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Brief technology description 


The interest in research on sodium sulfur (NaS) battery began when Warburg showed the Na+ 


conductivity  (1884).  High-temperature  batteries  utilize  liquid  active  materials  and  a  solid 
 ceramic  electrolyte  made  of  beta-aluminium  (β-Al2O3  sodium-ion-conducting  membrane). 


They are called high-temperature batteries, because high temperatures are required to keep 
 the  active  materials  in  a  liquid  state  (IRENA,  2017).  The  Na+  diffusion  process  in  crystalline 
 structure of β-Al2O3 occurs because it is a hexagonal system with two spinel blocks separated 
 by a mirror plane, which contains one oxygen and one vacancy (Figure  2.28). In 1937, Beevers 
 and Ross proposed the nomenclature BR (Beevers-Ross) and aBR (anti-Beevers-Ross), which it 
 describes  that  plane  is  not  compact  and  contain  many  empty  sites  where  the  Na+  ions  are 
 delocalized at high temperature leading a behavior similar to a bidimensional liquid. 


Figure 2.28. Sodium diffusion plane in the β-Al2O3 and β’’-Al2O3. Source: (Delmas, 2018) 
 The table 2.25 shown a brief history of sodium technology in energy storage. 


Table 2.18. Brief history of sodium technology in energy storage. Source: (Delmas, 2018) 
 Year  Description 


1839  Faraday observed the ionic conductivity in the PbF2 and Ag2S 
 1884  Warburg showed the Na+ conductivity in Thüringer glasses 


1897  Nernst  developed  the  first  application  in  zirconia  filament  lamp  and  proposed  the 
 Nernst equation 


1930’s  Frenkel,  Krüger,  Schottky, and  Wagner  contribute  to  laying  the  foundations  of the 
 solid-state electrochemistry 


Beevers  and  Ross  proposed  the  nomenclature  BR  (Beevers-Ross)  and  aBR  


(anti-Year  Description 


Beevers-Ross),  where  Na+  ions  are  delocalized  at  high  temperature  leading  to  a 
 behavior like a two-dimensional liquid 


1967 


Takahashi introduces the concept solid state ionics 


Kummer  and  Yao  discovered  the  high  Na+  ion  conductivity  at  intermediate 
 temperatures 


1969  Ford Company used liquid sulfur in the sodium-sulfur battery for electrical vehicles 
 1970  NGK company developed a system for stationary applications (peak leveling) 
 1973  Fouassier published the phase diagram of the NaxMnO2 and NaxCoO2 systems 
 1976  The intercalation of TiS2 and WO3 was considered in Na battery 


1978 


Hong  and  Kafalas  proposed  a  Na  Super  Ionic  Conductor  (NASICON),  which  is  a 
 derivate of the NaZr2(PO4)3 phase 


Bordeaux began to research on the NaxMO2 layered oxides with special focus on the 
 relationship between electrochemical intercalation and structural modifications 
 Takeda studied the NaxFeO2 system 


1982  Delmas et al. synthesized a new variety of O2-LiCoO2 by Li+/Na+ exchange from P2
 -NaxCoO2


1986  Bones,  Coetzer,  Galloway,  and  Teagle  invented  ZEBRA  (Zeolite  Battery  Research 
 Africa Project) batteries, in which sulfur is replaced by NiCl2 


1987  Delmas  et  al.  synthesized  the  Na3M2(PO4)3  phases  which  were  potential  electrode 
 materials in the reduced state 


2001  Dahn  et  al.  studied  layered  Nax(Mn,Ni)O2  materials  as  precursors  to  obtain  new 
 lithium materials by exchange and also as positive electrodes for Na-batteries 
 2000 – 2008  The research on Na-batteries material was slowly increasing 


NaS batteries are considered as secondary batteries (i.e. rechargeable) (DTU Energy, 2019) with 
solid  electrochemical  cell.  So,  the  main  components  in  NaS  battery  cell  are  Na  electrode 
(anode), β’’-alumina  solid  electrolyte  (BASE),  and  sulfur  electrode  (cathode).  The  figure  2.29 
shows a schematic of NaS battery cell. 


Figure 2.29. Schematic representation of NaS battery (a) and of ZEBRA battery (b). Source: (Delmas, 2018) 



Sodium sulfur battery chemistries 


The  chemical  reaction  is  a  reversible  reaction  because  the  reactants  form  products  that,  in 
 turn, react together to give the reactants back. This chemical reaction takes place usually in a 
 closed system. 


During  the  discharging  process,  the  sodium  electrode  (anode)  loses  two  electrons  and 
produces  Na+.  The  Na+  travels  through  the  solid  electrolyte  and  reacts  with  sulfur  electrode 
(cathode) and two electrons to produce Na2Sx. This process occurs at a potential of 1.78 – 2.08 V 
at 350 °C because the ionic resistance of β-alumina is then low like liquid aqueous electrolyte 
solutions  (Holze,  2009).  In  the  charging  process,  the  reverse  reactions  take  place  when  we 
apply energy into the system (Figure 2.30). 


Figure 2.30. Discharge and charge reaction in NaS battery cell. Source: (DTU Energy, 2019) 



Components in sodium sulfur battery energy storage system 


The NaS battery energy storage system consists of three main components: 


1.  Battery modules (series-parallel array between NaS cells) 
 2.  Power conversion system 


3.  Thermal management systems 


In the first case, its components are sodium electrode, β-alumina, and sulfur electrode, mainly. 


In the last case, its components are (Holze, 2009): 


•  Active and/or passive cooling system 


•  Heat distribution system inside the cell 


•  Heater to maintain temperature in cold environments 


•  Thermal insulation system 



Input/output 


The input and output of sodium-sulfur battery is electricity. 



Energy efficiency and losses 


The daily self-discharge of NaS battery is 0.05 – 1 % when the NaS battery has an  efficiency of 
 75 – 90 % (Nadeem, Hussain, Tiwari, Goswami, & Ustun, 2019). The energy efficiency in a battery 
 depends  on  charge  and  discharge  cycle  (Koohi-Fayegh  &  Rosen,  2020).  According  to  Figure 
 2.31,  the  sodium-sulfur  battery  has  an  energy  efficiency  around  80 –  90  %  and  a  lifetime  in 
 terms of total number of cycles of approximately 1000 – 5000. 


Figure 2.31. Efficiency and lifetime properties of energy storage technologies. Source: (Koohi-Fayegh & 


Rosen, 2020) 



Typical characteristics and capacities 


The typical characteristics and capacities of sodium-sulfur batteries are shown in Table 2.26. 


Table 2.19. Principal characteristics for a sodium-sulfur battery. Source: (Koohi-Fayegh & Rosen, 
 2020) 


Characteristics  Value 
 Power density (kW/m3)  1 – 180 
 Energy density (kWh/m3)  150 – 350 


Energy density (Wh/kg)  100 – 250 
 Cycle efficiency (%)  65 – 90 


Lifetime (cycles)  1000 – 4500 



Typical storage period 


This technology has a typical storage period from minutes to hours. 



Regulation ability 


The response time of a NaS battery since milliseconds, therefore it has a wide application on 
 the grid (Nadeem et al., 2019). Consequently, its applications on the grid are: 


Table 2.20. Type of services can be provided by NaS battery. Source: (Schmidt, Melchior, Hawkes, & 


Staffell, 2019) 


Service  Can be provided 


Energy arbitrage  √ 


Primary response  √ 


Secondary response  √ 


Tertiary response  √ 


Peaker replacement  √ 


Black start  √ 


T&D investment deferral  √ 


Congestion management  √ 


Bill management  √ 


Power quality  √ 


Power reliability  √ 



Examples of market standard technologies 


Today,  the  applications  are  stationary  like  load-leveling,  power  quality  management,  peak 
 shaving and localized storage at sites of wind or solar energy conversion systems (Holze, 2009). 



Fumata, Japan 


Fluctuating power generation is one of the principal problems for wind energy. In Futamata, 
there is a 51 MW wind farm supplemented with a constant-output stabilization system using 
34 MW NaS batteries in 2008. The main features of NaS battery system are compactness, high 
efficiency,  large  capacity,  long-term  durability  and  preservation  on  the  environment 
(Kawakami et al., 2010). The system configuration of this plant is shown in Table 2.28 and Table 
2.29. 


The voltage of common coupling point (CCP) is stepped down to 22 kV and 6.6 kV by 
 three-winding transformer. The 17 sets of 2 MW NaS batteries (Figure 2.32) are connected to the 6.6 
 kV bus. 


Table 2.21. System ratings. Source: (Kawakami et al., 2010) 


Items  Ratings 


Wind turbine  1.5 MW – 34 units 
 Total WT generation capacity  51 MW 


NaS battery system  2 MW – 17 units 
 Total NaS battery storage capacity  244.8 MWh 


Contracted generation capacity  40 MW 
 Voltage of common coupling  154 kV 


Table 2.22. PCS specifications. Source: (Kawakami et al., 2010) 


Items  Ratings 


Rated capacity  2,400 kW – 17 units 


Grid voltage  6600 V @ 50 Hz 


Transformer voltage ratio  6600 V / 290 V 


DC voltage (Battery voltage)  470 V   750 V 


Converter type  Voltage source self-commutated converter 
 Converter configuration  2 level – 3 phases 


Switching method  Pulse Width Modulation (PWM) 


Switching frequency  2 kHz 


Power device  Insulated Gate Bipolar Transistor (IGBT), (1200 V – 1400 A) 


Cooling method  Forced air cooling 


This system started commercial operation from September 2009. 


Figure 2.32. 17 sets of 2 MW NaS batteries. Source: (Kawakami et al., 2010) 



Advantage/disadvantage 


The key advantages of NaS batteries are (Kumar, Kuhar, & Kanchan, 2018): 


•  High energy and power density 


•  High natural abundance of materials 


•  Low cost material 


•  Low rate of self-discharge 


On the other hand, the disadvantages or limitations are (Kumar et al., 2018): 


•  Capacity fading 


•  Low discharge capacity 


•  Shuttle-mechanism4


•  High annual operating cost. (IRENA, 2017). 



Environment 


All components in the NaS batteries are 98 % recoverable and eco-friendly. However, the local 
 environmental impacts due to its manufacture, such as air pollution with graphite dust, local 
 water  contamination  with  acids  in  the  immediate  vicinity  of  factories,  are  an  issue  to  be 
 considered in a complete life cycle (Florin & Dominish, 2017). 


4This phenomenon occurs during charging if polysulfides are reduced at the negative electrode, where electrons are 
readily  available.  The  shorter  polysulfides  migrate  back  to  the  positive  electrode  where  they  are  oxidized  again.  The 
current  associated  with  these  reactions  does  not  contribute  to  charging  the  electrodes,  causing  a  low  coulombic 
efficiency. In addition, this effect contributes to commonly observed shortcomings of liquid-electrolyte cells like poor 
cyclability and high self-discharge rates.



Research and development 


Several MWh systems  have been demonstrated on the electrical grid, being the NaS battery 
 the  most  used  electrochemical  storage  system  currently  used  in  electricity  grid.  The  largest 
 system  currently  under  construction  is  a  34-MW/238-MWh  (7  hours)  Na-S  storage  for  the 
 Rokkasho wind farm in northern Japan, while another one, for daily storage, has been built in a 
 Hitachi  factory  with  an  energy  content  of  57  MWh.  Other  demonstration  plants  are  built  or 
 under construction in the rest of the world (50 MW in Abu Dhabi, 1.2 MW in Charleston, USA), 
 but  an  unclear  recent  accident  in  a  storage  system  in  Japan  has  temporarily  stopped 
 installation  and  production  to  clarify  the  safety  aspects  of  the  technology  (EASE-EERA,  2017). 


Soon, the NaS battery could be considered as a mature technology. 


Corrosion  issues  are  a  major  ageing  mechanism  of  high  temperature  cells.  It  can  especially 
 affect  the  larger  cells  that  are  preferred  for  stationary  storage  applications.  To  achieve  lower 
 cost  of  service  from  these  batteries,  it  is  therefore  essential  to  continue  developing  robust 
 materials, coatings and joints to address corrosion so as to increase the lifetime of the batteries 
 (IRENA, 2017). 


Another  avenue  of  research  includes  the  lowering  of  the  high  operating  temperatures 
 necessary  to  achieve  satisfactory,  electrochemical  activity  in  sodium  beta  battery  energy 
 storage  systems.  Efforts  center  on  improving  ion  transfer  through  the  BASE  ceramic 
 electrolyte.  The  solid  electrolyte  interphase  (SEI)  is  qualitatively  recognized  to  be  a  dynamic 
 structure, so it requires methods that can “see-through” model half-cells. It needs studies for 
 determining the rate of parasitic Na loss, cycling Coulombic efficiency, solid-state 
 electrolyte-Na metal interactions, as well as on coupled ex situ, in situ, and operando studies to probe bulk 
 structural changes in the Na-metal anode (Lee, Paek, Mitlin, & Lee, 2019). 



Prediction of performance and costs 


The  most  data  presented  for  NaS  battery  were  obtained  from  (IRENA,  2017)  and  (Danish 
 Energy Agency, 2019) because the design is based on the same operational capacities of the 
 energy storage system.  


The  round-trip  efficiency  and  technical  lifetime  were  obtained  for  the  average  the  several 
 authors. The fixed and variable O&M were obtained from (Zakeri & Syri, 2015). 


The NaS battery will not have a variation in this period due to its technological maturity. The 
 technical  lifetime  and  lifetime  in  total  number  of  cycles  have  a  similar  trend  that  as(Danish 
 Energy Agency, 2019). The specific investment, energy and capacity component have the same 
 trend that as (IRENA, 2017). 



Uncertainty 


The most uncertainties for Nas battery were obtained from  (IRENA, 2017) and (Danish Energy 
 Agency, 2019) because the design is based  on  the same operational  capacities of the energy 
 storage system. 


The uncertainty for round-trip efficiency has a similar numerical behavior from (Danish Energy 
Agency, 2019). The uncertainty for fixed and variable O&M is the same as (Zakeri & Syri, 2015) to 
keep the consistency between data. 



Data sheet 


Notes: 


A.  Assumed to be the same as output 


B.  Forced outage is minimal. Only reported case is a 2011 fire incident 
 C.  On the order of 1 h per year 


D.  Due to absence of predictions in literature, no development is assumed as an estimate 


E.  In  the  absence  of  data,  it  is  inferred  from  the  round-trip  efficiency  which  is  assumed  as  the 
 product of charge and discharge efficiency and is considered equal, also due to the lack of data 
 F.  Specific  power  and  power  density  were  upscaled  from  [2]  taking  into  account  the  different 


energy to power ratio 


G.  Data  for  standard  NGK  container  unit,  based  on  NGK  Insulators  LTD,  “Structure  of  NAS  Energy 
 Storage System,” 2016. [Online]. Available: https://www.ngk.co.jp/nas/specs/ 


H.  Not the technological maximum values, i.e., the density of single cells, but the specifications for a 
 full market-standard commercial product 


I.  Uncertainties are based on a qualified guess 


The  references  in  data  sheet  can  be  found  in  the  quantitative  data  sheet  file  that  supplements  the 
qualitative technology description (“NaS.xlsx” file) as well as in “Appendix B references of datasheets” 
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