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Abstract: The connection of renewable energy sources to local low voltage networks is becoming more accepted as electrical
power networks progress to higher renewable penetration. Renewable energy resources, for example wind and solar, are
highly dynamic and intermittent compared to more traditional generation sources, which imposes increasing challenges to
the electrical network operator in terms of effectively managing the resource to maximize energy transfer and maintaining
system stability. Therefore, transient energy storage systems (TESSs), for example electro-chemical batteries with fast
charging/discharging capabilities, are suitable candidates to improve the availability and reliability of connected renewable
systems. In this paper, two potential TESS technologies are presented, the Lithium-ion (Li-ion) and Sodium-nickel chloride
(NaNiCl2) battery, and their feasibility to improve power systems in term of power delivery and frequency fluctuations
compared. Experimentally validated battery models are presented and used to investigate the TESS performance in terms of
State-of-Charge (SoC), terminal voltage variation, peak current, power, energy and efficiency. The models and general design
procedure may be applied to other system ratings and duty variations.
1. Introduction
In the absence of any disrupting politics, it has been
predicted that by 2050 there will be a 70% increase in oil
consumption and a 130% increase in carbon dioxide (CO2)
emissions, increasing global average temperatures by 6oC [1].
As a result, the Committee on Climate Change (CCC) set an
ambitious target for the UK to reduce CO2 emissions by 60%
by 2030. Given current and predicted usage based on fossil,
this target alone will require significant capital transformation
of the UK electricity generation market. This monumental
shift in energy conversion and utilization in the coming 10
years is aimed at driving the UK to meet the previously
agreed 2050 target of 80% reduction in carbon emissions
from 1990 levels [2-4]. One potential solution to reduce
carbon emissions is the greater increase of renewable energy
sources. Indeed, the UK has seen a great inception of bulk onshore and off-shore wind energy conversion systems in recent
years. Bulk solar generation does not appear as a significant
impact on grid generation statistics in the UK, but it is having
greater contribution at the low voltage (240V-415V)
utilization end of the electrical network. Hence, the total solar
energy input is not well understood. However, the uptake of
smart metering and data collection will improve this
understanding in coming years.
A particular aspect of renewable energy resources is
that they have comparatively low transient energy capability
and, as such, reduce the total electrical power system stored
energy - often referred to as system inertia. Further, this low
transient energy capability increases the specification
requirements of other interconnected components, or reduces
the energy conversion capability of the renewable resources.
For conventional electrical power networks, frequency is the
stabilizing measure with voltage control and circuit selection
used to manage energy transfers. With the inception of more
renewables, distributed generation and interfacing power

electronics, system frequency will still be of paramount
importance for years to come to fully capitalise on existing
equipment and plant, since many distributed generation and
utilization systems, as shown in Fig. 1, will still interconnect
to higher voltage AC systems for bulk energy transfer. Fig. 1
illustrates a number of renewable energy conversion schemes
and their power electronic interface to electrical power
networks (and connections). The electric generator could be
the machines in a wind energy system or waste gas system.
Fig. 1 distinguishes between energy (steady power delivery)
sources and power (transient power delivery) sources. Here,
electro-chemical batteries could be designed and rated for
constant energy delivery, transient peak power delivery, or a
combination of both requirements, as eluded to the figure.
This paper studies the application of two electro-chemical
battery technologies for grid fast frequency response
applications.
To manage variances in renewable energy generation,
Transient Energy Storage Systems (TESSs) are presented.
According to the HIS Markit report [5], global TESS
installations have reached 10.4GW as of the first quarter of
2018. These reported TESSs, are of different battery
chemistries and architectures, and provide various grid
services including frequency regulation, voltage support,
peak power shaving, demand reduction, renewable energy
smoothing and leveling, support for power reliability, energy
arbitrage, power quality, reducing losses and islanding
operations [6]. Fig. 2 gives general indication of the
technology share of installed capacity of battery energy
storage systems in the world reported to date [7].
Electrochemical batteries are a compact and efficient
solution techno-economic for TESSs. To develop the battery
power demand, a frequency control method is studied. The
National Grid Electricity Transmission (NGET), the primary
electrical power grid controller in the UK, to guide equipment
suppliers in the design of their systems and specifically with
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a faster frequency response service, called Enhanced
Frequency Response (EFR), guaranteeing the grid frequency
at 50Hz [8]. To date, there is no specific academic research
work reporting on the performance of Sodium-nickel
Chloride (NaNiCl2) battery for power systems, this is one
contribution of this paper.

Fig. 1. Interface of renewable energy sources to electrical
power grids.

Fig. 2. Technology share of the installed TESSs
worldwide [34].
In [5], three battery control strategies on the basis of
an ideal battery model which only considers the State-ofCharge (SoC) changing with battery output power. Actually,
the battery parameters not only change with SoC, but power
output or current, internal resistance and Open-Circuit
Voltage (OCV). Moreover, if the power grid suffers a long
time period of frequency fluctuation, to control strategies
require the battery system to stop working 15 minutes until
the power grid frequency returns back to steady-state. This
and other features are documented in detail in the NGET [9]
Service Performance Measures (SPM) document [9].
In [10], battery power output and SoC performance are
analyzed and assessed for a half day from 00.00am to
13.00pm. In this paper, the worst case monthly and daily
frequency variation is chosen from NGET supplied grid data
from 2014 to 2018. A NaNiCl2 battery model is presented in

[11], but battery internal resistance is only considered at one
current rate. In this paper, internal resistance changes with
current rates and SoC. In [12], the renewable energy system
battery stored energy and peak power the difference between
the peak power and total power demands. Whilst, to avoid
overcharging of the TESS units when their SoC level reaches
their maximum limit (i.e. SoC = SoCmax), the battery systems
either becomes disconnected or switches to discharge mode
via an external resistance.
Most of the reported literatures utilize optimization
methods to size the TESSs. Although simplified models are
suitable for numerical optimization, they neglect or only
roughly estimates the power loss of the energy storage units
without consideration of thermal loss. Hence, the actual
power loss, TESSs performance, utilization efficiency and
sizing volume of TESSs cannot be fully described. At best,
their model is based on the idealized battery model. However,
the nonlinearity of the TESS makes it too complicated for
conventional derivative-based methods to solve the
optimization problem without compromising system design
in some aspect, for example actual loss and temperature rise,
so that additional optimization algorithms are required.
The motivation of this paper is to investigate the sizing
and performance of two types of TESSs batteries based on Liion and NaNiCl2 battery chemistries. For the power systems,
the rating of the battery is mainly determined by the peak
power demand in power system operation. In power
distribution networks, the system frequency changes
constantly due to the imbalance between power demand and
total generation. If power demand is much over or under
generation, it will lead to a frequency excursion. Therefore,
maintaining the grid at a nominal frequency (50Hz for the UK)
requires the optimal management of many different and
distributed generation sources against varying loads. As
discussed, this issue is becoming more and more challenging
due to the spread of renewable energy and loss of
conventional sources. Further, transients are exacerbated by
the loss of traditional system inertia. Battery systems may
help mitigate some of these problems. This paper studies both
NaNiCl2 and Li-ion battery technologies employed in a TESS
for grid frequency support.
2. Battery Technologies
Battery storage technologies being considered for
TESS applications are listed in Table 1 to inform a
comparison on their relative merits. The list is by no means
extensive, but highlights recently reported studies. It can be
seen that the Li-ion and NaNiCl2 batteries compare very well
with other competitors, except for lithium-sulfur (LiS),
particularly in the area of specific energy. Sony, which
commercialized the first lithium-ion battery, plan to introduce
LiS batteries to the market in 2020 [13]. The Li-ion battery is
popular and finding wide use, while the NaNiCl2 battery is
less popular because of its high internal operating
temperature. However, the NaNiCl2 battery has advantages
and characteristics pertinent to electrical power systems and
the technology is competitive with Li-ion batteries in terms
of energy and power densities.
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Table 1 Overview of Electrochemical Storage Technologies for TESS.
Technology

Specific
energy
(Wh/kg)

Specific
power
(W/kg)

Charge/
discharge
efficiency

Nominal cell
voltage (V)

Cycle life
(cycles)

Lifetime
(years)

Lithium-ion (LiFePO4)

100-265

250-340

85-99%

3.2

4,000-10,000

7-12

120

180

90-95%

2.58

1,000-4,500

15

100-120

200

75-85%

2

4,300-6,000

<15

Lithium Sulfur (LiS)

<500

/

/

3

1,000-1,500

/

[19]

Nickel cadmium (NiCa)

40-60

150

70-90%

1.2

2,000

/

[14]

Nickel-metal (NiMH)

60-120

250-1,000

66-92%

1.2

180 -2,000

<5

[16]

Redox flow

10-50

/

85%

1.15-1.55

15,000-20,000

20-30

[20]

Lead-acid

35-40

180

50–95%

2

<350

3-5

[17]

Sodium-nickel chloride
(NaNiCl2)
Sodium Sulfur
(NaS)

Li-ion batteries have made great progress in recent
years. Li-ion battery technologies power many mobile
applications, from mobile phones and laptops to energy
storage systems (ESS) in electric vehicles (EVs) and power
grids applications. In 1990, Sony produced the first
commercial Li-ion batteries. Since then, Li-ion batteries have
greatly improved in energy density from 100 to 265 Wh/kg
and cycle life from 4,000 to as high as 10,000 cycles. The
efficiency of Li-ion batteries is quoted as between 85-99%
which is another distinct advantage comparing with other
batteries.
Table 2 Application Examples.
Tech.
LiFePO4
NaNiCl2
NaS
LiS

NiCa

NiMH
Redox
flow
Leadacid

Typical Usage
-Cars, PV systems, expensive
-Load shifting
-Commercial ancillary services
-Delivery cars, mainly used in
EV/HEVs
-High temperature
-Support the electric grid
-For space applications
-Automobile starting
-Lighting and ignition (SLI) batteries
-Small cells for portable electronics
and toys
-Large flooded cells for aircraft
starting batteries, electric vehicles
and standby power
-Small rechargeable batteries
-Applications of NiMH EV batteries
include all-electric plug-in vehicles
-Power and energy scaling
-Military electronics
-Uninterruptible power supply (UPS)
type applications
-Backup systems, inexpensive
-Frequency regulation
-Spinning reserve

Ref.
[16]
[17]
[18]
[19]

[14]

[16]

[20]

[17]

Ref.
[14]
[15]
[16]
[14]
[17]
[16]
[18]

Li-ion batteries occupy over half of the small
electronic devices market. However, it is still a challenge to
produce large-scale Li-ion batteries. The main problem is the
high cost (> £450/kWh) due to special packaging and internal
overcharge protection circuits [21]. Currently, several
companies are working to reduce the manufacturing cost of
Li-ion batteries to capture large energy markets [21].
A typical NaNiCl2 battery exhibits a high energy
density of 120Wh/kg (3-4 times higher than lead-acid and 23 times nickel-cadmium batteries). The NaNiCl2 battery also
offers significant cycle life, very low maintenance, is
unaffected by ambient temperatures, has no out gassing, zero
self-discharge and cells fail to a low resistance. Hence, series
connected strings containing failed cells will continue to
operate. Thus, the NaNiCl2 battery has good power and
energy densities, and other attribution that makes it a
promising candidate for electrical power grid energy storage
systems [22].
A NaNiCl2 cell is made of solid nickel conductor
surrounded by a mixture of nickel chloride (NaCl2), nickel
(Ni) and liquid electrolyte at the positive electrode and molten
sodium at the negative electrode separated by a solid beta
alumina ceramic electrolyte. The negative electrode consists
of liquid sodium, Na (like NaS) and the positive electrode is
NiCl2. In addition, a β-alumina electrolyte is used, but also
other liquid electrolytes (sodium chloroaluminate) are used
that allow rapidly transport of Na ions from the NaNiCl2
electrode to and from the ceramic electrolyte [23]. During
discharge, positive sodium ions flow through the electrolyte
and electrons flow in the external circuit of the cell producing
an OCV of around 2.57V. The best cell temperature
performance range is between 250℃ and 350℃ [24-25], but
the battery is generally kept about 300℃. Being thermally
insulated, the battery performance is not significantly
affected by terrestrial temperatures [14].
Fig. 3 shows a stylized cross-section of a NaNiCl2
battery. The space between the walls is filled with insulation
panels 25mm thick made from foamed SiO2 with a density of
around 0.2 g/cm3. These panels are evacuated and permit a
heat conductivity as low as 0.005 W/mK [8]. For a typical
NaNiCl2 battery, this results in a heat loss of approximately
3

90W, which corresponds to 2.16 kWh per 24h if the system
is not operated. This thermal loss is not an issue in operation
because the normal efficiency loss of the battery is converted
to heat that maintains the battery temperature. At high
discharge loads, forced air ventilation is used to remove
excess heat.

where SoCini, Q, and it (t) represent initial SoC, battery
capacity in Ampere-hour (Ah), and instantaneous battery
terminal current, respectively.
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Fig. 4. Equivalent circuit model for Li-ion battery [21].

Cells

4.5

Open-circuit voltage
per cell [V]

Fig. 3. NaNiCl2 battery system components [8].

3. Battery Simulation Models
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3.1. Lithium Ion Battery Model
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The Li-ion battery model is derived from a basic
equivalent circuit that includes an Open-circuit Voltage
(OCV) that is a function of SoC, an internal resistance, Ro,
RC elements that reflect the polarization dynamic effects of
the battery cells. Vt and it (t) are the battery terminal voltage
and current respectively. Here a positive terminal current
indicates discharging as shown in Fig. 4.
The two RC pairs increase accuracy during transients.
The continuous time dynamics for the two RC networks are
similar and take the form of:
Vȧ = -

0.9

Va
Icell
+
Ra Ca
Ca

(1)

Vb
Icell
+
Rb Cb
Cb

(2)

Fig. 5. Li-ion cell OCV (Panasonic NCR18650A) [21].
3.2. Sodium-nickel chloride Battery Model
The equivalent circuit of a NaNiCl2 battery is shown
in Fig. 6. As with Li-ion, the model includes an OCV that is
a function of SoC, as shown in Fig. 7. The battery internal
resistance is a function of SoC and charge/discharge current.
Two functions are used to model the internal resistance, are
for charging, Rc, and one for discharging, Rd. These are
considered in relation to the polarity of the battery current, as
schematically illustrated by the switches S1 and S2 in Fig. 6.
S1

it (t)

+

Rc = f (SoC, it (t))

It

S2

(3)

Vt = Vcell ·Ns

(4)

it =icell ·Np

(5)

Vt = f (SoC, it (t))
Rd = f (SoC, it (t))

LOAD

Vcell =OCV - Va - Vb - Icell Ro

OCV = f (SoC)

where the parameters are as referenced in Fig. 4, and Icell is
related to the battery terminal voltage Vt by the number of
series cells Ns forming a string. The terminal current, it , is the
sum of the parallel strings, Np . The OCV curve is a function
of SoC, as shown in Fig. 5 which is typically measured by
Hybrid Pulse Power Characterization (HPPC) tests [21].
Battery SoC out is calculated using (6):
τ

∫ it (t) · dt
SoCout = SoCini - 0
3600 Q

(6)

Fig. 6. Equivalent circuit model for NaNiCl2 battery.
The battery terminal voltage during discharge and
charge are given by (7) and (8) respectively:
Vt = OCV - It ·Rd

(7)

Vt = OCV + It ·Rc

(8)

Both the nonlinear OCV function and resistance
characteristics are obtained from cell experimental test data
during battery dynamic assessment. The model performance,
in terms of battery voltage, current and energy flow, is
validated by test data from DESERVE, a UK TSB-funded
project [23].
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Fig. 8(a) shows the measured NaNiCl2 cell internal
resistance as a function of the SoC for different discharging
current. Fig. 8(b) shows cell resistance while as a function of
the charge current.
Open-circuit volatge
per cell [V]

2.70
2.65
2.60
2.55
2.50
2.45
2.40
2.35
2.30
2.25

4

1
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Fig. 7. Typical NaNiCl2 cell OCV (Beta Z5-278-ML3-76).
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Fig. 8. Discharging internal resistance for cells.
140
-7.5A
-5A
-2.5A

Internal resistance [mΩ]

120
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-6A
-4.5A
-1.5A

-5.5A
-3.5A

80
60
40
20
0
1

reported in [21] and DESERVE [23], respectively. Table 5
summarises the main terminal , temperature and mechnical
data for the cells. The battery cell data will be scaled in
section 5 to develop the TESS battery requirements.

0.9
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0.7

0.6

0.5
0.4
SoC [pu]

0.3

0.2

Fig. 9. Recharging battery cell resistance.
Table 5 Data for Li-ion and NaNiCl2 cells.

Enhanced Frequency Response Specification

National Grid Electricity Transmission (NGET) are a
UK electrical transmission operator permitetd to develop,
operate and maintain a high voltage system within England
and Wales. NGET presented a specification requirement for
the provision of Enhanced Frequency Resonse (EFR)
equipment to help maintain system frequencies at the niminal
50Hz when the system is subject to power transients [9][26].
Fig. 10 and Table 3 and 4 sumarise the specification.
Referring to Fig. 10, at frequencies less than 49.5 Hz or
greater thatn 50.5 Hz, the TESS supplies +100% or -100%
respectively. Here +100% equals to providing energy into the
electrical power grid, i.e. battery discharging, whereas -100%
equals to the TESS receiving energy from the grid, i.e. battery
charging.
In between 49.5 Hz and 50.5 Hz c and d in Fig. 10, a
‘dead-band’ region is allowed where the TESS may vary
power charge or discharge in order to account for system
losses and maintain TESS SoC. The dead-band power
constraint between c and d set from a minimum of -9% to a
maximum of +9% of the nominal maximum power. That
means in dead-band area, charging or discharging must not
over 9% of the maximum EFR power [9]. As frequency varies
between b-c and d-e the TESS control algorithm follows
either the upper or lower controller trajectory either side of
the DB limit depending on the tread in frequency, i.e. either
increasing or decreasing. The NGET specification
requirements quote two services 1 and 2, which have slightly
different frequency and power break points, as detailed in
Table 3 and 4. The 100% power is tageted at systems between
1 and 10MW. In this study, a 1MW system will be considered
(as 100% power), such that other power levels may be easily
scaled.
t

Technology

Cell capacity (Ah)
Cell mass (kg)
OCV (V)
Max. regen voltage (V)
Min. OCV (V)
Max. discharge current
(A)
Operating temp. (℃)
Ambient temp. (℃)

Li-ion
NCR18650A
[10] [21]
2.3
0.0475
3.6
4.2
2.5

[11]
38
0.695
2.57
2.68
2.3

1.475

1.037

+5 to +60
-20 to +50

270
-40 to +50

Upper limit

NaNiCl2

Cell dimensions
(W×L×H) mm

18.5×6.6×65.3

33×33×220

Cell volume (m3)

7.973×10-6

2.396×10-4

The Li-ion and NaNiCl2 cell OCV and resistance data
are determined from test on the two cell technologies, as

u
Output Power (%)

Configuration

DB

frequency (Hz)

Lower limit

v
w
x
y

z
a

b

c

d

e

f

Fig. 10. NEGT specifications EFR envelope
Any deviation away from the desired frequency
response of Fig. 10 would, in service, result in a penalty to
the service provider, to provide an incentive to always stay
within the prescribed response limit.
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Table 3 EFR Envelope Frequency Hz [9]

power, PNG , and energy, Es profiles, as illustrated in Fig.12
for service 1. For a start SoC of 0.5, a dead-band of 0.48%
charging returns battery SoC back to approximately 0.5 at
the end of Oct. 2015, as will be illustrated later.

Table 4 Power (%) Boundaries [9]

a

Most of the existing research to-date is focused on
power system load forecasting and control algorithms of
TESSs [27], for example, frequency regulation including
energy management strategies for EFR [28], black start and
voltage support services [29]. An energy balancing
management strategy for EFR to manage under frequency to
a nominal value and improve system frequency post-fault are
discussed in [30]. Engineering experiences from TESS
projects are reported in [28]. The projects consider frequency
regulation, power quality and reliability improvement of
power systems. However, existing literatures rarely discuss
the system operating performance and detailed design of the
TESS encompassing system terminal voltage, current, SoC
and system dynamic operation. Further, the TESS battery
energy is generally proposed but not justified via calculation,
a point addressed by this paper.

b
Fig. 12. Calculated power and energy from October 2015
frequency data set.
(a) Power demand, (b) Battery energy demand.
The battery size is determined by the maximum value
of PNG and energy capacity Es required to sustain performance
over the time audit of interest. In this paper, the TESS energy
is based on monthly operation. The energy is simply
calculated from:
t

Es =
0

Fig. 11. NGET frequency dataset for October 2015 [31].
In order to calculate the performance of TESSs, on the
basis of the EFR specification of Fig. 10, grid frequency data
for 2014-17 inclusive was provided by NGET [31]. The
analysis of TESS operation over all of these years is out of
the scope of this paper. Here, the data from October 2015 is
used as input to the TESS simulation, as illustrated in Fig.11.
October 2015 is chosen as an example month since the 21st
Oct. 2015 has a sustained period of low frequency, as shown
in the magnified region of Fig. 11. The monthly frequency
data of Fig. 11 is used along with the EFR specifications of
Fig. 10 and a suitable dead-band setting to calculate the TESS

PNG dt

(9)

The target range of SoC is taken as 0.40 to 0.55, as for
[8]. However, a wider range could be taken, though this is not
expected here. It is worth noting that the NGET frequency
data drives the TESS calculation. However, if that is actual
measured frequency, the power network will have already
reacted to system transients to maintain system stability.
Therefore, the sizing for a future scenario where there is less
inertia on the power system, will result in a TESS of higher
peak power and larger energy. Not withstanding this point,
the procedure discussed in this paper can be applied to
calculate TESS size and performance.
5

Power Network TESS Model
The cell models of Section 3 can be scaled to realise
TESS battery models. A nominal battery voltage of 600VDC
is chosen as this corresponds to industrial rectified 3-phase
mains voltage in the UK. Connection of TESS is then via a
DC to AC power electronic converter, step-up transformer
and suitable switch gear. The set-up transformer may output
at 11 or 33kV.
6

Table 6 Data for Li-ion and NaNiCl2 battery pack.
Technology
Li-ion [10][21]

Configuration

6 cells in series,
74 cells in
parallel
232
444
33.75
5.3

Capacity (Ah)
Number cells per pack
Pack mass (kg)
Pack capacity (kWh)
Pack peak power
(kW)
OCV (V)
Max. regen voltage
(V)
Min. OCV (V)
Max. discharge
current (A)
Pack specific power
(W/kg)
Specific Energy
(Wh/kg)
Cooling
Operating temp. (℃)
Ambient temp. (℃)
Package Dimensions
(W×L×H) (mm)
Pack volume (m3)

NaNiCl2 [11]
1 string of 216
series cells
76
216
182
21.2

/

30

21.6

557

25.2

670

15

372

/

112

250

169

Water
+5 to +60
-20 to 50

119 (without
BMI)
Air
270
-40 to +50

685×300×75

530×826×296

0.0154

0.1296

225

The scaled Li-ion battery of Table 6 is based on the
Tesla model S battery configuration, chosen as it uses similar
cells to the NCR19650A and because there is reasonable data
available to help dimension total volume and calculate the
necessary cooling requirements and cooling energy
consumption Tesla [32]. The Li-ion system is therefore liquid
cooled as apposed to the NaNiCl2 system that is force air
ventilated. The two systems are compared in Table 6.
The battery models are implemented in
Matlab/Simulink and used to size the TESS in terms of the
number of packs and calculate system performance. Thus, the
following relationship hold:
Nb_s = max

Vdc-max Vdc-min
,
Vbreg-max Vbdis-min

Nb =

Ppk-dem
Pb-sp

Nb
Np-b =
Nb-s

battery system. In this case study, the system transient peak
power demand is -48% to 46% (for Oct. 2015).
Fig. 13 shows the simulation flow chart. System
frequency is the input data from which power demand is
calculated, battery sizing and performance calculated.

(10)

End

Fig. 13. Calculation flow chart for sizing and operation of
TESSs.
Iteration of the simulation model results in the
calculated number of battery packs suitable to satisfy the EFR
specification, as detailed in Table 7. Figs. 14 and 15 illustrate
typical performance results for the systems detailed in Table
7. Resistive loss and thermal heat loss are considered when
calculating total battery loss. The NaNiCl2 battery model
includes thermoneutral potential related heat process,
whereas this is negligible for the Li-ion case [33].

(11)
7
(12)

where Nb-s and Np-b are the numbers of series-connected and
parallel-connected battery cells in the TESS, Vdc-max and
Vdc-min are the upper and lower bounds of dc-link voltage,
Vbreg-max and Vbdis-min are the maximum regenerating and
minimum operating voltages per cell, respectively, 𝑁 is the
total number of battery cells, Ppk-dem is the peak power
demand, and Pb-sp is the battery specific power. The Es is the
actual value of battery-specific energy obtained by the pure

Conclusions
This paper investigates the performance of TESSs for
support of future electrical power grids where increased
renewables have lowered the system transient energy storage
capability. The study is based on NGET system frequency
data for October 2015, although the procedure may be applied
to other timeframes. Two different electro-chemical storage
technologies are considered for the TESS, Li-ion and
NaNiCl2. These two technologies are compared in terms of
size, volume and operational performance. Both Li-ion and
NaNiCl2 battery cell data is taken from previously
experimentally validated studies.
7

Table 7 TESS Battery specification

a

b

c

d
Fig. 14. Li-ion battery performance
(a) Energy, (b) SoC, (c) Voltage, (d) Battery current.

a

b

Ref.

Li-ion

NaNiCl2

Configuration

25 packs in
series

1 pack

Battery energy (MWh)

11.93

12.08

Initial SoC

0.50

0.50

At end of month SoC
Off-peak SoC
Peak SoC
SoC range
Total package number
Total mass (t) (without
case and PE* devices)
Total volume (m3)
Voltage range (V)
ΔV (V)
Total Current range
(A)
Cell Current range (A)

0.49
0.45
0.56
0.45-0.56
2250

0.49
0.46
0.54
0.46-0.54
570

75.94

103.74

34.678
539.50-554.70
15.2

73.87
551-561
10.0

-634 to +588

-628 to +635

-0.095 to
+0.09

-1.36 to
+1.10

Energy loss for Oct.
40.7
2015 (kWh)
Ancillary power loss
1.0**
(kW)
Max. Ancillary energy
744
loss (kWh)
Max. total Energy loss
785
(kWh)
Efficiency (Ancillary
93.42%
loss included)
*
PE, Power electronics
**
Water cooling system
***
Heater and cooling system

116.5
0.18***
134
250
97.93%

In light of concerns over rising lithium costs and
supply in the future, NaNiCl2 batteries have re-emerged as
candidates for medium and large-scale stationary energy
storage, especially as a result of heightened interest on
renewable energy sources that provide intermittent/transient
power or for general load-levelling. At end-of-life all the
components of the NaNiCl2 battery can be recycled. The
stainless-steel case and the glass wool; can be recycled in
established processes. The nickel, salt and the ceramic
contained in the cells are used in steel melting in stainless
steel manufacturing [33].
The comparison results presented in the paper will
have guiding significance for power system operators to
design and improve the grid connected battery systems for
high renewable penetrated power networks.

c
8

d
Fig. 15. NaNiCl2 battery performance.
(a) Energy, (b) SoC, (c) Voltage, (d) Battery current.
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