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1 Introduction

Although batteries are a quite old and principally well known
technology there is still not always a common understanding
about characteristic and reference values of primary and
secondary cells, batteries and battery systems. Especially since
huge battery systems get more and more interesting as stationary
storage solutions for electrical power systems besides well known
values like capacity in ampere-hours and C-rate also typical
electrical values like energy and power shall be provided by the
system integrator. Therefore this article gives an overview about
some characteristic and reference values of battery systems,
primary and secondary cells.

Battery model

For all definitions in this document the simplified battery model
with the circuit diagram in Figure 1 is used ([1], [2]). The battery
open-circuit voltage Vgat ocv (t) describes the source voltage of the

battery (Vgatocv (t) > 0).
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Figure 1: Simplified battery model with open circuit voltage

The equivalent, internal impedance Z; is typically specified by
manufacturer and summarizes all internal resistances of the
battery. Besides ohmic parts also the diffusion resistance and the
charge-transfer resistance have an influence on the internal
resistance of a battery. The internal resistance also depends on
battery’s temperature and state of charge. If for simplification a
constant resistance with only ohmic influences is taken into
account, the internal impedance Zeg; is equal to internal ohmic
battery resistance Zeqi = R . The battery current igy (t) flows
through the internal battery resistance. In this article the index
‘Bat’ signalizes that the dedicated value is present at the battery
terminals.

In no-load operation (iga (t)=0) it follows Vgy () = Vgatocv (t). As
reference system of the battery current igy (t) the consumer
reference system (Figure 2, left side) is used in this article.
Therefore igy (t) > O signalizes battery charging and igy (t) < O
battery discharging. The battery voltage vgy (t) at the battery
terminals can be calculated by

Vgat(t) =Vaarocy (1) + Zeg i “Tpar(t) - 1)

With battery current and battery voltage (vgy (t) > 0) the battery
power pgg () at the battery terminals can be derived

Pgat (t) = Vear (1) -Tga (t) - 2

In consumer reference system the sign of the battery power also
specifies, if the battery is charged (pga (t) > 0) or discharged
(pgat (t) < 0). Optionally the generator reference system may be
used (Figure 2, right side), in which the opposite signs of battery
current and battery power specify, if the battery is charged (iga (t)
<0, pgat () < 0) or discharged (igat (t) > 0, pgat (t) > 0).
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Figure 2: Consumer and generator reference system

After explanation of different battery content values in the
following the basic values which are important, to describe the
battery operation are presented. Then battery reference values and
possible acceptance criteria are provided. Finally values for
constricted battery operating ranges are characterized.

2 Battery content values

2.1 Electric charge

One main characteristic of a battery is the ability to store electric
charge. Therefore ‘stored electric charge’ q(t), which is usable
for applications, is an important value.

Stored electric charge q(t)

The electric charge which a battery can deliver under specified
discharge conditions between its present electric charge content
and its empty state is called ‘stored electric charge’. For stored
electric charge which is expressed in ampere hours (Ah) the sign
q(t) is used.

‘Full state’ of a battery is the state of charge wherein the battery
has been completely charged in accordance with the
manufacturer’s recommended charging conditions (see also SOC
value below). Accordingly ‘empty state’ of a battery is usually
defined by the battery supplier.

With Qgstart and geng as stored electric charge at the beginning and
at the end of a charging or discharging process the change of
stored electric charge AQ can be calculated by:



AQ = qudq 3)

Ostart

In consumer reference system a negative sign of AQ signalizes
that at the end of the time period the battery contains less electric
charge than at the beginning (‘discharged’); a positive sign of AQ
signalizes that at the end of the time period the battery has got
more electric charge than at the beginning (‘charged’).

Furthermore battery current ig4 (t) (charge or discharge), the start
time tsiart and the end time tg,q Of the current flow can be used to
derive the change of stored electric charge AQ (‘Coulomb
Counting’):

tend
AQ= J' i (1) - dt @

tSta\n

In regard to ‘Coulomb Counting’ also time values can be used to
describe battery’s electric charge content. See also ‘constant

current discharge time’ and ‘constant current charge time” below.

Capacity C

The (actual) capacity C of a battery is the electric charge which a
fully charged cell or battery can deliver under specified discharge
conditions, between its full state and its empty state. During
lifetime of a battery the capacity decreases in comparison to the
capacity at ‘beginning of life” (BOL). Therefore an index can be
added to the capacity C which specifies the battery aging. For
example CgoL expresses that the given capacity is valid at the
‘end of life” (EOL). As for electric charge the Sl unit for capacity
C is coulomb (1C=1As) but in practice, capacity is usually
expressed in ampere hours (Ah).

State of charge SOC
State of charge SOC of a battery is the amount of stored electric
charge q(t) related to the actual capacity C:

SOC = SOC(t) = stored electric chaige _ q(t) (5)
(actual)capacity C
(0% < SOC <100%)

‘Full state” (SOC = 100%) is the reference value for stored
electric charge q(t) and means q(t) = C. ‘Empty state’ (SOC = 0%)
means q(t) = 0Ah. The other way round stored electric charge of a
battery can be expressed by using the SOC value:

q(SOC) =SOC -C (6)

Since the value of capacity changes during lifetime due to battery
aging, an index of SOC can specify the capacity C, which is the
reference for SOC value. For example SOCgo. means that the
capacity C at beginning of life (BOL) is used as SOC reference
value (C = CgoL). SOCgo. means that the capacity C at end of life
(EOL) is used as SOC reference value (C = Cgop).

2.2 Battery open-circuit voltage

Since battery open-circuit voltage vga ocy (q) mainly" depends on
stored electric charge, the open-circuit voltage of a battery is well
suited to be used in definitions of battery content.

! However in reality slightly different values for vgaocy (Q) result
at the same stored electric charge q depending on whether the
battery was charged or discharged before determination of

Veatocv (0).

Battery open-circuit voltage Vsaocy (Q) Or Vsatocy (t)

The battery open-circuit voltage Vga ocv(q) shown in Figure 1 is
the terminal voltage of a battery when the battery current is zero
(according to [3]). Since typically stored electric charge q(t) is a
function of time also battery open-circuit voltage Vga ocy(t) can be
seen as time dependent. For battery open-circuit voltage, which
generally expresses the electrical potential of the d.c. source in a
battery circuit, also the terms “source voltage’ and ‘electromotive
force’ (EMF) can be used.

In Figure 3 battery open-circuit voltage is shown in dependence
on the stored electric charge q(t) and in dependence on SOC
respectively. (The voltage values Vgat eoc and Veateop in Figure 3
are explained in section 3.2 and rated capacity C, is given in
section 4.) Battery open-circuit voltage is usually defined at
specified environmental conditions (e.g. 25°C + 5°C). Due to
aging the curve of open-circuit voltage related to stored electric
charge of the battery can change during lifetime (see Figure 4).
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Figure 3: Typical battery open-circuit voltage Vggocy CUrve
related to SOC and q at BOL
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Figure 4: Typical change of battery open-circuit voltage Vg ocv
due to change of capacity from BOL to EOL
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2.3 Electrochemical energy
Stored (electrochemical) energy Esored(q) OF Ectorea(t)

Stored energy Egorea(q) (Of cells or batteries) is the electrochemi-
cal energy which is currently stored in the cell or battery referred
to manufacturer’s reference point. Since typically stored electric
charge q(t) is a function of time also stored energy Egoreq(t) can
be seen as time dependent. For specified conditions it can be
calculated by using stored electric charge and battery open-circuit
voltage Veaocy () between its actual electric charge content and
its empty state (see Figure 5 and Figure 6):

a(soc)

J‘VBat,OCV (a)-dq U]

q(SOC=0%)

Estored (q) =



Stored energy is for high energy applications often expressed in
kilo watt hours (kWh) or by using SOE value (see below).

The advantage of this energy definition derived from stored
electric charge and open-circuit voltage only is that the resulting
energy value is independent of internal resistance and battery
current. For each stored electric charge value a definite stored
energy value is given - independent of previous or current battery
operation.

With Qgstart and geng as stored electric charge at the beginning and
at the end of charging or discharging operation the change of
stored energy AEgreq Can be calculated by

Yend Eslored,End
ABgireq = .[VBat,OCV (q)-dg= .[d Estored (8)
Ostart E stored start

In the consumer reference system a negative sign of AEgreq
signalizes that at the end of the time period the battery has got
less stored electrochemical energy than at the beginning (the
battery was discharged); a positive sign of AEgreq Signalizes that
at the end of the time period the battery has got more stored
electrochemical energy than at the beginning (the battery was
charged).
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Figure 5: Stored energy Egworeq (@) derived from open-circuit
voltage at BOL
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Figure 6: Stored energy Egworeq (t) derived from open-circuit
voltage at EOL

Furthermore battery current igy (t) (charge or discharge), battery
open-circuit voltage vgatocy (t), the start time tsie and the end

time tgng Of the current flow can be used to calculate the change of
stored energy AEgtoreq:

teng
AEgiored = _[VBat,OCV (t)'iBat(t)'dt (9)

tS!an

Using the definition of stored energy the ‘energy storage capacity’
can be specified.

Energy (storage) capacity EC
According to [4] the (actual) energy storage capacity EC is the
amount of (electrochemical) energy a cell or battery can store and
deliver, within established design limits and maintenance interval
conditions. Energy storage capacity of a cell or battery can be
calculated by using (actual charge) capacity C and battery open-
circuit voltage vgat ocv (t) between full and empty state:
q(SOC=100%)
EC = jVBat,OCV (a)-dg (10)
q(SOC=0%)

Energy storage capacity is usually expressed in kilo watt hours
(kWh). For energy storage capacity also the terms ‘energy
capacity’, ‘actual energy capacity’, ‘actual maximum energy
content’ or ‘(actual) electrochemical energy capacity’ can be
used.

The (actual) energy storage capacity can be lower than the rated
energy storage capacity (see EC, in section 4) due to aging (e.g.
see EC at EOL in Figure 7 and EC at BOL in Figure 11).

Energy storage capacity EC, as well as stored energy, cannot be
measured directly. It is a calculated value. The advantage of upper
definition of energy storage capacity is that the resulting energy
value is independent of battery current and internal battery
impedances.

Similar to the definition of SOC a state of energy (SOE) value can
be calculated by using stored electric energy and actual energy
storage capacity.

State of energy SOE

State of energy SOE is according to state of charge SOC the
amount of stored energy related to the actual energy storage
capacity:

SOE = Fstorea () a
EC
a(soc)

IVBat,ocv (9)-dqg
Estored (SOC) q(SOC=0%) 12
SOE(SOC)= = o (12)

IVBat,ocv (9)-dq

q(SOC=0%)

The state of energy is expressed in percentage. Full state
(SOE=100% and SOC=100%) is the reference value for stored
energy Espored(t) and means Egqreq(t) = EC. So state of energy is
the degree to which a cell or battery has been charged relative to
this reference point. Empty state (SOE=0% and SOC=0%) means
Estored(t) =0 kWh.

According to equation (8) the change of stored energy AEgoreq Can
also be calculated by using the SOE start value SOEg, and the
SOE end value SOEg,q of a charging or discharging process:
0(SOEgna)
jVBat,OCV (q) ) dq = jdEstored (13)
q(SOEstar)

Esmred‘End

AE

stored =

E stored,Sta rt
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Figure 7: Energy storage capacity EC derived from open-circuit

voltage at EOL

Similar to stored electric charge and SOC in (6) also stored
energy is usually expressed by using SOE value which relates
stored energy Egoreq t0 (actual) energy storage capacity EC:

Eoreq (SOE )= SOE - EC (14)

3 Battery operating values

After characterizing charge and energy content values the
important values during battery operation, i.e. during charging or
discharging are presented. At first battery current and its related
characteristic values expressing the change of stored electric
charge of a battery are explained.

3.1 Battery terminal current values

Battery current igy (t)

The battery current (see Figure 1) is electric current delivered or
consumed by a battery at the battery terminals during its
discharge or charge (according to [3]). The battery current igg (t)
can be expressed in amperes (A) or as fractions or multiples of a
reference current | .

C-rate

C-rate is the rate at which a battery is charged or discharged (see
‘discharge rate’ in [3]). The C-rate specifies the battery current
related to the battery reference current I, (see section 4, I > 0).

‘iBat (t)‘ (15)

ref

C-Rate:

Since | is directly related to C, (see section 4) ‘C’ in the term
‘C-rate’ indicates that charge or discharge current is given in
relation to the rated capacity C,.

For example in consumer reference system charge with C-rate of
‘0.5C” means that the battery current is igg (t) = +0.51.¢ with
lref > 0. A discharge with C-rate of ‘0.2C’ means that the battery
current gy (t) is equal igat (t) = -0.2lrer. Therefore iga (t) = +lret
means charging with a C-rate of ‘1C’. Otherwise a battery current
igat (t) = -l,¢f means discharging with a C-rate of “1C” accordingly.
Important battery terminal current values are:

Battery charge current iz, c(t) and discharge current igap(t)
The battery charge and discharge current are the electric currents
consumed or delivered by a battery at its terminals during its

charge (Index ‘C’) or discharge (Index ‘D’). In consumer
reference system it holds gy c (t) > 0A and gy p(t) < OA.

Constant current discharge mode

According to definition of constant power discharge in [5]
‘constant current discharge’ mode is the battery operation in
which the battery discharge current is held constant and where the
power and voltage freely adjust. For constant current discharge
mode also the expression ’CC discharging’ is used.

In regard to ‘Coulomb Counting’ the following time value for
discharging with constant current is interesting.

Constant current discharge times tccp

The time how long a battery is discharged (Index ‘D’) with
constant current (Index ‘CC’) is called ‘constant current
discharge time’ tccp. With tccp = teng - tstar @nd constant
discharge current igy (t) = -lconst the change of stored electric
charge AQ can be calculated in accordance to equation (4):

teng
AQ = _‘-iBat (t) dt=-1 const 'tCC,D (16)

tStart

The constant discharge current rate can be added in the index. For
example tcc px means that battery is discharged (Index ‘D’) with a
constant current with a C-rate of ‘XC’ (i.e. iga(t) = -Xle). TO
specify from which state of charge the discharging process was
started, the SOC value can also be given as an index, e.g.
tee,psoc=65% AS needed, also the conditions during discharging
(e.g. ambient temperature, battery age or SOC start or end value)
can be expressed in the index of tcc p.

Constant current charge mode

According to definition of constant power charge in [5] ‘constant
current charge’ mode is the battery operation in which the battery
charge current is held constant and where the power and voltage
freely adjust. For constant current charge mode also the
expression CC charging’ is used. In this regard the following
time value is interesting.

Constant current charge times tecc

The time duration how long a battery is charged (Index ‘C”) with
constant current (Index ‘CC’) is called ‘constant current charge
time” tccc. With tccc = teng - tstare @and with constant charge
current iga (t) = leonst the change of stored electric charge AQ can
be calculated:

teng
AQ= J.iBat (t)-dt= I const 'tCC,C (17

tS:an

The constant charge current can be added in the index. For
example tcccy means that battery is charged (Index ‘C’) with a
constant current (Index ‘CC’) with a C-rate of ‘yC’ (i.e. iga(t) =
vler). To specify from which state of charge the charging process
starts, the SOC value can also be given as an index, e.g.
tee,c.soc=40%- AS needed also the conditions during charging (e.g.
ambient temperature, battery age or SOC start and end value) can
be expressed in the index of tcc c.

Maximum battery charge current Iga;c max @and maximum
discharge current lga;p max

Maximum battery charge or discharge currents of the battery are
the maximum charge or discharge currents, which are allowed
only for a short period of time (e.g. some seconds) at the battery
terminals because of heating reasons. Usually the manufacturer



specifies maximum battery charge or discharge currents for
certain conditions and time durations.

Maximum continuous battery charge current lga cont,cmax
and discharge current Iga; cont,max

Maximum continuous battery charge and discharge currents are
the maximum allowed charge and discharge currents of the
battery, which the battery can consume and deliver continuously
at certain conditions specified by manufacturer. If maximum
continuous battery charge current is applied continuously to the
battery under the specified ambient conditions, the battery is
typically kept in thermal balance. Therefore for these values the
thermal coordination of the battery is decisive.

Finishing charge rate lgac finish

The finishing charge rate lgacfinish (according to [3]) is the
electric current at which a battery is charged towards the end of
charge. This means that battery’s full state (SOC=100%) is
reached, if vga () = Veateoc (See section 3.2) and discharge

current is Igat,c finish (i-€. igat (t) = lgat,c finish)-

Finishing discharge rate Iga b finish

The finishing discharge rate lgapginish (according to finishing
charge rate) is the electric current at which a battery is discharged
towards the end of discharge. This means that battery’s empty
state (SOC=0%) is reached, if vgy (t) = Veateop (See section 3.2)
and discharge current is lga o finish (i-€. igat (t) = -lgat,p finish)-

3.2 Battery terminal voltage values

Battery (terminal) voltage vy (t)

‘Battery voltage’ vg4 (t) Or ‘battery terminal voltage’ respectively
is the voltage which is present between the battery terminals. The
battery terminal voltage (vga () > 0) depends on operational
conditions of the battery (e.g. no-load or discharge). As depicted
in Figure 1 and shown in formula (1) the battery terminal voltage
veat (t) can be calculated by using open-circuit voltage, battery
current gy (t) and internal impedance Zegi. Important battery
terminal voltage values are:

Constant voltage charge mode

Constant voltage charge is the battery charge operation in which
the battery voltage is held constant and where the power and
current freely adjust. (‘CV charging’)

Constant voltage discharge mode

Constant voltage discharge is the battery discharge operation in
which the battery voltage output is held constant and where the
power and current freely adjust. (‘CV discharging’)

Battery charge voltage vg4 c (t) and battery discharge
voltage Vgyp (1)

Battery charge and discharge voltages (according to [3]) are the
voltages (Vgatc (t) > 0 and vgye p (t) > 0) which are present between
the battery terminals during battery charging (Index ‘C’) and
discharging (Index ‘D’). Due to equation (1) and the different
current flow directions battery charge voltage is typically higher
and battery discharge voltage is typically lower than battery open-
circuit voltage.

Battery end-of-discharge voltage Vgat eop

Battery end-of-discharge voltage (according to [5]) is the
specified battery terminal voltage at which the battery discharge
is terminated. For battery end-of-discharge voltage (Index ‘EOD’)
the symbol Vgat eop 1S used (Vaateop > 0).

For end-of-discharge voltage also the terms ‘final voltage’, ‘cut-
off voltage’ and ‘end-point-voltage’ are applied. Battery end-of-
discharge voltage is assumed to be equal over whole battery
lifetime. The end-of-discharge voltage Vgaigop IS typically
declared by the manufacturer.

The end-of-discharge voltage may be used to initiate the
termination of the discharge process or to start with constant
voltage discharge mode (‘CV discharging’). In this mode the
battery terminal voltage vgy (t) is held constant at Vgaieop by
reducing battery discharge current igy (t). The end of discharging
is reached, when battery discharge current becomes lower than
finishing discharge rate lgatp finish-

Constant current end-of-discharge times tyi, op,cc and
teop,cc

Starting from a certain SOC value the minimum time how long
the battery can be discharged with constant current till reaching
end-of-discharge voltage Vgateop is called ‘minimum constant
current end-of-discharge time’ tmineopcc. Like for constant
current discharge time tcc p the constant discharge current can be
added in the index. For example tyin eop.ccpx Means that battery
is discharged with a constant current with a C-rate of ‘xC’. Also
the starting SOC value can be given as an index, e.g.
tmin,EOD,CC,50C=85%-

In comparison to the minimum constant current end-of-discharge
time, which is an important value regarding rated capacity C, (see
section 4), the really measured time how long a battery is
discharged with constant current till end-of-discharge voltage is
reached, is called ‘constant current end-of-discharge time’
teop,cc. If a battery is discharged to end-of-discharge voltage
tmin,eop,cc < teop,cc is valid.

Battery end-of-charge voltage Vsat eoc

Battery end-of-charge voltage (according to [3]) is the specified
voltage attained at the end of a charging process (see also
“finishing charge rate’). For battery end-of-charge voltage the
symbol Vgt eoc is used (Veateoc > 0).

Battery end-of-charge voltage is assumed to be equal over whole
battery lifetime. Usually battery terminal voltage is in the range
VBat,EOD < Vgat (t) < VBat,EOC- The end-Of-Charge VOltage VBat,EOC
is typically declared by the manufacturer.

The end-of-charge voltage is used to initiate the termination of the
charge process or to start with constant voltage charge mode (‘CV
charging’). In this mode the battery terminal voltage vgy (1) is
held constant at Vgateoc by reducing battery charge current igy (t).
The end of charging is reached, when battery charge current
becomes lower than finishing charge rate lga; ¢ finish-

Constant current end-of-charge times tyineoc.cc and teoc.cc

Starting from a certain SOC value the minimum time duration
how long the battery can be charged with constant current till
reaching end-of-charge voltage Vgaieoc is called ‘minimum
constant current end-of-charge time’ tineoc,cc. Like for constant
current charge time tcc ¢ the constant charge current can be added
in the index. For example tmingoccccy Means that battery is
charged with a constant current with a C-rate of ‘yC’. Also the



starting SOC value can
tmin,EOC,CC,50C=10%-

The really measured time how long a battery is charged with
constant current till end-of-charge voltage is reached, is called
‘constant current end-of-charge time’ tgoccc. If a battery is
charged to end-of-charge voltage tmin eoc.cc < teoc cc is valid.

be given as an index, e.g.

Full state, initial discharge voltage Vst fun initial,0

Full state, initial discharge voltage (according to [3]) is the
discharge voltage of a fully charged cell or battery at the
beginning of the discharge with a certain discharge current or
power immediately after any transients have subsided (see Figure
8).

For full state, initial discharge voltage the symbol Vgt funinitial,p IS
used (Veatuniniial,o > 0). Again the discharge current rate can be
added in the index. SO Vgat funninitial px Means that battery is initially
discharged with a current with a C-rate of ‘XC’ (i.e. igat(t) = -Xlyef).

Varoc

Vat full initial, D

Vbagop [f-----
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Figure 8: Full state, initial discharge voltage

Empty state, initial charge voltage Vgatempty,initial,c

Empty state, initial charge voltage is the charge voltage of an
empty (SOC=0%) cell or battery at the beginning of the charge
with a certain charge current or power immediately after any
transients have subsided (see Figure 9).

For empty state, initial charge voltage the symbol Vgat,empty,initial,c
is used (Vgatemptyinitial,c > 0). The charge current rate can also be
added in the index. Therefore voltage Vaagempty,initial,cy Mmeans that
battery is initially charged with a current with a C-rate of ‘yC’

(le iBat(t) = ylref)-

e “Charge with cerfain current ">

VBat,0CV,BOL
VBaI, empty,initial, C|- — — — — —

|
|
|
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Figure 9: Empty state, initial charge voltage

3.3 Battery terminal power values

Using battery voltage vgy (t) and battery current igy (t) the battery
power pgqt (t) at battery terminals can be calculated as given in
equation (2). Especially in power system applications electrical
power is an important value.

Battery (terminal) power pg (t)

Similar to battery current the battery power is electric power
delivered or consumed by a battery during its discharge or charge
at the battery terminals. The sign of the battery power specifies if
the battery power is a battery charge power or a battery discharge
power. In consumer reference system a negative sign of battery
power pgqt (t) specifies battery discharge; a positive sign specifies
battery charge.

Battery power is an active power and is expressed in watt or
kilowatt (kW). Furthermore battery power pgar (t) can be
expressed as fractions or multiples of a reference power Py (see
also CP-rate).

If internal battery resistance is completely ohmic (Zegi = R;) the
battery terminal voltage vgy (t) is

Vgat (1) = Vaat,ocy (1) + Ry -igge (1) - (18)
So battery power pgq (t) can be calculated by
PBat (t) = VBat (t)- iBa’( ® (19)

= (Vgat,ocv (1) + R +ipat (1)) -iga (1)
CP-rate

CP-rate is the power rate at which a battery is charged or
discharged. The CP-rate is the battery power at the battery
terminals related to battery reference power (see section 4,
F)ref>0):

‘ PBat (t)‘ (20)

ref

CP-Rate:

Since Py is directly related to C,, (see section 4) ‘CP’ in the term
‘CP-rate’ indicates that charge or discharge power is given in
relation to the rated capacity C,.

For example in consumer reference system battery charging with
a CP-rate of “‘0.6CP’ means that the battery power pgy (t) is equal
to pgat () =+0.6 Py¢s. A discharge with CP-rate of ‘0.3CP’ means
that the battery power pga (t) is equal to pgat (t) = -0.3 Pres.
Furthermore pga (t) =+Prs means charging with a CP-rate of
“1CP’. Accordingly battery power of pga (t) =-Pr¢ means
discharging with a CP-rate of ‘1CP’.

Important battery power values are:

Constant battery power charge

According to [5] constant battery power charge is the battery
operation in which the charge power input, i.e. the product of
charge current and charge voltage, is held constant and where
battery current and battery voltage freely adjust. (‘CP charging’)

Constant battery power discharge

According to [5] constant battery power discharge is the battery
operation in which the discharge power output, i.e. the product of
discharge current and discharge voltage, is held constant and
where battery current and battery voltage freely adjust. (‘CP
discharging’)

Battery charge power pga c (t) and discharge power pgqp ()
Similar to charge and discharge current the battery charge and
discharge power are the electric powers consumed or delivered by
a battery at its terminals during its charge (Index ‘C’) or discharge
(Index ‘D’). In consumer reference system it holds pgatc (t) > OW
and pgatp(t) < OW.



Maximum battery charge power Pgg c max @nd maximum
discharge power Pgatp max

Maximum battery charge or discharge powers of the battery are
the maximum charge or discharge power values, which are
allowed only for a short period of time (e.g. some seconds) at the
battery terminals because of heating reasons. Usually the
manufacturer specifies maximum battery charge or discharge
powers for certain conditions and time durations.

More interesting are the power values which are related to more
or less continuously battery operation. For these power values
(depicted for example in Figure 18) both continuous battery
currents and battery voltage limits are decisive:

Maximum continuous battery charge power at empty state
PBat,cont,C,max,empty

Maximum continuous battery charge power at empty state is the
maximum charge power of the battery, which is continuously
applicable at the battery terminals starting from empty state.
Typically maximum continuous battery charge power at empty
state is given by

(1)

PBat,cont,C,max,empty = IBat,cont,C,max 'VBat,empty,initiaI,C

wherein lgat contcmax 1S the maximum continuous battery charge
current and Vgagemptyinitia,c 1S the empty state, initial charge
voltage referred to maximum continuous battery charge current
for an empty battery. Since battery aging and environmental
conditions have got a decisive influence on maximum continuous
battery charge power of a cell or a battery, the manufacturer
typically provides values for Pgatcont,cmaxempty at least for
beginning of life (BOL) and end of life (EOL) at an ambient
temperature of 25°C.

Maximum continuous battery charge power at full state
PBat,cont,C,max,fuII

Maximum charge power, with which the battery can be
continuously charged to full state (SOC=100%), is called
‘maximum continuous battery charge power at full state’. With
battery end-of-charge voltage Vgaieoc and finishing charge
current rate lgae c sinish it can be calculated by

PBat,cont,C,max full = IBan,C,finis,h'VBaLt,EOC (22)

Psat.cont.cmaxfull Can also be seen as ‘finishing charge power rate’
Pgat,c finish-

Maximum continuous battery charge power Pgat cont ¢ max

Maximum battery charge power, which can be continuously
applied at the battery terminals, is the maximum continuous
battery charge power. Typically it is given by

PBat,,cont,C,max = IBat,,cont,C,max 'VBat,EOC (23)
Thereby lgat cont.cmax 1S the maximum continuous battery charge
current and Vpaeoc IS the battery end-of-charge voltage. So
PBat,cont,C,max,empty < PBat,cont,C,max and F)Bat,cont,C,max,full < I:)Bat,cont,C,max
are valid. If maximum continuous battery charge power is
applied continuously to the battery under specified ambient
conditions, the battery temperature always stays within allowed
operational range. But due to the voltage limit Vgaeoc charge
power Pgat cont.cmax €N usually not be applied continuously but
only for a short time.

Maximum continuous battery discharge power at empty
state PBat,cont,D,max,empty

Maximum continuous battery discharge power at empty state is
the maximum discharge power of the battery, which is

continuously applicable at the battery terminals till reaching
empty state. Typically maximum continuous battery charge power
at empty state is given by

PBat,cont,D,maxempty = IBan,D,finish'VBat,EOD (24)

wherein lga b finisn iS the finishing discharge current and Vgatgop IS
the battery end-of-discharge voltage of the cell or battery as
declared by the manufacturer (Vgat,eop > 0). Pgat,cont,0,max.empty €an
also be seen as “finishing discharge power rate’ Pgat b finish-

Maximum continuous battery discharge power at full state
I:)Bat,cont,D,max,fulI
Maximum battery discharge power at full state is the maximum
allowed discharge power of the battery starting at SOC=100%.
Typically maximum battery discharge power at full state is given
by

PBat,cont,D,max,fuII = IBat,cont,D,max 'VBat,fuII,initiaI,D (25)
In this regard lgatcontpmax 1S the maximum continuous battery
discharge current and Vgt funinitial,p 1S the initial discharge voltage
referred to maximum continuous battery discharge current for a
fully charged battery.
Battery aging and environmental conditions have got a decisive
influence on maximum battery discharge power of a cell or a
battery. Therefore the manufacturer shall provide values for
maximum battery discharge power at least for beginning of life
(BOL) and end of life (EOL) at an ambient temperature of 25°C.

Maximum continuous battery discharge power Pgat cont,p,max

Maximum continuous battery discharge power is the maximum
discharge power of the battery, which can be continuously applied
at the battery terminals. Typically maximum continuous battery
discharge power Pgatcontpmax IS €qual to maximum battery
discharge power at full state

PBat,contD,max = PBat,contD,max full (26)
If maximum continuous battery discharge power is applied
continuously to the battery under specified ambient conditions,
the battery temperature always stays within allowed operational
range. But due to a decreasing open-circuit voltage at battery
discharging the discharge power Pgatcontp,max €N usually not
be applied continuously but only for a short time.

Using battery terminal power the battery terminal energy can be
derived.

3.4 Battery terminal energy values

Battery (terminal) energy Wga: O Waat terminal

The battery terminal energy can be calculated using battery power
peat (t) or battery current igy (t) and battery voltage vgy (t) at the
battery terminals:

Wy = A = [ Poar (1) 0t = [imar () Ve () -l (27)

The sign of the battery terminal energy specifies, if the battery
delivered or consumed energy at the battery terminals in total
over the considered time period. In consumer reference system a
negative sign of battery terminal energy Wa, specifies energy
delivery in total over the considered time period; a positive sign
characterizes energy consumption in total.

In case of constant battery power charge (‘CP charging’) or
discharge (‘CP discharging’) also time values can be used to
specify battery terminal energy. These time values can also
include information about operating and aging conditions.



Constant power discharge time tcpp

The constant power discharge time tcpp specifies the time, how
long the battery at certain conditions is discharged with constant
battery power at the battery terminals. In accordance to equation
(27) with constant discharge power pgat (t) = -Pconst and with tep p
the battery terminal energy Wg,; can be calculated:

tEnd

J. Pgat (t) -dt= _Pconst 'tCP,D (28)
tSﬁart

The constant discharge power can be added in the index. For
example tcp px Means that battery is discharged (Index ‘D’) with a
constant power (Index ‘CP’) with a CP-rate of ‘xCP’ (i.e.
Peat(t) = -XPry). Also the specified conditions for tcpp like SOE
start and SOE end value, ambient temperature, battery age and
actual battery capacity can be provided as indices. For example
tcp.D0.7. SOE=90%,E0L, T=25°C SpECiﬁeS the time how |0ng the battery is
discharged at end of life (EOL) with a constant discharge power
of 0.7CP starting from an SOE value of 90% at an ambient
temperature of 25°C.

Weat = ABgy =

Constant power charge time tcpc

The constant power charge time tcp ¢ specifies the time, how long
the battery at certain conditions is charged with constant battery
power at the battery terminals. In accordance to equation (27)
with constant charge power pga (t) = Peonst and with tcpc the
battery terminal energy Ws,: can be calculated:

teng
Wgat =AEgy = J. Pgat () - dt = Pogpet tepc (29)
tStart
The constant charge power can be added in the index. For
example tcpc, means that battery is charged (Index ‘C’) with
constant power (Index ‘CP’) with a CP-rate of ‘zCP’
(i.e. peat(t) = zPrs). Also the specified conditions like SOE start
and SOE end value, ambient temperature, battery age and actual
battery capacity can be provided as indices. For example
tcp c1.2,50E=20%,B0L, T=30°C SpECiﬁes the time during which the
battery is charged at beginning of life (BOL) with a constant
charge power of 1.2CP starting from an SOE value of 20% at an
ambient temperature of 30°C.

Constant power end-of-discharge times tyineop,cp and
teop,cp

The end of discharge depends on Vgaeop. The time value
tmineop,cp IS called ‘minimum constant power end-of-discharge
time’ and is the minimum time duration how long the battery can
be discharged with constant power till reaching end-of-discharge
voltage Vgateop Starting from a certain SOE value. To specify
from which state of energy the charging process is started, the
SOE value can be given as an index, e.g. teop cp.soe=70%- AlSo the
CP-rate of constant discharge power can be added to the index.

The really measured time how long a battery is discharged with
constant power till end-of-discharge voltage is reached, is called
‘constant power end-of-discharge time’ tgopcp. If a battery is
discharged to end-of-discharge voltage tmingopce < teobcp IS
valid.

Constant power end-of-charge times tyineoc cp @and teoc.cp

The end of charge depends on Vgateoc. The time value tgoccp iS
called ‘constant power end-of-charge time’ and is the minimum
time duration how long the battery can be charged with constant
power till reaching end-of-charge voltage Vgateoc Starting from a
certain SOE value. To specify from which state of energy the
charging process is started, the SOE value can be given as an

index, e.g. teoccpsoe=30%- Also the CP-rate of constant charge
power can be added to the index.

The really measured time how long a battery is charged with
constant power till end-of-charge voltage is reached, is called
‘constant power end-of-charge time’ tgoccp. If a battery is
charged to end-of-charge voltage tmineoc.cp < teoc,cp i valid.

By measuring battery terminal energy and with usage of stored
energy values different efficiency values can be derived.

3.5 Battery terminal efficiency values

Battery discharge efficiency #p

Battery discharge efficiency (Index ‘D’) at the battery terminals
can be calculated by

_ MBat,D‘ :‘AEstored‘_Mlloss,D‘
‘AEstored ‘ ‘AEstored ‘ (30)

-1 ’\Nloss,D ‘

o ‘AEstored ‘

U}

(0<np <1)
During battery discharging in consumer reference system it holds
WBat,D < 0, AEstored <0and |WBat,D| < | AEstored | With

teng teng
MBat,D‘: J.pBat,D(t)dt: J.VBat,D(t)'iBat,D(t)dt @D

tStan tStan
and

tend
‘AEstored‘ = J.VBat,OCV (t) iBat,D(t)' dt (32)

tStan
discharge efficiency can be derived by

tEnd

[Vearo 0 iga o ()t
_ ’\NBat,D‘ _ Itsan (33)

- ‘AEstored‘ - teng .
VBat,ocv (t)'IBat,D(t)'dt

tstart

b

Battery charge efficiency #c

Battery charge efficiency (Index ‘C”) at the battery terminals can
be calculated by

‘AEstored‘ ‘AEstored ‘ (34)
]7 = =
¢ MBat,C‘ ‘AEstored ‘ + M/Ioss,c‘
(0<nc <1)

During battery charging in consumer reference system it holds
WBat,C > On AEstored >0 and IWBat,C| 2 | AEstored |
With
tEnd tEnd
Wearc| =| [ Peatc @ =| [Veare ®)-iac ®d  (35)

tS(an tS(an

and

tEnd
.[VBat,OCV (t)-igarc (t)-t (36)

tS(an

‘AEstored‘ =

battery charge efficiency can be derived by



tEnd
_[VBat,OCV (t)- igat.c (t)-dt

tSlarl

_ ‘AEstored ‘ _

e ™ MBat:C‘ -

@37

tend
_[VBat,c (t) iggr,c ()t

tstart

Battery round trip efficiency #rr

For determination of battery round trip efficiency (Index ‘RT’) at
the battery terminals it is important that after discharge and
charge operation (or charge and discharge operation) the end
value of SOE (or Egored, SOC or q(t) respectively) is the same as
the value at beginning of battery charging or discharging
operation. Then the battery round trip efficiency can be calculated
by
Mrt =Tp "Tc
_ ’\NBat,D‘ "AEstored‘
A qora] Waic|

~ Waao|
* Weac]
 |AE torea] = Wiess o
- ‘AEstored ‘ + ’\Nloss,c‘

(0<ngr <1)

Since losses mostly depend on current flow battery round trip
efficiency nrr depends on discharging and charging current.
Therefore the charge and discharge currents (or charge and
discharge powers respectively) should be provided together with
battery round trip efficiency #gr.

Furthermore also the change of stored electric charge q(t), stored
energy Esiores, SOE or SOC (‘depth of discharge® (DOD)) is
decisive for battery round trip efficiency ngrr. Therefore the
maximum and minimum value of SOC, SOE, q(t) or Egoreq Should
also be given with battery round trip efficiency #gr.

(38)

4  Battery reference values

Rated Capacity C,

As reference value for capacity the rated capacity C, is used [6].
For rated capacity also the terms “nominal capacity” or “installed
capacity” can be found. The rated capacity is the quantity of
electricity C, in Ah (ampere-hours) declared by the manufacturer
which a single cell or battery can deliver during a n hour period
when charging, storing and discharging with constant battery
current 1/n-ls under specified conditions (see below ‘rated
capacity verification test’).

For example for lithium-ion batteries typically n=5 (hours) is used
which indicates a rated capacity Cs. Often rated capacity C, is
related to beginning of life (BOL) of a battery. This means that at
BOL and SOC=100% (fully charged) the capacity C is equal to
the rated capacity C,,.

Reference (test) current I or I
According to [7] the reference (test) current is specified as

CI’]

le = et :E ' (39)

Therein l.¢ or I, respectively is the reference (test) current (l,¢> 0
and Iy > 0) in amperes, C, is the rated capacity of the cell or
battery as declared by the manufacturer (C,, > 0) in ampere-hours
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and n is the time base in hours for which the rated capacity is
declared.

If for example the rated capacity declared by manufacturer is
C,, = Cs = 15AN, the reference test current is les= Iy = C, /1h =
= Cs/1h = 15Ah/1h = 15A.

Rated constant current end-of-discharge time tyineop.cc,oun
orn

The rated constant current end-of-discharge time tmin eop,ccpun IS
equal to the dimensionless value n (see [6]), which is the time
base in hours (h) for which the rated capacity C, is declared. The
rated constant current end-of-discharge time tmineop.ccpwun OF
respectively n-h specifies the minimum time, how long a battery,
which is fully charged according to a given charge procedure, can
be discharged with constant battery current 1/n-l, at room
temperature (25°C = 5°C) and other conditions specified by
manufacturer (see below ‘rated capacity verification test’). For
different discharge rate type cells or batteries different rated time
bases n exist for declaration of rated capacity (see [6]). For really
resulting constant current end-of-discharge time teopccpun it
holds

tcc,o =teopcc 2 tmineobcc,pin =N-H (40)

Rated capacity verification test

The rated capacity verification test is used to proof that under
specified conditions the battery or cell has got at least the rated
electric charge content. According to [6] the rated capacity
verification test shall be performed as follows:

1. | Prior to charging, the cell or battery shall

be discharged at 25 °C + 5 °C at a constant

current of 1/n-l.¢ , down to a specified

battery end-of-discharge voltage Vgateop -

2 | The empty cells or batteries shall be fully

charged in an ambient temperature of

25 °C = 5 °C, using the following method:

a. Charging at constant current of 1/n-l.¢
up to a specified battery end-of-charge
voltage Vgat eoc

b. Charging at constant end-of-charge
voltage Vgateoc down to a “finishing
charge rate” lgat,c finish-

Charging
procedure
for test
purposes

3. | The cell or battery shall be stored in an
ambient temperature of 25 °C + 5 °C, for
not less than 1 h and not more than 4 h.

Idle time

4. | Inthe same ambient temperature the cell or
battery shall then be discharged at a
constant current of 1/n-l,¢ to battery end-
of-discharge voltage Vg, eop (See Figure
10). The electric charge AQ, delivered
during discharging, shall not be less than
the rated capacity C,, i.e. for the constant
current discharge time tcc pyn till end-of-
discharge voltage is reached it is valid

tec,pun = N-h and tee pun > tmingob,ce,pum -

Discharge
performance
with
constant
current

Table 1: Rated capacity verification test

In this regard n determines the fraction or multiple of Il For
example, if n = 5, then the discharge current used to verify the
rated capacity shall be -0.2-l,¢. If n = 1, the discharge current used
to verify the rated capacity shall be 1.0-ls.

Considering s > 0 the following formula can be used for
calculation of the change of stored electric charge AQ during



discharge in rated capacity verification test. With constant current
discharge time tccp till end-of-discharge voltage is reached it

results
tCCD tCC b
‘ | 1 ‘
AQ = J. _ref =L ' J.dt
Q [ n n ( ref) (41)
=0 =0
1 1
=] -t > .n-h=1 .h=C
n ref "*CC,D n ref ref n
(tCC,D 2 tmin,eoD,CcC,D1/n =N - N )

If rated capacity is ideally determined, it is tcc p = tmineob.ccpin=
=n-h. Thatis

q=0 q(SOC=0%)

AQ=C, = .[dq = .[dq (42)
9=C, q(SOC=100%)
p Ve [V]
| |
Veagoc |----- a: ————————————————————————————————————— R
|
! VBat, 0CV,BOL !
| |
i Discharge with agreed 3
! (1/n) Les according to !
Viagop | - IBC626202014 Clawse6-31
| |
I
| |
I |
| ! |
| ! |
| ! |
i | i
| | Fully charged according to |
| i IEC 62620:2014 Clause 6-2 |
| ! |
| I
| |
I .
7 — Ah
0 ~— - alan]
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Figure 10: Verification of rated capacity C, specified for
beginning of life (BOL)

Rated energy storage capacity EC,

The reference value “rated energy storage capacity” EC, is a
calculated value. It cannot be measured directly. The rated energy
storage capacity of a cell or battery between full and empty state
is derived by using rated (charge) capacity C, and battery open-
circuit voltage Vgaocy () at conditions specified by the
manufacturer:

q(SOC=100%)

EC, = J‘VBat,OCV (Q) dg = J‘VBat,OCV (Q)'dq (43)
q(S0C=0%) q=0

q=C,

Rated energy storage capacity is an energy value and usually
expressed in kilo watt hours. For rated energy storage capacity
also the terms “rated energy capacity”, “rated maximum energy
content”, “rated electrochemical energy capacity”, “nominal
energy capacity” or “installed energy capacity” can be found.
Similar to rated capacity C, the rated energy storage capacity is
usually related to beginning of life (BOL) of a battery. This
means that at BOL and SOE=100% (fully charged) the energy
storage capacity EC is equal to the rated energy storage capacity
(see Figure 11).

For rated capacity verification test the following equation can be
used for calculation of the change of stored energy AEgreq at
beginning of life (BOL). With constant current discharge time
tecp till end-of-discharge voltage is reached it results
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tCC‘D

J VBat,0cv ,BOL (t)'[_
trun =0

I ref
‘AEstored ‘ = -dt
n
tCC‘D

1
N '(_ et ) JVBat,OCV,BOL(t)dt
taun=0

(1)

(44)

tmin, EOD,CC,D1/n

JVBat,OCV sou (t)dt] =EC,
taun=0

\

>t

(tCC,D min,EOD CC,D1/n =n-h)

If rated energy storage capacity is ideally determined, it is
tee,p = tmingob,ce,orn = N and | AEgoreg | = ECi.

VBa,ocv,poL

|
I

VBa.t,EOC ****** 4‘ 7777777777777777777777777777777777777 ——————
|
|
|

Viatgop === oo

BOL: EC =100% EC,

Ca

EC,
100%g oL
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g[Ah]
Estored [kWh]
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0 [BOL: Cpor = 100% C, |

Figure 11: Rated energy storage capacity EC, derived from open-
circuit voltage at BOL

Nominal battery voltage Vgatnominal

Nominal voltage (according to [3]) is a suitable approximate
value of the voltage used to designate or identify a cell, a battery
or an electrochemical system. The nominal voltage is typically
specified by the manufacturer. The following formula can be used
to determine a reasonable value for nominal battery voltage

ECy (45)

VBat,nominaI =
C,

Reference (test) power values P and Piesp
The reference power (P > 0) shall be specified as

I:)ref :VBat,EOD ’ Iref (46)

with l.s as reference (test) current (lres > 0) and Vgateop as end-
of-discharge voltage as declared by the manufacturer (Vgateop >
0). So if for example the manufacturer declares end-of-discharge
voltage as Vgaeop = 650V and the reference current as l¢s = 60A,
the reference power is Pyt = 39kW.

The reference power Py is intentionally defined by using the end-
of-discharge voltage Vgateop and not by using nominal battery
voltage Vgatnominal- BY this definition a kind of “verification test
discharge power” P pn, With which SOC=0% can be reached, can
be defined as

1 Pref

Pref n :VBat EOD " Iref =
’ ' n n

(47)



Thereby n is the time base for which the rated capacity C, is
declared. Typically it holds Prefn = Pgatcontpmaxempty and
Igatpfinish = 1/n lr¢¢ (See Figure 18).

Two other characteristic performance values are the following
charging or discharging times known from uninterruptible power
supplies (UPS).

Stored energy time te sored

Stored energy time (according to [8]) is the minimum time during
which a battery, under specified service conditions, ensures
continuity of load power. SO tg storeq IS the minimum time how
long a battery with a certain stored energy value can be
discharged with constant power at the battery terminals. Typically

it holds te stored = tmin,g0D,CP-

Thereby the battery is assumed sufficiently charged according to
‘restored energy time’ (see below). According to [8] the reference
temperature of the battery is usually 25 °C. Additionally the
temperature of the battery can be measured in order to derive a
necessary adjustment to the expected stored energy time. During
‘stored energy time test’ end-of-discharge voltage shall not fall
below the specified value before stored energy time tg sioreq has
elapsed.

Stored energy times can be provided with an index which may
include the constant battery terminal power as well as information
about discharging and battery aging. For example the time value
tesoreapiogor  SPecifies that at beginning of life (BOL) the
discharge with a constant discharge power pgy (t) = -X2Pf
between full charge and reaching Vgaeop lasts at least

tE,stored,DxZ,BOL-

Restored energy time te resored

Restored energy time tg restored (@ccording to [8]) is the maximum
time required to, under normal mode of operation and with the
charging capacity installed, recharge the battery so that stored
energy time can again be achieved. In this regard also none
constant power charging methods may be applied, to reach the
necessary stored charge value or stored energy value respectively,
e.g. ‘CV charging’. So usually it holds tg restored # tmin.oc,cp-

Rated battery discharge efficiency #p
Rated battery discharge efficiency is the discharge efficiency for
discharging the battery with igy (t) = -1/n-l,¢ for rated constant

current end-of-discharge time tyineop,ccpun = N-h starting from
SOC = 100%

tmin, EOD,CC,D1/n

1
H ’ (_ Iref ) IVBat (t)dt
Mo = MlBat‘ _ tin=0
pn ‘AEstored ‘ 1 tmin,EOD,CC,D1/n
— =1 ) v t)dt
n ( ref ) Bat,OCV,BOL( ) (48)
=0
tmin, EOD,CC,D1/n
[Vea Ot
tun=0

tmin,EOD,CC,D1/n

Vgat,ocv so (1)dt
=0
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Typically rated battery discharge efficiency #p,, is determined at
beginning of life (BOL) and for certain conditions specified by
battery manufacturer. So rated battery discharge efficiency can be
determined during rated capacity verification test and may be
used as battery acceptance criterion.

If rated capacity C, is properly defined by the manufacturer, at
beginning of life the real constant current end-of-discharge time
teop,cc IS equal or higher than tmineop.ccpun- The end value for
integrals in equation (48) is always tmineop,cc.oun- If rated energy

storage capacity s ideally  determined, it is
teop,cc = tmin,eop,cc,oum = NN, Than it holds |AEgred | = ECy and
tmin, EOD,CC
[ Pear 0t
Ton = (49)
’ EC,

Assuming that the battery terminal voltage vgy (t) is only depen-
ding on open-circuit voltage Vg, ocy (t) and on the voltage drop
over the internal battery resistance R;, it is
Vgat (1) =Vaat ocv (1) + R; +igar (1)
Thereby pgat (t) can be calculated by
Paa () =Vaarocy (1) - igar (1) + Ry -1 (1) -
With iggt (t) = -1/n-ly¢s it results

tmin‘ EOD,CC,D1/n
: 2
’\NBat‘ = Veatocy (1) "Tgar (1) + Ry -1y ()dt

tyn=0
|
f
+R; | - ©
n n

Iref
= j Vgat,ocv (1) '(—
tun=0

_ _Iref
n

1
= ‘AEstored ‘ 7 R et
n

(50)

(51)

tmin‘ EOD,CC,D1/n

2

<0 >0

tmin, EOD,CC,D1/n I
ref
J jVBat,ocv t)dt| - |R; ( 0

tn=0

2 tmin, EOD,CC,D1/n
J jdt
tn =0

2t
* 'min,EOD,CC,D1/n

By that it is valid

1
MBat‘ ‘AEstored‘ _I’IT "R+ gt 2 'tmin,EOD,CC,Dlln
o= ‘AEStOfed‘ B ‘AEstored‘ (53)
1 2

7 Ri - et - tmin,ODCC,DL/N
=1-

‘AEstored‘
If rated energy storage capacity is ideally determined, it holds at
beginning of life and at specified conditions

h 2
F . Ri,BOL . Iref

EC

Npn =1- (54)

n

5 Characteristic values for constricted
operating ranges

The height of battery current and battery power is decisive for the
SOC value to which a battery can be charged or discharged.
Therefore operational values limit the SOC range in which a
certain constant current or power can be applied on the battery.
The electric charge which is available between these SOC limits
is the usable capacity Cys at certain operational conditions. There
are different values which describe the constricted operating
ranges of batteries.



Usable capacity regarding constant battery current Cyg cc

The usable capacity Cys cc is the capacity of a cell or a battery

which can be used at certain operational conditions with certain

charge or discharge currents. Like capacity C the usable capacity

Cusecc s specified at certain operational conditions. The (actual)

capacity C of a battery is always equal or higher than the usable

capacity.

Due to possibly higher battery discharge currents than

igat (t) = -1/n-l,¢s the end-of-discharge voltage can be reached at a

higher SOC value than 0%. This is depicted in Figure 12, in

which the three blue curves show the terminal voltage vgq (1), if

the battery is discharged with three different battery currents igy (t)
starting from a fully charged battery. The graphs are valid for

beginning of life and it holds 1/n<x3<x2<x1. If only the discharge

rate is given in the index of usable capacity Cyscc , €.9. D for

‘discharge’ and “x1” for the C-rate, the discharging to determine

the usable capacity Cyse cc pxi always starts from SOC=100% (see

Figure 12). Besides discharge rate also further specific battery

discharge conditions like battery aging value can be added in the

index of usable capacity Cse cc.

Similarly also at a higher charge rate the end-of-charge voltage is

reached at lower SOC values than at lower charge currents. In

Figure 13 the three green curves show the terminal voltage vgy (1),
if the battery is charged with three different battery currents iga (t)

starting from an empty battery. The graphs are valid for beginning

of life and it holds 1/n<y3<y2<yl. If only the charge rate is given

in the index of usable capacity Cys cc, €.9. C for ‘charge’ and “y1”
for the C-rate, the charging to determine the usable capacity

Cuse,cc.cyn always starts from SOC=0% (see Figure 13). Besides

charge rate also further specific battery charge conditions like

ambient temperature can be added in the index of usable capacity

Cuse,CC-

Figure 12 and Figure 13 can be combined to a set of curves as

depicted in Figure 14, from which the usable capacity Cyse cc can

be derived for different constant charge and discharge currents.

For example in Figure 14 both, a certain discharge rate (e.g. ‘Dx1")
as well as a certain charge rate (e.g. ‘Cy3’), are used to specify the

usable capacity Cysecc.cyspxi- The resulting usable SOC range is

typically smaller than 100%.
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Sets of curves as depicted in Figure 14 shall be provided by the
manufacturer for
e discharging currents in the range
IBat,D, max < iBal (t)S '1/n Iref, and fOf
e charging currents in the range
1/ﬂ Iref, < iBaI (t) < IBat,C, max+
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Since battery aging has a decisive influence on the usable
capacity (see Figure 14 and Figure 15) the set of curves for usable
capacity determination are typically provided at least for
beginning of life (BOL) and for end of life (EOL).

The advantage of this definition of usable capacity is, that a kind
of ‘usable capacity verification test’ can be performed similar to
the ‘capacity verification test’.

Also time values with constant charge or discharge current can be
used to specify the (minimum) usable capacity of a battery.

Usable constant charge and discharge current times
Additional to constant current end-of-discharge times tmingop.cc,
teop,cc and constant current end-of-charge times tmineoc.cc,
teoc,cc, Which only consider the lower or the upper SOC limit,
further ‘usable constant current times’ can be given for a certain
usable capacity. For example regarding the usable capacity
Cuse,cc.cyspxi,goL Shown in Figure 14 the usable constant current
times tmin,use,cc,cyz oL aNd tminuse.cc,xt,goL Can be specified. The
usable constant current time tminuse.cc,cya,poL defines the minimum
time for charging from minimum SOC to maximum SOC of
usable capacity Cysecc,cys,nxi,80L With a constant charge current of
igat(t) = Y3l at beginning of battery life. Accordingly the usable
constant current time tminuse.ccpxi,gor Means the minimum time
for discharging from maximum SOC to minimum SOC of usable
capacity Cysecc,cyspxigor With @ constant discharge current of
igat(t) = -X2l,f at beginning of battery life. Usable constant current
times depend on battery age and are defined for certain
environmental conditions specified by the manufacturer.

Similar to the definition of usable capacity regarding constant
battery current the usable capacity regarding constant battery
power can be defined.

Usable capacity regarding constant battery power Cyeecp
The usable capacity is the capacity of a cell or a battery which can
be used under certain operational conditions with constant charge
or discharge power. Due to possibly higher battery discharge
powers than pgat (t) = -1/n-Pyes the end-of-discharge voltage can be
reached at a higher SOC value than 0% (or at higher SOE value
than 0% respectively). Similarly at a higher charge rate the end-
of-charge voltage is reached at lower SOC values (or SOE values
respectively) than at lower charge powers. Furthermore for high
charge rates the minimum SOC value, at which this high charge
power is possible, can be higher than SOC=0% (see z4P.; in
Figure 18).

By using the sets of curves as depicted in Figure 14 or Figure 15
envelopes for charge and discharge operations can be derived as
depicted in Figure 16 and Figure 17 for BOL and EOL.

As shown in Figure 18 and Figure 19 these envelopes can be used
to determine the usable capacity Cys regarding constant battery
charge and discharge powers.

For example the usable charge capacity Cyse cp,c.4px1 SPecifies the
usable capacity with constant discharge power x1P,, and constant
charge power z4P.:. So ‘Dx1’ specifies discharging with a
constant power with a CP-rate of X1 (pgat (t) = -X1-Pyef) and ‘Cz4’
specifies charging with constant power with a CP-rate of z4 (pgat
(t) = 24-Pres).

Again the set of curves for usable capacity are typically provided
at least for beginning of life (BOL) and for end of life (EOL) (see
Figure 18 and Figure 19).
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Usable constant charge and discharge power times

For a constant power discharge starting from full state the
minimum discharge times (= stored energy times) can be added in
Figure 16 and Figure 17 as depicted in Figure 20 and Figure 21.
Furthermore for SOC ranges at which a certain constant power
charge is possible, the minimum charge times (= restored energy

times) are put in Figure 20 and Figure 21. It should be noted that
it is not possible to directly draw conclusions from the depicted
SOC ranges to the actual constant charge and discharge power
times. These time values are typically provided by the battery
manufacturer regarding a certain SOC range, a specified battery
age and given ambient conditions.

‘Usable constant power times’ can be specified for usable
capacities additionally. For example for the usable capacity
Cuse,cp.c24px1,8oL Shown in Figure 18 the usable constant power
times tminuse,cp,c2480L aNd tminusecpoxi,goL Can be specified (see
Figure 22). The usable constant power time tpinuse.cp,px1 8oL
means the minimum time for discharging from maximum SOC to
minimum SOC of usable capacity Cysecp,cupxpol With a
constant discharge power of pga(t) = -x1P,s at beginning of
battery life. The time duration tyin use.cp,0x1,80L Can also be seen as
usable stored energy time tggworedusepxipoL- Accordingly the
usable constant charge power time tminuse.cr,czspoL defines the
minimum time for charging from minimum SOC to maximum
SOC of usable capacity Cyse cp,c4px1,8oL With a constant charge
power of pgar(t) = 24P, at beginning of life. Since the battery is
always charged with constant power, to restore the maximum
SOC value of the usable capacity Cysecp,capxipoL the time
duration tpinusecp,cz4poL Can also be seen as usable restored
energy time te restored,use.c2poL. With reduction of the usable
capacity due to aging also the usable constant power times are
reduced (see Cysecp,cpxieoL IN Figure 23). The time values
tmin,use.cp,ox1.80L AN tminuse.cp,cz4oL Shall be provided by battery
manufacturer.

In regard to UPS applications usable constant power times and
usable (re)stored energy times can be specified by the
manufacturer for a certain battery age and for certain enviromen-
tal conditions.

SOCEoL
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Usable energy storage capacity EC
The usable energy storage capacity (or ‘usable energy capacity’)
is the energy storage capacity of a cell or a battery which can be
used under certain operational conditions. For usable energy
storage capacity the sign ECs shall be used. Equation

A(SOCz)

[Veaocv (@-dg
q(SOCyin)

EC,. = (55)

use

can be used to calculate usable energy storage capacity ECs (See
Figure 24).
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Figure 24: Determination of usable energy storage capacity
regarding constant powers at BOL

Additionally with formula
a(soc)
[Vaatocy (@)-dd

_ Estored _ Q(soc=o%)
SOE(SOC)* EC  Q(S0C=100%)

IVBaI,OCV (9)-dq
q(SOC=0%)

(56)

and from usable capacity Cs the usable energy storage capacity
and its dependency on SOE can be derived (e.g. see Figure 18 and
Figure 25).
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Figure 25: Envelope of allowed battery charge and discharge
powers at BOL referred to SOE with usable energy storage
capacity

As with usable capacity, also usable energy storage capacity can
be specified regarding constant battery current ECyecc and
regarding constant battery power EC e cp.

Similarly the usable energy storage capacity at certain operational
conditions can be specified by the related minimum and
maximum SOE limits. The (actual) energy storage capacity is
always equal or higher than the usable energy storage capacity.
Besides operational conditions also battery aging and
environmental conditions have got a decisive influence on usable
energy storage capacity of a cell or a battery.

6 Conclusions

A consistent set of characteristic battery values is presented in
this article. Even if there are some simplifications and some
ideal assumptions the definitions can built a good base to
achieve a common understanding regarding battery
performance values for battery manufacturers and integrators
of battery storage solutions in electrical power systems.
Especially the presented power and energy values as well as
the clarifications regarding usable energy storage capacity and
usable constant power times support the comprehension of
energy providers regarding performance capability of
batteries. In general the values characterized in this article are
well suited to be used for the design of battery storage systems
and as criteria to examine the performance of batteries and
secondary cells.

In addition to the presented set of battery values further
distinctive battery values applicable for determination of
battery performance can be found in literature and for practical
applications. Regarding battery aging the terms ‘state of
health’ (SOH) and ‘equivalent cycle’ are important values not
treated in this article (see [9]). Also the measurement of
internal a.c. and d.c. resistance as described in [6] can be used
as acceptance criterion of batteries.
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