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Abstract - Nowadays, the reconstruction of existing electricity networks plays an important role. The main objectives
are to offer an adequate quality of power supply and to minimize the costs of aspired final-state networks, which are
developed in the long- term network planning. Due to the complexity, the state-of-the-art network planning is, on the
one side, separated in the long- term network planning and the expansion network planning, and is, on the other side,
separated in each voltage level - e.g. the high voltage (HV) or medium voltage (MV). Regarding the voltage level, an
additional benefit of the voltage comprehensive planning has not been estimated yet. Therefore, this research is done
by comparing the long- term network planning results in terms of costs and the quality of power supply from both
planning procedures, which are the separate planning and the comprehensive planning of HV and MV networks.
Furthermore, the benefit of the voltage comprehensive planning is evaluated, and general statementsregarding this
planning type are made.
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1. INTRODUCTION

Duetotheenergy market liberalization, the cost pressureto
the network operators is getting higher. Moreover, the
equipment of existing networks is outmoded and is
approaching to the end of the life time. Therefore, it is
necessary to reconstruct the existing networks. Nowadays,
the devel opment of the aspired final-state networks plays
an important role to offer an adequate quality of power
supply and also to minimize the total costs in the future.
The state-of-the-art long-term and expansion network
planning tool s usethe concept of separate planning of each
voltage level by neglecting the networks of other voltage
levelsand their interactions. Thus, thetechnical restrictions
such asthe voltagequality, the short-circuit restriction, and
the reliability of the power supply have been solved by the
network of each voltage level. Nevertheess, there are
nowadaysfaster computer technologiesand new algorithms
of network planning tools that lead to the possibility to
consider and develop several voltage level networks
together with an acceptable computer calculation time.
Therefore, theideato expand the system boundary to cover
both of HV and MV networksto get moredegrees of freedom
in network planning is occurred. (In Germany the normal
voltage level is 110kV for HV network and 20 kV for MV
network.) Because of the possibility that components of
onevoltage level can beused to help the other voltagelevel
solve the technical restrictions when the HV and MV
networks are planned together, the total costs are expected
to be lower. However, at present an additional benefit of
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voltagelevel comprehensive planning by reducing thecosts
for all considered networks has not been estimated yet.
Therefore, thisresearch isdonefor themain objective, which
is discovering the range of benefit by the comprehensive
planning of HV and MV networks, leadingtothebasicidea
in devel oping a softwaretool for the voltage comprehensive
planning of HV and MV networks, which isdevelopedin a
PhD thesis at the Ingtitute of Power System and Power
Economicsat RWTH Aachen University.

2. NETWORK PLANNING CONCEPT

In the network planning process, two main important factors
which arecosts and the quality of power supply haveto be
considered.

Economics point of view: The total costs consist of
the investment costs, the operation costs, and costs of
|osses. (Fixed costsfor staff, administration, taxes, etc. are
not considered.) All considered costs are not possible to
directly sum up because each component hasdifferent life
time and is integrated in the network at different dates.
Therefore, theannuity method [1] is necessary to compare
costs of different networks by transferring the costs to be
annual costs (costs per year).

In the economics point of view, the total costs are
expected to be as low as possible. However, the balancing
between costs and the quality of power supply is necessary
for network planning. Therefore, thetechnical restrictions
arealsothecrucial factors.

Technical restrictions that normally considered are
explained bel ow:

e Thefirst restriction that has to be considered is the
maximum capacity of theequipment tofind out thetype
and the number of componentsin the networks. During
the operation, the loading has to be lower than the
maximum & lowed |oading.

e Thevodltagequality isanother restriction that hasto be
considered. The voltage level has to be kept in an



acceptablerangewhichisregularized in Germanyina
DIN standard to ensure an adequate voltage quality of
the customers. The voltage drop of the network can be
obtained from the load flow calculation. Normally in
Germany the MV/LV customer substationsin thenormal
case are allowed to have a maximum voltage drop
regarding the nominal voltagelevel of approximate5to
6 percents, and in thecase of (n-1) of 10to 12 percents.
(n-1) or (n-2) is supposed to be single or double line
outage contingency simulation consequently.
Obvioudly, the voltage drop requirement is one part of
the network planning to limit the extension of the
network.

e Another factor is the short-circuit current that has to
belower than the maximum breaking capability of the
short-circuit breakers.

e Oneof the most important factorsisthe reiability of
the network. It can be separated into two parts which
aredeterministicreiability and probabiligtic reiability
[2]. Determiniticreliability isused to analyzethe power
quality influenced by the configuration and the
operating principles of the network. Theoften used (n-
1) criterion requires that the outage of one arbitrary
network component must not lead to the overloading
of component and intolerable disturbances of the
supply. In some cases, (n-2) failures also have to be
considered, e.g. in case of common-mode failure, to
ensurean adeguate probabilisticreliability.

Probabilistic reliability method has been devel oped
over thelast decadesand isnow gainingimportancein
practical application. The basic idea of this method is
to predict the rdiability of the supply at the relevant
nodes of the network on the basis of the statistical
data, gathered from the past, describing the operation
behavior of the network components. All credible
outages that can occur and affect the system will be
considered. Theresults comeout in terms of the supply
interruption frequency [1/a], the supply interruption
duration [hour], and the supply interruption probability
[min/a].

3. THE VOLTAGE-LEVEL COMPREHENSVE
PLANNING

Normally, each voltagelevel network is separately planned
due to the complexity of the planning procedure. In every
network planning, thebasic deterministic reliability which
is(n-1) criterion hastobefulfilled. It meansthat thereserved
components have to be taken into account.

There aretwo choicesto solvethe (n-1) criterion: the
separate and comprehensive planning of HV and MV
networks. In case of the separate planning, there are two
system boundaries that each one covers only HV or MV
network. For this case, to fulfill the (n-1) criterionin HV
parts, at least two HV transmission lines have to be
connected to the HV busbar and at least two HV/MV
transformers are needed in each HV/MV substation (As
showninFig. 1). Thereasonisif onetransformer or HV line
has an outage, another one has to be able to transfer all
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power to supply the load to customers.

In case of thecomprehensiveplanning, therearemore
degrees of freedom because the system boundary is
expanded to cover both of HV and MV networks. It is
possible to use MV componentsto assist HV components
solving the technical restrictions. Obvioudy from this
example, thenumber of HV components, which are HV/MV
transformers and HV transmission lines, are reduced. To fulfill
the (n-1) criterion, MV transmission lines are used to supply
power to end customers in the HV component failure case. By
comparing the costs, HV components have much higher costs
than MV-components, especially for the switchgear that costs
about ten times higher. Therefore, the total costs by the
comprehensive planning of HV and MV networks are expected
to be lower than costs by the separate planning. To get the exact
result whether the comprehensive planning of HV and MV
networks can give the benefit, this research has been done.

Separate planning Comprehensive plamning

Fig. 1. Example of the separate and comprehensive planning
of HV and MV networks of one substation.

Moreover, there are some restrictions for the voltage
level comprehensiveplanning asfollows:

e In this research only link structures are taken into
account in MV networks, because, instead of ring
structure, these lead to the capahility to transfer the
power between substations to solve (n-1) criterion.

e The LV level is not taken into account, because
normally LV networks are used only for distributing
power to the end customer in radial networks, but not
for transferring power between substations.

4. METHODOLOGY

Inthisresearch, alot of networksare planned by using two
planning procedures, which are the separate planning and
the comprehensive planning of HV and MV networks. The
resultsfrom both procedures arecompared in termsof costs
and the quality of power supply. The conclusion of method
isshownin Fig. 2.

Up tonow, HV and MV networks have been separately
planned. In this research, HV networks are manually
planned, planned by own man, and MV networks are
automatically planned, planned by hel ping of softwaretoal.
Because of separate planning, each network has to solve
the technical restrictions by its own by neglecting effects
from each other. Theminimum costs from each onearefound
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out. In the part of the comprehensive planning, HV and
MV networks are manually planned and considered
together. Some HV componentsare reduced by increasing
some MV components to supply the power to the
substations. During planning, the technical restrictions
have to be solved. At the end, the costs and the quality of
power supply from both planning procedures are compared
to find out the range of benefit by the comprehensive
planning of HV and MV networks.

Separate planming Conprehensive planming

tharmal plarmung

Marpal planming of

cOmparison

<=3

cost and
reliability

Fig. 2. Planning procedure.

Base case

By planning of HV with MV networks, therearemore
degrees of freedom and the larger system boundary to
consider and design the network, so base networks with
only small amount of substationsarefirstly plannedinthis
part of theresearch for the clearer result.

Thereare3areas A, B, andC. AreaAand B arein the
congdderation and contain each own HV/MV transformers.
Area C ismodeled to describe therest of the networks. The
external power source is connected at the substation A.
The designed network isshown in Fig. 3a.

C 110KV
A 110kV %—-EI = B 110kV
A20kV T B 20kV

Substation A Substation B

k%] External Power Source — Transmission line

@ HV/MV Transformer Busbar

m  Switch

l Load demands

Fig. 3a. The designed network.

Three scenarios are designed:

Scenario 1 (Fig.3b): only HV networks (the separate
planning of HV and MV networks)

Firstly, the separate planning is done by considering
only HV part and thetotal costs aretried to reduce asmuch
as possible. As shown in Fig.3b, to reduce the costs, the

9

blind connection isused at the switchgear in the substation
B becauseit can decrease the number of switches between
HV transmission lineand HV/MV transformer. (Theblind
connection isnormally connected to the substation with a
busbar switchgear or by two branch lines, which are
connected viatwo ‘ T-deeves to other power lines.)

5 CL10kV |

EAIIOkV% B 110kV |

TA20kV Bakv
Substation A Substation B

Fig. 3b. Scenario 1 (only the HV network).

Scenario 2 (Fig.3c): the HV with MV networks (the
comprehensive planning of HV and MV networks)

The system boundary covers both of HVY and MV
network, thereforeit isnot necessary anymore to use only
HV componentsto solvethe (n-1) criterion connecting the
substation to the HV network. From Fig.3c, it can be seen
that in the substation B only one HV/MV transformer and
one HV transmission line are enough by using the MV
transmission lineto help supply power from the substation
A toB. Furthermore, in the substation A, one transformer
could be removed depending on the load, so that each
substation offers the reserve to the other one in a
transformer failure case. Depending on the rest of the
network, one of the HV power line could also beremoved.

| Cl10kV |
LA 110KV .. B 110KV
DA 20KV B 20kV i
S Substation A _________ Substation B ___________!

Fig. 3c. Scenario 2 (the HV with MV networks).

Scenario 3 (Fig.3d): only theMV network connection
of the substation B (the comprehensive planning of HV
and MV networks)

Asaforementioned, there are moredegrees of freedom,
so it is also possible to use no HV component in the
substation B. All power to be supplied to the end customers
in the substation B flowstotally viathe MV transmission
linefrom the substation A.

Load demands from the customers and distance
between substations A and B are varied for all scenarios.
Thus, the type and number of components have to be
changed tofulfill thetechnical regtrictions. After all technical
restrictions have been solved to be within acceptable
ranges, total costs and the probabilistic reliability from each
case are calculated and compared with each other.
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Fig. 3d. Scenario 3 (only the MV network).

5. THE RANGE OF BENEFITS BY THE
COMPREHENSIVE PLANNING OF HV AND MV
NETWORKS

From the last section, the research has done by increasing
thevalue of |oad demands of the customersfrom 10MVA to
60MVA. It leads to higher costs of networks from all
scenarios. However, the ratios of increasing costs for any
steps of increasing load demands for each scenario are not
thesame. At low load demands up to one point, the costs of
scenarios 1 are still higher than the costs of the other
scenarios, but at higher load demands, the result isin the
opposite way. The so-called critical point is the point that
the costs of two scenarios are the same and depend on the
distance between substations. In the short distance- the
critical points are quite at high load demands, but in the
longer distance- the critical points are at lower load
demands.

By comparing results from the separate planning
(scenariol) and the comprehensive planning (senario2 and
3) of HV and MV networks, the areas of benefitsto reduce
the costsarefound out and shown in Figs.4a and 4b for the
comparison of scenario 1 with 2 and 3 respectively.

The curve comes from every critical point that costs
from two scenarios arethe same. The area under the curve
isthe areathat the costs of the comprehensive planning are
lower than the costs of the separate planning. The area
above the curve is the area that the costs of the separate
planning are higher. Therefore, it can be concluded that any
point under the curve is in the range of benefit by the
comprehensiveplanning of HV and MV networks.

It can be noticed from both curves that the range of
benefit from the scenario 3islessthan from the scenario 2
becausethe areaunder thecurveissmaller. Itisbecause, in
the scenario 3, the power supplied to the end customersin
the substation B flows only via MV transmission lines,
thereforeit will be a higher outage probability due to two
MV transmissi on lines having outageat the sametime. Thus,
it is not possible to consider only the (n-1) criterion, but
alsothe(n-2) onehasto befulfilledin this case. Obvioudly,
thenumber of MV transmission lines hasto beincreased at
least one ling, so the total costs are higher, leading to a
reduction of the benefit.

From both graphs (Figs: 4aand 4b), thelineconnecting
between any critical point isnot smooth along the load axis.
Itisbecauseof thedifferent network scenariofor each case.
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When load demands are higher, more components are
needed tofulfill thereliability requirement; however, there
isno exact leve of technical datafor each network.
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Fig. 4a. Graph of the cost-benefit by using the scenario 2
network compared to the scenario 1 network.

distance [km]
40

30

20
Laast cost HV
10

Only MY

0

T | T T 1
10 20 30 40 0 &0
load at substation B [MVA]

Fig. 4b. Graph of the cost-benefit by using the scenario 3
network compared to the scenario 1 network.

Thedevel opment of the curves comparing the scenario
1 with 2 and 3 respectively is done for the 10kV and 20kV.
Conseguently, there is a higher benefit by using the 20kV for the
MV level due to the higher capacity of the components. Thus, less
guantity structure (number and type of MV components) in the
MV levd is needed.

Furthermore, the voltage restriction and the reliability are
really important to consider while planning the network as
aforementioned. Therefore, al restrictions have been proved prior
to the result. Here in Fig.5, there is the probabilistic reliability
(interruption frequency and interruption probability) at the critical
points of the developed curves (Fig.4a) that the costs from the
scenario 1 and 2 are equdl. It shows that not only the costs at the
critical point are equal, but the reliability is aso nearly the same.
The reliability of network in the scenario 3 is also found and
shown in the same figure. It can be noticed that the reiability of
the scenario 3 network is quite better than others because the (n-
2) criterion is used in this case. Hence, the costs are higher and not
the same as the other two scenarios.

The conclusion of theresultsisthat planning HV and
MV networks together can render the benefit by reducing
the costs for some cases depending on load demands of
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customers (load) and the distance between substations
(distance) by nearly equal probahilistic reliability. When
loads are higher, the distance that is till able to use and
gives the cost-benefit by planning HV and MV networks
together isreduced, and vice versa.

supply interruption frequency [1/a] at sub-B

kb

load [MVA
supply interruption probability [minfa) at sub-B
D) —— —— — — — — — — — —— —
1.0

Lo e (e

load [MVA]

srenariol B scenariol srenariod

Fig. 5. Supply interruption frequency and the probability at
the critical points.

6. IMPLEMENTATION

The idea and conclusion from the base case are proved by
planning larger networks (both of homogeneous and
inhomogeneous networks). Two planning procedureswhich
arethe separate planning and the comprehensive planning
of HV and MV networks are done at 3 district area types,
urban, suburban, and rural area. Each areatype hasdifferent
load density. (Urban area has high load density and rural
area has low load density.) The load density depends on
two factorswhich areload demandsfrom the customer and
the distance between substations.

In the first step, the HV and MV levels are planned
separatdy. In thisplanning process, theHV leve ismanually
planned and the MV level isautomatically planned. In the
second step, both voltage levels are comprehensively
planned by using the network structures of the first step
(separate planned) as input data. By the manual
comprehensive planning, thetotal costs have been tried to
reduce, belng compared with thosetotal costs of the separate
planning. Least costs can be obtained by reducing the
guantity structureof the HV componentsby the substitution
of MV quantity structure. In this planning process, the
technical restrictions, especially for the (n-1) criterion and
the probabilisticreiability, sill haveto bein an acceptable
range

Here, only theresults from the homogeneous network
areshown. Theprobabilisticreliability isfound in terms of
the supply interruption frequency [1/a] and the supply
interruption probability [min/a] asshown in Figs.6a and 6b
respectively.

It can be noticed that for al district area types, the
reliability quantities of both scenarios (the separate and
comprehensive planning) are in an acceptable range (less
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than 2min/a). To fulfill the short circuit restriction of the
short circuit breakers, the MV network cannot be operated
asmeshed network asin the HV level, thusthe switchesto
open the part of networks are sometimes necessary. After
switching in some cases, a higher interruption frequency
occurs in the comprehensive planning because of solving
the (n-1) criterion in the MV level. In thisresearch, it is
supposed that each substation is equipped with remote
controlled short circuit breakers, which can beclosed in a
few minutes, so that the effect on theinterruption probability
can be nearly neglected.

a) supply interruption frequency [17a]

0.04 1
max
[ra]
0.0z |
. - i
I:I T T T
wrhan | subnrh | raral |
Separate planing B Comprehensive plaming

Fig. 6a. Supply interruption frequency [1/a].
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Fig. 6b. Supply interruption probability [min/a].

In Fig.7, the annuity costs of networks are shown. It
can be noticed that in case of the comprehensive planning
of HV and MV networks, the costs of HV quantity structure
arelower whilethe cosgtsof MV quantity structurearehigher.
However, the total costs depend on the area type. While
planning HV network with MV network in the urban and
suburban area, the total costs can be reduced by the
comprehensive planning. In therural area, overhead lines
are normally used to connect among quite far away
substations, and then leading to the higher probability of
common mode failure. Thus, the (n-2) criterion hasto be
considered as mentioned before in the base case research.
Therefore, thetotal costs of the networksin rural areaare
higher when HV and MV networks are planned together.
Thus, in rural areas, the separated planning is preferred,
because the substitution of the HV quantity structure by
theMV gructureasdonein other areatypes|eadsto higher
costsand worserdliability.
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7. CONCLUSON

The main goal of this research isto identify the range of
benefit by the comprehensive planning of HV and MV
networks. The research is done by planning networks
regarding to two different planning procedures, which are
the separate planning and the comprehensive planning of
HV and MV networks. Load demand of customers (1oad)
and the distance between substations (distance) as well as
the digtrict area types are variable factors. All results are
compared by the crucial concept of network planning, which
is the balancing between costs and the quality of power
supply.

From the basic analysis by planning the three
substation network with factors of load and distance, the
conclusion result isthat thereisabenefit of comprehensive
planning of HV and MV networks in some cases, while
considering thetechnical restrictions, comprising thevoltage
range, the short-circuit, the (n-1) criterion, and the
probabiligtic reliability. Therange of benefit by thevoltage
comprehensive planning is only at some amount of load
and distance. To get cost benefit at the high load areg, it is
possible only at the quite short distance. When theload is
lower, therangeof distancethat can offer benefit isincreased.

To find out the conclusion in dealing with the area
digtrict type, the homogeneous and the inhomogeneous
networks are also designed in this research for different
load densities. The solution conclusions from both
homogeneous and inhomogeneous networks are the same.
In the urban and suburban area, it can be possibleto get an
addition cost reduction by thevoltage level comprehensive
planning. On the other hand, in the rural area, the
substitution of the HV network with the MV network might
affect worsereliability and might need more componentsto
solvethe technical requirement. Thisleadsto higher costs
than using the separate planning. Thus, there isno benefit
in planning theHV and MV level together inrural areas.
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APPENDI X
Cost Data
TableA.1. Cost data
Type Invetmat | yearly | cogt of | annuel | sarvice
Qods | Qods | Operdion| Fector| Life
(g |[red| [4 | [4 | [4
Sukation 110kV-Sation
110kV - draut bresker 4000 |444m 300 | 810| 30
- Ilator 1000 |1110| 300 | 810 30
cedettrench | Q600 3000 (2190 033 | 700| 80
110kV Q.00 31940 (23412 033 | 700| 80
polefor
overheedtpole| sndeoverhead 100.00 100 | 700| 80
110kV SndelineA2240| 35.00 150 | 750| 40
poletoverheedine| 13500 |109%( 113 | 7.00
Sueation 20/1CkV-Sation
20kV - s (cogsof hueter negectelde)
- draut bresker 3900 [4329| 300 |810]| 30
- |slator 100 |0111| 300 | 810| 30
cedettrench | AI150 6000 |4200| 000 | 700( &
20kV Al240 6310 |4417| 000 | 700( &
AI300 6730 |4711| 000 | 700( 8
Al400 7320 | 5124 000 | 700( &
overheedtpole| ASI20 2000 |1626| 113 | 700( 8
20kV
10/medum | 25MVA 4000 [3B2mW| 160 | 720| 50
voltage 3L5MVA 50000 [44000| 160 | 720( 50
Transformer | 40 MVA 57500 |[50600| 160 | 720 50
63 MVA 80000 |[704mM| 160 | 7.20| 50

[T€ inthouwsand Biros ,[94 bessdonthelnvegment cots
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Technical Data

Table A.2. Transmission line data

Valt| Type | R X' G C Imax
(kV) (S/km) /IE%) (nSkm)|(nF/km)| (KA)
cable | 110 | Cu500( 0.036 [0.101| O 370 | 0.67
Cu800| 0.028[0.091| O 200 | 08
20 | Al150 | 0.206 | 0.12 0 261 | 0.32
Al240 [ 0.125 (0.111| O 270 |0.355
AlI300 | 01 [0.108| O 330 |0.403
Al400 [ 0.078 [0.104| O 370 | 0471
overhead
line | 110 [ AS240( 0.121 | 0.39 0 9.36 |0.645
20 | AS120| 0.237 | 0.37 0 10 | 041
TableA.3. Transformer data
Vat | Soom | Uk | Peu | Pfe | IN | Uupper | Ulower | Nigp
K) [MVA)| 9 | (W) (W) | (90 | (KV) | (KV) | chenger
Noy20| 25 (112 110 | 24 (017| 106 | 225 9
315 |125(1197| 22 |014| 106 | 25 13
40 | 16| 180 | 20 |009| 1B | 225 13
63 |135| 180 | 20 |009| 1B | 25 13
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