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Abstract

 

The load behaviour of the industrial and residential sector following
different types of outages is dealt with in this dissertation. Data on the
power consumption after these outages have been used for deriving
models of the cold load pick-up.

In the industrial sector the investigation covers a variety of branches
and special attention has been given to plants having a high degree of
electric energy consumption. Data of the power consumption after
planned and forced outages have been collected and descriptions over
typical restarting procedures and common restoration problems have
been summarized. Due to the fact that the production can not start
immediately after voltage is restored, the power consumption from the
industrial sector will be lower after an outage as compared with the pre
disturbance condition. The time it takes to enter a normal production
again varies considerably and may take minutes or up to days for
sensitive processing industries. 

When studying the residential sector, individual load objects,
individual houses and residential areas have been investigated by
laboratory and Þeld measurements. The reason for this is to get a better
understanding of how different load objects and electric heating behave
after an outage. This knowledge is then used when analysing
measurements of the cold load pick-up in residential areas. The
measurements clearly indicate that the cold load pick-up for residential
load has the opposite behaviour as compared with industrial load
which means that it is (much) higher after an outage and then decreases
to its normal level after a time. 

As residential load often is used in schemes of rotating load
curtailment, simulations of such a scheme have been performed. The
results show that it is important to tune this scheme properly in order to
achieve the desired operation. 
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Chapter 1 Introduction

 

1.1 Background

 

The work reported here is a continuation of a licentiate thesis which
was presented in 1996 [1]. The project started in 1993 and deals with
the restoration of a power system after a partial or a total blackout. The
thesis gives an overview of the Swedish electric power system
including frequency control, available reactive resources and automatic
equipment installed in the system and used for saving the system in
severe situations. Alternatives of restoring a power system after a
blackout are treated and a description of the last two Swedish blackouts
experienced is included. 

After a major breakdown it is possible to start the restoration process if
assistance from neighbouring areas by tie lines is available, part(s) of
the system have succeeded in establishing island operation or if there
are stations with blackstart capability. The licentiate thesis gives a
description of different island operation tests and a blackstart test
performed in Sweden some years ago.

Two main problems associated with the restoration of a power system
are the voltage and frequency control. The voltage control includes the
energizing of long transmission lines and the reactive capability
available as generators, reactive resources in reactors, capacitors,
SVC:s etc. The frequency control is associated with the system inertia,
turbine governors and their control systems and the frequency
dependency of loads [1, 2]. The power consumption of a load that has
been disconnected for a time is not the same when it is reconnected.
For industrial load it was demonstrated that the power consumption is
lower after a disturbance as compared to the pre contingency situation.
It then increases to a stationary level after some minutes or even days.
Residential load, however, seemed to have a power consumption that
was higher after an outage. 

By using a power system simulator [1, 3] simulations were performed
in order to study the frequency response and voltage behaviour in the
Swedish power system. As can be expected when a large load is
connected the frequency declines slower when there is a large system
inertia. The simulations also demonstrate that the frequency in the
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system was substantially affected by the chosen operating mode of the
hydro turbine governors (different settings for proportional regulation,
permanent droop and time constants).

For shunt reactors a hunting phenomenon was sometimes observed
after energizing long unloaded transmission lines [1, 4], see 2.2. As
almost all shunt reactors in the Swedish system had the same settings
of time delays and voltage levels for automatic connection and
disconnection the hunting phenomenon may diffuse into the system
and incorporate several reactors. By altering the settings it was shown
that the hunting phenomenon could be eliminated or reduced. 

An important conclusion of the Þrst part of the study was the obvious
lack of data/analysis on the load recovery after a disturbance. It was
therefore decided to make a further study of cold load pick-up.

 

1.2 Motivation

 

A major breakdown of a power system is a contingency that is rare but
nevertheless occurs. In order to reduce the economical and social
consequences for the population and the power suppliers it is important
to restore power as fast and as secure as possible. One of the factors
which then must be taken into account is the cold load pick-up.
Connection of a load that is several times the rated power gives a larger
frequency drop, may give an overloading of lines and transformers and
in some cases a situation where the system load demand is higher than
the system production capacity. Overloading of lines and transformers
may also appear after forced and planned outages which almost daily
are performed at various places in the power system. 

Cold load pick-up is also of interest in power systems which use a
scheme of rotating load curtailment in case of lack of power or in case
of limited transmission capacity in the system. If such a scheme is used
it is a prerequisite to understand load behaviour in order to be able to
tune the scheme properly. A bad tuning or no tuning at all may give an
overshoot in the power consumption which can result in a breakdown
or severe consequences for the power system. 

Some industries, especially processing industries, consume much
electricity and therefore it is interesting to study their behaviour after
outages. The interest in industrial load behaviour has increased during
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the last years due to the deregulation of the electricity market which
has taken place in several countries. 

 

1.3 Outline of the thesis

 

This thesis consists of a summarizing part followed by a number of
papers either published or submitted for publication. The summarizing
part describes the background and motivation of the project in chapter
1. Chapter 2 gives a short introduction to the area of power system
restoration, analyses the phenomenon of cold load pick-up and
summarizes the literature in this area. Chapter 3 presents an overview
of the papers presented in chapter A-E, including results and
comments. In chapter 4 general conclusions are given and in chapter 5
suggestions for future work are proposed. At the end of the
summarizing part the references of the Þrst Þve chapter are listed. 
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Chapter 2 Power System Restoration 

 

A major breakdown of a power system is a contingency which seldom
occurs. Following such an outage it is important to restore the power
system as fast, smooth and secure as it is possible in order to limit the
economical and social consequences. To be able to do this it is
necessary to have a good knowledge of how a power system operates
during a restoration phase, i.e. a good understanding of the restoration
plan, of the active and reactive power resources and of the load
behaviour in order to be able to keep the voltage and frequency within
acceptable limits. 

The literature covers a variety of aspects in the area of power system
restoration and especially the IEEE power system restoration group has
produced a number of interesting papers [5-16]. Topics are the
restoration process [6, 10, 17-19], restoration strategies [6, 17-23],
voltage and frequency control [6, 8, 15, 21, 24], blackstarting of
stations [5, 18, 20], restart of cold and hot units [6, 7, 9, 10, 14], island
operation [1, 6, 22, 23], planning and training for power system
restoration [10, 12, 13, 16-18, 20, 23], load behaviour [15, 20, 22, 25-
37], expert systems [10, 13, 38] and a variety of problems associated
with the restoration [7, 10, 11, 14, 18, 23, 39]. 

 

2.1 Restoration strategies

 

The literature deals with two major strategies for power system
restoration following a blackout: the build-up strategy and the build-
down strategy [6, 17-20, 22]. These different approaches are used
depending on factors as the size of the interrupted area, the possibility
to receive assistance from interconnecting systems, the amount of
blackstart capability in the system and the type of production in the
system. 

The build-up strategy is most commonly used. It is usually selected for
predominantly thermal systems and often applied when a system has
experienced a total blackout and when it is not possible to receive
assistance through tie lines from neighbouring systems. After an
assessment of the system status has been made the restoration process
starts simultaneously in several different subsystems. At least one unit
with blackstart capability must be available in each subsystem and
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units equipped with frequency and voltage regulation must be present.
It is also beneÞcial if there is a balance between the production
capacity and the consumption in the area. After blackstarting a unit
emergency power is supplied to the stations without blackstart
capability in order to make it possible for these units to start up and be
connected to the system. Loads are then connected and new units are
started. As a next step the subsystems are synchronized. When most of
the subsystems are synchronized and there is enough absorbing
reactive capacity in the system the breakers of the tie lines to the
neighbouring systems can be closed. 

The build-down strategy is mostly used in small systems without long
high voltage lines, in hydro based systems with good reactive
absorbing capacity and for systems which have a concentration of the
load in one area. The strategy may also be used when there is a partial
blackout or when power can be supplied through tie lines from
neighbouring areas. After that an assessment of the status of circuit
breakers and the power plant conditions has been made, plants with
blackstart capability are started. Lines to other stations are then
connected and more units are started. The Þrst priority in the build-
down strategy is to reenergize the bulk power network. In contrast to
the build-up strategy most of the load is reconnected after a large part
of the transmission system is restored. In Sweden the build-down
strategy is used in case of a blackout.

 

2.2 Restoration problems

 

As the power systems of today are extremely seldom exposed to a
disturbance this is a problem in itself since the personnel in control
centres and production units have little or no experience at all in
handling a system blackout [12]. During the restoration there are many
abnormal situations that must be dealt with and equipment may operate
in an unexpected way and cause problems [11, 17]. In those Swedish
stations equipped with blackstart capability there is often a diesel
generator which initially starts and supplies emergency power to the
rest of the station [1]. If there is something wrong with this diesel
generator such as no diesel, badly adjusted relays etc. the entire
restoration may be delayed substantially.

When the main unit is started, lines to other stations are to be energized
and new units are started up. When energizing lines it is important to
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make sure that there is enough reactive resources in the system in order
to be able to consume the reactive production from the lightly loaded
transmission lines. For that purpose (capacity in) generators, Static Var
Compensators or shunt reactors are necessary. The risk for over-
voltage can also be reduced by disconnecting shunt capacitors,
connecting loads with a lagging power factor, by increasing the
circulating currents and reactive losses in parallel transformers,
avoiding the energizing of parallel lines and by having a low voltage on
transmission lines [7, 8, 15, 17, 23].

Shunt reactors are normally used when the lines are lightly loaded. In
the Swedish power system the shunt reactors (and some of the shunt
capacitors) are equipped with automatics connecting the shunt reactor
when the voltage is above a speciÞed level and disconnecting the
reactor when the voltage is below a certain level [1, 4]. The voltage
levels are approximately 390-395 kV for disconnection and 420-425
kV for connection. During a restoration phase the power system will be
weaker than normal and at the end of a long unloaded transmission line
the voltage will be very high. This will result in a connection of the
shunt reactor and the voltage will decrease. In case of a large shunt
reactor it may decrease below the level for disconnection of the shunt
reactor. This will initiate a hunting phenomenon where the reactor will
be connected and disconnected several times, see Þgure 2.1. The

hunting of a single reactor may also initiate hunting of other shunt
reactors in the system. Especially in systems where the shunt reactors
have the same settings of time delays and voltage levels for connection

VhVhrVhr2Vlr Vl Vl2

Reactor status

Voltage

Conn.

Disconn.

Figure 2.1 Hysteresis curve for the shunt reactor automatics. The solid line
is valid when all station lines are connected. Dashed and dotted
lines are valid when only one or a few station lines are
connected.
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and disconnection this may cause severe problems. In the USA these
relays are therefore deactivated until the system is restored. 

During restoration a sustained over-voltage will increase the problems
of switching transients and harmonic resonance [8, 16, 17, 21, 23].
Harmonics are caused by transformer saturation and for some network
conÞgurations resonance will occur (unloaded transformers and low
system short-circuit level) leading to damaging over voltages. There
could be substantial phase angle differences across line circuit-breakers
and closing of such circuit-breakers may damage equipment and may
initiate an instability in the system [11, 16, 17]. 

During the restoration process it will be much more difÞcult to keep the
frequency at a stable level as compared to normal operation since many
generators are started and loads are connected. In systems using AGC
the mechanism will most likely not be in operation in the initial stage
of restoration (the Nordic power system never use AGC). The
frequency is affected by the inertia and the static gain in the system, the
rate of response of prime movers, the frequency dependency of loads
and the size of each load that is connected [23, 24]. A connection (or a
disconnection) of a 50 MW load during normal operation is hardly
noticeable in a large power system such as the Nordic power system.
However, during a restoration a connection of a 50 MW load may
affect the frequency considerably. If the frequency declines too much
under frequency relays will be activated and loads disconnected (in the
USA the under frequency load shedding relays are deactivated during
restoration). If a high percentage of the connected load is equipped
with under frequency relays this can result in an over frequency [11,
17, 23]. 

Figure 2.2 shows an example from a Þeld test performed in an island
grid [1]. Load corresponding to 10% of the generator power is
connected and as can be seen the frequency decreases substantially
before the turbine governor has adjusted the water ßow and a balance
between the electrical and mechanical power is achieved. As load is
connected it is also important to consider the cold load pick-up (section
2.4). 
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When connecting more load new production units must be started and
ramped up. The time it takes to do this varies signiÞcantly. For hydro
units, gas and diesel turbines the restart time can be as fast as 5 minutes
[5, 10] whereas it can take hours to restart steam units [6, 7, 14].
Nuclear power stations take a day or more since they require special
procedures [1, 9, 14]. This can be seen in Þgure 2.3 which shows the
power production of the Swedish nuclear power plants after the last
blackout in 1983 [1].
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Figure 2.2 Frequency response in the island following a partial
reconnection of the load. Hydro power production.
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Figure 2.3 Power production from the Swedish nuclear power stations after
the last blackout in 1983. Only one plant was in operation during
the blackout. 
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During the restoration it is important for operators to know the system
status. There is, however, a risk that the computer systems in the
control centres will be overloaded with data due to generator, line and
transformer tripping, low voltages, under frequency and under voltage
load shedding and other relay actions [14, 17]. Access to a special
mode or a special computer system which only takes the most relevant
data into account and thereby gives the operator the possibility to get
an overview of the system status will signiÞcantly increase the success
of a restoration. 

 

2.3 Social and economical consequences

 

In case of a blackout there are substantial economical and social
consequences. The industries will suffer from loss of production during
the outage time and the time it takes for the restart. In processing
industries the restart time is very long and even after a short outage it
may take hours or days before the production is back to normal and a
proper quality of the product is achieved [1, 48]. 

Nowadays most of the work in ofÞces is carried out by using
computers. During an outage many people may have problem to Þnd
useful tasks when they do not have access to the computer. Data may
also be lost due to the disturbance and restarting the computer systems
after an outage may require some extra work. 

Shops and stores operate on the assumption of access to electric power.
When power is lost the customers have to be evacuated from the shops
and stores and since elevators, escalators and lighting do not function
this may be rather complicated. Refrigerating will not function and if
the duration is long there is a risk that food is spoiled. 

Farms are mostly situated on the countryside and supplied by
electricity via overhead lines. Therefore disturbances in the power
supply are more common for a farmer as compared to a customer in a
city. Many farmers have some sort of backup power which can be used
during these contingencies but for those farmers that do not have any
backup power there might be a problem with the air conditioning, the
water supply or the milking of the cows.

Table 2.1 shows the result of an interruption cost study performed in
Sweden in 1994 [40]. In [41-43] similar investigations can be found
from other countries. It can be seen that the interruption cost increases
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with the outage duration and that some industry branches are very
sensitive to disturbances. 

 

Table 2.1  Outage cost for different consumer categories. 1 US $

 

»

 

8 SEK

 

The population will be affected in general since the communication
system will break down. Train and underground can come to a stand
still anywhere along the railway and evacuating people may be
difÞcult. The battery backup in telecommunication systems will not be
able to supply power for a long time and after some hours there is a
considerable risk that the telecommunication system will breakdown
[1, 6, 14]. If no backup power is available the pressure in water pipes
will decrease and there will be no water. There is also a risk that there
will be a penetration of slop into the water pipes which may endanger
the water supply for many days. If the duration of the outage is long
groceries in refrigerators and freezers will be warmed up and this
problem will be enhanced since people act irrationally and check the
groceries many times. During the winter, long outages will have severe
consequences for the heating supply if based on electricity. There will
also be problems for other heating systems since electricity is needed
for the circulating pump, ignition or control. 

 

Category Outage cost SEK/kW

2 min. 1 hour 4 hours 8 hours

 

Mining industry

 

2.90 6.0 21.6 34.4

 

Food industry

 

4.8 180 394 542

 

Textile industry

 

90.5 122 241 410

 

Timber and wood industry

 

12.7 35.5 114 210

 

Pulp and Paper industry

 

7.7 10 16.9 28

 

Chemical industry

 

61.6 87.1 134 243

 

Iron and steel industry

 

13.7 19.9 35.5 52.6

 

Engineering industry

 

18.7 57.4 180 403

 

Small industry

 

9.30 36.4 149 320

 

Stone and soil industry

 

4.50 21.0 74.9 215

 

Commercial sector

 

13.5 61.9 229 683

 

Residential sector

 

0.80 2.40 9.10 25.6
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2.4 Cold load pick-up

 

Cold load pick-up is not a new phenomenon. Already in the 1940Õs and
1950Õs power companies experienced problems when reclosing circuit
breakers [32-34]. The problems were analysed and the conclusion was
that when power is restored several household appliances will be
restarted and since some of them are motors there will be high starting
currents. The solution was to use relays with very inverse
characteristics and in some cases sectionalize the system and restore
some of the feeders and then wait a time before the others are
reconnected. 

In the literature of cold load pick-up some authors divide the
phenomenon in the following four phases [28, 29, 34]

¥ Inrush currents to cold lamp Þlaments and to distribution
transformers. The duration is some cycles and the peak can be up to 10
times the pre-disturbance level. 

¥ Motor starting currents. The duration is about 1 second and the peak
current can be 6 times the normal value.

¥ Motor accelerating currents. Duration about 15 seconds.

¥ In the Þnal phase all inrush currents have died out but due to the loss
of diversity among thermostatically controlled loads the power
consumption is still above its pre-outage level. Duration is typically
about an hour but after an extended outage during cold weather it may
take several hours before the heating system returns to normal cycling. 

Other authors only divide cold load pick-up in two phases [26, 35, 37].
The Þrst phase then includes the inrush, motor starting and accelerating
currents whereas the second phase is due to the loss of diversity among
thermostatically controlled loads. In Þgure 2.4 the power consumption
of an incandescent lamp is shown and as can be seen there is initially a
peak which after some periods dies out. For a refrigerator and freezer
combination the power consumption after two outages is shown in
Þgure 2.5 and for a residential area the power consumption is shown
after two outages in Þgure 2.6. These three Þgures can be considered to
be typical examples of different phases of the cold load pick-up for
residential load. 
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Figure 2.4 The power consumption of an incandescent lamp after an outage.
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Figure 2.5 The power consumption of a combined refrigerator and freezer
after two outages.
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As previously stated the initial phases of the cold load pick-up were
treated in the 1940Õs and 1950Õs [32-34]. The loss of diversity was not
taken into account at that time. However, the increased use of
thermostatically controlled loads such as refrigerators, freezers, water
heaters, air conditioners and electric heating resulted in a renewed
interest and several papers were written about the problem during the
70Õs, the 80Õs and the 90Õs [15, 25-31, 35-37, 39, 44, 45]. Most of the
literature is physically based load modelling [15, 25, 26, 28-30, 36, 37,
44, 45]. A single heating or cooling system governed by a thermostat is
then used to obtain the desired indoor temperature. The thermal
behaviour is described by Þrst or second order time constants. Figure
2.7 gives an example of a Þrst order model that is used in the literature
[25]. G denotes the equivalent thermal conductance (kW/

 

°

 

C) of the
building, C the equivalent thermal mass (kWh/

 

°

 

C), Q the heat injected
to the building (kW), T

 

b

 

 the inside temperature (

 

°

 

C) and T

 

out

 

 the
outside temperature (

 

°

 

C). 
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Figure 2.6 Field measurement of the cold load pick-up for 625 houses of
which 525 have electric heating. The field study was performed
during the night and the outside temperature was +5 °C (base
power is the consumption before the interruption).
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According to this model the temperature in the building can be written
as

(2.1)

where K=0 when the thermostat is in the off state and K=1 when it is in
the on state. The aggregate behaviour in a residential area has been
found by using means and standard deviations of the model parameters
and a Monte Carlo simulation has been performed. In [25, 28, 36, 44] it
is also shown that oscillations in the power consumption will be
achieved. If the insulation and the thermal mass of the house decrease
whereas the duration of the outage and the standard deviation of the
thermal model increase the oscillation will be damped out and the load
behaviour will be almost like a delayed exponential function. 

Some of the thermal load models derived in the literature are based on
Þeld measurements of a single house [15, 30, 36] or investigations
based on the design of a house [25]. Many of the parameters used in
the load models are, however, only examples and are not based on real
data. 

Field measurements of the cold load pick-up in the residential, the
commercial and the industrial sectors are rare due to the difÞculties to
get permission for such Þeld studies. There are, however, some Þeld
measurements available, mostly in residential areas [22, 25, 26, 31, 33-
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Figure 2.7 A simplified model of a thermostatically controlled heated
building.
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35, 45, 46]. Often the resolution is low (based on 15 minutes average
values of the electric energy consumption) [25, 26] or in some cases
the power consumption is only presented for some minutes after the
outage [22, 31, 33, 34, 46]. Almost all measurements on residential
load show the same behaviour. Initially after an outage the power
consumption will be higher or much higher as compared with the pre-
outage level. In some cases it will stay on this high level for a time and
then decreases to its stationary level. This is in agreement with many of
the results obtained when using physically based load modelling. 

In [28, 29] the physically based load has been used as a way of
modelling the load behaviour in an analytical way and the load can
then be described by the equation

(2.2)

where S

 

U

 

 is the undiversiÞed load, S

 

D

 

 the diversiÞed load, 

 

a 

 

the rate of
decay for the exponential part, T the time at which the exponential
function starts and u(t) and u(t-T) Heaviside step unit functions. In [28]
and in several other papers different parameter values are used in order
to study the aggregate behaviour. There is, however, a lack in
presentation of ÓtypicalÓ parameter values for ÓtypicalÓ residential
areas. 

The result of the Þeld measurements in [26, 27] is used for modelling
the behaviour according to Þgure 2.8 
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Figure 2.8 Example of a load model for cold load pick-up [26, 27].
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where K

 

1

 

 is the magnitude of the initial load, K

 

2

 

 the magnitude of the
overload, t

 

1

 

 the duration of the outage, t

 

2

 

 the duration of the overload
and t

 

3

 

 the duration of the return to normal conditions. Typical values
for one hour outages are shown in table 2.2. 

 

Table 2.2  Parameter values for a cold load pick-up model.

 

Field measurements of commercial and industrial load after an outage
have only been found in [31, 48] whereas the behaviour has been
discussed in other papers [15, 39]. In [31] measurements from Taiwan
are presented when using a scheme of rotating load curtailment. The
measurements only show the behaviour some minutes after the outage
but from these Þgures it is possible to see that commercial and
industrial load will be lower as compared with the pre-outage
consumption. The explanation of this behaviour is that motors and
other equipment have been disconnected during the outage and have to
be manually restarted when the voltage supply is restored. 

 

Temperature (

 

°

 

C) t

 

1 

 

(hours) t

 

2 

 

(hours) t

 

3 

 

(hours) K2/K1 (pu)

0 1 0.17 0.17 3.70

-20 1 0.34 0.17 2.74

-40 1 0.52 0.33 2.10



18



 

19

 

Chapter 3 Summary of Publications

 

This Ph. D thesis covers the work performed during the Ph. D study. In
total 12 journal and conference papers [2-4, 47-50, A-E] together with
a licentiate thesis [1] have been written. In this thesis Þve papers on the
cold load pick-up are presented [A-E]. These papers can be divided in
the two groups residential load and industrial load. 

The residential load is treated in three papers where the Þrst paper
deals with the cold load pick-up of individual load objects [A], the
second one with electric heating [B] and the third paper presents
measurements on residential load areas [C]. Industrial load and its
behaviour after forced and planned outages is dealt with in two papers
where the Þrst one describes pulp and paper industries [D] and the
second one analyses other industrial branches [E]. The analysis in the
Þve papers is based on measured data either received from power
suppliers, industries or collected by own laboratory and Þeld
measurements. The data have then been adapted to represent the
dynamic characteristics of the load after an outage. The model
parameters are derived using standard (least square) curve Þtting
methods.

 

3.1 Paper A, Cold Load Pick-up for Individual Load
Objects

 

This paper presents laboratory measurements of the cold load pick-up
for individual load objects. Loads such as refrigerators, freezers, air
conditioners, different types of lighting and other household equipment
have been investigated. In order to study the effect of the duration of a
disturbance the outage time has been varied. It is shown that street
lighting and lighting in warehouses, industries and ofÞces, where
mercury lamps, high pressure sodium lamps and ßuorescent lamps are
used, will have a lower power consumption after an outage as
compared with the rated power. For ßuorescent lighting more than 90%
of the rated power consumption returns almost immediately when the
voltage supply is restored and the remaining part after some additional
minutes. For mercury and high pressure sodium lamps 30-60% of the
power consumption returns instantaneously whereas it will take some
additional minutes before a stationary level is achieved. For these types
of lamps one observes that the illumination improves the Þrst minutes
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after the power is restored and this is related to the warming up and the
pressure increase of the vapour in the lamps which also has an effect of
the power consumption. 

When studying a large group of cooling equipment such as
refrigerators, freezers and air conditioners during normal operation the
same fraction of equipment will be in the on state and consuming
power. During an outage, however, the temperature inside a cooling
equipment will rise and this means that after an outage a larger part or
all of the equipment in an area will be in the on state. This is one of the
reasons why the power consumption for this load category is higher
after an outage as compared with the pre-outage consumption. Another
reason is related to the physical behaviour of the cooling equipment. A
high temperature inside the cooling equipment will give a higher
density of the vapour that is ßowing into the compressor. As the
compressor compresses a constant volume the mass ßow will increase
and consequently also the power consumption. When the temperature
decreases after a time the power consumption declines. If the duration
of the outage is prolonged the load peak and the time it takes for the
load to attain a normal level will increase. For a group of refrigerators
and freezers it is shown that the power consumption can be modelled
with a decreasing exponential function. 

For other types of household equipment such as stoves, ovens,
washing, drying and dishing machines, radios, TV:s, computers etc. it
is more difÞcult to predict the load behaviour after an outage as the
psychological behaviour of people may have a substantial effect on
their operation. 

 

3.2 Paper B, The Load Behaviour of Electric Heating
following a Disturbance

 

In some countries a considerable part of the power consumption is
related to electric heating. The heating can be electric boilers, electric
radiators or heat pumps. In this paper measurements of the cold load
pick-up have been performed on several houses where the power
supply has been switched off during different time periods. The
inßuence of the outdoor temperature has also been studied since the
measurements have been performed during various times of the year. 
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An electric boiler heats up water which then is transported in pipes to
radiators in the rooms. An electric boiler also supplies hot tap water in
a house. Usually a boiler consists of several electric elements which are
connected and disconnected by a temperature sensor. After a long
outage several or all of the heating elements will be connected and this
means that the power consumption will be higher or much higher as
compared to the pre-outage situation. The increase in power
consumption and the time it takes before a stationary level is achieved
are strongly dependent on the outdoor temperature and the outage
duration. A longer outage and a lower outdoor temperature will
increase the peak load and its duration. If the load peak is related to
rated power it will be reduced with a decreasing outdoor temperature
as the rated power rises with a decreased outdoor temperature.

Another way of heating a house is by using electric radiators. A
radiator usually consists of a heating element encased in an envelope.
In most cases each radiator is equipped with a thermostat controlling
the local temperature and having a cycling period of some minutes.
During the measurements performed it has been shown that most of the
electric radiators will be in the on state after an outage. This is also
valid after relatively short disturbances (30 minutes) and during
relatively high outdoor temperature (<+10

 

°

 

C). The time to reach
normal power consumption is (as for electric boilers) strongly
dependent on the outage duration and the outdoor temperature. 

A large group of heat pumps in a residential area will be diversiÞed
during normal operation which means that the power consumption of
this group will be rather constant. After a disturbance, however, all or
almost all of them will be in the on state. The phenomenon of loss of
diversity will stand for most of the load peak for this group. In the
same way as for cooling equipment the physical behaviour of the
equipment will affect the power consumption. This effect varies for
different brands but mostly the power consumption starts on a high
level and then decreases to a minimum in some minutes. For some
brands the power consumption then starts to increase again and this
continues until the set point value of the temperature is reached an the
heat pump is switched off. 

Based on the measurements performed in different houses an
aggregation of different electric heating systems has been made. The
aggregation was made for different outage durations and outdoor
temperatures. The result shows that after an outage it is possible to
model the cold load pick-up for electric heating with an initial constant
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level for some minutes followed by an exponential decrease down to
the stationary level.

 

3.3 Paper C, Cold Load Pick-up of Residential Load

 

In this paper the cold load pick-up of residential load is investigated.
Together with power suppliers in the southwestern part of Sweden
measurements have been performed in residential areas. Most of the
outages were during the night and the outage time was between half an
hour to more than Þve hours. Since the outages were made during
various times of the year also the impact of the outdoor temperature on
the cold load pick-up could be studied. An analysis of the load peak
and its duration after an outage was made. The load peak and its
relation to rated power (CLPUn factor) and to maximum power
experienced during the year (CLPUm factor) was investigated. The
load peak after the disturbance will also lead to a recovery of some of
the energy that was lost during the outage and this has also been
analysed. It is shown that the CLPUn factor increases with an increased
outdoor temperature whereas the CLPUm factor decreases with an
increased outdoor temperature. The time it takes for the load to obtain
a stationary level is dependent on the outage duration and the outdoor
temperature. An increased outage duration and a decreased outdoor
temperature will both increase the recovery time. Also the recovery of
energy is affected by the duration and temperature. A higher
percentage of the lost energy will be recovered if the duration of the
outage is short and the outdoor temperature is high.

Based on the data obtained a load model has been developed. The same
load model as previously has been proposed for electric heating was
derived, i.e. initially it starts with a constant level for some minutes and
then it decreases exponentially to a stationary level. This load model
together with suitable parameters have then been used for simulating a
system where a scheme of rotating load curtailment is used. The
simulations show that it is necessary to tune such a scheme accurately
in order to make it work properly. If load is disconnected a short period
a larger part of the lost energy will be recovered. This means that more
loads must be disconnected at the same time in order to achieve the
desired reduction of the total load. If loads are disconnected for a
longer period of time the recovered energy will decrease but on the
other hand the load peak will increase and this means that there is an
increasing risk of overloading lines and transformers. If small loads (on
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10 kV level) are used and the rotation is uniformly spread out in time
the problem with a load peak will only be valid in the distribution
network. However, if each rotation step includes fewer but larger loads
the problem with a load peak will also be valid in the transmission
system. 

 

3.4 Paper D, Load Recovery in the Pulp and Paper
Industry following a Disturbance

 

Pulp and paper industries are interesting to study from a power system
point of view. The plants are characterised by a high electricity
consumption and in Sweden there are plants consuming up to 300 MW.
Pulp production can either be a mechanical or a chemical production.
The chemical production generates much waste products such as barks
and lyes including lignin. The waste products are burnt in furnaces
producing steam which in its turn is used during the pulp and paper
production. As the steam production is higher than the consumption
many industries also produce electricity with generators fed by back
pressure-turbines. 

In this paper measurements of the power consumption after planned
and forced outages are presented. The data were obtained from many
industries in Sweden. Restarting after a planned outage takes a very
long time. In a chemical based pulp industry the most critical process is
to start the recovery boilers which stand for most of the steam
production. First the boilers have to be slowly pre-heated before black
liqour can be added to the process. The production can then start in a
small scale and increases after some time. The restart usually takes
more than a day but it can take several days before the production is
stable and a proper product quality is achieved. The restart time is
dependent on whether it is a short planned outage due to a public
holiday or if it is a more extensive overhaul taking one or two weeks. 

Many industries have the possibility to run parts of their load in island
operation. A disturbance in the power supply of such a plant may
therefore result either in a total shutdown of the industry or a situation
where parts of the load together with the generator(s) succeeds in
establishing island operation. The restart of the production following a
disturbance varies considerably for these two alternatives. If the
change over to island operation is successful it can take half a day to
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restart whereas it can take a day or more to restart if the entire plant is
shutdown. 

The power consumption after planned outages has been modelled as a
linear increase up to the stationary level. For forced outages a small
part of the load returns fast whereas the main part of the power
consumption returns after several hours. In that case the power
consumption is modelled as an exponential increase having two time
constants. 

This paper also presents a formula for estimating the outage cost. The
formula takes the restart time, outage time and the time it takes to reach
a proper product quality into account. An example from an industry
consuming 90 MW shows that an outage of half an hour will result in a
total economic loss of about 4 MSEK. 

The investigation of the pulp and paper industry shows that parts of a
production plant can be shutdown almost instantaneously without any
major consequences for the operation of the plant. This is due to the
buffers stocks which are available between different production stages
and enables a continued production. Instead of only having gas
turbines for the national disturbance power reserve an alternative
would be to partly disconnect loads in pulp and paper industries. Such
a system could be cost effective for the company responsible for the
national disturbance power reserve but also interesting for pulp and
paper industries since they will be economically compensated for the
discomfort of such a measure.

 

3.5 Paper E, Load Recovery in Different Industries
following an Outage

 

This paper deals with the load behaviour after planned and forced
outages in many industrial branches. By cooperation with industries
and power companies measurements of the load behaviour after
outages have been collected. It is shown that the restart procedure after
a disturbance will vary considerably for various industry branches. For
the engineering industry, sawmills or other small industries the restart
after an outage is usually in the order of an hour. For other industries
such as reÞneries and chemical base industries the restart time is
usually days. 
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Generally the restart after a planned interruption takes a longer time as
compared with the restart after a forced outage. In the same way as for
pulp and paper industries the power consumption after a planned
interruption may be modelled as a linear increase up to the stationary
level. After a forced outage the load behaviour has been modelled as an
exponential increase. 

For some types of industries the outage time is very important. In the
mining industry an outage longer than half an hour may lead to severe
problems since the mine and its equipment will be ßooded. In the iron
and steel industry an outage of a foundry plant lasting 1-2 hours may
have catastrophic consequences as the material will solidify in the
furnace. In that case the furnace has to be rebuilt which can take weeks
or months. In the chemical industry a long outage may also cause
problems. Different gases and liquids get crystallized and this is
especially a problem during the winter. 
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Chapter 4 Conclusions

 

This thesis have investigated the dynamic behaviour of different types
of load used in the residential and industrial sectors following outages.
It has then developed mathematical models for such loads, verifying
the models against actual Þeld measurements. In the past most power
system dynamic studies have been limited to the use of prime mover
models and normal load characteristics. This research certainly has
demonstrated that to be realistic, the dynamic behaviour of loads
should also be considered during these studies.

For all the industries the power consumption will be lower or much
lower after an outage. It has been shown that after an outage it will take
a long time (several hours or days) for processing industries, such as
pulp and paper industries, chemical base industries and reÞneries to
restart. Other branches such as engineering industries, sawmills and
small industries recover much faster (usually within an hour). 

Residential load has the opposite behaviour as compared with
industrial load, i.e after an outage the load is (much) higher than prior
to the disturbance and then decreases to its stationary level.
Thermostatically controlled loads such as refrigerators, freezers, air
conditioners, electric boilers, electric radiators and heat pumps will
loose their diversity after an extended outage and all, or almost all of
them, will be in the on state when power is restored. This is the major
reason of the load increase after an outage but the physical behaviour
of cooling equipment will result in an additional load increase. 

The results obtained for cooling equipment can be used when studying
systems containing much air conditioning load or areas in developing
countries where a large part of the load can be related to refrigerators
and freezers. 

In order to compare measurements performed in different areas and
during various outdoor temperatures and outage durations data have
been analysed in different ways. The load peak after the outage and its
relation to either the rated power (CLPUn factor) or the maximum
power experienced during the year (CLPUm factor) has been
investigated together with the recovery of energy. 

The CLPUm factor is a good indicator of the actual power
consumption and can be used when investigating the risk for
overloading in a distribution system. The derived residential load
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models show that the load decreases exponentially. The risk of
overloading can then be reduced by sectionalizing the station and
connect load in stages, waiting some minutes each time more load is
connected. 

The CLPUn factor, the recovered energy and the derived industrial and
residential load models are of interest when studying the cold load
pick-up from the transmission point of view. They can therefore be
used when formulating restoration guidelines and when tuning a
scheme of rotating load curtailment. Using a scheme of rotating load
curtailment incorporating residential load will, however, be
problematic as it may lead to an overloading of distribution lines and
transformers or in some cases an overloading of the entire power
system. If residential load should be used in this scheme it is therefore
essential that the personnel have a good knowledge of the cold load
pick-up. Another alternative which eliminates this problem is to use
industrial load. 

Due to the deregulation of the electricity market it is likely in the future
that (more) agreements between power suppliers and customers are
made which give the power suppliers the possibility to disconnect load
when the production capacity is reached or when it is costly to produce
the peak power. This may also incorporate the possibility to disconnect
load as an alternative to having gas turbines for the disturbance power
reserve.
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Chapter 5 Future Work

 

This thesis has investigated the cold load pick-up based on laboratory
and Þeld measurements. However, there is still a need for more
measurements on residential load during low outdoor temperatures and
especially for commercial load which has not been investigated here.
With the increase in number an accuracy of load measurements it
should be possible in future to develop more accurate load models. As
many industries now have installed or are planning to install their own
measuring equipment it will also be easier to collect data with a high
resolution from these industries in the future. 

In the present work the economic loss due to an outage is only
investigated for the pulp and paper industries. However, it is important
that similar work also is performed for other industrial branches and
the residential and commercial sector. An important issue is to cost
justify continuity of service, e.g., the trade off between controlled load
curtailments and providing generation reserve. Or to cost justify the
additional investment and expenditures required to reduce the duration
of power system restoration. 

The initial title of the project ÓDevelopment of Criteria and Strategies
for Network Rebuilding following a major DisturbanceÓ still involves
many challenges. Investigations on where and how island operation
can be run and suggestions and guidelines of how this can be
accomplished and improved is an area that needs more consideration,
both by more Þeld studies and also by more theoretical analysis.
Investigations on island operation should preferably include industries
with in-house generation. 

The restoration process involves many unusual situations that must be
handled by the personnel in control centres. As they in most cases have
little or no experience of such work it is important that they are
sufÞciently trained for such situations. This can be done in role plays
and/or by using simulators. 
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