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studies only and those with minimal life cycle validation on a
microgrid. In some cases, the authors take into account
battery life cycle but ignore capacity fade [3] and in others
both capacity fade and life cycle are ignored [5]. Other
documentation in this research arena concentrates on the
control (switching energy storage in and out) and assumes the
energy storage size has already been adequately set [6].
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Abstract
The cost and limited flexibility of traditional approaches to
11kV network reinforcement threatens to constrain the uptake
of low carbon technologies. Ofgem has released £500m of
funding for DNOs to trial innovative techniques and share the
learning with the rest of the industry. One of the techniques
under study is the addition of Energy Storage at key
substations to the network to help with peak load lopping.
This paper looks in detail at the sizing algorithm for use in the
assessment of alternatives to traditional reinforcement and
investigates a method of sizing a battery for use on a Network
taking into account load growth, capacity fade and battery
lifecycle issues. A further complication to the analysis is the
method of operation of the battery system and how this
affects the Depth of Discharge (DoD). The proposed method
is being trialled on an area of 11kV network in Milton Keynes
Central area and the simulation results are presented in this
paper.

Firstly, a method of sizing a battery is investigated for use on
a Network taking into account load growth, capacity fade and
battery lifecycle issues using a battery equivalent circuit
model. Finally, the paper uses a case study example from the
FALCON trials to indicate how future sizing and
implementation of energy storage could impact life cycle,
using load profiles at different substations around the trial
network taken from measured data.

2 Battery sizing algorithm
To use a battery as an alternative to Network reinforcement
requires that the power and energy needed to displace the
reinforcement be known. From Network modelling, the load
curve can be run and the minimum power and energy
requirement of the battery can be established from the yellow
area as shown in Figure 1

1 Introduction

Example of power loading

To enable Distribution Network Operators (DNOs) to develop
new approaches to reinforce the 11kV network with low
carbon technologies, Ofgem has released £500m of funding
for DNOs to trial innovative techniques and share the learning
with the rest of the industry. Project FALCON (Flexible
Approaches to Low Carbon Optimised Networks) is funded
via this Ofgem initiative, and aims to facilitate the uptake of
low carbon technologies by delivering faster and cheaper
connections to the 11kV network by reducing traditional
reinforcement requirements. The trial will provide learning on
the use of real time data to inform network planning rather
than traditional indicators such as total demand and
engineering guidelines. The learning obtained throughout the
project will be shared with other DNOs and the wider
industry.
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Energy Storage at key substations is one such technique being
studied to help with peak load shaving. Within literature there
are a number of methodologies used to size and place battery
energy storage systems around the grid. The majority of these
studies are either concerned with wind farm generation for
both grid and non-grid connected systems [1,2] or with micro
grids [3,4] and only a small number look into sizing and
costing of systems for offsetting grid reinforcement costs [5].
The published work is split into a combination of theoretical

Fig 1: Minimum battery sizing
However, the battery cannot just be sized on minimum energy
and power rating reduction from Figure 1, because battery life
cycle is highly dependent on depth of discharge. A full
battery discharge (100%) daily over a period of years will
reduce the life cycle significantly. For example, a lead acid
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batttery operatingg daily to fulll discharge wo
ould be unlikkely to
last past 2 yearss of operationn. Unfortunateely, as a batttery is
dep
ployed withinn an electricityy network its capacity willl fade
witth time – so as the yearlyy load goes up
u there is redduced
eneergy availablee to meet demaand and the baattery life span
an will
deg
grade quicker as the depth of
o discharge in
ncreases.

The minimum sizze of the baattery, Pin and Ein minus the
poweer/energy losss due to tthe internal impedance and
multiiplied by the battery chargiing/dischargin
ng efficiency and
the power
p
electron
nics efficiencyy gives the req
quired energy and
poweer to the grid. Working baackwards allows the equatiions
for power at the baattery terminaal to be derived
d:

To compensate for this a loadd growth facttor (FLG ), lifee span
facctor (FLS) and capacity factoor (FCF ) have been suggestted as
meeans of sizing the battery too compensate for loss of liffe and
cap
pacity fade unnder load grow
wth scenarios as shown in F
Figure
2. The life spann of the batteery is also afffected by thhermal
tem
mperature. Hoowever, the acccuracy, with,, which this ccan be
inccluded versus the level of confidence in the
t results sugggests
thaat consideringg this to be neegligible at this time is thee most
app
propriate wayy forward [7-99]. It is possiible to includee at a
lateer date but ddoes require detailed
d
inforrmation on bbattery
con
nstruction andd thermal consstants. An add
ditional assum
mption
is that
t the batterry leakage (froom sitting arou
und doing notthing)
is also
a
negligiblle, but may be
b included within
w
an efficciency
facctor if requiredd.

(1)

Determine thee
required
r
poweer
(P
( b) and energgy
(Eb) to resolvee
the issue
(Figure 1)

Set
S a minimum
m
life span

Where Zb is the baattery internal impedance an
nd Idc is the total
t
batteery current calculated from

4
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Idc iss the solution to a quadratiic because thee dc bus term
minal
voltaage is not kn
nown. Howeever the batteery open cirrcuit
voltaage is normallly known (V
Voc). This callculation mayy be
comp
plicated by th
he series and pparallel comb
binations of ceells.
In which
w
case individual
i
ceell power loss needs to be
calcu
ulated and sum
mmed to give the total pow
wer loss. The total
t
poweer provided by
y the battery ccan also be callculated from::

Appply a factor forr
1) Load growth
2) Seensitivity for
meshhed
3) Capacity
C
fade
of baattery
4) Meeting
M
miniimum life
spann

(2)

Sellect
neext
batttery
sizee up

(3)
The minimum eneergy required without the other factors can
be fo
ound from scaling (ie whateever the powerr is scaled by,, the
energ
gy needs to bee scaled by tooo):
(4)
Step 2: Take into account the L
Load Growth Factor
F
(FLG ) and
Mesh
hing Factor (FSM). The tottal battery po
ower from (3) is
multiiplied by the load
l
growth faactor (estimateed load growtth at
the substation
s
as a pu increasee in load witth time), and the
mesh
hing factor (th
he proportionn of the enerrgy which woould
help with asset ratting reductionn if the networrk were mesheed –
found
d from load fllow analysis).

Fig
g 2: Battery siizing specificaation
The process for determining the battery siize from the ppower
(Pb) and energy (Eb) needed too meet the assset rating limiits are
as follows;

Step 3: From the data availabl
ble determine if an additioonal,
Life Span factor (FLS) is neededd. This can be done a num
mber
of ways, but information on bat
attery life cyclle is needed from
fr
the manufacturer.
m
Typically a curve of depth of dischaarge
again
nst number of
o life cycles is provided. One methodd of
using
g this data is to plot the m
manufacturer’s data as depthh of
disch
harge equivalent (DoDCE)
E) against dep
pth of dischaarge
(wheere DoDCE iss equal to deppth of discharrge multipliedd by
the number
n
of lifee cycles at thiis point). Typiically this shoould
be close to a straig
ght line wheree the DoDCE is
i close to a fiixed
valuee equal to thee number of cycles at full DoD times the
DoD
D [10].The low
wer the depthh of dischargee, the greater the
numb
ber of cycles, and thereforee the longer the life.

Steep 1: Increasee the power annd energy to compensate
c
fo
for the
losss in power/ennergy due to battery voltag
ge drop acrosss and
inteernal impedaance, battery charging/disccharging efficciency
and
d power electrronics efficienncy as per Figu
ure 3.

g 3: Battery m
model to comppensate for effficiency
Fig
To calculate if thee battery size needs to be increased to deal
d
with life cycle isssues, the exppected lifecycle of the batttery
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This can be cross checked by multiplying this final energy by
a capacity fade cross check

needs to be checked against the proposed charge/discharge
cycling. to take into account the life cycle issues. Using the
DoDCE method; the DoDCE is divided by the total number
of cycles that the battery will undertake during its life (set to
the number of discharges per year (Ncy) times the expected
life span of the battery (Ny)) this allows the maximum depth
of discharge that can be used to meet the number of charging
cycles to be calculated (DoDm). (If DoDCE is not a straight
line then a look up table may be used in place of this or the
method published in ref[11]).

1

∑

(11)

And ending up with the energy, E, from equation (7).
The load factor FLG is provided by distribution network
operator and is an estimate of load growth figure per year in
pu. If the load growth is different in different years then
instead of using
. The individual values for each year
need multiplying together up to Ny. FLG,year1 x FLG, year2 etc

(5)
If this comes out to be greater than 100 then it means the
battery has sufficient lifecycle available to meet the specified
number of years operation at 100% DoD without needing to
add an additional life span factor FLS. If the number comes out
less than 100, say 50 this means the battery size has to be
doubled (1/0.5) in order to ensure the battery is only
discharged to 50% DoD to meet the life cycle. The FLS is
therefore calculated as:

The capacity fade and life span are also temperature
dependent. To undertake a proper thermal analysis and
determine the core battery temperature would require
significant data and analysis. Approximations are possible
and should these be necessary the equations can be derived at
a later date. However, it should be noted that these are at best
a poor approximation and will act to increase battery size
further based on tenuous data.

(6)

3 Operating strategy
This is only an approximation for sizing the battery based on
the worst case analysis and the actual loss of life needs to be
re-calculated after location and operating strategy are
determined by the network operator.

There are a number of different ways of operating the battery
including; Manually, Forecast - Fixed schedule, Day ahead
schedule, CT reading, Global scheme for multiple units,
Single/multiple day strategies, Staggered starts and any
combination of these . Within this paper three strategies will
be looked at in more detail;

Step 4: To deal with capacity fade, an intermediate energy is
required, this is the value of energy that should remain after
the specified number of years operation once the capacity has
faded and is equal to

1.
2.

(7)

3.
The capacity fade factor FCF is then found by considering
capacity fade to be a function of Whr processed (as a pu of
battery energy rating) [12,13] and can be found from the a
combination of manufacturers data (to obtain a rate of
capacity fade RCF ) and the quantity of Whr’s the battery is
likely to process each year over the minimum life span of the
battery taking into account the increase in load using FLG the
load growth factor (ie the total throughput of energy is the
energy per year (ET) times the load growth factor (FLG) over
the total number of years).
1

∑

These strategies or modes of operation are determined from
the overload magnitude and duration already calculated.
Mode 1 – Fixed schedule: The worst overload magnitude and
duration already calculated will be used to set the on-off time
for the battery, which will operate at these times every day.
This means that battery is sometimes operating when not
required.
Mode 2 – CT reading: The magnitude and duration of
overload for each run period will be used to determine if the
battery should be on or off. This way the battery is only ever
on when needed but is not necessarily on at the optimum
value. There is assumed to be one CT per radial feeder
located to pick up the overload location. The battery would
not be expected to monitor other feeders as it is unlikely that
this would affect the need for reinforcement on a different
feeder.

(8)

1

Fixed schedule (100% battery power provided at set
times)
CT reading (100% battery power provided when an
overload is registered)
Optimum strategy (The % of battery power required
to prevent the overload will be added when needed)

(9)

Step 5: The final total battery energy is therefore the energy at
the end of life plus the energy lost due to capacity fade.
(10)

3

Mo
ode 3 – The magnitude annd duration of
o the overloaad are
useed to directly match the batttery output so
o that the batttery is
run
n with the miinimum energgy throughpu
ut to maximisse life
spaan.

4 Calculatioon of loss of
o life, cap
pacity fade and
attery lossess
ba
On
nce a battery ssize has been determined
d
an
nd the best loccation
and
d operating strrategy are reaalised. It is neccessary to calcculate
thee estimated loss of life and capaciity fade from
m an
opeerational persppective (as oppposed to the estimated vari
riables
useed for sizing the battery). This entailss looking in more
dettail at each tiime the batterry is discharg
ged (assumingg that
chaarging happenns as per mannufacturer’s in
nstructions annd the
batttery is chargged and dischharged to thee same value each
day
y).
Wiithin the FALCON project,, There are 18
8 different testt days
eacch of 48 hallf hour perioods defined. These need to be
colllected togethher into types so that the number
n
of daays of
eacch type is knoown. The kW
Whs for each day are calcuulated
and
d the capacity fade can thenn be determineed from:
∑

1

∑

4 Energy storage trial feedeer of project FALCON
F
Fig 4:
The modelled
m
load
ding in the neetwork was in
ncreased until one
of th
he assets went out of limitss. This heavily
y loaded netw
work
was then
t
modelled
d with a year oon year load increases overr a 5
year period. The th
hree battery ooperation strategies above were
w
adop
pted and the caapacity fade aand life time implications were
w
deterrmined throug
gh simulation ffor these cases.

(12)

wh
hereErated is thee final size off the battery, nd is the numbber of
sim
milar days to that calculateed, Ed is the energy
e
used inn that
day
y and, where not already inncluded in thee analysis, thee load
gro
owth needs to be accountedd for. The valu
ue for Ed is thee sum
of the energy uused in dischharge each cy
ycle (Ec) oveer the
perriod of the daay being conssidered wheree Ec equals eenergy
fro
om network ooperator when the approp
priate load grrowth
facctor is applied to the loads.
∑

The base
b
case scen
nario (year 0) was determin
ned by increassing
all th
he substation loads until a cable rating was reachedd. In
this base
b
case, thee loads were 11.66 times of the original load
l
(Meaasured currentt from the DN
NO). Scenario
os for the 5 yeears
subseequent to thiss were calcula
lated using lo
oad flow analyysis
with a 1% load gro
owth per year..
In th
he following table, the currrent needed to
o compensate for
the extra load grow
wth and bring the overload back down too the
staticc rating of the line, Ic is founnd from:

(13)

1.66

The loss of life iis calculated by
b summing up
u the DoDCE
E used
oveer the period of study. Thiss can be donee by calculatinng the
Do
oD and multipplying by the number of tiimes this DoD
D has
occcurred and thhen summing over the period and subtraacting
fro
om what is avaailable.
∑

∑

(
(17)

is thee load growth
th factors at year y and FLGb
wherre,
equals 1 (starting point). For example, afteer two years the
total load growth from the basee year is 1.02
201 and 6.9A (or
125k
kW) current co
ompensation iis needed to brring the line back
b
down
n to rated valu
ue (This peakk value occurs late at night and
it is likely
l
to be when
w
an outagge has occurreed on an adjaccent
sectio
on of network
k and is being back fed). Att three years thhere
are additional
a
overloads due to increasing lo
oad, and these are
moree in keeping with the tradditional peak load scenarioo in
Febru
uary. After 5 years, 317kW
W of battery size is neededd to
ensurre no overlo
oads on the network. Th
herefore, in this
scenaario, a batterry size of saay 350kW would
w
be neeeded
(disccharging at up
p to 90% DO
OD) to meet the load grow
wth.
Thesse DOD valuees are listed iin Table and
d can be usedd to
estim
mate the batterry lifetime.

(14)

Wh
here nc is the number of cyycles in a day (expected to be 1)
and
d Ec is the kW
Wh rating of thhat cycle. If th
here is only 1 cycle
in the day then this is equal to Ed. The rattio of Ec to E rated is
thee DoD. Note: load growth factor
f
is taken
n into account when
callculating Ec foor each year.

5 Case studyy
The proposed m
method is appllied to project FALCON eenergy
orage trial feeeder within Milton
M
Keynees Central arrea as
sto
Fig
gure 4, wheree the energy storage
s
trial sites are markked by
circcles.
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5
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Table 2: Battery operating schedule on fixed timing
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05/02 18:30
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0.4

23/05 21:30

62.79
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0.3

23/05 22:00

252.68
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0.8
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62.794
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0.3

20/06 21:30
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21/06 22:00

62.79

105

0.3

05/02 18:00

209.71

210

0.6

05/02 18:30

209.71

210

0.6

23/05 21:30

125.89

175

0.5

23/05 22:00

317.28

320

0.9

24/05 22:00

125.89

175

0.5

20/06 21:30

125.89

175

0.5

20/06 22:00

317.28

320

0.9

kWh Capacity
Remaining

23/05 22:00

Capacity Fade

0.2

DoDCE
Remaining

70

DoDCE used

70

62.19

Battery
kW

Operational
hours

2 1.02

23/05 22:00
20/06 22:00

Time of
overload

Cycles

1 1.01

DoD with
350kW
battery
0.2

Year

Y

equivalent for the same DoD increases because the capacity
fade means the new rated capacity Erated of the battery has
reduced.

kW to
compen
sate
62.19

On a fixed schedule, the battery capacity fades quickly when
it is in daily use. By the time the battery reaches the 4th year
of operation, the battery would no longer be able to meet the
discharge requirements necessary for the circuit to remain
within the thermal limit. In fact, in order to size the battery to
ensure 5 years of operation, approximately 800kWh of battery
would be required at start of life.
CT reading (100% battery power provided when an overload
is registered): The set times for discharging are flexible. The
batteries will operate only over the several days when the
current exceeds the threshold. 100% DOD is adopted in these
operational days. According to the measured currents, the
battery will discharge two hours from 22:00 in the first 2
years. In the last 3 years, the battery will discharge during two
time intervals, at 18:00-19:00 and 21:30-22:30. In each cycle,
the battery will charge and discharge 2 hours. Therefore, the
operation hours for each cycle should be 4 hours. The details
for DoDCE, Cycles and Operation hours during the 5 year
time period are shown in table 3. Using this CT reading
strategy, the batteries do not operate every day, but they will
discharge thoroughly in the operation days. As for fixed
scheduling operation, the batteries will begin to discharge
with 100% DOD when loads exceed the thermal limit. With
the low usage the battery fade would be significantly slower
than on a fixed schedule and therefore the battery would meet
the 640kWh requirements of the 5th year of operation. As the
load increases over subsequent years of operation the battery
capacity would start to fade more quickly.

21/06 22:00
125.89 175
0.5
Table 1: Loading scenarios with 1% load growth over 5 years
from maximum static limit
Note: The FALCON trial battery is a lead acid battery with a
low life span at 100% DoD. According to the parameters
from the manufacturer, the cycle life is 4500 cycles. This can
be approximated to a DoDCE of 450,000. The combined
battery/inverter efficiency is approximately 85%
Fixed schedule (100% battery power provided at set times)
With the fixed schedule, the set times for discharging are
fixed. Here, the battery will discharge two hours from 22:00
over an assummed two week period in the first 2 years (to
meet the requirements for back feeding a neighbouring
network). In the last 3 years, the battery will discharge during
two time intervals, at 18:00-19:00 (every day, as
representative of normal peak load) and 21:30-22:30 (over the
same two week back-feed cycle). In each cycle, the battery
will charge and discharge 2 hours to 100% DoD. The details
for DoDCE, Cycles and Operation hours during the 5 year
time period are shown in the Table . The DoDCE is based on
a battery that fades, hence, as the battery fades the DoDCE

Optimum strategy (The % of battery power required to
prevent the overload will be added when needed). The
optimum strategy makes use of the magnitude and duration of
the overload to match the battery output, so that the batteries
run with the minimum energy throughput to maximise life
span. Therefore, both the set times and the DOD are variable
according to the overload power. Since the battery discharge
power varies with the load curve, the DOD should be
calculated over each 30 minute period and summed over the
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Cycles

Operational
hours

DoDCE used

DoDCE
Remaining

Capacity Fade

kWh Capacity
Remaining

695

Year

5
5
20
503
448300 0.2%
Table 1: Battery operating schedule on CT reading
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kWh Capacity
Remaining

DoDCE
Remaining

8

Operational
hours

2

Cycles

1

Year

DoDCE used

Capacity Fade

overload duration. With variable discharge power and time
setting, the optimum strategy can minimise the capacity fade
and maximise life span. The details are listed in table 4. With
an optimum strategy, very little loss of life is calculable.
However, the peak loads are rather scarce in the studied
scenarios and the control will be more complex to
implement..
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4
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4499930

0

700

160
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8
449840
700
0
290 449710
5
1.11
8
700
0
Table 4: Battery operating schedule on optimum discharge
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6 Conclusion
It is important to understand capacity fade and battery
degradation on energy storage. This is because the life span of
the battery is dependent on how much the battery is
discharged. Modelling indicates that the operation strategy is
of great importance to capacity fade and life time and that the
difference in modelled battery sizing could be as much as 2
times less if a flexible strategy rather than a fixed
charging/discharging strategy were used. It is important to
understand and validate the loss of life and capacity of the
trial batteries as far as possible so that the implications on
initial battery sizing can be used with confidence. To help
with this, the FALCON trial batteries will be operated under
different operating schedules and the effect on life span and
capacity fade will be analysed.
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