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ABSTRACT

In scope of this paper, the question of how to optimally
utilize, dimension and allocate a battery storage unit
(BSU) has been briefly addressed. Based on a novel
generic BSU model, three main application fields of BSU
are explored: market arbitrage, renewable firming, and
network support. Main obstacles of modelling and
simulation are identified in the process, and practical
solution and applicable examples are analyzed to address
these topics.

INTRODUCTION

Under current global transition towards smart gria, the
generation, transmission and distribution sectbpower
industry are expected to change drastically over th
coming decades. Rising levels of renewable peatriat
power grid and the imminent picture of massive telec
vehicles adoption would inevitably call for an ieasing
number of battery storage units (BSU) [1] to beadted

in coming years.

In comparison with peer storage technologies, B8l h
the general advantage of much lower geographisjaace
requirements in comparison with pumped hydro and
compressed air energy storage options; and itedsels
over fly wheel and super capacitor technologies by
providing a much higher level of energy contentjsth
standing out as applicable to both short-term power
applications and long-term energy applications [8].

Traditionally, the application of electric storatgvices in
power industry has been largely limited to nichekats
such as balancing reserve, frequency support, trat o
ancillary service sectors. However, as the adwdrsisiart
grid and E-car industries are expected to speed up
commercial maturity and cost reduction [3] [4] obsh
BSU technologies, a much larger variety of appiisat
fields for BSU can be envisaged in near futureciope of
this paper, the following three typical applicasoare
selected and analyzed as an early attempt to reéveal
potential consequences of BSU design and operation:

1. Market arbitrage application
2. Renewable firming (i.e. balancing) application
3. Network support (i.e. loading and voltage) agation

One important feature of BSU, when compared to
traditional power system components, is that itsigie
process cannot be performed as a stand-alonehaisis t
separated from its daily operation routines. Irt,féte
designer of a BSU must have a very clear underisiguod

its prospective operation pattern so as to properly
dimension [2] and allocate [4] it optimally.
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In ensuing sections, the operation, dimensionimgl a
allocation aspects of BSU are respectively addebye
the proposed three typical application fields. tder to
properly account for physical limitations of BSU, a
generic steady state BSU model has been adopted and
briefly explained first to facilitate understanding

THE GENERIC BSU MODEL

Concurrently, BSU applications have a multitude of
battery technology options to choose from, nanlekyd
acid, nickel metal hydrate, NaS, Redox, and lithiom
batteries etc. Lithium ion batteries are normatlyferred
due to their high loading capacity and remarkafgeyicle
performance [1] [3] (i.e. despite safety and costerns).
However, as studies performed within this paperlman
considered as applicable to not just lithium ion &lso
alternative battery technologies, a generic BSU ehasd
needed to minimize the impact of battery technology
choice and BSU system configuration on developed
dimensioning and allocation algorithms.

In Figure 1, the proposed generic BSU model is show
together with a simplified BSU configuration diagralt
can be seen that the generic model is developeedighly
abstract concept, which is largely decoupled from t
actual physical configuration of a BSU system. Triuest
important feature of this generic model is theddtrction

of a virtual internal ‘ideal’ AC source, which aas an
ideal storage unit with zero losses and absolngslity.

Physical Configuration Equivalent Modelling
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Figure 1: Equivalent Modelling of BSU Applications
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Unlike classical battery modelling approaches gtheeric
model proposed in this paper does not seek tesgitin

a fixed set of equivalent parallel and series inaped (i.e.
Ry,andR) values—instead, the generic model treats them
as ‘black boxes’ as their values are mostly lilgeilgject to
changes under varying BSU operating conditions.sThu
the input-output characteristics of the generic ehad
alternatively described by a set of functional etations
between internaR|,;, E¢) and externallq, E.) powers
and energies (i.e. real power). In general, thegel$ of
modelling—ideal, linear, and nonlinear—can be agim
for this correlation as follows:
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Level 1: Ideal Modelling
Pu=Pux < PFy=Ry
Level 2: Linear Modelling (17 and 77, arecharge/ discharge efficiencies)
{Charge: Pe=nc Py = PRu =Ryl (1)
Discharge: R, =P/, = P,=R,,
Level 3: Nonlinear Modelling (a, b, ¢, and d areequiavient parameters)
2b

Charge: B = aEPexx+b2_b had Pexxzél]:w’ri*'imm
a a
. 1 dy _d
Discharge: P, =cP%+dMP, « P, = EER"‘ +[Zj o

The three models in Equation (1) are further vigeal by
Figure 2. For most preliminary storage dimensiorang
allocation tasks, the linear model is normally isight
with constant charge / discharge efficiency figurEise
nonlinear model, however, has gone one step futther

as profitability of an arbitrager BSU does not fedavily
on its location or size (i.e. per-kWh profitabilistays
relatively constant under same arbitrager strategy)

Market Arbitrage Application
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Figure 3: lllustration of Market Arbitrage Appli¢an

The BSU arbitrager operation routine needs tolyirst
convert physical variables into an equivalent idkatage

address the specific phenomenon of battery capacity framework using linear / nonlinear transformatioh o

variation under different charge / discharge speeds
BSU Charging Chracteristic Curves
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Figure 2: Charge / Discharge Features of BSU Models

Note that self-discharge and ageing effects areeftext!
separately and not accounted for in Equation (d3uihg
application cases are analyzed based on the Inedel.

APPLICATION 1: MARKET ARBITRAGE

A BSU is effectively an ‘arbitrager’ when it attetapgo

gain revenues from electricity market via takingatage
of real-time price differences in a day. Under eatr
market conditions, profitability of this type ofglation

is still not high enough to justify installation &SU.

Nonetheless, it already shows great commerciahgiate
as BSU cost goes down in future.

The basic principles of market arbitrage operafion
BSU can be seen from Figure 3. A review of exisBiS)
arbitrager simulation tools [4] shows major foctidesign
for this type of application stays to be operationature,
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Equation (1); then a dispatch algorithm shouldXszeted
to obtain the amount of charge / discharge eneitiyrw
each sampled time slot (one hour); and finallydikpatch
result should be converted back to physical @eternal’)
values. The arbitrager dispatch algorithm can keriteed
by the following optimization problem (ideal framesk,

thus no loss or efficiency terms should apply):

Maximize h=Y3[a dy, -x)-k, B -k, %) 0tO[LT]

t t
E=En+) X~ 2 Y
v=l

v=Tb

0<y, <PY, (2

max?

st. {0 X < PX .0
Emin = Et = Emax
ET = Emd

where:

h is the total arbitraging profit of BSU in a day;

X is the amount of purchased energy at time

y; is the amount of sold energy at titne

g is the market electricity price at tirie

k. andk, are leveraged per-kWh charging/ discharging costs;
E; is available energy level in BSU at time

PXrex aNdPY,, are maximum charging/ discharging powers;
Enin andE;u are minimum/maximum BSU energy levels;

Eix andEgyq are initial/final BSU energy levels in a day.

In general, linear programming technique is sugfitifor
handling the optimization problem of Equation (2)—
although admittedly an iterative process is nedddik
buy / sell decisions in each hour. In Figure 4 dispatch
result of a sample arbitrager BSU application s
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Figure 4: Sample Market Arbitrage Dispatch Result
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One interesting discovery of arbitrager BSU aptiticeis
that prospective advent of commercial BSU adoptian
exhibit a very abrupt ‘outburst’ period, as showrrigure
5. Note that drastic increase of BSU usage ratmdh
profit) is observed for a leveraged BSU usage @osje
between 9 €/kWh and 10 €/kWh (this range is onbdus
for discussion purpose and thus should not be egbpdi
real world applications).
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Figure 5: BSU Dispatch Result under Different Costs
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APPLICATION 2: RENEWABLE FIRMING

A renewable firming BSU system is in effect an gyer
balancing application that attempts to minimizegbeer

/ energy fluctuations caused by renewable enengrgces
[5] in a given region of a grid or in an island.iJtype of
algorithm is developed with the aim of minimizing
potential total cost of dispatching controllablegetor(s)
in the same time. Figure 6 shows the basic priasipif
renewable firming BSU operation as a reference.

Power Balancing / Renewable Firming Application

Discharge Storage Device

Power Deficit

/ - / Time

Power Surplus Charge Storage Device

Figure 6: lllustration of Renewable Firming Appliican

The most challenging task of designing a BSU system
renewable forming purpose is obviously the dimemisip

of BSU. This dimensioning algorithm, however, habeé
based on a correlating dispatch algorithm first—in
Equation (3), this renewable firming dispatch aiton is
formulated as an optimization problem (ideal fraroek

_ 1
Lt z=p+x-y, 2=227
t=1
f=

Minimize [(z—;)z], 0t0[1 7]

M-

u

t

EI = Eint +ZXV_ZyV
v=1

v=Th

st. 0= x <PX .., 0=y <PY, .,
Emin = Et = Emax

ET = Eend

where:
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f is the fluctuation level of demand curve afterlgioy BSU;

pt is the residual load demand (load minus RES) atttime
zis the modified load demand (after applying BSUjraet;

X is the amount of purchased energy at time

V; is the amount of sold energy at tite

All constraint variableshave same definitions as Equation (2).

A combination of both quadratic and linear prograngn
techniques is required (i.e. iterative processaiwe the
renewable firming dispatch problem of Equation G

top of physical / ideal framework transformations the
generic BSU model, an extra layer of segmentation
algorithm is needed to facilitate renewable firming
operation, which can be roughly explained by Figire

12 4 5 Vi QIUHvG 18 20 2122 23 24
1 2 3 4 5 LS_‘ 7

Figure 7: Segmentation Method for Balancing Appiaa

The main purpose of segmentation operation isdvige
a preliminary list of charge / discharge decisifirseach
hour, once an estimated average of modified loathe
is known. In Figure 8, a sample dispatch resuhiswn.
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Figure 8: Sample Renewable Firming Dispatch Result

BSU dimensioning task for renewable firming appima
can be thus performed by calling the dispatch neuior a
number of varying BSU / generator sizing settiregg,of
which scenarios of minimal cost can be chosenastesl
solution. Different reliability requirements mayabk to
varying dimensioning results, as shown by Figure 9.
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Figure 9: Sample Dimensioning Result of Island &yst
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APPLICATION 3: NETWORK SUPPORT

The network support application of BSU mainly aiats
solving network issues such as overloaded linearj@jor
breaching of voltage band limit [7] at certain lboas via
installing one or more BSU (’s). Basic principlefstlis
application can be explained by Figure 10.
Network Support (Loading / Voltage) Application
Loading of Monitored Line Voltage of Monitored Node
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Figure 10: lllustration of Network Support Appliaat

For a network supporting BSU, operation, dimensiod
allocation are all important topics to considerisTtipe of
BSU application differs from previous two in thense

that no strong operation cycles exist—instead, the

operation of a network supporting BSU is more depah
on its real-time impact on the network, as showrthgy
linearized load flow [8] Equation (4):

writex =[ple, ]’ then:

=i = \/(’5\ X+ B|p)2 + (Aq X+ élq)z (4)
node = AJ DZ+ éu

= pIOS:XT m Dz+3 Dz-'-('-:I

where:

=1

* pesu @andgeg, are BSU active / reactive power vectors;
* i)k is thermal loading vector of all lines and tramsfers;
* Unde IS NOdal voltage magnitude vector;

* Pioss IS total power loss in the grid;

¢ A » Boow @ndCyy are network parameter matrices/vectors

Equation (4) shows that component thermal loadsugll
nodal voltage magnitude and total grid power |@ss loe
deducted as linear or quadratic functions of BStivac
reactive power outputs. Thus an iterative NtL Idlagy
[8] plus linear/ quadratic programming routine barused
to optimize both operation and allocation of BSitbs
achieve loading reduction and voltage support g@as
can be seen from Figure 11 (results based on §&)idy

= Maximum Component Loading (p.u.)

= Maximum Voltage Drop (%)
—4+— Annual_Energy_Loss (GWha)

BaseCase  Optimal Operation Optimal Allocation

Figure 11: Sample BSU Benefits and Allocation Resul
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CONCLUSIONS

This paper has presented potential challenges iabtev
solutions for three typical BSU applications: marke
arbitrage, renewable firming, and network support.
Practical dimensioning and allocation algorithm&E#8U

are proposed and tested under realistic test nktwor
conditions using a generic BSU model. The presented
ideas should serve as a reasonable basis for fesearch
efforts.
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