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Brief technology description 


Pumped Hydro Storage (PHS) is a mature and widespread large-scale electrical energy storage 
 technology and works with a simple principle: convert electrical energy into potential energy 
 by elevating water to a higher-level reservoir.  


To operate in this way, electrical energy is used by the pumping system; therefore, it is sought 
 to  operate  in  periods  of  low  demand  or  when  electricity  has  low  cost.  Subsequently,  the 
 electrical  energy  is  generated  by  releasing  the  water  that  was  stored  in  the  upper  reservoir 
 through turbines. This occurs in the same way as a conventional hydroelectric plant. In general, 
 this electricity is generated when the demand is high and therefore, the market prices high. 


When  the  water  travels  through  the  circuit  of  the  lower  reservoir  to  the  upper  one,  then  a 
 storage  cycle  is  completed.  PHS  currently  represents  more  than  96  percent  of  the  installed 
 global storage capacity, and more than 99 percent in terms of stored electrical energy (IRENA, 
 2017).  PHS  has  been  used  as  a  balancing  component  for  power  generation  plants  that  have 
 limited  monitoring  of  demand  curve  (inflexible)  (IRENA,  2017),  due  to  the  possibility  of 
 absorbing  electricity  to  power  a  pumping  system  and  its  ease  of  delivering  energy  quickly, 
 favoring efficient operation of the electricity grid. 


The PHS might balance the variation of wind and solar energy by providing reliable energy by 
 meeting  the  demand  during  sustained  and  increasingly  prolonged  changes,  while  avoiding 
 the need for curtailment during periods of excess supply. Therefore, PHS could further support 
 the  deployment  of  variable  renewable  energy,  as  it  makes  the  operation  of  the  power  grid 
 flexible (Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. 


Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, M.I. Gomis, 
 E. Lonnoy, T. Maycock, M. Tignor, 2019). 


In  the  1960s,  most  of  the  thermal  generators  that  delivered  energy  were  high  capacity,  high 
 temperature  and  high-pressure  units,  with  little  possibilities  of  specific  improvements  in 
 efficiency.  These  generators  were  the  equipment  with  lowest  cost  for  constant  high 
 performance to reduce equipment stress and maintenance costs while optimizing operational 
 efficiency. 


However,  the  thermal  power  plants  are  less  capacity  to  provide  energy  in  the  maximum 
 demand, resulted in a firm operation for these types of plants, because they find it difficult to 
 adapt to sudden variations in demand. This firm operation refers to power plants that deliver 
 energy constantly almost all the time, plants which at the same time  provide support to the 
 base load energy matrix. 


As  renewable  variable  energy  sources  continue  to  displace  the  generation  of  dispatchable 
fossil  fuel  based  power  plants,  the  flexibility  of  the  energy  system  becomes  a  crucial  tool  to 


avoid  disruptions  to  end  users  and  reduce  price  volatility  that  might  be  created  in  markets 
 whose prices are identified through marginal operational costs.  


In Mexico, before the energy reform that took  place in 2013, hydroelectric power plants were 
 built  to  absorb  excess  energy  by  operating  as  synchronous  capacitors.  These  services  came 
 mainly from power plants with base load. Subsequently, hydroelectric plants were operated in 
 a  conventional  manner,  with  the  purpose  of  delivering  energy  during  peak  hours  of  high 
 demand. Therefore, the power generation by these power plants is just cover the peak hours 
 without considering the economic benefits. 


Therefore, the Federal Electricity Commission (CFE), which was a  state-owned company, was 
 responsible  for  bringing  energy  to  the  entire  population  and  industry  of  the  country,  as  well 
 responsible for the operation and the expansion of the grid. 


In  this  way,  some  hydroelectric  projects  were  facilitated  where,  in  addition  to  the  electric 
 service,  collateral  benefits  were  offered  for  water  management,  such  as  the  supply  of  water 
 resources to the main consumption centers, water available for irrigation and industrial use, as 
 well  as  the  security  provided  by  a  dam  against  severe  weather  events,  such  as  large  runoffs 
 that flood cities or growing areas (Lindström & Granit, 2012). Very few projects were conceived 
 to supply only electricity and less for the control or storage of energy as PHS do. 


In recent years, interest in PHS has increased in several countries, especially in China, but also 
 in Europe and in relatively new markets. As variable energy sources are increasingly integrated 
 into  electrical  networks,  PHS  could  facilitate  their  integration.  At  the  end  of  2017,  the  global 
 installed capacity was 161,000 MW (REN21, 2018). China has contributed to a large part of recent 
 growth, managing to add almost 15,000 MW of capacity since 2010. 



Mechanical principle 


PHS system works with the potential gravitational energy. When there is an excess power on 
 the grid, the water in the lower reservoir is pumped to the upper  one.  When the grid needs 
 energy, the water in the upper reservoir is dropped to a hydro turbine (HT) to produce power. 


Energy production is because there is a positive pressure difference  between the upper and 
 lower reservoir. 



Components in a pumped hydro storage system 


PHS is composed of four main elements: hydro turbine, pumping system, and upper and lower 
 reservoir (Mahmoud, Ramadan, Olabi, Pullen, & Naher, 2020) (see Fig. 2.2). 



Input/output 


PHS systems store potential energy and produce electricity, using electrical energy as input to 
pump water and delivering electrical energy as output. 



Energy efficiency and losses 


PHS loading and unloading efficiencies reach more than 80% for both cases and can provide 
 load  balancing  within  the  general  power  system  (Morante,  2014).  Pumped  storage  might 
 prevent electrical blackouts, as their reaction time is 15 seconds to go from 50% generation to 
 100%; although it takes about two minutes to go from 0% to 100% generation. On the contrary, 
 the  complete  inversion  of  the  cycle,  from  100%  generation  to  100%  pumping,  takes  about  10 
 minutes.  Modern  pumping  plants,  with  variable  speed  machinery,  allow  a  regulation  of  the 
 power  produced,  from  50%  to  100%.  This  is  useful  for  those  services  necessary  to  keep  the 
 transmission of electric power under control (Morante, 2014). 


The efficiency of PHS is between 70 – 85 %. Its energy losses during storage are 0.01 % per day 
 (IRENA, 2017). 



Typical characteristics and capacities 



Types of pumped hydro storage systems 


Conventional  PHS  systems  are  classified  according  to  the  operation  in  its  pumping,  i.e.  it  is 
 necessary to differentiate the route that the water takes between deposits (see  Table 2.1 for a 
 description of the main elements): 


1.  Closed-loop pumped storage (see Figure 2.1): A body of water that is stagnant, such as a 
 lagoon  or  an  artificial  basin  (build  by  the  dam)  represents  the  lower  reservoir 
 (containment work is required). The volume of water stored in the basin is the same as 
 that  circulated  throughout  the  system;  therefore,  it  feeds  exclusively  on  the  water 
 pumped from the lower basin to the upper basin. In this case, there are no additional 
 contributions of water, and a first filling is required. 


2.  Open-loop  pumped  storage  (see  Figure  2.1):  This  type  of  power  plants  have  natural 
 water inlets to  the lower basin  and its  main characteristic is that  the  water follows its 
 natural  course;  therefore,  it  requires  an  inlet  tap  that  only  captures  the  volume 
 necessary  to  be  pumped,  and  after  storage  and  the  energy  generation,  the  water 
 returns  to  its  natural  channel.  It  is  possible  that  the  basin  is  oversized  to  capture  an 
 additional volume that allows the correct operation of the PHS. 


Table 2.1. Different elements of the generation and pumping plant of PHS. Source: (ICOLD, 2019) 


Element of a PHS  Description 


Dam 
 (Containment 


work) 


It  refers  to  the  civil  work  that  fulfils  the  function  of  retention,  specified  and 
 modifies the natural conditions of a given river, in order to obtain a deposit for 
 its use. Traditionally they are known as ”dam” and are made of stone, concrete 
 or  loose  materials,  which  are  usually  built  on  a  mountain  and  on  a  river  or 
 stream. 


Water intake 


A  set  of  structures  that  are  constructed  to  extract  water  in  a  controlled  way 
 and store it for later use in water supply or irrigation; to raise its level with the 
 objective of referral to irrigation pipes; to protect an area from its flood effects; 


or for the production of electrical energy. The dimensioning of the admission 


Element of a PHS  Description 


works includes, as a base, the knowledge of the water demand, as well as the 
 operation,  the  minimum  and  maximum  levels  of  the  source from  which  it  is 
 extracted. 


Penstock  Set  of  pipes,  valves,  fittings  and  structures  that  transfer  water  from  the 
 collection to the tank, taking advantage of the existing static load. They usually 
 follow the terrain profile. 


Powerhouse 


It  consists  of  the  electromechanical  pump-turbine  /  motor-generator 
 equipment. At this point the force that brings water acts on the turbine blades. 


The  impeller  remains  attached  to  the  alternator  rotor,  which,  when  rotating 
 with  the  electromagnetic  poles,  induces  an  alternating  current  in  the 
 alternator  stator  coils.  It  is  known  as  reversible  because  the  motor  runs  on 
 alternating current that rotates the pump to raise the water to the upper tank, 
 operating in the direction opposite to the turbine. 


Reservoirs 


The  deposits  or  regulation  reservoir  are  intended  to  change  a  regime  of 
 contributions (of driving) that is always constant, to a regime of consumption 
 or demands that is always variable. It allows the storage of a volume of water 
 when the demand is less than the arrival expense and the stored water is used 
 when the demand is greater. Generally, this regulation is done for periods of 24 
 hours. When an additional volume for storage is provided, an amount is then 
 available as a reserve in order not to suspend the service in case of damage to 
 the collection or conduction, the volume of reserve water is generally used to 
 meet demands extraordinary. 


Spill-over 


Also known as overflow dumps are built in order to give way to the volumes of 
 water that cannot be retained in the reservoir or reservoir of a dam and must 
 be removed to prevent structural damage to the containment work. 


Figure 2.1. Illustration of the PHS technology. Source: (EERE, 2019) 


Figure 2.2. Main installation that constitute a hydroelectric plant. Source: (CERI, 2008) 


Figure 2.3.  Diagram of a hydroelectric generating station. Source: (CERI, 2008) 


As a sub-classification to the PHS systems described above, there are other types of storage by 
 pumping. 


•  Open-loop pumped storage with sea water. The lower reservoir is fed with seawater, for 
 this purpose it requires a steep orography near the coast to reach large hydraulic loads. 


The main obstacle of this technology is the salt content of seawater. Due to salt corrosion, 
constant  protection  and  maintenance  is  required,  which  makes  this  technology  more 
expensive;  nevertheless,  studies  have  been  carried  out  to  use  the  large  hydraulic  loads 


and in this way cause the water to be potabilized and will subsequently be used for its 
 electricity generation (Slocum, Haji, Trimble, Ferrara, & Ghaemsaidi, 2016). 


•  Closed-loop pumped storage in underground deposits. Water is stored in mines or caves 
 that  were  abandoned.  These  deposits  must  meet  sufficient  geological  properties  to 
 prevent infiltration and therefore, losses in storage capacity (Madlener & Specht, 2013). 



Models of hydraulic turbines 


For  years,  hydroelectric  storage  has  offered  a  cost-effective  way  of  providing  balance  and 
 stability  services  in  the  large-scale  grid,  with  better  predictability  in  terms  of  cost  and 
 performance.  New  hydraulic  storage  technologies,  such  as  variable  speed,  give  plant  owners 
 even more flexibility and faster response times. 


For a fixed-speed hydroelectric storage plant, there is a constant and fixed energy requirement 
 to activate the unit and pump excess energy to the highest tank for storage. The pumps have a 
 sense of reverse rotation to the turbines, it could be said that a pump consumes energy from 
 the power grid, and by means of an internal rotation movement transfers it to the water in the 
 form of a higher pressure. On the other hand, pumps such as turbines capture the hydraulic 
 energy of the water by means of a rotation movement, to convert it into electrical energy. 


However,  pumps  such  as  conventional  turbines  have  a  limitation:  the  power  generation 
 process  is  only  efficient  under  constant  operating  conditions,  thereby  wasting  great  energy 
 potential when fluctuations occur. 


At  a  fixed  speed,  it  is  only  possible  to  have  one  operating  point  for  each  hydraulic  load  and, 
 therefore, its operational flexibility is limited, the pumps can only operate at full power or shut 
 down. With variable operating conditions, both pressure and flow, an electronic turbine speed 
 control system that increases efficiency and energy production is necessary. 


In  turbine  mode,  the  unit  cannot  operate  with  maximum  efficiency  during  partial  loading, 
 while variable speed machines allow varying the power consumed in the pumping mode over 
 a range of outputs. The speed modification also allows the turbine to operate with maximum 
 efficiency in a larger portion of its operating band. [Victor, 2019]. The speed is controlled by  a 
 frequency converter with a change in discharge or power. 


In this way, generating energy under variable hydraulic conditions produces energy for longer 
 periods  and  a  greater  hydraulic  potential  is  recovered,  providing  a  more  stable  and  robust 
 electricity supply. In a conventional single-speed turbine pump, the magnetic field of the stator 
 and the magnetic field of the rotor always rotate at the same speed and the two are coupled. 


In a variable speed machine, those magnetic fields are decoupled. 


Hydro turbines are presented in different models; each type of turbine is used according to the 
 need and the way in which the flow rate and the usable hydraulic load are presented as shown 
 in the following table: 


Table 2.2. Different models of conventional hydraulic turbines. Source: (RIVERS, 2019) 


Types of turbines  Description 


Pelton turbine  It is a turbine with transverse flow, with partial admission. It is said that it has 
spoons  instead  of  shovels  or  blades.  They  are  designed  for  large  hydraulic 


Types of turbines  Description 


loads, but small flows. It is considered an action turbine. 


Turgo turbine 


It  is  an  impulse  type  turbine,  designed  for  medium-level  jumps.  Water 
 carries  a  low  pressure  when  it  passes  through  the  turbine  blades.  The 
 specific  speed  of  the  Turgo  impellers  is  located  between  the  Pelton  and 
 Francis turbines. One or more nozzles or injectors can be used. 


Francis turbine 


For  mixed  flow  and  reaction.  There  are  elaborated  designs  that  allow 
 changing the angles of the pallets during operation. Work with jumps and 
 medium flows. 


Kaplan turbine 


It  is  a  turbine  of  the  axial  type  that,  in  addition,  has  the  particularity  of 
 varying the angle of the blades while operating. It has been designed to be 
 used in small hydraulic loads, but with large flows. It is a reaction turbine 


Propeller turbine 


With adjustable valves, as in the previous case, but with the fixed vane angle. 


Instead  of  changing  the  angle,  it  is  possible  to  change  the  speed  of  the 
considered a slow speed turbine by the number of specific revolutions. It has 
been designed for medium jumps. 
simplicity, they are usually  low-cost machines. All this makes it suitable for 
small-sized plants (mini-hydraulics). 


Figure 2.4. Types of hydraulic turbines. Source: (ED, 2019) 


Figure 2.5. Selection of turbine based in head. Source: (RIVERS, 2019) 



Typical storage period 


When  there  is  a  low  demand  for  energy  in  the  electrical  system  or  the  production  from 
variable renewable energy sources is high, the excess electricity in the grid is consumed by the 
pumping  system  with  the  aim  of  bringing  water  to  the  highest  tank.  At  periods  where  the 
residual demand is the highest, i.e. demand is high and/or production from variable renewable 
energy  sources  is  low,  the  water  that  was  stored  in  the  upper  tank  is  released  again  to  the 
lower  tank  through  a  turbine,  thus  generating  the  electricity  required  by  the  system.  A 
pumped  storage  project  would  typically  be  designed  to  have  6  to  20  hours  of  hydraulic 
reservoir storage for operation. 


Figure 2.6. Example of a pumped storage operation. Source: (Ibrahim & Ilinc, 2013) 



Temporal scales of operation of PHS systems 


With  respect  to  very  short  time  scales,  from  seconds  to  minutes,  there  might  be  needed  to 
 compensate for an imbalance of the system and return the frequency and voltage of the grid 
 to its optimum range.  


This may include automated responses at the individual turbine scale, but also includes active 
 responses  by  adjustable  generators  and  fast  dispatch.  Variable  speed  units  offer  faster  and 
 wider  response  ranges  in  both  generation  and  pumping  mode  and  contribute  to  better 
 frequency regulation (NGH, 2017).  


Whereas synchronous generators are  directly and electromechanically  coupled to the  power 
 grid, modern Variable Renewable Energy sources use software-controlled power electronics to 
 connect to the grid.  


Variable Renewable Energy are generally deployed asynchronously, and their displacement of 
 synchronous  generators  can  have  an  impact  on  the  very  short-term  (sub-second)  stability  of 
 the grid.  


Synchronous  generators,  by  virtue  of  their  physical  spinning  mass,  provide  a  natural 
 mechanical inertia that counteracts sudden changes to the grid. Thus, systems with less inertia 
 will exhibit faster rates of frequency change during a perturbation.  


The medium scale varies from hours to days and refers to the ability to use alternative modes 
 of  production  to  respond  to  a  transient  shock  such  as  the  unexpected  interruption  of  a 
 generator. It is often referred to as peaking support or system reserves. 


Reserves are used utilized after the automatic frequency response has been used and covers 
unexpected  losses  or  forecasting  errors  on  the  system.  This  timescale  is  often  dependent  on 
the technical availability and redundancy of alternative options, as well as having the relevant 


market  conditions  in  place.  PHS  systems  tend  to  hold  large  volumes  of  water  and  have  very 
 high energy-to-power ratios and are thus also well suited to provide long-term services. 


The  long-time  scale  extends  from  days  to  weeks  and  is  mainly  driven  by  weather  system 
 patterns.  For  example,  this  includes  one-week  periods  of  heating  or  cooling  demands  with 
 little wind or weather-driven. 


Finally,  the  very  long-time  scale  encompasses  intra  and  inter-seasonal  variability  in  both 
 energy  demand  and  resource  availability.  Variable  Renewable  Energy  sources,  well  as 
 hydroelectric  power,  exhibit  strong  seasonal  patterns  that  can  result  in  a  mismatch  with 
 demand.  


For this reason, it is a challenge to foresee the energy resources that can cope with long-term 
 variability,  such  as  during  prolonged  periods  of  low  winds,  prolonged  droughts  or  simply 
 seasonal dry and wet periods.  


Both  Variable  Renewable  Energy  and  hydroelectric  power  can  also  have  significant  
 inter-annual  variations,  for  example,  as  a  result  of  the  El  Niño  phenomenon  (Hunt,  Byers,  Riahi,  & 


Langan,  2018).  Seasonal  pumping  storage  has  been  proposed  in  Brazil  to  balance  seasonal 
 variations and increase total storage efficiency by coupling with conventional cascade systems. 


In cases where seasonal pumping storage projects reduce spillage or evaporation in cascade 
 systems, it can result in a general energy gain rather than a loss to the system (Hunt, Freitas, & 


Pereira Junior, 2014). 



Regulation ability 


PHS is useful for maintaining control in the electricity grid, such as frequency regulation and 
grid  decongestion.  Depending  on  capacity  and  needs,  some  hydroelectric  plants  have 
functioned  as  synchronous  capacitors  to  absorb  energy  from  transmission  lines  that  only 
saturates the grid, since they are not absorbed by the consumer. This operation causes wear 
on  machinery  that  was  not  designed  for  this  purpose.  PHS  adapts  to  the  arbitrage  or  time 
shifting, which consists of storing energy at a given time for later use. This service supports the 
integration  of  variable  renewable  energies,  since  these  cannot  be  programmed  to  meet 
demand  and  their  production  depends  on  external  and  uncontrollable  factors,  such  as 
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