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Brief technology description 


“First  introduced  by  Sony  Corporation  in  the  early  1990s,  rechargeable  Li-ion  batteries  have 
 rapidly  become  the  most  important  technology  for  mobile  consumer  electronics”  (IRENA, 
 2017). A lithium-ion battery or Li-ion battery (LIB) can store electric energy as chemical energy, 
 and  rechargeable  and  rechargeable  LIBs  are  commercially  available.  The  
 non-rechargeable LIBs have long shelf-life and low self-discharge rates and are typically fabricated 
 as  small  button  cells  for  e.g.  portable  consumer  electronics,  arm  watches  and  hearing  aids. 


Rechargeable  LIBs  are  applied  in  all  kinds  of  consumer  electronics  and  is  currently  entering 
 new  markets  such  as  electric  vehicles  and  large-scale  electricity  storage.  (Danish  Energy 
 Agency-ENERGINET, 2019). The rechargeable LIBs can be used to supply system level services 
 such as a variety of operations including frequency regulation, load following, voltage support, 
 time  shifting,  capacity  firming  of  renewables  etc.,  as  well  as  for  local  electricity  storage  at 
 individual households. For this reason, this section only focuses on rechargeable LIBs to supply 
 system level services. 


A  LIB  contains  two  porous  electrodes  separated  by  a  porous  membrane.  A  liquid  electrolyte 
 fills the pores in the electrodes and membrane. By convention, the negative  and the positive 
 electrodes are also called the anode and the cathode respectively. Most common lithium ion 
 batteries  (LIB)  contains  a  graphitic  anode  (mesocarbon  micro  beads,  MCMB),  a  cathode 
 (lithium metal oxide or phosphate e.g. LiCoO2) and the electrolyte consisting of a solution of a 
 lithium  salt  (e.g.  LiPF6)  in  a  mixed  organic  solvent  (e.g.  ethylene  carbonate–dimethyl 
 carbonate, EC–DMC) embedded in a separator felt (Scrosati & Garche, 2010)  


Li-ion  batteries  exchange  lithium  ions  (Li+)  between  the  anode  and  the  cathode,  which  are 
 made  from  lithium  intercalation  compounds.  Both  the  positive  and  negative  electrode 
 materials can react with the Li+ ions. As the lithium ions move from one host to another upon 
 charge and discharge. 


Figure 2.10. Operating principle of a lithium metal oxide cathode and carbon-based anode lithium-ion 
cell. Source: (IRENA, 2017) 


When the two electrodes are connected via an external circuit the battery starts to discharge. 


During  the  discharge  process  electrons  flow  via  the  external  circuit  from  the  negative 
 electrode to the positive, at the same time lithium ions intercalated in graphite anode (LixC6) is 
 taken  out,  moved  through  the  electrolyte  and  finally  intercalated  in  the  host  material  in  the 
 cathode  (lithium  metal  oxide,  here  Li(1-x)  CoO2).  The  chemical  bond  between  the  cathode 
 material  and  lithium  is  stronger  than  that  between  anode  material  and  lithium.  Thus,  the 
 chemical  energy  stored  in  the  battery  is  reduced.  The  excess  energy  is  released  as 
 electrochemical potential during discharge. It drives one electron for each Li+ ion moved from 
 anode to cathode, through the external circuit. On the contrary, during the charging process, 
 electrical  energy  is  provided  to  drive  lithium  ions  from  cathode  to  anode,  increasing  the 
 chemical energy of the system  (DTU Energy, Department of Energy Conversion and Storage, 
 2019). 


Figure 2.11. Schematic diagram of a LIB system in charge and discharge mode. During discharge the 
 green Li+ ions moves the negative electrode (left side) to the positive electrode. The process is reversed 


during charge mode (right side). Source:  (Danish Energy Agency-ENERGINET, 2019) 


The  energy  released  by  having  one  Li+  ion,  and  one  electron,  leaving  the  negative  electrode 
 and entering the positive electrode is measured as the battery voltage times the charge of the 
 electron (also known as the electromotive force: EMF) that is the energy per electron released 
 during  the  discharge  process.  EMF  is  typically  around  3-4  Volts  and  depends  on  the  LIB  cell 
 chemistry, the temperature and the state of charge (SOC) (Danish Energy Agency-ENERGINET, 
 2019). 


The  extent  to  which  lithium  ions  can  migrate  from  one  electrode  to  another  during 
 charge/discharge  processes  is  often  referred  to  as  state  of  charge  (SOC)/depth  of  discharge 
 (DoD).  This  is  often  controlled  during  battery  operation  to  maintain  structural  stability  of 
 electrode materials i.e. maintain the cyclability (DTU Energy, Department of Energy Conversion 
 and Storage, 2019). In other words, if the battery is discharged beyond this point, the electrode 
 chemistries become unstable and start degrading. 


When the LIB is fully discharged the EMF is low compared to when it is fully charged. Each LIB 
chemistry has a safe voltage range for the EMF and the endpoints of the range typically define 
0%  and  100%  state  of  charge  (SOC),  and  the  safe  voltage  range  prevents  complete  Lithium 


removal. The discharge capacity is measured in units of Ampere times hours (Ah) and depends 
 on the type and amount of material in the electrodes. Overcharging, or prolonged storage at 
 high SOC also accelerates degradation (Danish Energy Agency-ENERGINET, 2019). 


Li-ion batteries have the advantage of high specific energy, as well as high energy and power 
 density  relative  to  other  battery  technologies.  They  also  exhibit  a  high  power  discharge 
 capability, high  round-trip efficiency ( more than 90%) , a relatively long lifetime and a low 
 self-discharge  rate  (IRENA,  2017).  Issues  relating  to  the  thermal  stability  and  safety  of  Li-ion 
 batteries relate to chemical reactions that release oxygen when lithium metal oxide cathodes 
 overheat. This “thermal runaway” may cause leaks and smoke gas venting and may lead to the 
 cell catching fire. While this is an inherent risk of Li-ion batteries, it can be triggered by external 
 non-design influences such as external heat conditions, overcharging or discharging or 
 high-current charging. Therefore, Li-ion Battery energy storage systems (BESS) contain integrated 
 thermal  management  and  monitoring  processes,  and  much  effort  is  being  placed  on  their 
 improvement (IRENA, 2017).  



Lithium-ion chemistries 


While Li-ion batteries are often discussed as a homogeneous group, this is far from reality. The 
 various material combinations (i.e. chemistries or sub chemistries) of Li-ion BESS yield unique 
 performance, cost and safety characteristics. The chemistry choice often relates to the desire to 
 optimize  the  BES  system  to  meet  various  performance  or  operational  objectives,  and  such 
 considerations may lead to a different electrode (or electrolyte) material selection. For example, 
 some Li-ion BES systems may be designed for applications where high power or high energy 
 density  is  required,  while  for  other  applications  prolonged  life  or  the  lowest  capital  cost 
 possible may be the goal (IRENA, 2017). 


A  wide  range  of  materials  and  combinations  has  been  researched  for  application  in  anode, 
 cathode or electrolytes of BES systems, and research activities are ongoing. Each set-up has its 
 own economical, electric performance and safety characteristics. 


Table 2.1. Comparison of lithium-ion chemistry properties. Source: (IRENA, 2017) 
 Key active 


(spinel)  LiNiCoAlO2 LiFePO4 Variable 
 Anode  C (graphite)  C (graphite)  C (graphite)  C (graphite)  Li4Ti5O12


Safety  3  3  2  4  4 


Power density  3  3  4  3  3 


Key active 


1. Regular, 2. Good, 3. Very good, and 4. Excellent 


Nickel-manganese-cobalt (NMC) cells are a common choice for stationary applications and the 
 electromobility  sector.  These  types  of  cells  emerged  from  research,  which,  for  cost  reasons, 
 aimed to combine cobalt with other less expensive metals while retaining structural  stability 
 (Yabuuchi  &  Ohzuku,  2003).  The  NMC  cathode  material  provides  a  good  combination  of 
 energy, power and cycle life. NMC cells have better thermal stability than LCO cells due to their 
 lower cobalt content (IRENA, 2017). 


Lithium manganese oxide (LMO) cells have high power capabilities and have the advantage of 
 relying  on  manganese,  which  is  about  five  times  less  expensive  than  cobalt.  LMO  cells  has 
 high-current  discharging  capabilities;  LMO  cells,  however,  have  a  lower  energy  performance 
 and  only  moderate  life  cycle  properties  (Thackeray,  2004)  These  disadvantages  may  have  an 
 impact  on  the  attractiveness  for  stationary  applications,  and  the  BES  systems  often  apply  a 
 blend  of  NMC  and  LMO  cells.  The  NMC/LMO-combined  BES  system  provides  a  balance 
 between performance and cost (IRENA, 2017). 


Lithium  nickel  cobalt  aluminum  (NCA)  battery  chemistries  have  an  increased  use  in  the 
 mobility market (e.g. notably, in Tesla Motors EVs). NCA cells and their BES systems feature a 
 higher  energy  density  than  NMC-based  Li-ion  batteries,  with  the  additional  advantage  that 
 aluminum  increases  performance  and  is  more  cost  effective  than  cobalt.  Higher  voltage 
 operation  of  NCA  cells  leads  to  the  degradation  of  electrolytes,  and  research  continues  to 
 tackle this challenge (Krause, Jensen, & Chevrier, 2017). 


The olivine crystalline structure of the lithium iron phosphate (LFP) chemistry ensures that it 
 has better thermal stability compared to other Li-ion cells, and, while they still require 
 single-cell  management  systems,  LFP  single-cells  may  be  marketed  as  “inherently  safe”.  The  technology 
 possesses relatively high-power capability, the environmental advantage of an inexpensive and 
 non-toxic cathode material and a long lifetime. These characteristics, as well as the relative low 
 self-discharge  rate,  makes  the  LFP  BES  system  a  very  attractive  technology  for  stationary 
 applications  (Stan,  Stroe,  Swierczynski,  &  Teodorescu,  2014).  The  LFP  BES  system  has  the 
 disadvantage,  however,  of  a  lower-rated  cell  voltage  and,  hence,  lower  achievable  energy 
 density  due  to  the  lower  electrical  and  ionic  conductivity  of  the  material  structure  (IRENA, 
 2017). 


Even though graphite remains the most common anode material in Li-ion cells, the utilization 
of  the  spinel  structure  of  lithium  titanate  (LTO)  is  gaining  traction  due  to  some  advantages 
over  graphite  that  may  be  relevant  to  stationary  applications.  LTO  cells  exhibit  benefits  in 


terms  of  power  and  chemical  stability,  while  the  increased  ion  agility  in  the  LTO  structure 
 enables fast charging (i.e. high rate operation). LTO cells are very stable thermally in the charge 
 and discharge states (Scrosati & Garche, 2010). Due to the higher reference potential of titanate 
 compared to graphite, the cell voltage is reduced to approximately 2-2.5 volts, thus lowering its 
 maximum  energy  density,  although  it  is  still  higher  than  batteries  of  lead  acid  and  
 nickel-cadmium. LTO is inherently safer compared to other Li-ion technologies. The LTO anode high 
 potential prevents issues that relate to electrolyte material decomposition, which can result in 
 the  growth  or  breakdown  of  the  solid  electrolyte  interphase  and  its  related  tendency  to 
 overheat and see capacity fade and other ageing issues. Their properties make LTO the most 
 durable  Li-ion  technology  so  far,  and  extremely  high  cycle  lifetimes  of  20,000  equivalent  full 
 cycles  or  more  can  be  reached.  Due  to  a  low  worldwide  production  volume,  however,  cell 
 prices remain high (IRENA, 2017). 



Components in a lithium-ion battery energy storage system 


In  LIB  storage  systems  battery  cells  are  assembled  into  modules  that  are  assembled  into 
 packs.  The  battery  packs  include  a  Battery  Management  System  (BMS).  The  BMS  is  an 
 electronic  system  that  monitors  the  battery  conditions  such  as  voltage,  current,  and 
 temperature and protects the cells from operating outside the safe operating area. A Thermal 
 Management System (TMS) regulates the temperature for the battery and storage system. The 
 TMS depends on the environmental conditions. Further an Energy Management System (EMS) 
 controls  the  charge/discharge  of  the  grid-connected  LIB  storage  from  a  system  perspective. 


Depending  on  the  application  and  power  configuration  the  power  conversion  system  may 
 consist  of  one  or  multiple  power  converter  units  (DC/AC  link).  Value  generation  and  profit  is 
 created by selling the services to grid Transmission System Operators (TSOs). Battery capacity 
 may be sold to the TSOs in full or partially, allowing for alternate use of the remaining capacity, 
 for example local load management, energy trading or DSO services. 


Figure 2.12. Schematic drawing of a battery storage system, power system coupling and grid interface 
 components. Source: (Danish Energy Agency-ENERGINET, 2019) 


The  advantageous  characteristics  and  the  promising  avenues  to  further  improve  the  key 
characteristics of Li-ion batteries have made them the dominant battery technology of choice 
for  the  portable  electronics  and  electromobility  markets.  As  the  costs  of  Li-ion  BES  systems 


decline,  they  are  increasingly  becoming  an  economic  option  for  stationary  applications,  and 
 their presence in that segment is increasing (IRENA, 2017). 



Input/output 


Input and output are both electricity. Electricity is converted to electrochemical energy during 
 charge and converted back to electricity during discharge in the reaction process described in 
 the section: “Brief technology description” 



Energy efficiency and losses 


When  the  LIB  is  not  operated  its  voltage,  U  equals  the  EMF.  However,  during  discharge  or 
 charge the battery voltage U change due to current/passing the internal resistance Ri in the 
 LIB. The voltage change ∆U can be described using Ohms law: 


∆𝑈 = 𝑈 − 𝐸𝑀𝐹 = 𝑅𝑖𝐼 
 and the loss in the internal resistance is defined as: 


𝑃𝑙𝑜𝑠𝑠= ∆𝑈𝐼 = 𝑅𝑖𝐼2


This Equation explains how the loss increases with increasing current. The LIB provides a DC 
 current during discharge and needs a DC current input for charging. Before the electricity is 
 sent to the grid the inverter converts the DC current to AC. The inverter loss typically increases 
 gradually  from  around  1%  to  2%  when  increasing  the  relative  conversion  power  from  0%  to 
 100% (Schimpe, et al., 2018). 


Unwanted  chemical reactions  cause internal current leakage in  the LIB. The current  leakage 
leads  to  a  gradual  self-discharge  during  standby.  The  self-discharge  rate  increases  with 
temperature  and the graph below shows the remaining  charge capacity as function of  time 
and temperature for a LIB. The discharge rate is the slope of the curve and is around 0.1% per 
day at ambient temperature. The standby loss is the sum of the energy losses during standby 
due  to  self-discharge  and  power  consumption  in  the  balance  of  plant  (BOP)  components 
(Danish Energy Agency-ENERGINET, 2019). 


Figure 2.13. Remaining charge capacity for a typical LIB as function of storage time. Source (Danish 
 Energy Agency-ENERGINET, 2019) 


Besides the self-discharge in the cell, a LIB electricity storage system requires power to operate 
 the auxiliary BOP components. The BOP components include the inverter, BMS, EMS and TMS. 


The  relative  energy  loss  to  the  BOP  components  depends  on  the  application,  and  operation 
 strategy, and it is important to minimize their power consumption. The standby loss is the sum 
 of the energy losses during standby due to self-discharge and power consumption in the BOP 
 components (Danish Energy Agency-ENERGINET, 2019). 


The  conversion  roundtrip  efficiency  of  the  LIB  cell  is  the  discharged  energy  divided  with  the 
 charged energy. 


𝜂𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛=𝐸𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝐴𝐶


𝐸𝐶ℎ𝑎𝑟𝑔𝑒,𝐴𝐶


The battery conversion efficiency decreases with increasing current since the Ploss increases, as 
shown  in  the  figure  below.  The  C-rate  is  the  inverse  of  the  time  it  takes  to  discharge  a  fully 
charged battery. At a C-rate of 2 it takes ½ hour and at a C-rate of 6 it takes 10 minutes. 


Figure 2.14. Conversion round trip efficiency vs C-rate for one of Kokam’s NMC-based lithium polymer 
 batteries. Source: (L. Kokam Co. ) 


The total roundtrip eﬃciency ηTotal further includes the standby losses: 


𝜂𝑇𝑜𝑡𝑎𝑙 = 𝐸𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝐴𝐶


𝐸𝐶ℎ𝑎𝑟𝑔𝑒,𝐴𝐶+ 𝐸𝑠𝑡𝑏


Here  Estb  denotes  the  energy  required  from  the  grid  to  continuously  operate  BOP  and 
 maintain state of charge. The various types of losses heavily dependent on the application.  


The total roundtrip efficiency for a typical Li-ion BESS is around 80 % (Fathima & Palanisamy, 
 2018).  Lazard  uses  an  estimate  of  85%  (Lazard,  2017).  To  summarize,  the  total  roundtrip  loss 
 typically  consists  of  2-5%  related  to  the  cell,  2-4%  to  the  power  electronics  and  the  rest  to 
 standby losses. (Danish Energy Agency-ENERGINET, 2019). 


While  the  central  round-trip  efficiency  estimate  of  Li-ion  technologies  (i.e.  a  key  advantage) 
 ranges between 92% and 96% for IRENA in its 2017 report (IRENA, 2017). 



Typical characteristics and capacities 


In  general,  batteries  have  advanced  technologically  features  to  be  able  to  offer  adequate 
 capacities  for  various  services  of  the  electrical  network  in  capacity  ranges  of  several  MW.  An 
 advantage due to the modularity of the technology that gives it flexibility to adapt to a wide 
 range of capacities and operating conditions. 


The battery pack without the BMS, that holds the batteries is called a rack. The energy per rack 
is  typically  60-166  kWh    and  the  size  is  e.g.  415mm  x  1067  mm  x  2124  mm  (W  x  D  x  H)  for  a 
111kWh rack from Samsung SDI and 520 mm x 930 mm x 2200 mm (W x D x H) for a 166.4 kWh 
rack from LG Chem . The weight of the Samsung SDI rack is 1170 kg. For the LG Chem system 
the  weight  is  1314  kg.  This  gives  an  energy  density  of  118  kWh/m3  and  0.095  kWh/kg  for  the 
Samsung  SDI  system  and  156  kWh/m3  and  0.127  kWh/kg  for  the  LG  chem  system.  For  the 


Samsung  SDI  system  the  power  density  in  charge-mode  is  50  kW/m3  and  0.047  kW/kg.  In 
 discharge-mode it is 708 kW/m3 and 0.569 kW/kg (Danish Energy Agency-ENERGINET, 2019). 



Typical storage period 


For LIBs the total number of full charge-discharge cycles within the battery lifetime is limited 
 between  a  few  thousands  up  to  some  ten-thousands.  The  exact  number  depends  on  the 
 chemistry, manufacturing method, design and operating conditions such as temperature, 
 C-rate  and  calendar  time.  This  impacts  the  type  of  suitable  applications.  Several  aspects  of  the 
 LIB technology put an upper limit to the feasible storage period. The self-discharge rate makes 
 storage  periods  of  several  months  unfeasible.  The  BOP  power  for  standby  operation  adds 
 parasitic  losses  to  the  system  which  further  limits  the  feasible  standby  time.  Unwanted 
 chemical  reactions  in  the  LIB  gradually  degrade  the  battery  and  limit  the  calendar  lifetime. 


This calls for shorter storage periods in order to obtain enough cycles to reach positive revenue 
 (Danish Energy Agency-ENERGINET, 2019).  


Until  now  the  majority  of  the  current  LIB  systems  have  been  deployed  to  provide  frequency 
 response with a service duration ranging from seconds to minutes, battery ‘plants’ have grown 
 big enough to deliver  time-shift of energy on a bulk scale, this application requires batteries to 
 handle  long  discharges  at  lower  power  levels  (<0.5C).  Li-ion  technology  is  a  good  match  for 
 renewable  power  generation.  The  main  reason – because  it’s  extremely  flexible.  Initially,  they 
 were  deployed  to  perform  the  fast  reactive  renewables  smoothing  and  firming  (short  term 
 response;  seconds-minutes)  (Researchinterfaces,  2018).But  more  recently,  the  systems  are 
 increasingly  used  for  long  scheduled  storage  in  renewables,  like  a  time  shifting  with  typical 
 storage periods of a few hours ( long term response) (Schimpe, et al., 2018) (Researchinterfaces, 
 2018). 



Regulation ability 


Grid-connected LIBs can absorb and release electrical energy fast. The response time of 
 grid-connected LIBs are strongly dependent on control components, EMS, BMS and TMS as well as 
 the power conversion system (PCS). 


The  competitive  installation  cost  (outlined  below)  makes  grid-connected  LIB  BESS  (Battery 
 Energy Storage System) suitable for a broad range of applications and the fast response time 
 enables  the  use  of  BESS  for  a  broad  range  of  primary  control  provisions  (Danish  Energy 
 Agency-ENERGINET, 2019): 


•  Frequency  regulation,  where  the  BESS  are  used  to  alleviate  deviations  in  the  AC 
 frequency.  Today,  frequency  regulation  is  the  main  application  of  stationary  BESS 
 systems  deployed  worldwide  according  to  data  recorded  in  the  United  States 
 Department of Energy (US DOE., 2019). 


•  Deferred or avoided substation upgrade, in this way the BESS can help defer expensive 
 upgrades of the transmission and distribution network. 


•  Peak load shaving, where the BESS provides or consumes energy to reduce peaking in a 
 power system. 


•  Renewable integration, e.g. time or load shifting of intermittent renewable power. 


•  Energy cost savings e.g. reduce peak energy generation/purchases or shift off-peak wind 
generation to peak. 


•  Transmission  congestion  relief,  where  locally  deployed  BESS  reduces  the  load  in  the 
 transmission and distribution system. 


•  Black start 


•  Regulation  and  voltage  control  are  suitable  for  reducing  voltage  deviations  in 
 distribution  networks  and  regulate  active  and  reactive  power  thereby  improving  the 
 network voltage profile. 


•  Power quality and network reliability, by reacting immediately after a contingency. 


•  Spinning  reserves,  this  can  improve  the  integration  of  renewable  energy  because  it 
 reduces the events triggering the protections of the inverters. 


Table 2.2. Type of services probably can be provided by Li-ion battery. Source: (Schmidt, Melchior, 
 Hawkes, & Staffell, 2019) 


Several companies have experience in using Li-ion batteries in the utility-scale level and grid 
 scale turnkey systems are commercially available from a wide range of suppliers. 


Upon completion by December 2017, the largest grid-scale LIB storage system identified was 
 the Neoen’s Hornsdale Wind Farm which features a 100MW/129MWh, providing peak shaving. 


And was supplied by Tesla (Tesla, 2017). 


Toshiba  Corporation  announced  in  2106  that  a  battery  energy  storage  system  (BESS)  the 
company has supplied to Tohoku Electric Power Company started operation as scheduled. The 
40MW-40MWh lithium-ion BESS is one of the largest in the world. The BESS will manage and 
improve  the  balance  of  renewable  energy  supply  and  demand,  which  is  subject  to  
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