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Brief technology description 


A  Compressed  Air  Energy  Storage  (CAES)  system  stores  kinetic  energy  in  the  form  of 
 compressed air in a reservoir by increasing the pressure with a gas compressor. Large-volume 
 air  reservoirs  are  usually  caverns,  which  are  essential  for  large-scale  CAES  plants.  In  order  to 
 find suitable storage caverns for the compressed air, old natural salt deposits or depleted gas 
 fields can be conditioned for use. Costs are significantly lower where an existing and suitable 
 cavern is available. Constructing a purpose-built cavern to hold the compressed air increases 
 the energy storage costs dramatically (IRENA, 2017). 


Heat  generated  during  compression  can  be  stored  in  order  to  increase  the  round-trip 
 efficiency. During discharging the air from the cavern or pressure vessel is released and drives 
 the expander of a turbo, piston or radial expander. Before expansion the compressed air must 
 be preheated to avoid freezing of the expander. In case that the heat from compression is used 
 to preheat the air before expansion the process is adiabatic (A-CAES). If external heat input is 
 used to preheat the air by combustion the process is diabatic (D-CAES) (EASE-EERA, 2017). 


In  order  to  compensate  for  the  temperature  drop,  CAES  technology  is  used  in  combination 
 with  gas  turbine  combustion.  Therefore,  CO2  is  released  in  traditional  CAES  (Danish  Energy 
 Agency-ENERGINET, 2019). 


Adiabatic  compressed  energy  storage  (AA-CAES,  sometimes  also  called  advanced  adiabatic 
 compressed air energy storage, AA-CAES) systems are a more recently developed concept that 
 addresses this issue. In the A-CAES concept, the heat that normally would be released to the 
 atmosphere during the compression phase is stored in a thermal energy storage (TES) system. 


This heat is added back through heat exchangers to the expanding air that is being released 
 from the reservoir during expansion-mode operation. 


This enables A-CAES systems to convert the energy in the compressed air to electricity without 
 involving  a  combustion  process  and  avoiding  related  emissions  (IRENA,  2017).  In  contrast  to 
 this,  conventional  CAES  systems  are  diabatic  because  of  the  exchange  of  heat  between  the 
 storage system and the environment. Figure 2.47 schematically compares these two systems. 


Figure 2.47. Schematic diagram of diabatic (a) and adiabatic (b) CAES systems. Source:  (IRENA, 2017) 


The  CAES  system  is  often  used  for  large  scale  storage  with  frequent  cycling  capabilities 
 because it is a cost-effective, mature, and reliable technology (Koohi-Fayegh & Rosen, 2020). 



Mechanical principle 


CAES  stores  mechanic  energy  and  the  input  is  electricity  to  drive  an  air  compressor. 


Compressed  air  can  subsequently  be  stored  in  pressure  tanks  or  in  huge  amounts  in 
 underground cavities, where such suitable formations are available. When release of the stored 
 energy  is  required,  the compressed  air  is  used  to  drive  a  turbine  able  to  generate  electricity. 


The expansion of air is associated with a temperature drop, which causes a loss of energy (DTU 
 Energy, 2019). 



Components in CAES system 


The  main  components  in  adiabatic  CAES  system  are  (Komarnicki,  Lombardi,  &  Styczynski, 
 2017): 


•  Cavern, or potentially other alternative artificial pressure containers. 


•  Heat exchanger 


•  Turbine 



Input/output 


The input of  CAES system is electric energy, which is converted to  mechanical energy in the 
 process. For diabatic CAES systems, additional fuel is needed to power the gas turbine. 


The  output  of  CAES  system  is  electric  energy.  Diabatic  CAES  releases  heat  into  the 
 environment, while A-CAES contains the arising heat from the conversion process in the TES. 



Energy efficiency and losses 


The daily self-discharge is around 0 % (Nadeem, Hussain, Tiwari, Goswami, & Ustun, 2019). The 
 energy  efficiency  for  CAES  system  based  on  operating  plants  is  42  to  55  %  (Koohi-Fayegh  & 


Rosen, 2020). As there are only two commercial plants worldwide, there is little experience in 
 terms of operation despite its technological maturity. Therefore, there is ongoing research on 
 how the efficiency can be improved further. There is little information about energy efficiency, 
 energy, and operational losses because of there are now only two CAES plants. 



Typical characteristics and capacities 


The typical characteristics and capacities are shown in Table 2.39. 


Table 2.32. Typical characteristics of CAES system. Source: (Koohi-Fayegh & Rosen, 2020; Nadeem et 
 al., 2019) 


Characteristics  Value 


Power density (kW/m3)  0.04 – 10 
 Energy density (kWh/m3)  0.4 – 20 


Energy density (Wh/kg)  3 – 60 
 Cycle efficiency (%)  41 – 90 


Lifetime (cycle)  > 104 
 Installed commercial capacity (MW)  35 – 300 


Lifetime (years)  20 – 40 



Typical storage period 


The typical storage period for CAES is of approximately 8 hours (Kaldemeyer, Boysen, & Tuschy, 
 2016). 



Regulation ability 


CAES usually is used for grid management but it is expected to use for integrating renewable 
 energy sources (Koohi-Fayegh & Rosen, 2020). The applications in the grid are: 


Table 2.33. Type of services can be provided by CAES. Source: (Schmidt, Melchior, Hawkes, & Staffell, 
 2019) 


Service  Can be provided 


Energy arbitrage  √ 


Secondary response  √ 


Tertiary response  √ 


Peaker replacement  √ 


Black start  √ 


Seasonal storage  √ 


T&D investment deferral  √ 
Congestion management  √ 



Examples of market standard technologies 


There  is  not  a  living  market  for  CAES  plants.  Although  the  concept  of  CAES  has  been 
 considered favorable for energy storage for many years for storing variable, renewable energy, 
 only  two  plants  have  been  realized  until  now,  the  first  in  Huntorf,  Germany,  in  1978  and  the 
 second in McIntosh, Alabama, USA, in 1991. 


The Huntorf plant uses 0.8 kWh of electricity and 1.6 kWh of gas to produce 1 kWh of electricity 
 and was the world’s first CAES plant when it was commissioned in 1978. The newer McIntosh 
 plant includes a recuperator, which recycles waste heat from the exhaust stream and uses 0.69 
 kWh of electricity and 1.17 kWh of gas to produce 1 kWh of electricity. 


Table 2.34. Comparation Comparison of different example CAES system. Source: (Danish Energy 
 Agency-ENERGINET, 2019) 


Characteristics / CAES System  Hunfort, Germany 
 (1978) 
 plant  (USA,  1991).  Consequently,  the  advantages  and  disadvantages  are  about  these  plants. 


Advantages (Danish Energy Agency, 2019; Koohi-Fayegh & Rosen, 2020): 


•  The CAES plant can provide significant energy storage (typically around a few GWh per 
plant) at relatively low costs (approximately (in 2003 USD) $1/kWh to $40/kWh. The plant 


has  practically  unlimited  flexibility  for  providing  significant  load  management  at  the 
 utility or regional levels. 


•  Expanders  have  a  large  size  range  and  can  easily  be  used  modularly.  Commercial 
 turboexpander  units  range  in  size  from  10  -20  MWac  (Rolls  Royce-Allison)  to  135  MWac 
 (Dresser-Rand) to 300-400 MWac (Alstom). 


•  The CAES technology can be easily optimized for specific site conditions and economics. 


•  CAES plants are capable of black start. Both the Huntorf and McIntosh plants have black 
 start capability that is occasionally required. (EPRI-DOE, 2003) 


•  CAES plants have fast startup time. If a CAES plant is operated as a hot spinning reserve, 
 it can reach the maximum capacity within a few minutes. The emergency startup times 
 from  cold  conditions  at  the  Huntorf  and  McIntosh  plants  are  about  5  minutes.  Their 
 normal startup times are about 10 to 12 minutes. 


•  CAES plants have a ramp rate of about 30 % of maximum load per minute. 


•  A CAES  plant can (and  does)  operate  as  a synchronous condenser when both clutches 
 are opened (disconnecting the motor-generator from both the compressor train and the 
 expander train), and the motor-generator is synchronized to the grid. Reactive power can 
 be injected and withdrawn from the grid by modulating the exciter voltages. Both the 
 Huntorf and the McIntosh plant are used in this manner. Since this operation does not 
 require the use of stored air, the plant operator can choose to operate the plant in this 
 mode for as long as necessary. 


•  CAES can potentially have a very high energy storage capacity if a cavern with large gas 
 volume is available. 


•  CAES  is  a  technically  mature  technology.  Mainly,  it  uses  a  compressor  and  turbine 
 technology. 


Disadvantages (Danish Energy Agency-ENERGINET, 2019): 


•  For traditional CAES the use of natural gas implies CO2 emissions.  


•  Geographical  placement  is  limited  to  places,  where  high  pressure  air  can  be  stored  in 
 sufficient  amounts.  Several  geological  underground  formations  are  suitable,  but  the 
 restriction puts limitations to where CAES can be placed. 


•  In  the  basic  form  (without  intermediate  heat  storage)  CAES  shows  a  relatively  low 
 electricity to electricity efficiency around 45 % without recuperation. 


•  Air leakage on caverns walls 


•  In Mexico, the caves are typically in areas that are difficult to access and far from demand 
 centres 


•  Some safety precautions are needed for use of systems with very high gas pressure. 


•  The efficiency is variable in every CAES because of depends of location, size of cave, and 
 terrain 



Environment 


The main environmental impacts from operating a CAES plant - except from surface footprint 
– relate to the use of fossil energy in the expansion phase. The preparation of new salt caverns 
is associated with environmental concerns, as heavy metals are dissolved together with the salt 
as  the  cavern  is  solution-mined.  (Danish  Energy  Agency-ENERGINET,  2019).  Some  minor 
impacts to the landscape are also considered. 



Research and development 


For  the  time  being  CAES  achieves  a  relatively  low  round-trip  efficiency;  plants  in  operation 
 achieve between 40 to 54% AC-AC roundtrip efficiency rate (in particular due to the heat losses 
 during the compressing stage and the fact that compressor and expander cannot be attached 
 to one shaft) (EASE/EERA, 2017). 


Research and development efforts for CAES are directed towards improving the relatively low 
 round cycle efficiency by intermediately storing the heat generated in the compression phase 
 and reuse it during the expansion phase (A-CAES). (Danish Energy Agency-ENERGINET, 2019) 
 Today, all compressed air reservoirs are of constant volume type and their power output is not 
 constant  once  the  reservoir  pressure  falls  below  the  maximum  expander  inlet  pressure.  The 
 constant  pressure  storage  approach  would  be  more  advantageous  from  compression  and 
 expansion efficiency point of view. (EASE/EERA, 2017). 


Over ground small-scale CAES has recently undergone rapid development. It can be used as 
 an alternative to the battery for industrial applications, such as Uninterruptible Power Supplies 
 (UPS)  and  back-up  power  systems.  Compressed  air  battery  systems  developed  by  the  UK 
 based Flowbattery (previously named Pnu Power) were recently successfully commercialized. 


It  uses  pre-prepared  compressed  air  from  air  cylinders  to  drive  a  combination  of  a  scroll 
 expander and a generator to produce electricity. (Luo, Wang, Dooner, & Clarke, 2015). 



Prediction of performance and costs 


The  most  data  presented  for  CAES  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 energy losses during storage and technical lifetime were obtained for the 
 average  the  several  authors.  The  CAES  will  not  have  a  variation  in  this  period  due  to  its 
 technological maturity. 


The capital costs for adiabatic CAES are high. The capital cost are 400 – 1500 USD/kW 
 (Koohi-Fayegh & Rosen, 2020). 



Uncertainty 


The most uncertainties of CAES will not have a variation in this period due to its technological 
 maturity. The uncertainty of charge efficiency, forced and planned outage, construction time, 
 response time from idle to discharge, fixed and variable O&M are the same as  (Danish Energy 
 Agency, 2019) to keep the consistency between data. 


The  capital  costs  of  CAES  system  depend  on  the  geologic  formations.  For  example,  for  salt 
cavern is 1 USD/kW, and for hard rock is 30 USD/kW. For this reason, the account is to be taken 
of  geologic  formations,  if  not  the  degree  of  uncertainty  will  be  high  (Koohi-Fayegh  &  Rosen, 
2020). 



Data sheet 


Notes: 


A.  This  data  is interpreted  within  the  IRENA  tool  as:  "Total  Invest  per  usable  kWh  storage”  and  is 
 verifiable as a result of: Energy Storage + Power Conversion/Usable Storage Capacity 


B.  This data is interpreted within the IRENA tool as: "Energy Installation cost" 


C.  This data is interpreted within the IRENA tool as: "Power Installation cost" 


D.  This  data  is  interpreted  within  the  IRENA  tool  as  a  result  of:  Maintenance/Installed  conversion 
 power 


E.  Variable O&M cost can vary depending on the gas price in case of a CAES plant supported by a 
 gas turbine 


F.  If a CAES plant is operated as a hot spinning reserve, it can reach the maximum capacity within a 
 few  minutes.  The  emergency  startup  times  from  cold  conditions  at  the  Huntorf  and  McIntosh 
 plants are about 5 minutes. Their normal startup times are about 10 to 12 minutes [3] 


G.  The obtainable ramping rate is likely to decrease after application of thermal energy storage. This 
 is because the heat must be delivered to the storage material, which is a process that cannot be 
 controlled independently. 


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