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Brief technology description 


Flywheels is considered as a technology with the main characteristics of high power and high 
 energy  density  (Koohi-Fayegh  &  Rosen,  2020)  and  the  possibility  to  decouple  power  and 
 energy in the design stage. Moreover, it can be installed in any location and high power, but 
 usually  low  energy  compared  with  some  other  energy  storage  devices,  are  other  important 
 characteristics (EASE-EERA, 2017). 


Flywheels store energy as rotational kinetic energy by accelerating and decelerating a rotating 
 mass.  Flywheel  energy  storage  systems  (FESS)  consist  of  a  rotating  mass  around  a  fixed  axis 
 (i.e.  the  flywheel  rotor)  which  is  connected  to  a  reversible  electrical  machine  that  acts  as  a 
 motor during charge that draws electricity from the grid to spin the flywheel up to operating 
 speed,  and  as  a  generator  during  discharge  when  the  already  spinning  flywheel  delivers 
 torque to the generator to provide power to the external grid or load (IRENA, 2017). 



Mechanical principle 


The mechanical principle of flywheel is the rotation of a mass to energy storage in the form of 
 kinetic energy (see equations). The mass can be disc of Laval, solid disk, thick ring and thin ring. 


𝐸 =1
 2𝐼𝑤2
 𝐸


𝑚= 𝐾𝜎𝑚𝑎𝑥


𝜌


Where E is the energy storage, I is the moment of inertia, w is the rotational speed, m is the 
 mass, σmax is  the  maximum stress, and ρ is  the  density of the flywheel  (Mahmoud, Ramadan, 
 Olabi, Pullen, & Naher, 2020). 



Components in flywheel energy storage systems 


A modern FESS is composed of five primary components: 


•  flywheel, 


•  group of bearings,  


•  reversible electrical motor/generator, 


•  power electronic unit and  


•  a vacuum chamber 


Figure 2.53. System description of a flywheel energy storage facility. Source: (Luo, Wang, Dooner, & Clarke, 
 2015) 


FESS  use  electricity  to  accelerate  or  decelerate  the  flywheel,  that  is,  the  stored  energy  is 
 transferred to or from the flywheel through an integrated motor/generator. For reducing wind 
 shear  and  energy  loss  from  air  resistance,  the  FES  system  can  be  placed  in  a  high  vacuum 
 environment. The amount of energy stored is dependent on the rotating speed of the flywheel 
 and its inertia (Luo, Wang, Dooner, & Clarke, 2015). 


Based on these properties, two key broad categories of flywheels have  been developed: 
 low-speed FES (not exceeding 10,000 revolutions per minute) and a high-low-speed FES (up to 100,000 
 revolutions a per minute). (IRENA, 2017) 


Due to the fast response time flywheels can provide ultrafast ancillary services to the grid, with 
 reaction times down to  3 ms.  Primary reserves – and even synthetic inertia  - for  maintaining 
 grid  frequency  can  easily  be  provided  and  managed  by  use  of  flywheels.  The  reason  for 
 flywheels  sometimes  outshining  batteries  for  certain  applications  is  their  high  ramping  rate. 


The fast up and down ramping rates and the power storage capacity makes flywheels suitable 
 for (Danish Energy Agency-ENERGINET, 2019):  


•  Ramping (how fast an application can increase or decrease load) 


•  Peak Shaving 


•  Time Shifting (storing energy from one time to another) 


•  Frequency regulation 


•  Power quality (voltage) – Power distribution grids strive to have a power factor as close to 
 1 as possible. Using flywheels, power utilities may vary active and re-active power to reach 
 a perfect power factor. 



Input/output 


The input and output are electricity. 



Energy efficiency and losses 


Today,  the  flywheels  are  operated  with  permanent  magnet  machines  due  to  their  high 
 efficiencies.  Furthermore,  the  rotating  mass  is  mounted  by  magnetic  bearings  inside  a 
 vacuum  chamber  to  eliminate  frictional  losses.  Therefore,  it  has  no  lubrication  requirements 
 (Koohi-Fayegh & Rosen, 2020). Due to all the above, the efficiency of FESS is in between 85 to 
 90 % (Nadeem, Hussain, Tiwari, Goswami, & Ustun, 2019). 


The  flywheels  have  a  high  standby  loss  and  20  %  of  self-discharge  per  hour  because  of  an 
 unexpected dynamic load or external shock  (Nadeem et al., 2019), but the technology has zero 
 degradation  in  energy  storage  capacity  over  time.  When  the  flywheel  is  operated,  the  losses 
 can be caused by charging, discharging, and power electronics (Danish Energy Agency, 2019).  


The  requirement  surface  will  depend  on  surface  availability  and  energy  needs.  The  power 
 density for flywheels is between 40 to 2000 kW/m3 (Koohi-Fayegh & Rosen, 2020). 



Typical characteristics and capacities 


The  energy  storage  for  flywheel  is  15  Wh/kg.  Its  specific  power  is  between  400  to  1500  W/kg 
 (Luo et al., 2015). Flywheels like energy storage is very flexible, it can deploy in numerous sizes 
 and, capacities from kW to MW. 



Typical storage period 


The storage period from flywheels is shorter than days. It has a daily self-discharge > 3 % per 
 hour (Luo et al., 2015). Therefore, they can be designed for each specific application, for example 
 uninterruptable power supply for hospitals, airports, and server centers. 



Regulation ability 


Flywheel  has  a  response  time  between  below  3  milliseconds  and  to  seconds  (Das,  Bass, 
 Kothapalli, Mahmoud, & Habibi, 2018). Consequently, it can offer electricity storage applications 
 such as: 


Table 2.39. Type of services can be provided by FESS. Source: (Schmidt, Melchior, Hawkes, & Staffell, 
 2019) 


Service  Can be provided 


Primary response  √ 


Secondary response  √ 


Black start  √ 


Power Quality  √ 



Examples of market standard technologies 



PJM, Hazle, Pennsylvania 


The  plant  includes  200  flywheel  modules  lowered  into  the  ground  (5  on  each  side  of  a 
 container).  The  plant  currently  provides  20  MW  of  frequency  regulation  service  to  PJM  and 
 reached full commercial operation in July 2014. 


Figure 2.54. Hazle Township, Pennsylvania. Source:  (DTU Energy, 2019) 



Toluca and Mexico City, Mexico 


Two  other  storage  projects  are  the  flywheel  systems  in  the  Mexico  City  and  Toluca  airports, 
 which  installed  a  1,800  kVA  and  one  600  kVa  kinetic  energy  storage  flywheel  systems, 
 respectively,  from  Active  Power  to  use  as  back  up  for  runway  lightning  and  other  critical 
 navigation systems (Active Power, 2018). 



Advantage/disadvantage 


The advantages are: 


•  Fast charge capabilities 


•  High energy storage density  


•  Long  life  cycle  and  no  capacity  degradation  (lifetime  largely  unaffected  by  number  of 
 charge/discharge cycles) 


•  High power density, largely independent of stored energy level  


•  Low maintenance required  


•  State of charge is easy to determine (through rotational speed)  


•  Wide operational experience (due to use in motors and other industrial applications) 


•  No pollution 


•  Small area requirement 


The disadvantages are: 


•  Low energy density compared with battery systems 


•  Very high idle losses (self-discharge rates) 


•  Need for bearing maintenance or power for energy magnetic bearings 


•  Unexpected dynamic loads or external shocks can lead to failure 


•  Noise issues when operate the flywheel 


•  Safety issues 


•  High cost per unit of energy stored 



Environment 


This  technology  has  very  low  environmental  impact  because  of  the  materials  used  and  the 
 mechanical principles (Das et al., 2018). 



Research and development 


Although  there  are  some  commercial  products  available  in  the  market,  some  needs  are  still 
 being demanded by the users. In general terms, an increase of the power and energy densities 
 is  required  in  order  to  be  more  competitive  against  the  alternative  technologies,  and  the 
 reduction of the high investment cost. 


The energy density of the flywheel can improve by the increase of rotational speed. Therefore, 
 research  is  also  needed  to  better  materials  for  the  flywheel,  high-performance  electrical 
 machines, low losses electromagnetics and power electronics, and very fast and robust control 
 platforms (EASE/EERA, 2013). 



Prediction of performance and costs 


The most data presented for flywheel were obtained from (IRENA, 2017). The data of forced and 
 planned  outage,  construction  time,  specific  energy  and  density  were  obtained  from  (Danish 
 Energy  Agency,  2019).  For  both  cases,  they  were  selected  due  to  the  design  is  based  on  the 
 same  operational  capacities  of  the  energy  storage  system.  The  fixed  and  variable  O&M  were 
 obtained from (Zakeri & Syri, 2015). 


The flywheels will not have a variation in this period due to its technological maturity. The other 
 data will have a variation due to new materials or new electronics components. Consequently, 
 the costs will be reduced. 



Uncertainty 


The most uncertainties of flywheels will not have a variation in the 2020-2030 period due to it is 
a deployment technology and there is not enough information about future projections. The 
most  uncertainty  is  the  same  as  (IRENA,  2017)  to  keep  the  consistency  between  data.  The 
uncertainty  for  fixed  and  variable  O&M  is  the  same  as  (Zakeri  &  Syri,  2015).  Finally,  the 
uncertainty for specific energy and density were obtained from (Luo et al., 2015). 



Data sheet 


Notes: 


A.  IRENA has developed a tool to estimate costs for certain types of storage application 


B.  Inferred  as  the  square  root  of  the  round-trip  efficiency  (supposing  as  charge  and  discharge 
 efficiency should be equal) 


C.  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. Since the 
 data  for  energy  and  capacity  component  are  available  is  possible  deducted  the  specific 
 investment therefore some adjust is take by IRENA for showing the value for "Invest per usable 
 kWh (ENERGY) storage" 


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


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


F.  Ranges  of  uncertainty  follow  assumptions  of  market  trends  specified  in  [2],  based  on  average 
 values of [3] 


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