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Impact of Energy End Use and Customer Interruption
Cost on Optimal Allocation of Switchgear in
Constrained Distribution Networks
Arild Helseth and Arne T. Holen, Member, IEEE

Abstract—The introduction of new energy carriers, such as
natural gas and district heating, to energy systems dominated by
electrical power will certainly relieve stress on the power system.
Some of the end uses initially served by the power system will be
gradually decoupled and served by alternative energy carriers. As
a result, the specific customer interruption costs and load profiles
will change. In this paper, we analyze how the optimal level of
switchgear in electric power distribution systems is affected by
such changes. The proposed optimization method is based on a
genetic algorithm and takes into account the constrained network
capacity.
Index Terms—Customer interruption cost, genetic algorithms
(GAs), network constraints, power distribution protection, power
distribution reliability.

I. INTRODUCTION
HE basic function of the power distribution system is to
supply customers with electrical energy as economically
as possible and with an acceptable degree of reliability. Consequently, obeying the two conflicting objectives of economics
and reliability is the main challenge when constructing new or
expanding existing distribution systems. Several countries, including Norway, have carried out extensive surveys with the
purpose of eliciting the economical losses experienced by different customer groups due to power interruptions. In this way,
reliability can be quantified in terms of a monetary value, and
the worth of any investment in the power system may be found
through a cost-benefit analysis [1].
Electrical power is the dominating energy carrier in the Norwegian energy system. By introducing alternative energy infrastructures, such as natural gas and district heating, some of the
energy end uses may be decoupled from the power system. As
a result, the electrical load profile will change and the demand
for electrical power will decrease.
Will this shift in demand affect the optimal level of investments in reliability-enhancing projects? Intuitively, a relief in
demand for electrical power will lead to decreased interruption
consequences since less power has to be transported to the customers. Thus, the optimal level of investment in reliability will
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decrease, compared to the case where electricity serves all end
uses. Furthermore, load relief on tightly constrained distribution feeders may improve the ability to restore service through
reserve connections in the network, resulting in system reliability improvement without additional investments. On the other
hand, consumer surveys reveal that the end use that can only be
covered by electricity tends to have a higher associated cost of
interruption. These conflicting momentums are all incorporated
in an optimization method presented in this paper.
Finding the optimal number and location of switchgear in
radial distribution systems is a complex problem which has
been approached by several authors [2]–[8]. The problem may
be classified as a combinatorial optimization problem having
a nonlinear and nondifferentiable objective function. Various
techniques have been applied to solve the optimal configuration
problem (e.g., dynamic programming [2], binary programming
[3], simulated annealing [4], direct search [5], and genetic
algorithms (GAs) [6]–[8]).
The presented methodology applies a GA for the purpose of
optimizing the number of automated and manual switching devices in a prerouted, radial distribution system. The energy end
uses are divided in two categories: those that can only be provided by the power system and those that can be provided by any
energy infrastructure. Different interruption costs are applied for
these two categories. The impact of reduction in demand and
changes in the load profile on the optimization problem is analyzed and discussed. By performing this type of study, a network
company may analyze whether the amount and configuration of
switchgear is appropriate according to the end-use specific interruption costs and load profiles.
II. INTERRUPTION COSTS
Different customer sectors apply electricity for different end
uses. Surveys from various countries show that each customer
sector will evaluate the loss of a service differently, depending
on the end uses the customer sector typically covers by electricity and the interruption duration [1]. Customers put more
emphasis on the cost and inconvenience associated with the inability to perform their activities due to an interruption rather
than the energy which is not supplied.
In Norway, the regulation scheme cost of energy not supplied
(CENS) adjusts the revenue of the network companies in accordance with the customers’ interruption costs [9]. The expected
CENS is calculated as the product of the annual expected energy not supplied (EENS) and a specific interruption cost in
(1 Euro 8 NOK). The applied CENS rate
is sector dependent, but independent of interruption duration.
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within the scope of this paper; thus, we will aggregate end uses
in two major categories
End-use category:

Covered by:
Electric power system
Any energy infrastructure

Fig. 1. Sector customer damage functions for Norwegian customers.

TABLE I
RELATIVE CONSUMPTION AND INTERRUPTION COST FOR THE COMMERCIAL
CUSTOMER SECTOR

For more detailed system planning, it is believed that the
nonlinear profile of interruption costs as a function of interruption duration should be accounted for. Such profiles are
conveniently displayed in sector customer damage functions
(SCDFs). SCDFs are created by aggregating the cost functions
of individual customers in the same customer sector. The
SCDFs for the six different customer sectors used in Norway
are shown in Fig. 1, based on an extensive survey conducted
by the Institute for Research in Economics and Business Administration (SNF) and SINTEF Energy Research [10]. When
studying the SCDFs in Fig. 1, one should keep in mind that the
consumers in Norway generally apply electricity to cover all
energy end uses.
Additional accuracy may be added by assigning one SCDF
for each distinctive end-use category, as represented in (1).
Examples on typical end-use categories are shown in the first
column of Table I

Obviously, the category of flexible end uses contains different
services depending on the energy carrier. Natural gas may, for
example, be used for cooking, but this end use cannot easily
be provided by the district heating system. Furthermore, a low
supply temperature in a district heating system may exclude the
possibility of serving certain thermal end uses.
In the survey described in [10], respondents of some selected
customer sectors were asked to estimate the cost associated
with the loss of ability to perform activities in selected end-use
categories and the annual energy consumption related to each
end-use category. These data refer to non-notified interruptions
at a given reference time (weekday in January). Data for the
commercial customer group are presented in Table I and will
be used in the subsequent sections of this paper. The end-use
categories of space heating, hot tap water, and electrical boilers
are defined as flexible end uses.
It is evident that the inability to perform electricity specific
end uses has a higher associated cost than is the case for flexible
end uses for the commercial customer sector. Unfortunately,
the survey does not give sufficient information to display the
end-use specific interruption costs as a function of interruption
matrices
duration and present accurate corresponding
as described in (1) for the two aggregated end-use categories.
However, for the purpose of illustrating the suggested method,
some new SCDFs were created. The original SCDFs shown in
. Based on
and the
Fig. 1, are now denoted as
and defined in (2), a new SCDF matrix
weighting factors
, was constructed from (3). For all values of interruption duration, (4) should be fulfilled
Cost
Consumption
Cost
Consumption

(2)
(3)

..
.

..
.

..

.

..
.

(1)

Where
is the SCDF for customer sector and
is the
cost associated with the inability to serve end-use category
during a period . In this matrix, different end-use categories
and different interruption duration periods are displayed. All
, thus every
end-use categories are aggregated in Fig. 1
is represented by a
vector.
Alternative energy carriers, such as district heating and natural gas, are able to cover some of the same end uses as electrical
power. An extensive discussion of the different end uses is not

Consumption

Consumption

(4)

Generally, the services related to the flexible end-use category are less affected by short interruptions than the services
related to the electricity specific end use (e.g., due to thermal
inertia of buildings and the presence of storage tanks for hot tap
water). Consequently, it is likely that the shape of the SCDF for
the flexible and electricity specific end-use categories will differ
for low values of interruption duration. In order to reflect the
differences in shape for the two end-use categories, it is simply
assumed that interruptions of the flexible end use having a duration of less than mins will not be noticeable for the customers.
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Fig. 2. SCDF for the commercial customer sector.
Fig. 3. Load duration curve for the commercial customer sector.

Accordingly, is set to be equal to zero and
is changed so
that (4) is fulfilled.
A new SCDF matrix for the commercial customer sector
was constructed from (3). By using data from
and
Table I, the weighting factors become
.
and
are displayed in
Fig. 2, with
.
It should be noted that the difference between the electricity
specific and the flexible end-use categories shown in Fig. 2
was found to be particularly large for the commercial customer
sector and was less evident for the remaining customer sectors.

TABLE II
NUMERICAL VALUES FOR 10-STEP LOAD DURATION
CURVES FOR THE COMMERCIAL CUSTOMER SECTOR

III. LOAD DURATION CURVES
In power distribution networks with constrained capacity,
load-flow studies will reveal whether the network constraints
are met before system reconfigurations are performed. Estimates of reconfiguration capability are normally based on
system peak load and, thus, contributes to a conservative
estimate of the reliability of the network. For more detailed
reliability studies, load duration curves (LDCs) should be
applied. A LDC comprises load data plotted in a descending
order of magnitude, where each load level has a corresponding
probability of occurrence.
The LDCs for the electricity specific and the flexible end-use
categories differ significantly in shape due to different consumption patterns throughout the year. LDCs for the sum of all end
and the electricity-specific end uses
,
uses
based on hourly peak load measurements from a typical Norwegian commercial-sector customer, are shown in Fig. 3. In order
to analyze the possible influence that the differences in shape
have on the optimization problem, two 10-step load duration
and
were created based on the
curves
data presented in Fig. 3. These curves are used in the subsequent calculations and their corresponding numerical values are
shown in Table II.
from
We now assume that the load duration curve
Fig. 3 is representative for the commercial customers who contributed to the survey in [10].
As previously shown in Table I, the electricity-specific
end-use category requires 66% of the total energy demand for
the commercial customer group. Assuming that this end-use
, the maximum power required
category adheres to the

is 66% as well. However, by using the
displayed in
Fig. 3, the maximum power requirement is only 55% of the total
maximum power. Thus, applying the correct load curve may
influence the reconfiguration capability of constrained feeders
which, in turn, may influence the outcome of the optimization
problem.
IV. PROBLEM FORMULATION
Deciding the optimal level of switchgear in a radial distribution system is a combinatorial optimization problem.
The solution space is constrained by the type and amount of
switchgear available. We consider two categories of switchgear
in this optimization procedure: 1) the automatically operated
switch (AOS) and 2) the manually operated switch (MOS).
Fuses are also modelled, but their locations have been predefined. The presented optimization procedure treats the switch
allocation problem as an independent subproblem, without
addressing reinforcement or downsizing of distribution system
equipment. It is believed that equipment downsizing should be
included for a more detailed analysis, and that this feature may
be added modularly to the presented procedure.
A. Switchgear
A short and general description of the functionality of the
switchgear applied in the proposed model will follow. An AOS
will automatically isolate a faulted section of a distribution circuit once an upstream circuit breaker or recloser has interrupted

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
4

the fault current. An MOS is operated manually by a repair crew
and is capable of opening and closing a circuit when negligible
current is broken or made. The AOS and MOS have no ability
to break fault currents; thus, they will not impact the frequency
of interruptions experienced by the customers [11]. Fuses are
overcurrent protection devices which are usually located at the
beginning of distribution laterals. Once a fuse has melted and
operated due to a downstream fault, it requires replacement before the protected lateral can carry load again.
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Fig. 4. Simple distribution system radial.

B. Assessing Load-Point Reliability
An analytical simulation approach is applied to assess
load-point reliability [12]. Radial distribution systems may
be modelled as tree data structures comprising a set of nodes
and branches. The failure of each system component is simulated and interrupted load points are classified in distinctive
classes depending on interruption time. A two-stage restoration
strategy is modelled, as described in [13]. First, a limited set
of load points is restored by using the available AOSs. These
load points experience an interruption of duration equal to the
automatic sectionalizing time and belong to class A. Second,
additional load points are restored by using MOSs. These load
points experience an interruption duration equal to the manual
sectionalizing time and belong to class B. Load points which
are not restored before the faulted component has been repaired
or replaced belong to class C. In case node voltages drop
below a preset minimum level
due to reconfiguration,
the solution is rejected and alternative switch operations are
sought. This procedure is repeated for all load levels and all
contingencies.
The reliability assessment procedure is based on the following assumptions:
• the distribution system is radially operated;
• only first-order contingencies are considered;
• all switchgear is 100% reliable;
• all switchgear is properly coordinated;
• temporary failures are not considered;
• a circuit breaker is always located at the root of each tree
(i.e., at the substation of the distribution system).
C. Illustrative Example
The following example illustrates the logic of a two-stage
restoration strategy. Furthermore, a discussion on the impact of
introducing alternative energy carriers on reliability is given.
Consider the simple radial shown in Fig. 4, comprising five
busbars (bb1–bb5), branches (B1–B5), load points (L1–L5),
switches (S1–S5), and a circuit breaker (CB). Assume that
switches S2, S4, and S5 are AOSs and the remaining switches
are MOSs, that S1–S4 are normally closed and that S5 is
normally open. The reserve connection through feeder 2 (F2)
is capable of supplying L4 and L5 at the given load level. Both
flexible and electricity specific end uses are served by the power
system.
In case of a permanent fault on branch B2, the restoration algorithm will first request that CB and S2 open to isolate B2.
The intention is then to close S5, establish the reserve connection through feeder F2, and restore supply to load points
L3–L5. However, due to the feeder constraints, the load-flow

study will reveal that the suggested operations result in violated
feeder constraints and the algorithm will search for the next
AOS downstream S2, which is S4. No constraints are violated
this time; thus, CB and S4 are opened to isolate B2 and restore
service to L5. Subsequently, the second stage of the restoration
is initiated, requesting that the MOSs S1 and S3 open and that
CB and S4 close to further limit the isolated area. Again, the
network constraints are not violated, and L1 and L4 are restored
by performing the requested operations. Load points L2 and L3
will not be restored until B2 has been repaired. Consequently,
load point L5 belongs to class A, L1 and L4 to class B, and L2
and L3 to class C.
Assume that the flexible end uses of load points L4 and L5 are
detached from the power system and served by a local heat supplier. There is now the possibility that, after a permanent fault
on B2, S2 can open so that L3–L5 are restored without violating
feeder constraints. Load points L3 and L4 will then belong to
class A and, thus, experience improvement in reliability. Both
the explicit load reduction and the change in aggregated profile
of the feeder load are factors that may trigger the change in reconfiguration capability.
D. Genetic Algorithms
GAs are search algorithms based on the mechanics of natural
selection and natural genetics. A GA does not rely on the assumption of linearity, differentiability, continuity, or convexity
of the objective function.
A simple binary GA was defined for this optimization
problem by using the Java package JGAP [14]. Initially, the GA
randomly creates a population of feasible solutions. Each solution is a string of binary variables in which each bit represents
the presence (1) or absence (0) of switchgear in a predefined
location in the distribution network. The possible locations of
switchgear are predefined according to a set of rules. Branches
are divided in two types: 1) primary and 2) terminal branches.
Terminal branches are directly connected to the load points
and are equipped with fuses at their sending ends. Primary
branches are not directly connected to load points. A switch
may be allocated at the sending end of each primary branch. In
Fig. 5, switch S1 on branch B1 is represented by the bits {1,0}.
The first bit indicates the presence of the switch and the second
bit is the absence of automatic control. Similarly, S2 is present
and is controlled automatically. Thus, the primary branches
B1 and B2 in Fig. 5 have the presence of an MOS and AOS,
respectively.
The next generation of solutions is chosen based on the rules
of probability theory and the fitness (objective function) of each
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Fig. 5. Possible locations of switchgear on two primary branches.

solution. The further search for an optimal solution is governed
by the three basic operators of reproduction, crossover, and mutation. A thorough description of the basic operators of the GA
may, for example, be found in [15].
The expected customer outage cost (ECOST) relates the relito a monetary value
ability of each solution

(5)
number of steps on the LDC;

Fig. 6. Distribution system for RBTS bus 5.

number of components;
number of load points;
probability of load step ;
average failure rate for component ;
,

Boolean variables for load point ;
total load at step of the 10-step LDC
for load point ;
electricity specific load at step of the
10-step LDC for load point ;
specific outage cost related to all end
uses for the customer group at load point
given the outage time
;
specific outage cost related to the
electricity specific end use for the
customer group at load point given the
.
outage time

In case all end uses are covered by electricity at a load point ,
and
in (5). Conversely, if only the electricity
and
.
specific end use is covered by electricity,
The optimization procedure can be represented as in (6), where
is the total annualized capital cost for switchgear
Minimize

(6)

It should be noted that the GA has no convergence guarantee
in arbitrary problems. In order to improve the convergence properties, hybrid GA schemes incorporating local search techniques
may be constructed. In this study repeatability of the results was
used as a convergence guarantee.
V. SYSTEM STUDIES
In order to test the suggested optimization procedure and the
impact of shifts in SCDFs and LDCs, the radial distribution

system connected to bus 5 of the Roy Billinton Test System
(RBTS) was designated as a test system [16], [17]. Failure rates
and repair times are given in [16]. Customer data, feeder lengths,
and load data are given in [17]. Manual and automatic switching
time was set to 1 h and 1 min, respectively. The peak loads
given in [17] were all increased by 40%. The annualized capital cost for an AOS and an MOS was set to 12 000 and 8000
NOK/year, respectively. Fig. 6 shows the original version of the
test system, where feeders (F1–F4), load points (LP1–LP26),
branches (1–43), and normally open switches (NO1–NO2) are
labeled.
The system was tested for five different combinations of
SCDFs and LDCs. For all simulations, the minimum voltage
was set to 0.95 p.u. Case 1, which is the base case,
assumes that the power system supplies all load. The remaining
four cases assume that all of the commercial customers (load
points 7, 14, 18, 22, and 24 in Fig. 6) have their flexible end
use provided by other energy carriers than electric power. The
SCDFs and LDCs used for the commercial customer sector
were displayed in Fig. 2 and Table II, respectively. All other
load points were associated with the SCDFs shown in Fig. 1
and they were assumed to follow the
from Table II.
Table III shows the results of the optimization procedure for
the different combinations of SCDFs and LDCs. The character
following the switch number indicates the selection of an
AOS, while indicates an MOS. The corresponding ECOSTs
and ICOSTs are shown in Fig. 7.
As expected, the results indicate that the ECOST decreases
when the commercial customer–sector load is decoupled from
the power system. By using the nonadjusted SCDF and LDC
for the commercial customer sector in case 2, this decrease is
15.1%. A further comparison between cases 1 and 2 reveals that
although the selected locations of switches in the two cases are
essentially the same (except from the switch at branch 41), the
number of AOSs is considerably higher in the base case.
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TABLE III
OPTIMAL ALLOCATION OF SWITCHGEAR FOR THE PRESENTED CASES

TABLE IV
AVERAGE ANNUAL OUTAGE TIME
FOR SOME SELECTED LOAD POINTS

outage time, when going from nonadjusted data in case 2 to adjusted data in case 5.
VI. CONCLUSION

Fig. 7. ECOST (gray) and ICOST (black) for the presented cases (1 kNOK =
1000 NOK).

Marginal changes in ECOST and switch configurations were
found when changing the LDC for the commercial customers
from case 2 to case 3. The reduction in ECOST, shown in Fig. 7,
is a result of the improvement in reconfiguration capability. We
also note that the AOS on feeder F3 has changed its location
from branch 30 to branch 28.
The optimal allocation and selection of switches is clearly
affected by the choice of SCDF. As shown in Table III, the total
number of selected switches and the number of AOSs in case
4 is similar to the base case. Taking the final step to case 5,
where both the SCDF and LDC have been adjusted, we see that
the ECOST decreases compared with case 4, again due to the
increased reconfiguration capability. A similar pattern as found
when going from case 2 to case 3 is seen from 4 to 5; AOSs are
now located more centrally on feeders F3 and F4. By adjusting
the SCDF and LDC, the decrease in ECOST from case 1 to case
5 is 5.9%, which is considerably less than the decrease found
from case 1 to case 2.
Table IV presents the average annual outage time at some selected load points for the optimal configurations found in cases
1, 2, and 5. It is evident that most load points will experience
a reliability improvement in terms of lower expected annual

The presented method makes it possible to analyze how the
optimal allocation of switchgear in electric distribution systems
is affected by decoupling the flexible end use from the system.
In particular, the changes in customer interruption costs and
load profile have been studied, and it is shown how they influence the optimal allocation of switchgear. This method is
useful for configuration studies of distribution networks in areas
where alternative energy carriers and sources replace electricity
as providers of thermal energy services.
The amount of switchgear allocated in the presented test
system was reduced when the flexible end use was decoupled.
However, by using customer interruption costs and load duration curves adjusted according to the electricity specific end
use, the reduction was not as evident as found when using
aggregated data. The test study showed that the choice of SCDF
has a more significant impact on the optimization problem than
the choice of LDC. In less constrained networks, the impact of
adjusting the LDC may be neglected.
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