapter 4

THE HYDROLOGICAL SITUATION

4.1. GENERAL

Of the 33 (34) power plants that existed in 1976 (1985), only 21 (20)
influenced the national freshwater system; & (6) of the 33 (34) were gas
turbines or town-heating plaants, whose waste heat is not discharged to
the surface water; 4 (6) of the plants discharged into the sea or the
saltwater estuaries; and 4 (2) used separated cooling circuits, such as
in the canals of the city of The Hague. Although environmental problems,
such as botulism can occur when these circuits are heavily loaded, we
did not account for such problems in our hydrological analysis--i.e.,

we neither calculate excess temperatures nor impose standards. This

was done because these units are old and their cooling circuit did not
interact with that of the national system. However, they were accounted
for in the electrical schematization.

In 1976, of the set of 21 plants referred to above, the plants along
the Amsterdam-Rijnkanaal and the Noordzeekanaal (particularly Utrecht
and Velsen) had problems with their cooling water in that standards
were exceeded. Also, standards were violated at the plants in
Groningen and at the Amer. Besides these problem areas, the

upstream portion of the Maas River quite often has limited cooling
capacity due to low flows. All in all, roughly half of the power
plants are located along waters where problems occur. With the growth
in energy production at centralized locations, those problems only
tend to increase.

4.2. COOLING CIRCUITS

Most power plants discharge their cooling water directly into the
rivers, lakes, or canals. However, at a few locations the cocling
water also runs through a cooling circuit. This is the case for the
locations Groningen, Bergum, Velsen, Hemweg, and Diemen; Fig. 4.1
shows these circuits. Special care was taken to represent these
circuits in the Distribution Model. This is discussed in the next
section, and in the Appendix.

At the Amer plant, another complication arises. Because of tidal
movement, an additional cooling surface upstream of the power plant
is created. Therefore, the cooling capacity here is larger than
simply the cooling capacity of the river itself. The effect of
tidal movement is only noticeable at flows up to 200 m®*/s and has
its largest effect when there is no discharge from the Maas. The
additional cooling capacity at zero flows of 70 Mcal/s was estimated
in studies done by District Zuidwest of the Directorate WW [4.1].
With increasing flows, the additional cooling capacity is assumed

to diminish linearly until it becomes zero at 200 m®/s. Fig. 4.2
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displays the relation between the Maas discharge and the cooling
capacity at the Amer power plant. This effect is accounted for in
the Distribution Model.

4.3. EXCESS TEMPERATURE AT THE BORDER-CROSSING RIVERS

Although the Rijn River flow is considerable (2200 m®/s, on the
average), its cooling capacity is rather limited. This is due

to the high heat content that the river has obtained from heat

discharges in Germany, France, and Switzerland. The situation

for the Maas is similar; discharges by Belgium and France also

heat this river considerably.

A study conducted by Keymans and Wessels [4.2] estimated the

excess heat in the Rijn River at Lobith caused by foreign discharges.
They showed that in the years 1961 through 1972 the summer temperature
had risen 1 deg C and the winter temperature 1.7 deg C above the
temperatures of the earlier period 1911 through 1940. At low flows
these figures were higher: 2.0 deg C in summer and 2.6 deg C in
winter.

A tentative agreement on excess temperatures was obtained in
discussions held within the framework of the International

Committee for Protection of the River Rhine Against Pollution

(IRC), in which the Netherlands, Germany, France, and Switzerland
participated. Specifically, it was agreed that the excess temperature
at Lobith would not exceed the 3 deg C. In spite of the fact that
this agreement has not yet been incorporated officially in a treaty,
we used this figure in the PAWN study. Also, in the ongoing IRC
discussions, a certain flow was defined (the so-called "maatgevende
afvoer') above which the total amount of heat discharged in the river
is not permitted to increase. This flow is defined to prevent
exceeding the 3 deg C excess temperature standard. Although no
official figures were defined, we selected a value of 1500 m®/s for
use in PAWN.

For the Maas, a similar agreement was made with the Belgians regarding
excess temperature at the border (Eysden). This agreement would have
been part of a more extensive settlement on the water flows of the
Maas River. However, internal political problems in Belgium, have
postponed the signing of this treaty. In the PAWN study we assumed

a maximum excess temperature of 3 deg C at the border at Eysden.

A study done by District Zuidoost of the Directorate WW [4.3],
estimated the relationships between the excess heat and the river
flows at the border. We selected relationships for use in PAWN that
represent the average situation; these are shown in Figs. 4.3a and
4.3b for the Rijn and Maas, respectively.

No information about excess temperatures at the border was available
for other small border-crossing rivers such as the Vecht and the
Roer. Therefore, we assumed that they enter the Netherlands without
any heat load.
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Chapter 5

DESCRIPTION OF THE MODELS

5.1. GENERAL

Two models were used to calculate the implications of power plant
heat discharges into surface water and the consequences for power
companies of the restrictions imposed on them. One is called the
Distribution Model (DM) and the other the Electric Power
Redistribution and Cost Model (EPRAC). The DM determines the flows
of water in the water distribution network and then calculates how
the heat discharges spread through the network. The EPRAC model
first redistributes the power production in such a way that no
standards are viclated and then calculates the attendant costs.
The main emphasis in this chapter is on the EPRAC model, since the
DM is discussed in Vol. XI. However, for reasons of completeness,
parts of Vol. XI that deal with thermal calculations are repeated
in this chapter.

5.2. THE DISTRIBUTION MODEL
5.2.1. General

The DM network is shown in Fig. 5.1. The DM nodes at which the
power plants and the border-crossing rivers are assumed to discharge
their heat are indicated in Table 5.1.

Our representation at three of the nodes creates certain effects
that are discussed below. The discharge from the plant at
Groningen, in reality, takes place in such a way that virtually
no heat is transported through the Eemskanaal. However, in our
schematization, the Eemskanaal is affected; but, since there are
no power plants located at the downstream end of this canal and
the calculations for this canal are not of interest, there is no
effect that matters.

The plants in Utrecht, in reality, discharge upstream of the
intersection of the Leidsche Rijn with the Amsterdam-Rijnkanaal.

This means that the water needed for the Leidsche Rijn is withdrawn
before the heat is discharged into the canal. The model, however,
discharges heat from the Utrecht plant, which is sent down to the
Leidsche Rijn. Since the amount of water (and hence heat) transported
by the Leidsche Rijn is rather small, the error created by the model
is small and acceptable.

Discharging at node 35 would have created the same kind of problems
when the North-South Connection in the southern direction was used
together with the Maarssen-Bodegravenkanaal. The latter complication
is related to how we modeled the location of the power plant at
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Dordrecht. According to our representation, this power plant is
located at the junction of the Dordtsche Kil and the Beneden-Merwede;
thus, it is influenced by the heat discharges of the Amer, Buggenum
and Maasbracht power plants. In reality, the intake of the plant

at Dordrecht is upstream of the junction, and takes its water from
the Wantij (see Fig. 5.2). At high tides the intake to this plant
can be influenced by the above-mentioned plants along the Maas.
However, as the standard for the Dordrecht plant is set as an average
over a tidal cycle and the average flow along link 4 goes from node
4 to 5, the heat contents of the plants along the Maas should not be
taken into account. A correction for this was inserted into the
EPRAC model. The specifics are explained when this model is
described below.

5.2.2. Excess Temperature at Nodes

Three major assumptions are made in the calculation of excess
temperatures in the DM. '

1. At a node there is complete mixing of the water flows
from each link.

2. The decay of heat at a node is described by the following
expression:

dT/dt = H/V - R * A * T/V - Q * T/V,

1l

where T the temperature at the node (deg C),
H = the rate at which heat is entering the node
(Mcal/s),
= the volume of water in storage at the node (m?®),
the heat transfer rate (Mcal/s)/(km * km * C),
the surface area of the node (km * km),
= the flow into the node (m®/s).

o<
Il

The method of integrating this equation is discussed in Vol XI.
3. In a link, we assume an exponential decay of the transport
of the heat downstream. The equation has the form:

T(e) = T(b) * exp(-R * A/Q)

where T(b), T(e)

the excess temperatures (deg. C) at the
upstream and the downstream ends of a
waterway, respectively,

= heat transfer rate (Mcal/s)/(km * km * C),
the surface area of the waterway (km * km),
the flow in the waterway (m®/s).

o
Il
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The heat transfer rate is highly variable, and depends on wind
velocity, relative humidity, surface temperature of the water,
and the size and shape of the body of water. It can vary between
2 and 50 [5.1]. 1In PAWN we used a value of 10.

5.2.3. Cooling Circuits

Power plants at Amsterdam (Hemweg), Bergumermeer, Diemen, Velsen, and
Groningen are located some distance away from the main waterway that
provides their cooling water. In such cases, the sections of the
waterways connecting the inlet point to the power plant, the power
plant to the outlet point, and between the inlet and outlet points

on the main waterway create a cooling circuit in which water can

be circulated to provide additional cooling. (A cooling circuit is
particularly important at Groningen where the supply of cooling water
is limited.) We assume, too, that cooling in each section of the
cooling circuit obeys the same exponential law described above; but,
because these sections are not included in the DM network, we must
calculate the effect of the cooling circuit "on the side." The
effect of the cooling circuit is to dissipate a fraction of the heat
discharged from the power plant before the cooling water enters the
main waterway. Since this calculation takes place in DM, details

are discussed in Vol. XI; for completeness, the relevant section

of Vol. XI is repeated in the present volume as an appendix.

5.2.4. The Amer Cooling Capacity

In Sec. 4.2 we mentioned the additional cooling capacity of the

Amer afforded by tidal action. This effect was accounted for in the
DM by introducing a virtual flow of water for the temperature
calculations which is substituted for the "actual" river flow.

This virtual flow is represented by the linear equation

Q(virt) = max(Q(actual), 0.883 * Q(actual) + 23.33).

The form of the equation is such that it also can be used when
the flow in Amer becomes negative.

5.2.5. Interactions Among Heat Discharges at Different Nodes

After the DM has determined the flow distribution within the network,
it calculates coefficients of thermal interaction among 16 nodes of

the network. Those 16 nodes comnsist of the 14 nodes at which the power
plants discharge heat and 2 nodes at which heat is introduced at

the border-crossing. These interaction coefficients represent the
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amount by which the temperature at one node will rise due to a
specified heat discharge at each of the other nodes. At the 14 nodes
the specified discharge is usually 1000 Mcal/s. At the 2 nodes the
heat is assumed to be discharged according to Figs. 4.3a and 4.3b.

The results of the calculations done by the DM are passed on to the
EPRAC model as a 16 by 16 by 36 matrix, in which the influence of each
power plant on the others is indicated in each of the 36 decades of
the year being simulated. Many entries in this matrix are zeros,

as there is, for instance, no influence of the discharges of the power
plant at Maasbracht on the plants along the Amsterdam-Rijnkanaal, and
vice versa.

In principle, we could calculate interaction coefficients for all of the
network nodes, which would result in a 92 by 92 matrix for each decade.
But it can be shown that at each node without a heat discharge, but with
a nonzero excess temperature, there is a node upstream of it which has a
higher excess temperature. So long as the thermal standard applied at
the downstream node is no more strict than the standard at the upstream
node (i.e., so long as the standard is not three degrees downstream, and
seven degrees upstream), meeting the standards at nodes with heat
discharges will ensure that the standards are met everywhere.

Given the current water management system, there is only one instance in
which water from a node with a seven-degree standard can flow into a
node with a three-degree standard. This occurs when the
Amsterdam-Rijnkanaal is used to transport water north to the Markermeer.
(This can be done via the pumping stations Zeeburg and Schelingwoude,
located near the Oranjesluis. The Oranjesluis is represented as link 67
in Fig. 5.1.) But the Markermeer is such a large body of water, and
transfers heat so rapidly to the air through its large surface area,
that it is impossible, in a practical sense, to violate the three-degree
standard there.

5.3. THE ELECTRIC POWER REDISTRIBUTION AND COST MODEL (EPRAC)
5.3.1. Introduction

The EPRAC model uses linear programming techniques to calculate the
minimum cost of power production for the Netherlands as a whole, subject
to the following constraints: power production by each unit cannot
exceed its maximum capacity; the demand for power in each region must

be satisfied; the amount of power transmitted between regions cannot
exceed the capacity of the grid; and the excess temperature at each

of the 14 "hot" nodes cannot exceed the thermal standard specified there.
To meet these constraints, EPRAC can vary the amount of power generated
by each unit, and consequently the amount of waste heat discharged into
each "hot" node (this assignment of units to meet the demand is called

a generating schedule). EPRAC calculates the minimum cost generating
schedule for two variations of this problem, one in which the thermal
standards are relaxed (the unconstrained case), and one in which they
are imposed (the constrained case). The differences between the two
cases give the costs of the thermal standards to the power companies for
a specific water distribution.
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That water distribution is determined in the distribution model, which
distributes the water according to the physical possibilities of the
system, a set of constraints (usually set by environmental reasons
other than thermal) and the agricultural demand. It calculates costs
to agriculture and shipping but it does not calculate the costs for
the power plants. That is done by EPRAC. The DM only passes data to
EPRAC. So, by a stepwise combination of the two models for a given
water distribution, the costs for the power plants can be determined;
there is no active feedback between the two models. If one wants

to defer some water from other users to the benefit of the power
companies, another DM run has to be made. In that run the consequences
to shipping and agriculture are calculated and, with the new data file,
the costs to the power companies can be calculated by EPRAC. In order
to find a "minimum" cost solution for the various tactics which were
studied in our entire analysis, this procedure would have to be
repeated many times. But, the DM/EPRAC combination is not designed to
carry out this enterprise.

Luckily, these iterations appeared to be unnecessary. Volume V describes
an analysis using the Managerial Strategy Design Model (MSDM), in which
we investigate the effect on the cost to power companies of changing

the water distribution. This analysis shows that, of all the
possibilities for changing the water distribution, only one is more
beneficial to power companies than it is detrimental to other water
users (e.g., shipping). That possibility is to withdraw water from the
IJsselmeer and Markermeer to provide more water to cool the power plant
at Bergumermeer, and the power plants on the Noordzeekanaal at Amsterdam
and IJmuiden. Even this additional cooling water is only needed if the
thermal standards at these locations are changed from seven to three
degrees.

Two investigations with DM/EPRAC also support this conclusion. The
first one is a case where water was sent from the Rijn to the Maas via
the connection between the two rivers at St. Andries in order to ease
the thermal problems at the Amer plant. Here, only the additional
shipping costs caused by this solution on the Waal outweighed the
benefits to the power companies (see Vol. II, Sec. 9.4).

The second case was run specifically to validate the assertion stated
above. Here, two runs of the DM were compared for a very dry year
(DEX) in which MAXTACS (a set of nine dominant, promising, technical,
and managerial tactics, see Vol. II) were brought in, but the existing
groundwater policy was continued. Under these circumstances the
constraint on Link Arkanal 5 was relaxed from the usually used 30 to
10 m®/s. The results were that agriculture gained benefits of 10 Dflm
due to the diminished salt damages in Delfland and Rijnland and the
damage to shipping at the Waal went down 3 Dflm, while the costs to
the power plants went up 8 Dflm under the 3-deg C and 5 Dflm under

the 7-deg C standard. -

In the remainder of Sec. 5.3, we will discuss the formulation of the
linear program, the key assumptions behind it, and the data required
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by EPRAC. First, however, we will discuss the way EPRAC modifies the
data it receives from the DM.

5.3.2. Modifications of DM-Generated Inputs to EPRAC

For each decade, EPRAC modifies the 16 by 16 matrix it receives from DM
in the following way. First, it segregates the two rows corresponding
to the nodes at which heat in the Rijn (node 1) and the Maas (node 15)
enter the country. The temperatures at these nodes are determined only
by conditions and events occurring outside the Netherlands, and cannot
be affected by internal actions. We denote the elements in these rows
of the matrix by B(1,j) and B(15,j), respectively; they give the
incremental temperature at each of the other 14 nodes due to excess
heat crossing the borders in the Rijn and the Maas.

Second, each of the remaining 14 rows in the 16 by 16 matrix is
replicated once for each power-generating unit that discharges waste
heat into the node corresponding to that row. For example, there are
seven units at power plant Velsen (see Tables 2.1 and 2.2), so the row
of the matrix corresponding to node 39 IJMUIDEN (where Velsen
discharges its waste heat) is replicated seven times. The result is a
matrix with 16 columns and as many rows as there are generating units.
We denote an element in this matrix as b(i,j), where the index i
refers to the unit, and the index j to the node. The value of b(i,j)
is the temperature rise that would occur at node j if unit i were to
discharge heat at a rate of 1000 Mcal/s. A new matrix is produced for
each decade, since the values of the elements b(i,j) will change
depending on the water distribution determined by DM.

Third, recall (Sec. 5.2.1) that the DM calculates influences on
Dordrecht of heat discharges from each power plant on the Maas. These
influences are represented as nonzero elements of the 16 by 16 matrix.
EPRAC eliminates these unwanted influences by setting the appropriate
matrix elements to zero.

Finally, since the nodes at which the Rijn and the Maas enter the
Netherlands are not influenced by heat discharges within the country,
we can drop the two columns in the matrix b(i,j) corresponding to
these two nodes. Hereafter, we will be concerned only with the
remaining 14 columns. The 14 nodes to which they correspond will be
referred to as "hot" nodes.

5.3.3. The Equations of the EPRAC Model

The EPRAC model is a linear program with decision variables, an
objective function, and a number of constraints. The formulation of
the objective function and constraints depends crucially upon a number
of assumptions, which we discuss in the next section. Here, we present
the linear programming formulation itself.
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The objective function calls for minimizing the cost of the fuel used
to generate electric power throughout the Netherlands. Thus:

N
Minimize: T C(i)X(1)
i=1
where X(i) = ith unit's output level in MW (a decision variable),
C(i) = ith unit's fuel cost per hour of generating 1 MW,
N = the number of power-generating units.

There are four kinds of constraints that must be satisfied. First,
the power production by a generating unit must not exceed its
capacity, which we express as:

0 < X(i) < 0(i); i =1,...,N

where 0(i) = the maximum output of unit i, in MW.

Also expressed in these constraints is the principle that the power
output of a unit cannot be negative--i.e., one cannot generate fuel by
consuming electric power and waste heat, at least not using these
generating units.

The capacity constraint must be modified for generating units with
optional cooling towers. There are units at two power plants in the
1985 inventory (see Table 2.2), and none in the 1976 inventory. Without
the cooling tower, such a unit discharges its waste heat into a network
node. Using the cooling tower eliminates heat discharges into the
network, but it also reduces the efficiency of the unit by about eight
percent, and raises its fuel consumption by the same percentage.

These units are represented as two variables, whose sum is required not
to exceed the capacity of the generating unit. The first variable
represents operating the unit without cooling towers. When this
variable equals the unit's capacity, the unit is producing power at full
capacity, and discharging heat into the network at the maximum rate.

The second variable represents operating the units with cooling towers.
When the second variable equals the unit's capacity, the unit is again
producing power at full capacity, but all the waste heat is being
discharged through the cooling tower to the air. No heat is discharged
into the network. When the two variables sum to less than the unit's
capacity, the deficit may be thought of as leaving the unit partly idle.
For example, when the sum is zero, no power is generated, no cost is
incurred, and no heat is discharged. Thus, if variables i and i'
correspond to a unit with an optional cooling tower, the capacity
constraint becomes:
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X(i) + X(i') < 0(4)

These two variables can be averaged in any proportions. Thus, it is
possible to operate the unit at one-half capacity without cooling
towers by setting variable one to half the capacity, and variable two
to zero. In the model it is also possible to operate the units at
full capacity, but cool them partly with the towers and partly with
Maas water (all the units with optional cooling towers are located on
the Maas). In reality, this is clearly not possible, but we decided
to include this possibility in the model.

Second, the amocunt of power transmitted between regions cannot exceed
the capacity of the grid. This can be expressed as:

o

< Y(k,1) < M(k,1); k =1,...,5; and 1 = 1,...,5,

where Y(k,1)

the amount of power transmitted from region k to region
1, in MW (a decision variable),

the grid's capacity to ship power from region k to
region 1 (see Chap. 2).

M(k,1)

Third, the demand for power in each region must be satisfied, either
by power generated within the region, shipped in from outside, or both.
In addition, any power shipped out of the region to satisfy demand
elsewhere must be generated. These constraints, one for each region,
can be expressed as:

N 5 5
L a(i,1)X(i) + 0.99 ZY(k,1) - 1.0 £ Y(1l,k)
i=1 k=1 k=1

> R(1); for each region 1 =1,...,5

where R(1)
a(i, 1)

the demand for power in region 1, in MW,
a logic array placing unit i in region 1.

The coefficient 0.99 multiplying the amounts of power transmitted into
the region from other regions reflects transmission losses, which we
have assumed to be one percent.

Fourth, the excess temperature at each of the 14 "hot" nodes cannot
exceed the thermal standard imposed there. This is expressed as:
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the temperature increase at "hot" node j caused
by each 1000 Mcal/s heat discharge from unit i,

S(i) = the heat discharge rate from unit i, in Mcal/s, for

each 1000 MW of power produced,

T(j) = the temperature maximum permitted at "hot" node j,
B(1,3),B(15,j) = the incremental temperature at "hot node j due to
excess heat crossing the border in the Rijn (node 1)
and Maas (node 15), respectively.

where b(i,j)

The quantities b(i,j), B(1l,j), and B(15,j) are calculated for each
decade by the Distribution Model as described in Sec. 5.2.5 above,
and passed as data to EPRAC.

To incorporate into EPRAC the variation of demand with time of day,
we solve the linear program just described for three different levels
of total demand, scaling the quantities R(1l) so that their sum is
first 4000 MW, then 6500 MW, and finally 9000 MW. For each demand
level, we solve EPRAC with relaxed thermal standards (the
unconstrained case)--i.e., with the T(j)'s all set very large--and
then with the thermal standards imposed (the constrained case)--i.e.,
with the T(j)'s set to 3 or 7 degrees, as desired. (The T(j)'s may
differ at different nodes; for example, those on the main rivers
versus those on canals.) For both the constrained and unconstrained
cases, this yields three points to be used to develop a piecewise
linear relation between cost and demand level.

Knowing how the demand level varies with time of day, we can integrate
each relation to obtain a daily cost. The difference between the
daily costs in the constrained and unconstrained cases is our estimate
of the cost attributable to the thermal standards.

Each of the elements, the X, Y, a, b, G, R, T, O, M, etc., arise from
certain assumptions and submodels, which are described next.

5.3.3. Assumptions Made in the EPRAC Model

The EPRAC model is based on a set of crucial assumptions; these are:

. Fuel costs are used as a proxy for the marginal
generating costs.
. The costs of starting and stopping the various units
are neglected.
. We assumed a linear relationship between the amount of fuel
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used and the amount of power produced produced by the unit.
. We assumed a linear relationship between the power produced
and the amount of heat discharged into surface waters by the
unit.
i We assumed that the influence of one power plant on another
takes place on an instantaneous, steady-state basis.

5.3.3.1. Fuel Cost as a Proxy of the Marginal Generating Costs. A
large part of the variable costs that the power plants have to bear are
fuel costs. So, one is confident that by restricting attention only to
additional fuel costs, we have accounted for the major portion of the
costs to the power companies. There are other variable costs, too.
Changing power production from efficient units to less efficient units
usually means a transfer to smaller (and therefore more numerous) and
older units. These units may require more staff and more maintenance.
But such costs were not accounted for.

5.3.3.2. Starting and Stopping Costs. In our approach, we ignored
power plant starting and stopping costs. However, these costs could
influence the optimal mix of units in production, and, in turn, total
fuel costs. (These problems are discussed in Sec. 6.3.2.) But there
are reasons for believing that such costs are small compared with

the fuel costs associated with efficiency losses. The DM makes its
calculations of water flows on a decade basis. The costs

calculated by EPRAC are done essentially on a daily basis and

then multiplied by the appropriate number of days in the decade.

If one needs to alter the optimal power generation schedule for
environmental reasons, additional costs need to be borne only the
first day to start (preheating costs) the new units and stop (slowly
cool down) others that are running. For the remaining nine days

in the decade, the generation schedule can remain the same, obviating
the need for starting and stopping costs. Moreover, as no information
was available regarding starting and stopping costs by unit, we could
not account for them in EPRAC. Apart from its effect on the optimal
schedule itself, though, the discussion above suggests that these
costs are small compared with the fuel costs associated with efficiency
losses.

5.3.3.3. Linear Relationship Between Efficiency and Cost of Electricity
Generation. Each generating unit can be operated at any output in a

range between a minimum operating level and a maximum output level. The
unit can be operated with little or no damage at the high levels of output
for specified limited amounts of time. Factory and equipment, such as
flame stability, number of burners, auxiliary equipment, pollution

control equipment, impose limitations that affect the minimum generation
level for each unit.

Aside from physical structural limitations placed on each unit, the
choice of operating level is a decision that is based mainly on economic
considerations. We mentioned earlier that we use the total fuel cost
(our cost surrogate) as our performance measure to be minimized. Each
unit has a performance curve of actual fuel consumption versus net

power generation. A typical performance curve is shown in Fig. 5.3.
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We need certain approximations to solve the problem of finding a
combination of units to produce a specified level of total national
electrical output at minimum total generating cost, subject to specified
limitations. For each generating unit in EPRAC we assume a linear
relationship between electrical output and fuel input. Thus, the

linear ray (from the origin) in Fig. 5.3 is used to approximate the

fuel cost as a function of output. Upper and lower limits are rated

net output and zero, respectively.

We find that a typical optimal schedule includes only a few units

that operate between zero and rated output. This results from a
characteristic of linear optimization problems, in which the optimal
solution is at extreme points. Thus, the solutions to EPRAC seldom
include a unit operating below its own correct minimum operating level.

Only one data point is needed to define the linear relationship. SEP
supplied Rand with a list of average efficiencies in Btu/kWh (the
average heat rate) for all the major Dutch generators. We use these
heat rates as estimates of the slope of the linear relationship
between fuel input and electric power output.

Data in terms of Btu per kWh for each Dutch generating unit is supplied
in the EPRAC data base. These values are used, along with each unit's
energy cost, to calculate the C(i) cost per hour per MW output.

The linear energy input-output relationship for each unit results in
a linear total cost function given above.

5.3.3.4. Heat Production. Data on heat discharge into the cooling
water when the unit was operating at maximum rated net output was
obtained from KEMA. Since a typical unit's performance curve

is nonlinear (Fig. 5.3), heat discharge as a function of operating
level is also nonlinear, and probably follows closely the shape of
a unit's performance curve.

Again, because of a lack of data, we assume a linear relationship
through the origin for heat production. The single data point
provided from the Dutch represents the slope of the line, which we
earlier denoted by S(i). These values must be multiplied by the
coefficients b(i,j) transferred from the Distribution Model, to yield
the constraints on the excess temperatures at the 14 "hot" nodes.

5.3.3.5. Instantaneous Steady-State Assumptions. Two important
processes vary with time--the hydrologic thermal pollution process

and the electrical demand process. Since electricity demand varies

by time of day, so too does the heat discharged into the water network.
In the EPRAC model, we assume that both processes are in a steady
state instantaneocusly at any point in time, although they vary
hour-by-hour. In reality, the time it takes for heat input upstream
to raise water temperatures downstream can be on the order of days
(rather than minutes, as in the instantaneous steady state assumption).
(Given flow rates and average cross-sectional areas of each waterway,
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one could actually estimate the time delay between thermally-important
EPRAC nodes.)

The assumption we make in EPRAC is conservative for most nodes and
flow rates in the following way. We assume implicitly that the

peak heat input at the upstream node arrives at the same time we

want to put maximum heat input into the downstream node. In reality,
temperatures downstream are unlikely to peak simultancously

with the time at which we wish to reject peak heat at this downstream
node. There is much more capability to reject heat than is estimated
in our model, making our instantaneous steady-state assumption
conservative, and thermally over-constraining the electric power
network.

We examined and then rejected two approaches that would have handled

the dynamics of the heat flow more accurately. In one approach one

can argue that water mixing occurs laterally in the stream and by
considering the fact that the thermal constraint itself can be

interpreted as an average constraint rather than a peak constraint,

we could use upstream average heat input and DM-calculated coefficients

to calculate heat permitted downstream. In the second approach we could
calculate actual time delays between nodes, then look back to earlier

heat discharge and calculate current permissible downstream heat discharge.

Both alternatives are feasible but are very costly to model. A history
of heat discharge for past hours or days would have to be maintained.
The number of variables and/or constraints to be considered would
increase in proportion to the number of times during the day at which
the excess temperatures were to be calculated, with resulting increases
in program execution costs. For these cost reasons and the fact that
our current assumption of instantaneous steady state is conservative
and yields an upper bound on thermal cost penalties, we rejected the
two altermatives.

5.3.4. Data for EPRAC

5.3.4.1. Fuel Prices. Five alternative fuel types are considered

in the EPRAC model: coal, gas, nuclear, fuel oil, and furnace gas.
Actual price estimates are developed in guilder cents per Btu from
several sources. From SEP we obtained the ratio of prices between
different fuels used in KEMA's models as coal 1.0, heavy oil 1.5,
natural gas 1.45, furnace gas, 1.3. Rand used this result for furnace
gas, and verified that the other ratios were approximately correct
(based on 1976 prices from Ref. 5.1). The actual numbers used in the
base case for these prices are shown in Table 5.2. Thus, fuel costs
are used in determining the costs per hour (the quantities C(i)) for
generating a MW in generating unit i. The product of heat rate of
unit i and fuel costs per Btu yields C(i).

5.3.4.2. The Regions and the Electrical Interconnections. As we
noted in Chap. 2, five national regions are defined in EPRAC. Decision
variables Y(k,1) are defined to model how much power is shipped from
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EPRAC region k to region 1. Variable Y(k,1) is bounded by the
regional transfer limits, M(k,1), that result from line capacity,
switching capacity, or transformer capacity. Our Dutch colleagues
from KEMA provided estimates for most of the line, transformer, and
switching capacities, from which we then estimated the interregional
transfer limits. Values of M(k,l) were displayed earlier in Chap. 2
and are part of the EPRAC dataset.

5.3.4.3. Cooling Towers. Three major units in the Netherlands have
cooling towers installed which can be operated if necessary. Two of
these units are at the Maasbracht power plant, and one is at Amer. If
the thermal capacity in the river or canal is sufficient, the generating
unit will use these waters for cooling, because it is economically more
efficient than employing a cooling tower. We explained earlier the
technique that we use to treat generating units with cooling towers.

5.3.4.4. Grid Losses. Transmission of power from one region to
another entails energy losses. We assume that this loss is quite
small, only 1 percent. To account for this loss in the model, we
augment a region's power availability by only 99 percent of the power
input from other regions, and decrease regional power by 100 percent
of the power exported from this region.

5.3.4.5. Spinning Reserve. A 5-percent spinning reserve is included
as a security requirement. This is designed to maintain the security
of the power network should a transmission line or generating unit
fail. To do this, we simply reduce by 5 percent the stated maximum
net output. The EPRAC dataset contains a listing of units and their
maximum net output, which we earlier denoted by 0(i). Within the
program we multiplied these input values by .95.

5.4. THE EPRAC PROGRAM

EPRAC is a combination of three basic programs, each of which

evolved separately. The advantages of this type of evolution are
obvious: Errors can be detected and corrected more quickly; logic
changes can be made more easily; and improvements made by another

PAWN project researcher could be incorporated easily. However, a
small increase in execution costs were incurred with this evolutionary
form of program development.

The first part of the program uses data describing (1) the electric
generating facilities, (2) the transmission system, and (3) the
thermal linkages between electric power plants in each of the decades
under study to write the necessary linear programs for each decade
under study. The output of this part is the set of linear programs
used as input code for the next part. The linear program output is
stored on disk as intermediate data for the next step.

EPRAC's second part is the optimization model itself, which finds the
least cost way of generating electric power in the Netherlands, subject
to various physical and thermal constraints. This second part of EPRAC
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is a slightly modified version of the linear programming optimization
model developed for the Managerial Strategy Design Model (MSDM) (see
Vol. V). This version can establish and initialize the various
matrices of the linear program and call for repeated optimization

and repeated modification of matrix elements. Output is simply data
describing the optimal mix of generating units by decade.

EPRAC's third part integrates electrical generating costs over a

sample day to a decade-by-decade basis. The second part has described
exactly what units will be operating to meet various power levels,
subject to constraints on unit capacities, transmission limitationms,
etc. Thus, the third part does the interpolation and addition needed
to estimate the cost for the decade. In each decade, a cost comparison
is made between the present constrained case and a generating schedule
with no thermal constraint enforced. An option is provided to show how
the imposition of the thermal constraints has affected power generation.
On a decade-by-decade basis, the program shows the marginal value of
additional thermal capacity at each of the major locations, which
specific units were reduced by imposition of thermal constraints, and
the operating values under the optimal schedule for all units.

The bottom-line output of the EPRAC program is the estimate of marginal
generating costs to operate the given mix of generating units, subject
to the various physical and thermal constraints. The thermal linkages
are functions not only of management tactics, but also of natural
events. The randomness of natural events will substantially vary

such things as rainfall, runoff, river flows, etc., and therefore

part of any tactic is simulated statistically. Each simulated year

is based on actual unmodified historic runoff/flow data measured in

the Netherlands. The PAWN team has called each simulated year a
water-year. By making successive runs of EPRAC using different thermal
linkages (which result from different water flows which have occurred
because of the different major management tactics), the researcher can
compare the cost differences of electricity generation between major
tactics in a given PAWN water-year.

REFERENCE

5.1. Arnhemse Instellingen van de Nederlands Elektriciteitsbedrijven,
Elektriciteit in Nederland 1979 (Electricity in the Netherlands
1979), Fig. 26, p. 61.
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5.1--The PAWN network
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Table 5.1

ASSIGNMENTS OF POWER PLANTS, ETC., TO NODES

Node

No. Node Name Power Plants, etc.

1 Pandnkop Germany

2 Nijmegen Nijmegen, Dodewaard

5 Dordrecht Dordrecht
13 Scheur Galileistraat Rotterdam

Schiehaven Rotterdam
Waalhaven Rotterdam
15 Maastrict Belgium
18 Linne Maasbracht
20 Belfeld Buggenum
25 Gertruid Amer
34 Utrecht Lage Weide, Merwedekanaal
36 Diemen Diemen
37 Amsterdam Amsterdam Noord, Hemweg
39 IJmuiden Velsen
43 Zwolle Harculo
45 IJlmeer Flevo
54 Friesland Bergum
57 Groningen Helpman, Hunze
Table 5.2

FUEL PRICES IN GUILDER

Cents per Btu

Fuel Price
Coal 0.0003481
Heavy 0il 0.0004695
Nuclear 0.0
Natural Gas 0.0005327
Furnace Gas 0.000453
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Chapter 6

VALIDATION OF THE MODEL

6.1. INTRODUCTION

Two types of verification of the model's results were done to test
the effects of our simplifying assumptions. These were:

1. Verify the effect of the linearization of the efficiency
(performance) curves of the various units.

2. Compare the results of EPRAC with those from a model
used by the SEP for its daily national management of
power production.

Each one is discussed in turn below.

6.2. THE EFFECTS OF LINEARIZATION OF THE EFFICIENCY CURVES

Each generating unit has a characteristic performance curve relating
electrical energy output to fuel energy input. The curve can be
approximated reasonably by a quadratic equation. As we described in
Chap. 5, we approximate this curve by a straight line. However, we
conducted an experiment to see if a piece-wise linear set of lines
might be a more accurate way to model total fuel costs and the cost
penalty of thermal constraints.

Figure 6.1 shows a typical performance curve, a linear fit, and a
piece-wise linear fit. We made the linear break at 75 percent of
rated output and show two fits: a 10-percent higher fuel cost and
a 40-percent rise in fuel cost (steeper slope of the performance
curve) from the 3/4 output level point to maximum rated output.

For this experiment, we reformulated the EPRAC linear program. Each
power-generating unit was replaced by two new units, one representing
the output of the original unit up to 75 percent capacity, and one
representing the incremental output above 75 percent capacity. The
cost and heat discharge per unit power output for the first new unit
were the same as for the original unit; only the capacity was reduced
to 75 percent of that of the original unit. The cost and heat discharge
per unit power output for the second new unit were increased by either
10 percent or 40 percent of those of the original unit, and its
capacity was 25 percent of the original unit's capacity. These three
formulations of EPRAC were run using a normal set of inputs from the
DM at two power demand levels--7000 MW and 10,000 MW. 1In each case,
one run was made ignoring thermal standards (the unconstrained case),
and another with the standards imposed (the constrained case). The
results are summarized in Table 6.1.
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From this analysis we concluded that the straight-line performance
curve was perfectly satisfactory for our EPRAC model. Note that the
piece-wise linear curves did increase hourly costs, but only slightly.
Furthermore, and more important for EPRAC, were the critical differences
in the cost penalty when thermal constraints are imposed. These were
3000, 5000, and 7000 guilders per hour for 7000 MW and 14,000, 17,000,
and 28,000 for 10,000 MW. For generating power in the usual range of
4000-8000 MW, the absolute variation in thermal cost penalty was not
significant whether we use a straight or either piece-wise linear line
for a unit's performance curve. (The percentage variation, of course,
is large, but the absolute variation is quite small, considering how
little is the time during which as much as 7000 MW is demanded. See
Fig. 2.3.) Only at peak or extreme national demands would the
piece-wise curves predict significantly higher penalties. Thus, for
most days and for most of the day, the straight-line formulation
underestimates thermal cost penalties by a small amount. Even this
underestimate is corrected in part by our inclusion of spinning reserve,
where we restrict each unit to 95 percent of maximum rated output,
thereby avoiding operating any unit on the steepest part of the
performance curve.

6.3. A COMPARISON BETWEEN EPRAC AND THE SEP MODEL

As the SEP model is more detailed and contains much more information
about electricity generation and distribution in the Netherlands than
does our approach, we would have preferred to use this model in our
study. Unfortunately, this was simply not possible due to a variety
of organizational problems. However, the SEP was willing to supply
us with several calculations done with their model, which enabled us
to verify whether results of our model at least made some sense. To
understand the differences between our approach and the methods used
by the SEP, we present first an overview description of the SEP model.

6.3.1. An Overview Description of the SEP Model

The electric power plant scheduling problem is modeled well by an
integer nonlinear program or, possibly, by a dynamic program. Both
models may be infeasible in practice, because of huge computational
problems. Many approaches were taken to simplify and approximate
the solution. In "Operating Cost Calculation of an Electric
Power-Generating System Under Incremental Loading Procedure™ [6.1],
Zahavi, Vardi, and Avi Itzhak review various procedures and their
limitations. They note that "the most simplified procedures are
based on the Load Duration Curve! assuming a merit order loading
with capacities of units reduced by a few percent to account for
outages. . . . A linear version of this estimate has been used as
the cost function in various linear programming models." Other more
sophisticated approaches may use Monte Carlo simulation to
intrcduce random events.
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KEMA's model is derived from a model developed in Pennsylvania.?

One approximation method used in part by this model, and used in
Rand's earlier EPRAC version, employs the merit order loading concept,
which calculates a unit's average production cost, including start-up
energy. This is then used as an indicator of the unit's merit order.
Units are loaded on the system in sequence of merit order. "This
procedure is certainly much more convenient for cost calculation;

and in conjunction with the Load Duration Curve yields a very
efficient algorithm to predict operating costs of the system. The
procedures yield only approximate results" [6.1].

The procedure is a useful heuristic method when incremental cost curves
are nonlinear. Each unit has an estimated nonlinear cost curve of the
form a(i) + b(i)p(i) + c(i)p(i)**2 with max and min constraints on p(i).
(In Ref. 6.1, it is noted that the major component of operating cost,
excluding startup cost, is the cost of fuel, and that fuel consumption
is usually represented accurately as a quadratic function of the unit's
output.) Furthermore, each unit has a setup or warm-up cost to bring it
up to operation from a cold start.?

Both SEP's model and Rand's EPRAC model are used to approximate an
optimal schedule. Neither model can be called state of the art. Given
the limited data concerning the Dutch units that were available to Rand,
we felt it was pointless to try to develop more sophisticated approaches
that would require additional data parameters for each Dutch unit. The
SEP modelers had such data available and apparently did incorporate
mich of this information into their model. Even so, their approach
remains heuristic, an approximation to the actual costs.

Thus, validating one approximate mocdel (EPRAC) by another approximate
model (SEP's) is an interesting experiment, but it is not a conclusive
test of validity of either model. Of course, SEP's more sophisticated
model should have the potential for deriving better power schedules.

When evaluating the cost penalty due to some perturbation in the system,
the analyst is required to measure the differences between large cost
numbers from both models. This technique is generally more accurate
when a more sophisticated model (such as SEPA's) is used, but this may
not prove true in specific instances.

Thus, without substantial research, we cannot reject either model

as an estimator of the total cost of an optimal power schedule or as an
estimator of the cost penalty resulting from a perturbation to the
system.

6.3.2. The Results of the Comparison

We used SEP model calculations for our comparisons that were made

for the actual demand of Wednesday, January 10, 1979, and Wednesday,
May 30, 1979. These calculations were made for the production units
that existed at that time. The 1979 situation deviated from the 1976
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situation in the following ways: The plants at Helpman (with a net
capacity of 45 MW), Zwolle (30.6), Nijmegen

(51.7 and 51.8), Hemweg (52.5, 525, 52.8, and 52.8), Leiden (29.2 and
29.2), Den Haag (25 and 29), Dordrecht (52.7), and Amer (55.1, 55.0,
and 9.0) had been retired, while at Eems, Hemweg, and Maasbracht new
units had been brought into production. Various calculations were
done with the SEP model for these days; there were calculations for
the Amer plant and for the plants at Velsen and Harculo. The
consequences for the Amer plant were the most pronounced; therefore
the results of these calculations were passed on to us by KEMA. They
were done as follows: First, the total costs of power production for
the nation as a whole were calculated for the case in which the total
production capacity of the Amer plant was forced into production. All
other units were brought into production according to the optimal
schedule.* Then, the calculation was repeated several times, in
which the maximum production capacity of the plant was successively
restricted to 80 percent, 60 percent, and 40 percent of its full
capacity. This does not imply that these capacities of the Amer

were forced in; for each capacity restriction at Amer, electricity
was produced at an optimal schedule for the demand up to that level.
The reduction of production capacity was done in such a way that the
most inefficient units of the Amer plant were taken out first.

The same kind of calculations were made with the EPRAC model. The
comparisons of the results from the two models are displayed in
Table 6.2.

As one can see, the total cost estimates differ comnsiderably (i.e.,

10 to 15 percent) between the two models. However, if one looks at

the differences between the cases (Table 6.3), the comparison is much
closer, especially if the additional start and stop costs are

removed from the SEP calculations. (Note: The convention used for the
the sign of the cost difference entries in Table 6.3 is that if the cost
difference between, say, Case 1 and Gase 2 decreases, the sign is positive;
if it increases, the sign is negative.)

One can also see from the results of both calculations that some benefits
arise from imposing constraints on the production level of the Amer power
plant. This arises because the original situation (Amer power plant forced
into production to its full capacity) is not the optimal situation. But

a reduction in its production level, in which less efficient units are
removed first, improves the situation.

Table 6.4 shows the units that were in production for the calculations
done for January 10. The unit numbers are those used in Tables 2.1

and 2.2. In terms of the unites in production, as estimated by the

two models, we see a good match between the two (compare the first

two columns). However, there are differences: one unit at Bergum
(322.8 MW), three units at Velsen (126.0, 106.6, 106.6 MW), one unit

at the Galileistraat (16 MW), and the unit at Dodewaard (52.1 MW) were
not put into production in the SEP calculations. The reasons appear to
be as follows: +the units at Velsen probably lacked blast-furnace gas
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on the day under consideration; the Hemweg unit probably was not yet
completely finished (it should come into production in 1979); and the
others possibly were out of production for maintenance. It also
appears that some units were forced into production for other than
purely economic reasons (see, for example, the plants in The Hague and
Zeeland).

To estimate the effect of units being out of production for maintenance,
a similar set of calculations was performed with ERPAC for a 1979 power
plant inventory with the following units removed for maintenance: one
unit of Bergum (322.8 MW), the unit at Hemweg (506 MW), and the units

at the Galileistraat and Dodewaard power plants. The results of the
calculations are shown in the third column of Table 6.4 and in Table 6.8.

Tables 6.5, 6.6, and 6.7 show the units in production when the Amer
plant is successively constrained to a maximum production level of
80, 60, and 40 percent of its production capacity, respectively.

The results of the calculations with some units off-line for
maintenance show that when more knowledge about the actual situation
on January 10 and May 30 is incorporated into the EPRAC calculations,
its estimated total costs agree more closely with the SEP results. We
expect that, when further information is incorporated into EPRAC

about which units were forced into production and why the units of
Velsen were left out of production, still better results would be
obtained. Also, the EPRAC assumption that the cheapest fuel will be
used when there is a choice between fuel types may create some
differences from the SEP calculated results. A third cause of
differences is the fact that the SEP used 1978-1979 price levels,
while EPRAC used 1976 prices. Because we lacked good information on
which units were forced in or out of production and which fuel type was
actually used, we could not pursue this issue further.

When the capacity of the Amer plant is reduced, the match between

the results of the two models remains good, in terms of which units

are brought into production. Sometimes in the SEP calculations some
units come into production somewhat earlier, but in the next step of
the calculations, those units usually appear in the EPRAC solutioms,
too. Then, too, the opposite may happen: The EPRAC model may bring
certain units into production somewhat sooner than the SEP model. Only
one clear difference persists between the two types of calculations:
the behavior of the gas-turbine plants. As the situation becomes more
and more constrained for the Amer power plant, more of the gas turbines
come into production in the SEP calculations. However, due to their
high fuel consumption rate, they do not appear in the EPRAC solution.
But, since the SEP calculations account for starting and stopping costs
of all units, balancing them against additional fuel costs, gas turbine
plants appear in its solution. This creates an SEP solution with higher
overall fuel costs than that of EPRAC, even when starting and stopping
costs are removed. As we did not have the information needed to build
in starting and stopping costs, our approach had to remain simple and
therefore, these differences were unavoidable.
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6.3.3. Summary of Conclusions from the Comparison

The cost differences between the various cases as calculated by the
EPRAC model are in reasonable agreement with the cost differences

as calculated by the SEP model; they are the same order of magnitude.
However, the cost differences as calculated by EPRAC seem to
underestimate the "real" costs by a small amount.® This should be
borne in mind when comparing the costs of a water management policy
in the electric power plant sector to those in other sectors, such as
shipping or agriculture.® With the exception of gas-turbine power
plants, the units which are brought into production by EPRAC are in
a good agreement with the ones calculated by the SEP.

NOTES

1. A Load Duration Curve is, we believe, simply a concept that adds
start-up-warm-up energy to the total daily energy used by a unit
and this energy is particularly relevant when a unit is cycled
frequently.

2. "Unit Commitment, Start-Stop Scheduling in the Pennsylvania, New
Jersey, Maryland Interconnection,'" IEEE P.I.C.A. Conference, 1977.
The authors of the original article concluded that "the initial
results will not be optimum, but they will be far superior to those
that any manual method would provide for a system of this size."

3. This usually takes on the order of 20 hours. A "banked" unit can
be brought on line in about one hour by using some fuel to
maintain heat throughout the system when not operating. The
factors determining setup time are thermal inertia, thermal
stresses, and thermal fatigue. These last two factors can
damage power plants. Thus, power units are brought to life
slowly and as seldom as possible. Some units are specifically
designed for daily start and stop. In this case, the heat
retained (or added as in a banked unit) can reduce setup time
and energy costs.

4. There is an interesting point to be made with respect to this
so-called optimal production schedule. The SEP receives each
day a set of instructions showing which units will be used that
day and which ones will not. This is done for reasons of repair
or maintenance of the units, grid, or transformers. As the
calculations done for our comparison are for the actual situation
on those two days, these limitations were automatically built
into the SEP calculations. So, it is hardly possible that these
calculations represent a fully optimal schedule for the other
units. This reason accounts for some of the differences between
the results of EPRAC and the SEP approach.

5. On the other hand, our approach (in which we start from a full
optimal schedule) tends to overestimate somewhat the effects of
the imposed standards compared with the real costs that reflect
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the fact that some units are forced into production.

REFERENCE

6.1. Zahavi, Vardi, and Avi Itzhak, "Operating Cost Calculation of an
Electric Power-Generating System Under Incremental Loading
Procedure," IEEE, Vol. PAS-96, January 1, 1977.
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Table 6.1

SENSITIVITY OF EPRAC ESTIMATES OF COST OF THERMAL CONSTRAINTS
TO PERFORMANCE CURVE NONLINEARITY

(Cost in 1000 Dfl/hr)

Curve

Straight Line |10-Percent Increase

|

| l

I l
Power | i |

| I

l l

| |

40-Percent Increase

Demand Unconst. Const.| Unconst. Const. Unconst. Const.
7,000 MW 324 327 | 325 330 328 335
10,000 MW 494 508 | 496 513 508 536

Table 6.2

TOTAL COST COMPARISON BETWEEN EPRAC AND SEP CALCULATIONS

Costs According to SEP
Total Costs

Production According to Total, Incl. Stop Start & Stop
Level Demand EPRAC & Start Costs Costs

Case Amer Plant Date (Dflm/decade) (Dflm/decade) (Dflm/decade)
1 100 Jan 10 80.20 88.75 0.69
2 < 80 Jan 10 79.76 88.57 0.81
3 < 60 Jan 10 79.84 88.97 0.96
4 < 40 Jan 10 79.92 89.22 1.00
5 100 May 30 65.44 74.68 0.67
6 < 80 May 30 64.91 74 .47 0.67
7 < 60 May 30 64.93 74.62 0.67
8 < 40 May 30 64.96 74.47 0.67
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Table 6.3

COMPARISON OF COST DIFFERENCES BETWEEN CASES FOR EPRAC AND SEP CALCULATIONS

Costs According to SEP (Dflm/decade)

Costs
According to Total, Total,
EPRAC with Start Start & Without Start
Cases (Dflm/decade) & Stop Costs Stop Costs & Stop Costs
1-2 +0.44 +0.18 0.12 +0.30
1-3 +0.36 -0.23 0.27 +0.04
1-4 +0.28 -0.47 0.31 -0.16
5-6 +0.53 +0.21 0.00 +0.21
5-7 +0.51 +0.06 0.00 +0.06
5-8 +0.48 +0.21 0.00 +0.21
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Table 6.4

UNITS IN PRODUCTION ON JANUARY 10, 1979; ALL UNITS OF THE AMER
PLANT FORCED INTO PRODUCTION

Results of the SEP Results of the Revised
Calculations Results of EPRAC EPRAC Calculations
Power Plant Unit No. Power Plant Unit No. Power Plant Unit No.

Hunze 3,5
Eems 1 Eems 1 Eems 1
Bergum 1 Bergum 1,2 Bergum 1
Harculo 4,5 Harculo 5 Harculo 5
Nijmegen 6,7 Nijmegen 6,7 Nijmegen 6,7
Flevo 1,2,3 Flevo 1,3 Flevo 1,2,3
Lage Weide 4,5 Lage Weide 5 Lage Weide 3,4,5
Velsen 1,6,7 Velsen 1,2,4,5, Velsen 1,2,4,5,
6,7 6,7
Diemen(a) 1 Diemen 1,2
Hemweg 6 Hemweg 8
Den Haag(a) 3,4,5
Schiehaven
Rotterdam 1,2,3
Galileistraat
Rotterdam 1
Waalhaven Waalhaven Waalhaven
Rotterdam 3,4,5 Rotterdam 4,5 Rotterdam 4,5
Maasvlakte 1,2 Maasvlakte 1,2 Maasvlakte 1,2
Dordrecht 5 Dordrecht 5,6
Zeeland 4
Borssele 1,3 Borssele 3 Borssele 3
Amer 4,5,6,7, Amer 4,5,6,7, Amer 4,5,6,7,
8,9,10,11 8,9,10,11 8,9,10,11
Donge(a) 1 Donge 1 Donge 1
Buggenum 5 Buggenum 5,6 Buggenum 5,6
Maasbracht(b)1,2 Maasbracht 1,2 Maasbracht 1,2
Dodewaard 1

Total net capacity
(MW) in operation
10191 9943 10016
(a) These units are only running part of the day in the SEP
calculations.
(b) Half of the power produced by one of the units of this plant is
for Cermany. This was not implemented in our calculations.
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Table 6.5

UNITS IN PRODUCTION ON JANUARY 10, 1979; AMER CONSTRAINED
TO 80 PERCENT OF ITS CAPACITY

Results of the SEP Results of the Revised
Calculations Results of EPRAC EPRAC Calculations
Power Plant Unit No. Power Plant Unit No. Power Plant Unit No.

Hunze 3,5,6
Henglo 3,4
Flevo 1,2,3,4 Flevo 1,2,3
Lage Weide 3,4,5 Lage Weide 3,5
Diemen 1
Velsen 1,3,7 Borssele 1,2,3
Amer 6,7,8,9, Amer 5,6,7,8, Amer 5,6,7,8,
10,11 9,10,11 9,10,11

NOTE: Only the units of the plants that deviated from the cases
mentioned in Table 6.4 are given.

Table 6.6

UNITS IN PRODUCTION ON JANUARY 10, 1979; AMER CONSTRAINED
TO 60 PERCENT OF ITS CAPACITY

Results of the SEP Results of the Revised
Calculations Results of EPRAC EPRAC Calculations
Power Plant Unit No. Power Plant Unit No. Power Plant Unit No.

Hunze 3,5 Hunze 1,2
Flevo 1,2,3
Lage Weide 3,4,5
Velsen 1,4,5,7
Diemen 1,2
Borssele 1,3
Amer 6,7,8,9, Amer 6,7,8,9, Amer 6,7,8,9,
10,11 10,11 10,11

NOTE: Only the units of the plants which deviate from the cases
mentioned in Table 6.5 are given.
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Table 6.7

UNITS IN PRODUCTION ON JANUARY 10, 1979; AMER CONSTRAINED
TO 40 PERCENT OF ITS CAPACITY

Results of the SEP Results of the Revised
Calculations Results of EPRAC EPRAC Calculations
Power Plant Unit No. Power Plant Unit No. Power Plant Unit No.
Hunze 3,5,6 Hunze 1,2,3,4

Ni jmegen 1
Hemweg 6,7
Amsterdam
Noord 1

Velsen 1,3,4,5,

6,7
Delft 1,3 Borssele 1,2,3
Amer 6,7,10,11 Amer 6,7,10,11 Amer 6,7,10,11

NOTE: Only the units of the plants that deviate from the cases
mentioned in Table 6.6 are given.
Table 6.8

COMPARISON BETWEEN EPRAC AND SEP CALCULATIONS WHEN SOME UNITS
ARE ASSUMED TO BE OUT OF PRODUCTION FOR MAINTENANCE

Costs Costs
Production According to According to
Level Demand EPRAC EPRAC SEP(a)
Case Amer Plant Date (Dfl/decade) (Dfl/decade)

9 100 Jan 10 81.51

10 < 80 Jan 10 81.14 +0.37 +0.30

11 < 60 Jan 10 81.23 +0.28 +0.04

12 < 40 Jan 10 81.33 +0.18 -0.16
13 100 May 30 66.51

14 < 80 May 30 66.07 +0.44 +0.21

15 < 60 May 30 66.09 +0.42 +0.06

16 < 40 May 30 66.14 +0.37 +0.21

(a) Start and stopping costs removed.
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Chapter 7

SOME RESULTS

Most of the calculated results from the different PAWN models are
discussed in Vol. I. Here we discuss only some illustrative results
that are of special interest to the power production sector. We
investigated the effect of the thermal standards on the fuel costs
borne by the power companies. We calculated these costs for two sets
of standards: a set in which a 3-deg standard was imposed for both
rivers and canals (the so-called 3-3 standard) and a set in which a
3-deg standard was imposed for rivers and a 7-deg standard was imposed
for canals (the so-called 3-7 standard). The latter set approximates
the existing situation, but it is somewhat stricter than the existing
set of standards, as the 7-deg approximation for the 30-deg standard
only holds in the summer period. During the rest of the year this
standard can be higher. Table 7.1 shows the total production costs
for two years of different dryness, as described in Vol. II, using the
power plant inventory for 1985.

Most of the costs in the case with the 3-3 deg C standards are
attributable to two power plants: Amer and Velsen. 1In the other

case (3-7 deg standard) it is mainly the Amer plant that accounts

for the incremental costs. As the table shows, the imposition of a
3-deg C standard for canals implies a comsiderable additional cost

over the 3-7 deg standard. These additional costs to not vary very
much between the two years, because most of the cost is due largely

to the need to reduce power generation at Velsen on the Noordzeekanaal.
The flow of cooling water in this canal is established by policy rather
than by nature, and it is nearly the same (decade by decade) throughout
year DEX and 1943. (See Vol. V for a discussion of the effect that
changes in the policy for the Noordzeekanaal may have on the incremental
cost of meeting the thermal standards.

As mentioned above, we used fuel costs as a proxy for the effects that
standards have on the total production costs to the power companies.
The fuel costs were based on 1976 fuel prices. Between 1976 and 1979,
the average fuel price rose from roughly 4.5 to 6.0 Df1/GJ [7.1]. An
estimate of the effect of this price rise on costs can be obtained by
simply multiplying the results by the same factor. Since all prices
are assumed to rise by the same factor, this will influence only total
costs and not the optimal schedule itself.

Actually, all prices have not increased at the same rate: For example,
coal prices have lagged behind. This might influence the optimal
schedule, especially if power production has to be diverted from a coal
unit. Then the cost will increase at a higher rate than the average
price factor. To estimate such effects would require additional rums.
But, since fuel prices are inputs to the EPRAC model, this can be
accounted for directly and simply.
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During the study we learned that the representation of the grid

structure was not completely accurate. But the study was too advanced

to incorporate alterations. Nevertheless, the effects of this inaccuracy
are minor. In a few decades of an extremely dry year, transmissions from
Region II case exceed the capacity of the correct grid representation by

as much as 400 MW (see App. E of Vol. VA for further analysis).

REFERENCE

7.1. Arnhemse Instellingen van de Nederlandse Flektriciteitsbedrijven,
Elektriciteit in Nederland 1979 (Electricity in the Netherlands
1979), Arnhem.
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Table 7.1

COST OF POWER PRODUCTION AND INCREMENTAL PRODUCTION
COST IMPOSED BY THE STANDARDS

(Assumes 1985 power plant inventory and demand)

Additional
Fuel Costs Imposed
Years of Total Fuel Costs per Year by the Standards (Dflm)
Dryness of Power Production (Dflm) 3-3 deg C 3-7 deg C
DEX 3017.8 42.8 15.0
1943 3017.8 20.6 3.2
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Chapter 8

SUGGESTION FOR MODEL IMPROVEMENTS AND ADDITIONAL ANALYSIS

8.1. IMPROVEMENTS TO THE EPRAC MODEL

The EPRAC model provides only a rough estimate of the costs to power
companies. However, we believe that we were able to build a model
that best used the information available to us. Much more information
is necessary before the model could be improved substantially. Major
improvements will lie in representing the non-linear relationship
between energy input in and power output, accounting for starting and
stopping costs, and improving the grid structure representation.

8.2. LONG-TERM EFFECTS

In EPRAC we considered the short-term effects? on the power plants

of imposing the standards, given a water distribution. The approach
we took is theoretically and economically sound if deviations from
the original power production schedule do not occur too often. But,
if changes in the production schedule need to be made regularly,
certain units would have to be taken out of production regularly. This
means that the safety margin between demand and available capacity,
which the SEP wants to maintain, would narrow. This also means that
cooling towers or new units would have to be built eventually. These
long-term effects of imposing thermal standards can create very
substantial costs, but they are not considered in the PAWN study.?

Currently, power companies try to maintain a safety factor (i.e.,

ratio of capacity to demand) of 1.27, but the actual safety factor is
1.65. This additional margin is attributable to the unexpected decline
in the growth of demand due to the economic recession. Since power
companies currently are building new coal-fired units to attain greater
fuel type independence (brandstofdiversificatie), it seems unlikely
that the safety factor will fall drastically over the next few years.
Therefore, long-term effects on the power companies may turn out to

be much less important than expected. On the other hand, in cases

when emergency power is required, one could allow the power companies
to exceed the standards in certain specified locations. This would
decrease the amount of additional capacity needed for maintaining

the safety margin and diminish any long-term costs even more. However,
trade-offs between long-term policies and their effects must await
future investigatioms.
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NOTES

Short-term effects involve changes in the pattern of use of the
power-generating units that are assumed to be in the inventory
during a particular run (i.e., 1976 or 1985 inventory). Long-term
effects, which we do not consider, would involve changes in the
inventory of power plants, or in transmission capacity.

In order to say something about these costs, statistical information
would have been needed about the distribution of power plant
equipment failures over time, the kind of and duration of failures,
maintenance and repair schedules, etc.






Appendix

COOLING CIRCUITS

Several of the power plants are located a distance away from the main
waterway that provides the cooling water for the power plant. In such
cases, the sections of the waterways connecting the inlet point to the
power plant, the power plant to the outlet point, and between the
inlet and outlet points on the main waterway create a cooling

circuit in which water can be circulated to provide additional
cooling. Figure A.1 illustrates in schematic form a generic cooling
circuit.

In the figure, the power plant is located at the point marked P, the
inlet point is at I, and the outlet point is at 0. Cooling water is
circulated in a clockwise direction with an amount Qd sent along other
waterways, and an amount Qc returned to the main waterway. Al, A2,
and A3 are the surface areas of the three legs of the cooling circuit.
Q is the flow in the main waterway at a point to the right of outlet
point, with the positive flow direction being from left to right in
the main waterway.

Let H be the heat generated by the power plant in MCal/s, Tp be the
temperature rise at the power plant, i.e., Tp=H/(Qc+Qd), and To be the
temperature in the main waterway at the outlet point. Define

Q1=Qc+Qd, Q2=Qc, Q3= Abs(Q-Qc),

and

Rl=exp(-10%*A1/Q1l), R2=exp(-10%A2/Q2), R3=exp(-10*A3/Q3),

so that Q1, Q2, and Q3 are the flows and R1, R2, and R3 are
temperature reduction multipliers in the legs of the cooling circuit.

In determining the temperature in the main waterway at the outlet
point, we distinguish four cases depending on the direction of the
flows in the main waterway. Equations can then be established for
each of these cases as follows:

-

=

[0)
N

Tp*R2*Q2/Q Q>0, Q2>Qc

N

3

o]
1]

(To*R3*R1%Q3/Q1l + Tp)*R2 Q>0,Q<Qe

Tp*R2/(1 - RI1*¥R2*R3*Q3/Ql)
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3. To = (To*R3*R1 + Tp)*R2*Q2/Q3 Q <0, Abs(Q) > Qd
= (Tp*R2*Q2/Q3)/(1 - R1*R2+*R3%*Q2/Q3)
4. To = (To*R3*R1*Q3/Ql + Tp)*R2*Q2/Q3 Q <0, Abs(Q) < Qd

(Tp*R2#Q2/Q3)/(1 - RI#R2¥R3%Q2/Q1)

where the equations for cases 2, 3, and 4 are obtained by equating the
temperature at the outlet point to that obtained from one loop around
the cooling circuit in a clockwise direction starting from the outlet
point. For simplicity, these equations assume there are no heat
discharges upstream of the cooling circuit.

Another thermal standard set by the Surface Water Pollution Act [A.1]
is that the temperature difference of the water taken in and the water
discharged by an electrical power plant must not exceed 7 degrees
Celsius in the summer and 15 degrees in the winter (except for power
plants that use seawater for cooling, in which case the standard is 10
degrees in the summer and 15 degrees in the winter). This standard has
been interpreted as a requirement for a water throughput capacity of 40
m®/s per 1000 MW of capacity at each power plant that uses fresh water
for cooling (this is consistent with a heat discharge of 280 Mcal/1000
MW). Thus, we have assumed that power plants with cooling circuits
have a cooling water capacity (i.e., Qc+tQd in Fig. A.1), equal to 40
m?/s per 1000 MW of effective power capacity.

Table A.1 contains the areas and cooling water capacities for each of
the power plant locations for which cooling circuits were used in
the DM (except Groningen, see below):

Table A.1

COOLING CIRCUIT WATERWAY AREAS
AND COOLING WATER CAPACITIES

Cooling
Main Al A2 A3 Water Cap.
Node Powerplant (km®) (km?) (km?) (m3/s)
AMSTERDAM Hemweg 0.285 0.649 0.621 40.0
FRIELAND Bergum 0.6 0.9 3.0 26.2
DIEMEN Diemen 0.014 0.160 0.195 15.4
TIJMUIDEN Velsen 0.086 0.437 0.405 42.8

Groningen cooling circuit. The cooling circuit for the Helpman and
Hunze power plants at Groningen can be represented as shown in Fig.
A.2. 1In the figure, the power plant is located at the point marked P,
the inlet point is at I, and the outlet point is at 0. An amount of
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cooling water Qc is circulated past the power plant from the inlet
point to the outlet point. Al, A2, A3, and A4 are the surface areas
of the indicated waterway sections. Qd, Qe, and Qw are given flows in
the directions indicated.

Let H be the heat generated by the power plant in MCal/s, Tp be the

temperature rise at the power plant, i.e., Tp=H/Qc, and To be the
temperature in the main waterway at the outlet point. Define

Ql = Qc, Q2 = Qc, Q3 = abs(Qc-Qw), Q4 = abs(Qc-Qd),

and

Rl=exp(-10%A1/Ql), R2=exp(-10%A2/Q2),

R3=exp(-10%A3/Q3), R4=exp (-10%A4/Q4) ,

so that Q1, Q2, Q3, and Q4 are the flows and R1, R2, R3, and R4 are
temperature reduction multipliers in the sections indicated.

In determining the temperature in the main waterway at the outlet
point, we distinguish three cases depending upon flow directionms.
Equations can be established for each of these cases as follows:

1. To = Tp*R2*Qc/Qw Qw > Qc
2. To = Tp*R2 Qw < Qc, Qd > Qc
3. To = (To*R3*%((Qc-Qw)/ (Qc-Qd+Qe))*R4*((Qc-Qd)/Qc)*R1+Tp/Qc)*R2

Tp*R2((1-R1*R2*R3*R&* ((Qc-Qw)/ (Qc-Qd+Qe) )*((Qe-Qd)/Qc)))
Qw < Qc, Qd < Qc

where cases 1 and 2 are established from the temperature reduction in
section 2, and case 3 is established by equating the temperature at
the outlet point to that obtained from one loop around the cooling
circuit in a counter-clockwise direction starting from the outlet
point. The estimated surface areas of the four sections are A1=0.02
km?, A2=0.07 km?, A3=0.1288 km?, and A4=0.04 km?, and the cooling
water capacity, Qc in Fig. A.2, is 25.0 m?/s.
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REFERENCE

Rijkswaterstaat, Voorstel voor een aantal vergunningseisen
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Fig. A.1--Generic cooling circuit
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0‘w + Qe_ Qd

Fig. A.2--Cooling circuit at Groningen
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