Eldgenbssische Technische Hochschule Zirich
Swiss Federal Institute of Technology Zurich

“Value of Storage Devices in Congestion Constrained Distribution Networks”

Gaudenz Koeppel, Martin Geidl and Goran Andersson,
Power Systems Laboratory, ETH Zurich, Switzerland

Important notice
Copyright and all rights in this work are retained by the authors.
This material may not be reposted without the explicit permission of the authors.

©2004 IEEE. Personal use of this material is permitted. However, permission to
reprint/republish this material for advertising or promotional purposes or for creating new
collective works for resale or redistribution to servers or lists, or to reuse any copyrighted
component of this work in other works must be obtained from the IEEE.



2004 International Conference on
Power System Technology - POWERCON 2004
Singapore, 21-24 November 2004 ][

Value of Storage Devices in Congestion
Constrained Distribution Networks

G. Koeppel, Student Member, IEEE, M. Geidl, Sudent Member, IEEE, and G. Andersson, Fellow, |IEEE
Power Systems and High Voltage Laboratories
Swiss Federal Institute of Technology (ETH), Zurich, Switzerland
Email: koeppel @eeh.ee.ethz.ch, geidl @eeh.ee.ethz.ch, andersson@eeh.ee.ethz.ch

Abstract— This paper investigates the value of storage devices
in congestion constrained distribution networks. Subject of the
investigations is a load which cannot be supplied with the desired
security at all times during the day. It is analyzed what the
requirements would be if a storage device would be installed at
the load bus instead of network reinforcement. To compare these
two possible solutions, the implications on the load flow, including
loss reduction and the possibility of local voltage control, are
investigated. Furthermore the availability of a system with three
lines is used to determine failure and repair rate requirements for
a storage device. Finally some general economical considerations
are outlined.

I. INTRODUCTION

In the recent years some installations of large storage
facilities have taken place [1], [2]. Usualy, these storage
devices have been installed to either ensure the power quality
for sensitive industries or to bridge supply interruptions of
a few minutes. Utilities and companies are hence starting
to recognize and aso to use storage devices as an option
to enhance supply quality and reliability. In this paper it is
investigated if the installation of a storage could be a redlistic
alternative to a network enhancement.

The focus of the study lies on a small system, consisting of
a commercial load which is connected to the grid through two
parallel identical lines. Thusit is atypical configuration found
in distribution systems where the load is supplied with an 'n-1’
redundancy. The’'n-1’ criterion is based on the assumption that
the load demand is always below the maximum capacity of a
single line. However it is assumed that the load has recently
been increasing significantly due to new buildings, and the
power demand starts to exceed the maximum capacity of one
line at certain times during the day. If during such a high peak
period one of the lines would fail, the load could not be further
supplied since the remaining line could not be overloaded for
the time needed to repair the damaged line or until the load
demand falls below the line capacity again.

The standard solution to this problem would be to either
replace the existing lines by two stronger ones or to add a
third identical parallel line, immediately doubling the margin
for the 'n-1' criterion, and actually resulting in a 'n-2" se-
curity during non peak times. However, in cities where the
described situation could—and eventually more often will—
be found, it is a difficult and costly task to install a third
line. In a liberalized market, where customers are more cost
and service sensitive, such an installation could be regarded
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as disproportionate, considering the third line as a standby
component, particularly if the load was non-critical.

As several technologies for the storage of electrical energy
are maturing and as the mentioned installations of larger
storage facilities show, the possibility to locally instal a
storage device becomes realistic and could offer an interesting
alternative. The storage device would be dimensioned in away
that it could supply the difference between the load demand
and the feeder capacity in case of the failure on one line.
Furthermore, if no line outage occurs, the stored energy can
be used to shave peaks and reduce losses on the feeder during
high peak times. If the device is installed in a network with
different tariffs, it even allows a reduction of operational costs
by charging the device during low price times. A further
argument for investing in a storage device is its modularity,
alowing designing the dimensions to cover demand increases
for only a limited time, as later a second device could be
installed at the same location.

In order to find out which of the two suggested solutions
is the more favorable one—even without reliable operation
data of existing storage devices—the following points are
investigated:

- influence on and changes in the load flow behavior of the

feeder, due to
a) the possibility to reduce the load power peaks and
b) the possibility to reduce the network losses either
through reduced power flow and/or through local
voltage control,

- influence on the supply reliability, by

a) examining the existing supply availability,

b) examining the availability with a third line,

¢) and by determining failure and repair rate require-
ments for storage devices in order to be competitive.

- estimation of the costs to be expected for both solutions,

including
a) planning, rights of way and installation costs,
b) operation and maintenance costs

The aim of this study is to find out whether a storage
device could be an alternative to a third line in general. Thus,
technology dependent details as the dynamic behavior in the
different operational states or trickle charge demands of a
storage device are neglected in order to focus on fundamental
energy and power consideration.



Il. SYSTEM LAYOUT

The investigated system is a part of a distribution network
and consists of a commercial load which is connected to the
grid by two identical linesin parallel. Asthe load demand will
exceed the capacity of one line at certain times during the
day, it is necessary to enhance the existing system in order
to guarantee an al-time redundant supply of the load. The
investigated enhancement options are either the installation of
a third line or the installation of a storage device at the load
bus, depicted in figure 1a) and 1b), respectively.

Load

Storage

a) b)

Fig. 1. a) Existing system plus third line. b) Existing system plus locally
installed storage device.

The load curve has been derived from measurements at a
commercial load. The curve was however scaled in order to
represent the load behavior of a recently developed commer-
cial area which is connected to the grid through one feeder,
thus not offering the possibility to build an open ring solution.
The load is represented as a quarter-of-an-hour load curve
showing the peak power demand for each period of fifteen
minutes (fig. 2). The load ranges between a maximum of
Pmer = 1211 MW and a minimum of P = 538 MW,
with an average power demand of P’ = 8.72 MW. Figure
2 shows also the capacity of each of the two 16 kV VPE-
cables, which is P»¢* = 11 MW. The time, during which
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Fig. 2. 15-minute averaged power demand curve for a workday. The dashed
line showing the capacity of one feeder at 11 MW.

the maximum capacity is exceeded by the load, such that 'n-
1" security cannot be guaranteed, sums up to a total of 7.75
hours (see the load duration curve in figure 3).

I1l. LoAD FLow CONSIDERATIONS
A. Peak Shaving

A local storage device can be used to shave load peaks
according to different objectives such as technical, economical
and/or reliability [3]. This paper focuses on peak shaving due
to both reliability and economical reguirements whereas the
former is implicitly related to a technical issue.
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Fig. 3. Load duration curve for one day. The intersection between the line

capacity and the curve corresponds to the amount of hours, during which the
load is not redundantly supplied.
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Fig. 4. Load curve, focus on critical area.

The reliability objective is valid as long as the storage is
intended to provide power in order to reduce the line power
flow. The necessary condition for 'n-1" security is that the line
power flow Pj;,. does not exceed the line capacity P//*%*:

line

Pline < Py

line

@

The power rating of the storage P2}%* can be derived from this

stor

condition. The storage has to deliver the difference between
the maximal power demand P77 and the maximal line power
flow prar:

line
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P - line

stor
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This is the power rating of the storage device that arises
from the reliability requirement. The energy rating has to be
computed as the cumulated energy during the time when the
storage delivers power to the load. Note that during the load
peak in figure 4 the load power falls below the line capacity
for a certain time. This area can be used to charge the storage
until the line limit is again exceeded. By doing so, the amount
of energy required to be stored can be reduced.

The second objective is an economical issue and concerns
the charging period of the storage. The aim is to minimize
energy costs according to a tariff signal. Nighttime-produced
electricity is commonly available and should be used to fill the
device. The storage is charged during nighttime tariff period
lasting from ¢, to ¢, (seefigure 2). Assuming such afixed time
interval where the storage has to be charged completely leads
to another requirement concerning the storage power rating.

Hence two requirements concerning the storage power
rating arise. The first one comes from the maximal power
the storage has to supply during the load peak, the other
one comes from the necessary storage energy which has to



TABLE |
RESULTING STORAGE DATA.

[ Quantity [[ Value ]
Line capacity pner — 11 MW
Load peak PnaT = 12.11 MW

pmar —111 MW

stor

E™er — 4 55 MWh

stor

Max. storage power
Max. storage content

Storage efficiency n =0.70
Charging energy E¢lar = 6.5 MWh
Charging time tehar = 5.86 h

be accumulated during the low tariff period. In this paper,
emphasis is put on reliability, hence the power rating is only
determined from the maximal power the storage has to deliver.
Consequently, the charging period may exceed the low tariff
interval.

The energy rating of the storage is calculated by integrating
the desired power over the time:

te
B = [ P i €
t3
whereas the storage power has to compensate the line overload
Pstor = Pload - Pfﬁff (4)

ETer is the energy the storage has to deliver during the peak
shaving period.

As mentioned it is assumed that the storage has a certain
efficiency n < 1 what results in a charging energy higher than

the delivered energy:

Eior
== (5)

n
Echar js the energy that is consumed from the storage during
its charging, E7}%* is the content that is stored after the
charging period. The length of the charging period can be
calculated from the energy requirements:
Echar

stor
6
pmazx ( )

stor

Echar

stor

tehar =

The results for the necessary power and energy rating of the
storage due to the peak shaving requirements are shown in
table | and figure 5.

B. Loss Reduction

It has been shown that the utilization of distributed energy
resources influences network losses [4], [5]. Since line losses
are proportional to the line current sguared, they can be
reduced by levelling the line power flow curve. This can
be achieved with peak shaving as described in the previous
paragraph.

Line losses can be minimized by completely balancing
the line power flow during a day so that finally constant
power flow is achieved. Limitations arise from the power and
energy rating of the storage device. In this paper, storage is
dimensioned due to a reliability requirement. The possibility
of loss reduction is seen to be an additional benefit but not
the major motivation for the installation of storage.
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Fig. 5. Resulting load, line and storage power and energy.

In table Il the total energy losses during a day are compared
for the two alternatives (third line or storage). With athird line,
the loss reduction is 1/3 and independent of the line length.
Using a storage would reduce the transmission losses by 1.1%.
Note that this value depends on the line length and would
increase for longer lines.

TABLE Il
NETWORK LOSSES.

[ Quantity [[ Value ]
Line resistance R’ =10.16 Q/km
Line inductance L" = 0.61 mH/km
Line capacitance C" = 0.27 pFlkm
Line length 1 km
Active line losses without storage || 1.251 MWh/d
Active line losses with storage 1.237 MWh/d
Active line losses with third line 0.830 MWh/d
Loss reduction with third line 33.33%

Loss reduction with storage 1.1%

C. Local \Voltage Control

Many storage devices are interfaced with the grid via
power electronic devices. Certain converters are able to control
active and reactive power flow independently what offers the
possibility of local voltage control or power factor correction
respectively [1], [6]. This could be seen as another benefit of
a storage installation.

As illustrated in figure 6, the converter output power is
limited due to its apparent power rating S.%*. For a certain
active power exchange P.,, (which is reguested due to the
mentioned objective) it is possible to generate reactive power
Qcon due to the apparent power rating of the converter:

QCOH = (Sggzw)2 - Pc20n (7)

During the charging period the storage consumes maximal
active power P.,, = —S%* hence Q.., = 0 and voltage
regulation is not possible.
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Fig. 6. Apparent power limit of the converter.

When the storage delivers power to the load, the voltage
control capability is limited due to the current active power
flow. The available reactive power during this period can be
calculated according to equation (7). Figure 7 shows the reac-
tive power that can be used for power factor correction/voltage
control during the day.
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Fig. 7. Available reactive power of converter.

From figure 7 it can be seen that reactive power is available
during the low and medium load period, hence reactive power
is available for compensation during non peak times. An
increased apparent power rating of the converter would enable
voltage control aso during the load peak.

IV. RELIABILITY CONSIDERATIONS

Installing a third line with the same characteristics as the
existing ones will lead to an improved availability of the
supply. If a storage device should be comparable to athreeline
system it should thus at least be able to guarantee the same
availability of supply. Hence, a basic availability analysis of
the existing system as well as of a system with three lines was
performed. These results are then used to derive requirements
for a storage device.

The three different topol ogies can be analyzed by modelling
the systems as stationary Markov processes [7], since the
failure and repair rates are constant and as the time intervals
are assumed small enough such that the probability of more
than one transition at a time happening can be neglected [8].

In order to focus on the two pivotal elements, both busbars
and the circuit breakers as well as the connection between the
storage device and the busbar are assumed to be 100% reliable.
This assumption is valid for al three investigated systems and
isjustified because the results of the comparison of the systems
should be fairly independent from it.

A. Reliability of Existing System

With both lines having the same failure rates \; and repair
rate u;, the possible states and transitions can be depicted as
in figure 8.

[1] 2\ [2] A [3]
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Bv B— Bv B—
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Fig. 8. State space diagram for existing system. A and B stand for the

two busbars (see fig. 1) and the signs v* for operating and — for interrupted.
Thus, state 1 corresponds to the situation with both lines in operation, state 2
to the state with either one of both lines operating and state 3 with both lines
interrupted.

The resulting probabilities for the three states of the original
system with 2 cables, denoted Pjor, Poor, and Psor, are then:

2
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During the critical phases, i.e. when theload P4 exceedsthe
line capacity P;»*, the system is only available if both lines
are operating (state 1). Asthe load curve consists of n;,; = 96
quarter-of-an-hour values, the share of quarters, during which
the supply is not 'n-1' secure, i.e. critical, can be calculated
as ner; = (ta —t3) + (tg — t5) = 31 (see figure 4). This gives
the factors for the critical and noncritical proportions ¢r and
ner, respectively:

Nerq 31

cr=—=—
Ntot

The system’s availability A,,. thus results as:

ner = —tet — et 22 9

Ao’r‘ = ner - (PlOT + onr) +cr- (Plor) (10)

B. Reliability of System with 3rd Line

The modelling of the system enhanced with a third line can
performed accordingly with the previous section. Again, the
number of possible states can be reduced due to the identical
characteristics of the lines. The state space diagram is shown
in figure 9 and the resulting state probabilities P;gra, Pygri,
P34, and Pyg. in equations 11.
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Fig. 9. State space diagram for existing system with a third line. A, B and
C representing the lines as in figure 1.

2
H 1A
Plgw—=—tr___  p. =3 M qq
YT O+ )? 2 (A + )3 (11
A Al
Ps 4 —3 Pio =
s N T (N w)?



When determining the availability As.., again the critical
period n.,.; must be taken into account, requiring that at least 2
lines must be operating to supply the load during these times.

Agr-d ncr - (Plgrd —+ Pzgrd + P33rd) —+

cr - (Plgrd + ngm)
C. Reliability of System with Sorage Device

To simplify matters, it is assumed that if during the charging
time from ¢; to to both of the lines fail, the storage device
will not be able to operate at al. This probability equals P,
(see equation 8) as this corresponds to the failure of both lines
of the existing system. Further, the device is assumed to have
completely failed if afailure occurs during the discharge time,
independent of when the failure happens.

For the two critical periods during the day, the state space
model can be found as in figure 10, using the storage failure
and repair rates A\s and us. The corresponding state proba
bilities Pyst, Pyst, P3st, Pyst, Psst, and Pgs: are denoted in
equation 13.

(12
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Fig. 10. State space diagram for existing system with a storage device,
critical periods
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The supply is guaranteed as long as the system stays in the
states Pyst, Pyst, and Pys:. In order to be able to compete with
the three line solution, this availability must equal or exceed
the availability of the three line solution during the critical
period. Further, the possibility that the storage device could
not be charged must be included. Since both states P;s: and
P4+ supply the load independently of the storage device, only
the state P,.: must be multiplied with the probability that the
storage device could be charged. Thus, the following condition
can be found for the critical period:

Pyet + Py - (1= Pooy) + Prot 2 Prgus + Py (14)

Solving this inequality for the two unknown variables )\, and
1 leads to the following relation:

fhs

i
>1+%=
As +

N (15

With p; > A, this relation simplifies to

Hs i
" > N (16)
As the storage device basically takes over the function of the
third line, this result is not further surprising. As failure rates
for cables are expressed in values per 100 km and year usually,
the here used lines with a length of 1 km result in a high
requirement for a storage device, being a hybrid combination
of electrical, mechanical and/or chemical systems. In other
words, the more remote a load will be, the lower will be the
availability requirements for a storage device. Since storage
technologies for larger applications are still very young it can
also be expected that the reliability will increase with the
number of installed devices. Concluding it must be noted that
equation 15 results from a comparison to the availability with
three feeders. If the storage device would be compared to the
originally planned availability before the load began to exceed
the capacity, the requirement would also become less strict.

V. EcoNOMICAL CONSIDERATIONS

A. Tariff System

In common tariff systems both the consumed energy £ and
the peak load P,... (15-minute average) influence the tota
costs C [3], [9]:

C=a E+b- (Pogd — Ploay) 17)
where a is the energy coefficient in ¥MWh and b is the power
coefficient in $MW.

Peak shaving affects the total costs in two ways. The peak
load P, is reduced and part of the energy Ej,., < FE is
consumed during a low tariff period billed with an energy co-
efficient a;,, < a. Equation (17) can be re-stated considering
this:

_ P’maw

Cred = tlow Eiowta (E - Elow)"‘b'(PlZLauf stor Plit)z?i)

(18)
The saving due to peak shaving and low-tariff charging hence
equals

AC = C*Cred = Elow (a_ alow) +b- POY

stor

(19)

From the previous eguations it is obvious that there is
an optimum concerning the power and energy rating of the
storage which is dependent on the tariff system.

In table Il the power and energy coefficients of a Swiss
utility (Elektrizitatswerk der Stadt Zirich) are listed.! It can
be seen that there is a significant difference between the low
and high tariff coefficients, in summer it is ;4. /a ~ 0.3.

1Data for large commercial customers with a consumption of more than
60 MWh/a are taken from [9]. The additional factor for the increase of the
monthly peak demand based on the average peak of the last year is not
considered here.



TABLE 1l
EXAMPLE OF POWER AND ENERGY COEFFICIENTS[9].

Quantity

High tariff summer
Low tariff summer
High tariff winter
Low tariff winter
Energy coefficient

[[ Value ]

a = 0.175 CHF/KWh
Glow = 0.05 CHF/KWh
@ = 0.225 CHF/KWh
Glow = 0.175 CHFKWh
b = 96 CHF/(KWa)

B. Investment

An estimation of the total investment is difficult since it
depends on a number of uncertain factors. Storage technology
is till under development, also the prices are subject to rapid
changes. The cost for ancillary hard- and software components
such as electrical equipment, protection and control depend
very much on the present installation.

However three mgjor investments have to be made for a
storage plant:?

o Storage device: This part of the investment costs is
depending on the storage technology and its energy and
power rating [11]. Prices are subject to changes since
technologies are till in a development stage.

« Electrical equipment: Transformer, switchgear, power-
electronic converter, protection and control have to be
installed. The corresponding costs can be stated propor-
tional to the square root of the storage power rating [3].

o Building: An estimation for the building investment is
given in [3], the costs are assumed to increase linear with
the energy rating of the storage.

In general, it must be considered that a storage device can be
installed in one building, including al the necessary ancillary
components. Compared to the instalation of an additional
line, whose planning often includes costly rights of way
negotiations as well as digging of streets and the high cable
costs itself, this is a clear advantage. Note aso that storage
installations such as battery plants can be designed in a
modular way such that the investments can be split up and
performed when needed. This possibility has to be regarded
when investigating storage economics [6].

C. Operation

Operational costs arise from service and maintenance. How-
ever manpower, spare and wear parts have to be provided to
achieve high reliability. Operational costs can be considered
to increase linearly with the storage energy rating [3].

VI. DiIscussioN AND CONCLUSION

It has been shown that storage can significantly affect the
network power flow. Load curves are levelled and transmission
losses are dlightly reduced. The possibility of loca voltage
control/power factor correction using the features of power

2The total investment for the battery energy storage system (BESS) of
Golden Valley Electric Association in Fairbanks, Alaska, were about USD 30
million for arating of 27 MW during 15 min. For this project the total costs
can be divided into the three almost equal parts: storage device, building and
electrical equipment [2], [10].

electronic converters can get useful if the power rating of the
converter is increased in order to deliver reactive power even
if the active power limit is reached.

If a storage device should be able to guarantee the same
level of availability as a third paralel line would offer, the
failure rate requirements for the storage device should be equal
to those of athird line. This could be a high requirement since
storage technology is complex and still in an young stage.

Shaving the load power peak and loading the storage during
a low tariff period, results in an energy cost reduction if the
tariff system is sensitive to both energy and peak demand.
Economical values such as investment and operational costs
are hard to estimate since they depend very much on the local
circumstances. A storage installation offers a certain modular-
ity, which means that the device can be supplemented later
when more energy is needed. Thus, the starting investment
and the costs due to credit interest can be kept comparably
low.

Concluding it can be remarked that a storage device offers
several benefits a third line cannot offer. With operational
data of a larger storage device it should also become possible
to model the storage device in more detail and to focus
on customer savings and on customer interruption costs. An
optimization aim could be to define energy and power rating
of a storage device not solely considering reliability but rather
optimal cost savings in a tariff system and optimally low
customer interruption costs.
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