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Brief technology description 


Lead-acid batteries were invented in 1859 (Zou et al., 2018) by Gaston Planté (Rand & Moseley, 
 2009). The concept of the pasted plate proposed it Camille Fauré (Rand & Moseley, 2009). 
 Lead-acid is the most widely used rechargeable battery (Luo, Wang, Dooner, & Clarke, 2015). 


The  lead-acid  batteries  are  a  form  to  store  electrical  energy  at  local  (Danish  Energy  Agency, 
 2019) and at utility scale. They are considered as an electrochemical technology (Deloitte, 2015) 
 and  operate  at  room-temperature  (DNVGL,  2017).  They  may  be  flooded,  or  sealed  valve 
 regulated (VRLA) types. This technology can be recycled fully (May, Davidson, & Monahov, 2018) 
 and they are the most common batteries on the market (DTU Energy, 2019). 


Lead-acid batteries are used when the cost, reliability, and abuse tolerance are crucial  (Zou et 
 al., 2018). 



Lead-acid chemistries 


Lead-acid  battery  is  an  electrochemical  cell.  Consequently,  they  have  a  Pb  negative  plate 
 (anode), a separator, and a PbO2 positive plate (cathode) as shown in Figure 2.24. 


Figure 2.24. Principal components of lead-acid battery. Source: (May et al., 2018) 


The electrolyte is dilute aqueous sulfuric acid. So, the overall discharge and charge reaction in a 
 lead-acid battery is (May et al., 2018): 


𝑃𝑏𝑂2+ 𝑃𝑏 + 2𝐻2𝑆𝑂4⇔ 2𝑃𝑏𝑆𝑂4+ 2𝐻2𝑂 


The above 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  and  in  a  liquid  medium  (electrolyte).  At  the  beginning  of  the  reaction,  the 
dilute aqueous sulfuric acid dissociates in H+ and HSO4- ions. After this dissolution, the HSO4- 
ions migrate to the negative electrode (Pb negative plate) producing H+ ions and lead sulfate 
(PbSO4). This is the discharge process. At the positive electrode, the lead dioxide (PbO2) reacts 


with dilute aqueous sulfuric acid (H2SO4) to form lead sulfate crystals (PbSO4) and water (H2O). 


In  the  charging  process,  the  reverse  reactions  take  place  when  energy  is  applied  into  the 
 system. If there is further charging, it will result in water loss because it is electrolyzed to H2 and 
 O2. The nominal cell voltage is 2.05 V (May et al., 2018). 


The types of positive plate are flat pasted plates and tubular plates. The negative plates are flat 
 pasted plates. The separator for the flooded pasted plate may be of microporous polyethylene, 
 polyvinyl chloride (PVC), rubber or similar materials and needs to be protected with a sheet of 
 glass fiber against loss of active material on cycling. The absorptive glass mat (AGM) separator 
 is used for VRLA pasted place cell. They are made from glass microfibers by a paper-making 
 process. 



Components in lead-acid battery energy storage system 


The main components are the following: 


•  Cells composed of an assembling or electrodes, electrolyte and separators  


•  Mono-blocks composed or serial assembling of cells 


•  Battery systems composed of a large assembling on cells modules 


•  Power conversion system (PCS) 



Input/output 


The input and output of lead-acid battery is electricity. 



Energy efficiency and losses 


The lead-acid battery has a round cycle efficiencies between 63 to 90 %  (Nadeem et al., 2019). 


During  high  discharging  rates,  the  efficiency  is  decreased  because  hydrogen  is  produced 
 (Nadeem et al., 2019). 



Typical characteristics and capacities 


The typical characteristics and capacities for lead-acid battery are shown in Table 2.11. 


Table 2.4. Typical characteristics of lead-acid battery for energy storage system. Source: 
 (Koohi-Fayegh & Rosen, 2020) 


Characteristic  Value 


Power density (kW/m3)  10 – 700 
 Energy density (kWh/m3)  25 – 90 


Energy density (Wh/kg)  10 – 50 
 Cycle efficiency (%)  60 – 90 


Lifetime (cycles)  100 – 2000 



Typical storage period 


This technology is very flexible, consequently, the typical storage period is from seconds to 10 
 hours (Luo et al., 2015). The lead-acid battery has more tolerance for storage when the storage 
 system  is  under  subfreezing  temperature  compared  with  a  lead-acid  battery  at  a  higher 
 temperature (Nadeem et al., 2019). 



Regulation ability 


The  lead-acid  battery  has  a  fast  response  time  (Nadeem  et  al.,  2019)  and  it  is  a  very  flexible 
 technology. Therefore, it can provide the following applications to the grid mentioned below: 


Table 2.5. Type of services can be provided by lead-acid 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 


Table  2.13  summarizes  some  examples  of  Electrical  Energy  Storage  System  (EES).  Additional 
 examples will be presented with further information.


Table 2.6. Lead-acid battery energy storage facilities. Source: (Luo et al., 2015) 


Name/Locations  Characteristics  Application area 


BEWG, Berlin  8.5 MW/8.5 MWh  Spinning reserve, frequency control 


Name/Locations  Characteristics  Application area 
 Chino, California  10 MW/40 MWh  Spinning reserve, load leveling 


Kahuku Wind Farm, Hawaii  15 MW/3.75 MWh  Power management, load farming, grid integration 
 Metlakatla, Alaska  1 MW/1.4 MWh  Enhancing stabilization of island grid 
 Notrees EES project, US  36 MW/24 MWh  Solving intermittency issues of wind energy 


PREPA, Puerto Rico  20 MW/14 MWh  Spinning reserve, frequency control 



Lerwick, Shetland Islands, Scotland 


The Shetland Islands has an electricity supply network with a 66 MW diesel generating plant 
 and 11 MW of wind power. The system was installed in 2013 and has operated successfully since 
 that time providing a 20 % reduction in peak demand for diesel generation with savings in fuel 
 costs and improvement in power quality in the network (May et al., 2018). 


The basic building block of the energy storage system installed at Lerwick Power Station is a 
 2-volt  advanced  lead-acid  battery  manufactured  by  GS  Yuasa.  The  following  tables  below 
 present  battery  characteristics,  battery  systems  configuration  data,  and  power  infrastructure 
 data (GS Battery Inc., 2016). 


Table 2.7. Battery characteristics of advanced lead-acid battery. Source: (GS Battery Inc., 2016)
 Battery Specification Data 


Batteries voltage  2 VDC 


Cells per battery  1 


Battery chemistry  Advanced (carbon enhanced) lead-acid, AGM 
 Battery AH rating  1,000 AH @ 10 HR 


Battery cycle life  3,000 cycles at 50 % depth of discharge (DOD) 


Table 2.8. Battery system of advanced lead-acid battery. Source: (GS Battery Inc., 2016) 
 Battery System Configuration Data 


Battery per rack  24 
 Racks per string  11 


Cells per string  264 
 Nominal voltage  528 VDC 


Parallel strings  12 
Total cell count  3,168 


Battery System Configuration Data 


System power  1 MWAC 


System energy  3 MWh 


Table 2.9. Power infrastructure of advanced lead-acid battery. Source: (GS Battery Inc., 2016) 
 Power Infrastructure Data 


Transformer room  11 kV grid connection 
 Power conversion room  2 x 500 kW AC-DC converters 


Battery room  1 MW / 3 MWh VRLA storage 
 Storeroom  Fire suppression and spares 


The lessons learnt from this installation are (May et al., 2018): 


•  Current sharing between strings 


•  Recharge  factor  uniformity  are  useful  parameters  to  identify  the  proper  functioning  of 
 the battery system 


•  High  level  of  measurement  of  voltage  and  temperature  is  useful  to  ensure  efficient 
 maintenance activity 


•  Overall efficiency was measured as 84 % 


•  Recharge factor was 105 % 


Figure 2.25. Battery room at Lerwick Power Station. Source: (GS Battery Inc., 2016) 



Lyon Station, Pennsylvania 


Since 1946, East Penn has developed quality products made in state-of-the-art manufacturing 
 facilities  and  operates  the  world’s  largest,  single-site  lead-acid  battery  manufacturing  facility. 


The  facility  has  over  3.7  million  sq.  feet  under  roof  on  a  520-acre  plant  site.  These  facilities 
 include a modern US EPA permitted lead smelter, refinery, and recycling center where virtually 
 100 % of every used lead-acid battery returned to East Penn is recycled (DOE, 2015). 


In  2012,  a  large  lead  battery/supercapacitor  hybrid  system  for  frequency  regulation  was 
 installed.  The  following  tables  below  present  battery  characteristics,  battery  systems 
 configuration data, and power infrastructure data (May et al., 2018). 


Table 2.10. Battery specification of hybrid lead battery/supercapacitor. Source: (DOE, 2015) 
 Battery Specification Data 


Batteries voltage  2 VDC 
 Cells per battery  1 
 Battery chemistry  VRLA cells 


Table 2.11. Battery system configuration of hybrid lead battery/supercapacitor. Source: (DOE, 
 2015) 


Battery System Configuration Data 


Battery per rack  4 


Cells per string  480 


System power  3.6 MW 


DC/DC efficiency  92 – 95 % 
 AC to AC efficiency  80 % 


Table 2.12. Power infrastructure of hybrid lead battery/supercapacitor. Source: (DOE, 2015) 
 Power Infrastructure Data 


Transformer room  13.8 kV grid connection 
Power conversion room  4 x 900 kW inverters 


Figure 2.26. Three strings of batteries installed. Source: (DOE, 2015) 
 The lessons learnt from this installation are (DOE, 2015): 


•  The range of individual cell SOCs was found to be larger than expected during operation 


•  The 2V cells installed had trouble operating continuously at the high rates demanded by 
 the dynamic frequency regulation application 


•  Cell temperatures were observed to have a larger than desired range over a stack while 
 operating in the frequency regulation market 


•  Some  issue  was  experienced  with  incorrect  temperature  and  voltage  readings  being 
 reported to the battery management system 



Aachen, Germany 


In 2016, a large battery was installed as a pilot plant to evaluate various battery technologies for 
 energy storage application called Modular Multi-megawatt, Multi-technology Medium-Voltage 
 Battery Storage System (M5BAT)  (May et al., 2018). Table 2.20 shows the battery types for this 
 system. 


Table 2.13. Battery types and sizes in the M5BAT storage system. Source: (Münderlein, Steinhoff, 
 Zurmühlen, & Sauer, 2019) 


Battery type  Power (MW)  Energy (MWh)  Number of Strings 


Lead-acid OCSM  1.21  1.36  2 


Lead-acid OPzV  1.00  1.00  2 


Lithium-ion LMO  2.35  2.35  4 


Lithium-ion LFP  0.60  0.70  1 


Total  5.16  5.41  9 


M5BAT  can  supply  power  to  10,000  households  for  about  60  minutes  (Meyer,  2017).  The 
experience from this project is (May et al., 2018): 


•  Battery  energy  storage  can  control  reactive  power  in  a  network,  maintain  stability  and 
 provide useful support to the network 


•  It is intended to evaluate the economic aspects of different methods of operation 


•  It has been confirmed that batteries can be installed and put into service quickly close to 
 consumers 


Figure 2.27. Setup of the M5BAT battery system. Source: (Münderlein et al., 2019) 


Although there are no grid-scale lead-acid battery systems in Mexico, some applications have 
 been used mainly for isolated systems such as the tiny village of San Juanico in Baja California, 
 which  is  isolated  from  the  national  transmission  grid,  installed  a  hybrid  electricity  project  in 
 1999.  The  system  is  comprised  of  17kW  photovoltaic  cells,  ten  wind  turbines  with  a  total 
 capacity  of  70 kW,  and  an  80-kW diesel generator. The hybrid system includes flooded 
 lead-acid battery bank with a nominal capacity of 2,450 Ah (Corbus, 2004). 



Advantage/disadvantage 


The advantages and disadvantages of lead-acid batteries are shown in Table 2.21. 


Table 2.14. Advantage and disadvantage of lead-acid batteries. Source: (Koohi-Fayegh & Rosen, 
 2020) 


Factor  Advantage  Disadvantage 


Positive Electrode 


•  The  battery  is  held  at  the 
 charging  voltage  when  it  is 
 immersed in sulfuric acid 


•  High  corrosion  resistance  when 
 the  material  of  positive  electrode 
 is  lead-antimony,  
 lead-calcium-tin, lead-tin or pure lead 


•  When the top-of-charge voltage is 
 reached, it will corrode throughout 
 the life of the battery 


•  Grid  corrosion  is  accelerated  by 
 higher  charging  voltages  and  is 
 sensitive to temperature 


•  Grid  resistance  increases  during 


Factor  Advantage  Disadvantage 
 water loss and corrosion is kept at 
 a level to attain the design life 


the life of the battery, accelerating 


•  Short circuits when the grids grow 
 to contact the negative group 
 battery is left in a partially or fully 
 discharged  state  for  extended 
 periods 


Active material 
 softening 


•  For  positive  plates  it  can  be 
 reduced  using  higher  density 
 pastes 
 explosive mixture. So, they can be both very environmentally damaging and unsafe when not 
 treated in a proper way. 


In the EU and USA, lead is collected and recycled more than 99 %, whereas the recycling rate in 
 Mexico is lower because there is no culture of recycling. The bulk of the scrap collected is from 
 used automotive batteries (May et al., 2018). The recycling efficiency by average weight of 
 lead-acid batteries acceptable is between 65-99 % (DNVGL, 2017). 



Research and development 


For years, this battery has been for years the most diffused and applied storage system in the 
world, for its commercial and technological availability. Low cost and abundant raw materials 
with a well-organized recycling chain have been winning aspects for the technology. Lead-acid 
batteries have been used for more than a century in grid applications. (EASE-EERA, 2017) 
There are researches and new developments for lead-acid batteries such as carbon-enhanced 
designs,  carbon  negative  current  collectors,  carbon  negative  electrodes, 


supercapacitor/battery  hybrids,  and  bipolar  lead-acid  batteries.  An  end-of-line  credit  will  be 
 provided  for  lead  batteries  with  battery  recycling  carried  out  in  full  compliance  with 
 environmental regulations (May et al., 2018). 


There  are  several  advanced  lead-acid  batteries  that  have  fast  response  comparable  to 
 flywheels and supercapacitors (Luo et al., 2015). 


Even  after  a  hundred  years  as  a  commercial  product  there  remains  extensive  potential  for 
 advanced  lead-acid  battery  technology.  Specific  power  is  being  improved  with  advanced 
 active  materials  and  lower  resistance  designs.  Further  cost  reductions  are  being  achieved 
 through  automation  and  process  improvement.  Cycle  life  will  be  doubled  through  design 
 enhancements and intelligent battery management. Complete turnkey systems up to the MW 
 size  are  being  developed,  and  lead  acid  batteries  will  be  integrated  into  hybrid  systems  in 
 combination with other power and storage technologies to maximize benefits and minimize 
 costs.  Through  these  improvements,  additional  cost  savings  in  the  range  of  40%  for  RES 
 systems are expected. (EASE-EERA, 2017). 



Carbon-enhanced designs 


In a lead-acid battery, the carbon can modify the performance of the negative plate. Table 2.22 
 summarizes the carbon-enhanced designs. 


Table 2.15. Types carbon-enhanced designs. Source: (May et al., 2018) 
 Enhanced 


designs  Description 


Capacitive 
 effects 


They are favored by carbons that have large specific surface. They have good 
 contact with the grid as the current collector and the spongy lead matrix of the 


active mass 
 Surface area 


effects 


The surface area can be less than the capacitive process because the carbon 
 promotes bulk rather than surface processes 


Physical 
 processes 


The carbon does not have to be conductive, but it does have to be very 
 intimately mixed with the sponge lead and the particle size enough for its 
 function not to be reduced over time. These requirements will lead to further 


improvements in lead batteries for energy storage applications 



Carbon negative current collectors 


There  are  many  carbon  materials  to  replace  some  or  all  the  metallic  parts  of  the  negative 
 electrode. This material can be rigid carbon foams, lead electroplated graphite foil, and flexible 
 carbon felts. The table 2.23 summarizes the carbon negative current collectors. 


Table 2.16. Carbon materials for carbon negative current collectors. Source: (May et al., 2018) 


Carbon material  Description 


Rigid carbon 


foams  They have outstanding life and active mass utilization, but these materials made 
 manufacture problematic 


Lead electroplated 
 graphite foil 


They had a low-level utilization but high durability in PSoC cycling suggesting that 
lead sulfate formation was inhibited 


Carbon material  Description 
 Flexible carbon 


felts 


It is a carbon felt activated by treatment with an electric arc, after that, it is 
 impregnated with active material and attached to lead alloy current collectors. This 


construction has good potential for energy storage applications in larger scale 



Carbon negative electrodes 


The  Pb  negative  electrode  is  replaced  by  carbon-negative  active.  The  energy  density  is  low 
 compared to a lead-acid battery and offers a very long cycle life. This technology is still being 
 developed (May et al., 2018). 



Supercapacitor/battery hybrids 


The  Pb  negative  plate  is  replaced  by  a  carbon-based  supercapacitor  combined  with  a 
 conventional  negative  electrode.  Both  negative  electrodes  are  connected  in  parallel, 
 consequently, the capacitor part acts as a buffer to share current with the negative plate and 
 reduce  the  rate  of  charge  and  discharge.  This  combined  negative  electrode  and  a  standard 
 positive electrode offers substantially improved behavior in deep cycling. 


This technology offers advantages over lead-acid batteries, such as (May et al., 2018): 


•  The avoidance of irreversible sulfation of the negative plate in PSoC cycling 


•  The  need  for  intermittent  conditioning  cycles  where  the  battery  is  charged  for  an 
 extended period 


•  Improved high-rate charge acceptance 


•  Better self-balancing of cells in series strings 


•  An energy density and voltage profile on discharge in line with a lead-acid battery 



Bipolar lead-acid batteries 


The bipolar lead-acid battery is composed of plates that have one side operating as the positive 
 and the other as the negative separated by a membrane that is electronically conductive and 
 corrosion-resistant. If a successful bipolar lead-acid design was available, this technology would 
 offer  an  attractive  energy  storage  battery.  The  key  to  this  technology  is  the  selection  of 
 membrane.  Table  2.24  summarizes  the  membrane  materials  used  on  bipolar  lead  acid 
 batteries. 


Table 2.17. Membrane materials for bipolar lead-acid battery. Source: (May et al., 2018) 


Membrane material  Description 


Conductive titanium suboxides incorporated in resin 
 fabricated into thin sheets 


They have been extensively examined but have 
 not been commercialized 


Polymer sheets conductive with metallic fibers  It is under study, but no battery performance data 
 has been published 


Porous alumina impregnated with lead  Unsuccessful attempt 


Silicon  It can be made sufficiently conductive to operate 
as a membrane 



Prediction of performance and costs 


The  lead-acid  battery  is  considered  to  have  technological  maturity.  Consequently,  the 
 performance of lead-acid battery will not have a variation in the period 2020-2050. 


In  the  past  two  decades,  the  costs  of  lead-acid  batteries  have  had  smaller  variations  
 (Koohi-Fayegh  &  Rosen,  2020).  The  prediction  of  costs  was  obtained  and  estimated  from  IRENA  for 
 energy and capacity components. The fixed and variable O&M was obtained from (Zakeri & Syri, 
 2015). 



Uncertainty 


The round-trip efficiency, energy losses during storage, and the total number of cycles will have 
 uncertainty  due  to  the  electrochemical  properties  of  water  of  lead-acid  battery.  The  other 
 technical  data  of  lead-acid  battery  will  not  have  uncertainty  because  lead-acid  battery  has 
 technological maturity. 


Conversely,  the  costs  of  lead-acid  batteries  will  have  uncertainties  due  to  the  oil  price, 
 investments of solar photovoltaic systems, plant size, and storage capacity. These uncertainties 
 was obtained and estimated from (EASE/EERA, 2013; IRENA, 2017; Schmidt, Melchior, Hawkes, & 


Staffell, 2019; Zakeri & Syri, 2015) 



Data sheet 


Notes: 


A.  Assumed to be the same as output. 


B.  IRENA has a slightly increasing projection, but only starts at 82%. Several studies mention a range 
 between 84% to 86%, an average of 85% is commonly assumed for today. 


C.  It is assumed that no forced outage is necessary due to the maturity level of the technology. 


D.  Flooded lead-acid batteries require refilling, for which the outage however could be reduced over 
 time due  to  automation.  The  bigger valve-regulated lead-acid batteries  do  not require refilling. 


Values are assumed based on comparison with Li-Ion battery sheet. 


E.  Assumed to be in the range of full-rated response time. 


F.  This data is interpreted within the IRENA tool as: "Energy Installation cost". But also estimated by: 


Total Storage Invest/Installed Storage Capacity. 


G.  The central data is based on values from [3], while uncertainty ranges correspond to the relative 
 span of values from [1]. 


H.  Array 1660 Ah, 48 VDC, 79,68 kWh (8x4) 


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