[0.244s][warning][perf,memops] Cannot use file /tmp/hsperfdata_ec2-user/8055 because it is locked by another process (errno = 11)
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Executive Summary 


The Technology Catalogue for Energy Storage is divided into three main sections: The first one 
 is  a  guide  to  the  structure  and  issues  of  the  catalogue;  where  the  basic  concepts  of  energy 
 storage  are  defined  and  described:  technology  and  storage  classification,  technical 
 characteristics for each  of the  technologies considered. It also shows a  general framework of 
 energy storage, the existing technologies,  and the main  applications or services that storage 
 technologies  can  provide  to  the  grid  at  utility  scale.  In  this  section  an  overview  of  the 
 applications of energy storage around the world is included, identifying the application trends 
 of  different  technologies,  its  main  uses,  the  main  components  of  each  system,  the 
 technological maturity, the characteristics or conditions that restraint or enable its application, 
 among other things. 


The second section presents the energy storage options or technologies that are considered to 
 have the potential to be implemented in the context of the Mexican national electricity system, 
 their main characteristics, and the technical data that can be used to perform further analysis 
 for each energy storage technology in a system. 


The third part of the Technology Catalogue include the summary tables (Excel files) with the 
 technical and financial data and the projections and uncertainties to 2030, the complete list of 
 data sheets will be mentioned in the section “Web-only Materials”. 


The process of developing this catalogue was designed to enable the continual participation of 
 stakeholders  within  this  area  of  expertise.  Therefore  the  stakeholder  institutions  within  the 
 academic,  developer,  and  public  administration  sectors  directly  related  to  the  subject  were 
 invited to an introductory workshop followed by the integration of a working group to discuss 
 in detail the different aspects of the catalogue: the technology selection, the structure of the 
 technology descriptions and the technical and financial data gathering as well as the best way 
 to present projections and uncertainties.  


The participative process consisted of the preparation and realization of three sessions with the 
 working  group  where  the  interested  parties  were  asked  to  review  the  documents  of  the 
 catalogue  and  to  provide  feedback  on  the  work  in  the  different  stages  of  realization  of  the 
 project. As part of the preparation of the working group session, main files were shared. During 
 the sessions, presentations were made regarding the different aspects of the technologies. The 
 goal  of  this  process  was  to  keep  the  stakeholders  inform  about  the  progress  and  to  get  the 
 most  possible  feedback  from  the  participation  of  the  greatest  number  of  experts  in  the 
 different areas. 


In the  case  of this catalog of technologies, a working group was formed made up  of experts 
from  different  sectors  and  institutions  such  as  CENACE,  SENER,  CRE,  INEEL,  INVENERGY, 
AMDEE,  AMSOL,  CONACYT,  UAM,  IER-UNAM,  among  others;  which  enriched  this  work  with 
their support, review and valuable contributions throughout the development process. The full 
list of working group participants for the technology catalog, the regulatory issues and study 
cases  is  at  the  end  of  this  summary.  We  thank  the  participants  for  their  contributions  and 
comments. 
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1 Introduction 


A  challenge  for  the  transformation  of  electricity  systems  is  the  increasing  penetration  of 
 intermittent  renewable  generation.  Low-carbon  technologies  like  solar  and  wind  have  high 
 capital costs and low operating costs, but intermittent outputs cannot be easily forecasted or 
 controlled. The deficits and surpluses from renewable generation could be greatly managed in 
 the future if it is incorporated through energy storage systems. But this is not the only way to 
 approach  the  benefits  of  energy  storage  since  the  electricity  network  system  needs  a  lot  of 
 different  services  for  their  optimum  operation  and  to  guarantee  the  levels  of  efficiency, 
 reliability,  continuity,  and  security  of  the  National  Electric  System.  At  the  same  time,  these 
 services  refer  to  issues  such  as  management  of  voltage  levels,  frequency,  congestions  in  the 
 network, load balancing, among others directly linked to the availability and management of 
 electrical energy. 


This  catalogue  addresses  technologies  for  energy  storage  at  utility  scale  for  the  Mexican 
 electricity  system.  The  focus  is  on  the  specific  storage  technologies  that  are  considered 
 relevant for Mexico (for more details on the selection, see Appendix A). The interaction with the 
 system and the combination with other technologies are not considered.  


The present catalogue is based only on information available in the literature, and each storage 
 technology unit is defined by its energy carrier such that the boundary to each storage system 
 is the input and output of the same energy carrier. For example, while a flywheel stores kinetic 
 energy,  it  is  in  this  catalogue  for  all  intend  and  purposes  defined  as  electricity  storage. 


Therefore, the conversion from electricity to kinetic energy and back is included in the storage 
 technology. Each chapter contains the necessary qualitative description and quantitative data 
 to complete the storage of the energy carrier. 


Three groups of storage technologies are studied closely in the present report: Electrochemical 
 storage (Batteries), Thermal storage, and Electro-mechanical storage. It focuses on only eight 
 technologies and one special mention that were considered with the potential for deployment 
 in the short and medium-term in México: Pumped Hydro Storage, Lithium-Ion batteries, Lead 
 Acid Batteries, Sodium Sulfur (NaS) batteries, Flow batteries (Va-Redox), Flywheels, Molten Salt, 
 CAES and the special mention Supercapacitors. 


The  main  purpose  of  the  catalogue  is  to  provide  generalized  data  for  long  term  analysis  of 
 energy  systems,  including  economic  data  and  a  qualitative  description  of  the  technologies 
 with an overview of the most significant application trends of specific technologies for energy 
 storage systems. 


The  mapping  should  be  done  on  a  research-based  foundation,  but  at  the  same  time  with  a 
 focus on the development- and market-related challenges the technologies are facing for their 
 deployment in the Mexican electricity system. The outcome of the work should be published 
 aimed  at  decision  makers  related  to  the  development  and  implementation  of  storage 
 technologies in Mexico, industry and the research community. 


To the presentations  of  the different technologies in the catalogue, the general assumptions 
 are  described  in  Section  1.1.  The  following  sections  (1.2  and  1.3)  explain  the  formats  of  the 
 technology  chapters,  how  data  were  obtained,  and  which  assumptions  they  are  based  on. 


Each technology is subsequently described in a separate technology chapter, making up the 
main  part  of  this  catalogue.  The  technology  chapters  contain  both  a  description  of  the 



(16)technologies  and  a  quantitative  part  including  a  table  with  the  most  important  technology 
 data. 



1.1  General classification 


There  are  different  forms  of  energy  stored  and  different  possible  applications  of  certain 
 technologies,  but  since  the  focus  of  this  catalogue  is  utility  scale  in  the  national  Mexican 
 network these are categorized as shown in the following table. 


Table 1.1. Categories of electricity storage. Source: Own elaboration. 


Form of 
 energy 
 stored 


Principle 


Application within the electricity value chain 
 Transmission system 


operation  Distribution system 


operation  End user 


Electro-
 chemical 


Lithium-Ion  Lithium-Ion  Lithium-Ion 


Sodium Sulfur (NaS)  Sodium Sulfur (NaS)  Sodium Sulfur (NaS) 


Lead Acid  Lead Acid  Lead Acid 


Vanadium Redox Flow  Vanadium Redox Flow  Vanadium Redox Flow 


Thermal  Molten Salt  Molten Salt 


Mechanical 


Pumped Hydro  Pumped Hydro 


Flywheel  Flywheel  Flywheel 


CAES  CAES 


Electrical  Supercapacitors  Supercapacitors 


The  possible  forms  of  energy  stored  considered  are  Electrochemical  (Batteries),  Thermal, 
 Mechanical, and Electrical. While the considered applications include large scale technologies 
 to  provide  system  services,  other  smaller  sizes  are  possible  for  specific  applications  in  the 
 optimum managed of the network. The consumption level is not considered in this catalogue. 


The table only lists the technologies included in the catalogue. 


Based on the service provided, electricity storage technologies can be divided into two main 
 categories: power-intensive and energy-intensive. 


Power-intensive applications are required to provide ancillary services to the electricity system 
 in  maintaining  the  balance  of  frequency  and  voltage  or  providing  power  quality.  Power 
 intensive  applications  do  this  by  delivering  large  amounts  of  power  for  time  periods  on  the 
 scale of seconds or minutes, and thus, they are characterized by a high ratio of power to energy 
 (short discharge times) and fast response (Danish Energy Agency-Energinet, 2018). 


Energy-intensive applications are used for storing large amounts of energy in order to match 
demand  and  supply,  perform  load  leveling  or  reducing  congestion  in  the  network.  These 
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 used on an hourly to seasonal scale (Danish Energy Agency-Energinet, 2018). 


Table 1.2. Trends in a type of services provided by technologies. Source: Own elaboration. 


Technology  Service provided 


Power-Intensive  Energy-Intensive 
 Lithium-Ion 


Sodium Sulfur (NaS) 
 Lead Acid  


Vanadium Redox Flow (VRF) 
 Molten Salt 


Pumped Hydro  
 Flywheel 
 CAES 


Supercapacitors 


The  distinction  between  technologies  providing  power  or  energy  intensive  services  is  not 
 always clear. Some technologies, such as batteries can provide both services. 



1.2  Qualitative description 


The  qualitative  description  covers  the  key  characteristics  of  each  technology  as  concise  as 
 possible. The following paragraphs are included where relevant for the technology and when 
 the information is available. 



1.2.1  Brief technology description 


Brief description for non-engineers of how the technology works and for which purpose. This 
 includes the form of energy stored, any potential storage medium and the application of the 
 technology. Further, the type of services that the storage technology can provide is explained. 


The  system  boundaries  are  identified  in  this  section.  An  illustration  of  the  technology  is 
 included, showing the main components and working principles. 



1.2.2  Input/output 


The form of energy input to be stored (electricity, hot water, natural gas etc.) and the output(s). 
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1.2.3  Energy efficiency and losses 


The energy conversion efficiency: 


•  Charge/discharge efficiency 


•  Round-trip efficiency, and 


•  Energy losses such as self-discharge (batteries), heat loss, mechanical loss, etc. 



1.2.4  Typical characteristics and capacities 


The characteristics are stated for a single unit capable of providing the storage service needed. 


In the case of modular technologies such as batteries, the unit is represented by a typical size 
 of  battery  installation,  to  provide  the  service  described.  The  typical  characteristics  expressed 
 are: 


•  Energy storage capacity, in MWh: amount of energy that can be stored 


•  Input  and  output  capacities,  in  MW:  rate  at  which  the  energy  can  either  charge  or 
 discharge 


•  Energy density and specific energy, in kWh/m3 and Wh/kg respectively. 


For some storage technologies, there is  a certain amount  of energy that must be constantly 
 kept  in  the  storage  unit  to  ensure  low  degradation  or  to  maintain  specific  conditions  (e.g. 


pressure, temperature). 


For example, in electrical batteries there could be a lower bound for the state of charge (SOC) 
 and for gas storage in caverns a certain amount of cushion gas1  is normally required. In such 
 cases, only the “active storage capacity” is specified, meaning the amount of energy between 
 maximum and minimum level.  


Ranges  for  the  different  parameters  could  be  indicated  here  if  the  technology  has  various 
 typical sizes. 



1.2.5 Typical storage period 


Qualitative  expression  of  how  long  the  energy  is  typically  stored  in  the  unit,  which  is  closely 
 related to the application and the services provided. The storage period is typically in the range 
 from hours or days to longer periods such as months or years. 



1.2.6  Regulation ability 


How fast can they start up and how quickly are they able to respond to demand changes or 
 provide grid services. 


1 Base  gas  (or  cushion  gas)  is  the  volume  of  natural  gas  intended  as  permanent  inventory  in  a  storage  reservoir  to 
maintain  adequate  pressure  and  deliverability  rates  throughout  the  withdrawal  season  (eia 
https://www.eia.gov/naturalgas/storage/basics/)
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1.2.7  Examples of market standard technology 


Recent  full-scale  commercial  projects,  which  can  be  considered  market  standard,  are 
 mentioned,  preferably  with  links.  For  technologies  where  no  market  standard  has  yet  been 
 established, reference is made to best available technology in R&D projects. 



1.2.8  Advantage/disadvantage 


A  description  of  specific  advantages  and  disadvantages  relative  to  equivalent  technologies. 


Generic advantages are ignored; e.g. renewable energy technologies mitigating climate risks 
 and enhance security of supply. 



1.2.9  Environment 


Environmental  characteristics  are  mentioned,  for  example  special  emissions  or  the  main 
 ecological  footprints.  (e.g.  for  batteries  the  use  of  critical,  toxic  or  regulated  materials  is 
 specified). 



1.2.10  Research and development 


This  section  lists  the  most  important  challenges  to  further  development  of  the  technology. 


Also, the potential for technological development in terms of costs and efficiency is mentioned 
 and quantified if possible. 



1.2.11 Prediction of performance and cost 


Cost reductions and improvements of performance can be expected for most technologies in 
 the future. This section accounts for the assumptions underlying the cost and performance in 
 2020 as well as the improvements assumed for 2030 and 2050. 


The  specific  technology  is  identified  and  classified  in  technological  maturity,  indicating  the 
 commercial  and  technological  progress,  and  the  assumptions  for  the  projections  are 
 described. In formulating the section, the following background information is considered: 



Data for 2020 


In case of technologies where market standards have been established, performance and cost 
 data  of  recent  installed  versions  of  the  technology  in  the  region  countries  in  relation  to  the 
 specific technology are used for the 2019 estimates. 


If consistent data are not available, or if no suitable market standard has yet emerged for new 
technologies, the 2019 costs may be estimated using International references such as the IEA, 
NREL etc. 
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Assumptions for 2030 and 2050 


A detailed analysis of the combined technological and economic suitability of the wide range 
 of  applications  and  service  provision  possibilities  in  diverse  local  contexts  involves  a  much 
 profound examination. A robust analysis of the value that the storage systems provide at the 
 electricity  system  level  requires  detailed  modelling  of  the  specific  electricity  system  that  is 
 investigated. It is heavily influenced by the specific market design and the costs and benefits of 
 providing these services through alternative means within the studied market. It also involves 
 a determination of the locations and the size of ESSs that minimize the cost of serving-system 
 demand and a study of the real-time operation of proposed storage systems. (IRENA, 2017). 


However, in the interest of providing some initial insights diverse studies analyzes the future 
 costs-of–service that allows a user to identify the approximate annual cost of electricity storage 
 service in different applications. 


This  report  does  not  contain  simulations  on  which  investment  decisions  can  be  made,  but 
 provides  technology  data  which  can  be  used  for  e.g.  systems  analyses  and  assessments  of 
 specific applications to identify some of the potentially more cost-effective options available for 
 initial  screening  and  conducted  to  more  detailed  analysis  of  their  suitability  for  the  specific 
 application,  their  performance  in  the  specific  real-world  application  and  relative  economics, 
 this specific studies usually are made by the developer companies in identified projects with 
 high-value opportunity. 



Learning curves and technological maturity 


The development for predicting the future costs of technologies may be done using learning 
 curves.  Learning  curves  express  the  idea  that  each  time  a  unit  of  a  technology  is  produced, 
 learning accumulates, which leads to cheaper production of the next unit of that technology. 


The learning rates also consider benefits from economy of scale and benefits related to using 
 automated  production  processes  at  high  production  volumes.  The  potential  for  improving 
 technologies is linked to the level of technological maturity (Technology Readiness Level). 



1.2.12  Uncertainty 


The  catalogue  covers  technologies  with  different  Technology  Readiness  Level  (TRL)  This 
 implies  that  the  price  and  performance  of  some  technologies  may  be  estimated  with  a 
 relatively  high  level  of  certainty  whereas  in  the  case  of  others,  both  cost  and  performance 
 today as well as in the future are associated with high levels of uncertainty. 


This section includes technological or market related issues of the specific technology as well 
 as  the  level  of  experience  and  knowledge  in  the  sector  and  possible  limitations  on  raw 
 materials.  



1.2.13  Additional remarks 


This  section  includes  other  information,  for  example  links  to  web  sites  that  describe  the 
technology further or give key figures on it. 



(21)
1.3  Quantitative description 


To enable comparative analyses between different technologies it is imperative that data are 
 comparable:  All  cost  data  are  stated  in  fixed  same  year  prices  excluding  value  added  taxes 
 (VAT) and other taxes. The information given in the tables relate to the development status of 
 the technology at the point of final investment decision (FID) in the given year (2020, 2030 and 
 2050). FID is assumed to be taken when financing of a project is secured, and all permits are at 
 hand.  The  year  of  commissioning  will  depend  on  the  construction  time  of  the  individual 
 technologies. 


A typical table of quantitative data is shown below, containing all parameters used to describe 
 the specific technologies. The table consists of a generic part, which is identical for all storage 
 technologies and a technology specific part, containing information which is only relevant for 
 the specific technology. The generic part is made to allow for an easy comparison. 


Each  cell  in  the  table  contains  one  number,  which  is  the  central  estimate  for  the  market 
 standard technology, i.e. no range indications.  


The  section  on  uncertainty  in  the  qualitative  description  for  each  technology  indicates  the 
 main issues influencing the uncertainty related to the specific technology. For technologies in 
 the early stages of technological development or technologies especially prone to variations of 
 cost and performance data, the bounds expressing the confidence interval could result in large 
 intervals. The uncertainty is related to the market standard technology. 


The  level  of  uncertainty  is  stated  for  the  most  critical  figures  such  as  investment  cost  and 
 efficiencies. Other figures are considered if relevant. 


All data in the tables are referenced by a number in the utmost right column (Ref), referring to 
 source specifics below the table.  


Notes include additional information on how the data is obtained, as well as assumptions and 
 potential  calculations  behind  the  figures  presented.  Before  using  the  data,  please  be  aware 
 that essential information may be found in the notes below the table. The generic parts of the 
 tables for storage technologies are presented below: 


Table 1.3. Template table for presentation of technical data. Source: Own elaboration. 


Technology  Name / description 


2020  2030  2050  Uncertainty (2020)  Uncertainty (2030)  Note  Ref 


Energy/technical data  Lower  Upper  Lower  Upper 


Form of energy stored 
 Application 


Energy storage capacity for one unit 
 (MWh) 


Output capacity for one unit (MW) 
Input capacity for one unit (MW) 
Round trip efficiency (%) 
 - Charge efficiency (%) 
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2020  2030  2050  Uncertainty (2020)  Uncertainty (2030)  Note  Ref 
  - Discharge efficiency (%) 


Energy losses during storage 
 (%/period) 


Auxiliary electricity consumption (% 


of output) (Expressed only for heat 
 and gas storages) 


Forced outage (%) 


Planned outage (weeks per year) 
 Technical lifetime (years) 
 Construction time (years) 


Response time from idle to full-rated 
 discharge (sec) 


Response time from full-rated 
 charge to full-rated discharge (sec) 


Total investment cost (MUSD$2020 
 per MWh) 


 - energy component (MUSD$/MWh) 
  - capacity component (MUSD$/MW) 
  - other project costs (MUSD$) 
 Fixed O&M (% total investment) 
 Variable O&M (USD$2020MWh) 


Alternative Total investment cost 
 (MUSD$2020 per MW) 



1.3.1  Energy/technical data 



Energy storage capacity for one unit 


The  storage  capacity,  nominal  capacity  (not  maximum  capacity),  represents  the  size  of  a 
 standard unit in terms of energy stored. 


In  the  case  of  a  modular  technology,  such  as  batteries,  a  typical  size  based  on  historical 
 installations  or  the  market  standard  is  chosen  as  a  unit.  Different  sizes  may  be  specified  in 
 separate tables, e.g. small, medium, large battery installation. 


As  explained  under  “Typical  characteristics”,  the  energy  storage  capacity  refers  only  to  the 
active part of the storage unit, i.e. the energy that can be used, and not to the rated storage 
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 be found in the notes. The unit MWh is used for electrical energy storage capacity. 



Output and input capacity for one unit 


The nominal output capacity is stated for a full unit and refers to the active part of the storage. 


Any other information regarding the minimum level is specified in the notes. It is given as net 
 output capacity in continuous operation, i.e. gross output capacity minus own consumption. 


The  nominal  input  capacity  is  stated  for  a  full  unit  as  well.    In  case  it  is  equal  to  the  output 
 capacity,  the  value  specified  will  be  the  same.  The  unit  MW  is  used  for  all  output  and  input 
 capacities. 



Round trip efficiency (Charge and discharge efficiencies) 


The  efficiencies  of  the  charging  and  discharging  processes  are  stated  separately  in  percent 
 where possible. 


The round-trip efficiency is the product of charging and discharging efficiencies: 


𝑅𝑇𝜀 = 𝐶𝐻𝜀 𝑥 𝐷𝐶𝐻𝜀; 


And  expresses  the  fraction  of  the  input  energy,  which  can  be  recovered  at  the  output, 
 assuming  no  losses  during  the  storage  period.  It  represents  the  ratio  between  the  energy 
 provided to the user and the energy needed to charge the storage system. 


For  electricity  storage,  it  is  intended  as  AC-AC  value,  therefore  including  losses  in  the 
 converters and other auxiliaries. 


The round-trip efficiency enables comparisons of different storage technologies with respect to 
 efficiency of the storage process. However, not including the losses during the storage period, 
 it does not give a complete picture. 



Energy losses during storage 


The energy lost from the storage unit due to losses in a specific time horizon is specified here. It 
 is prudent to mention that for different technologies these losses will depend on the storage 
 time, and this catalog does not contain those specifications. 


Technologies  with  different  storage  periods  will  show  very  different  behavior  with  respect  to 
 energy losses. Therefore, the period is chosen based  on the characteristics of the  technology 
 (e.g. % losses/hour, % losses/day or % losses/year). 


Losses  are  expressed  as  a  percentage  of  the  energy  storage  capacity  (as  defined  above)  lost 
 over the timeframe chosen. 



Auxiliary electricity consumption 


Storage systems who involve heat and gas usually need auxiliary systems to operate, such as 
 pumps  and/or  compressors.  The  auxiliary  consumption  expresses  the  consumption  of 
 electricity from such equipment as  a percentage of  output, which has  gone through the  full 
 storage cycle. 


For electricity storage, this component is already included in  the  overall round-trip efficiency 
(AC-AC). 
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Forced and planned outage 


Forced outage is defined as the number of weighted forced outage hours divided by the sum 
 of forced outage hours and operation hours. The weighted forced outage hours are the sum of 
 hours of reduced production caused by unplanned outages, weighted according to how much 
 capacity was out. Forced outage is given in percent. 



Technical lifetime 


The  technical  lifetime  is  the  expected  time  for  which  the  storage  facility  can  be  operated 
 within,  or  acceptably  close  to,  its  original  performance  specifications,  provided  that  normal 
 operation and  maintenance takes place. During this lifetime, some performance parameters 
 may  degrade  gradually  but  still  stay  within  acceptable  limits.  For  instance,  efficiencies  often 
 decrease  slightly  (few  percent)  over  the  years,  and  O&M  costs  increase  due  to  wear  and 
 degradation of components and systems. At the end of the technical lifetime, the frequency of 
 unforeseen operational problems and risk of breakdowns is expected to lead to unacceptably 
 low availability and/or high O&M costs. At this time, the plant is decommissioned or undergoes 
 a lifetime extension, which implies a major renovation of components and systems as required 
 making the storage unit suitable for a new period of operation. 


The  technical  lifetime  stated  in  this  catalogue  is  a  theoretical  value  inherent  to  each 
 technology, based on the data reported in the bibliography consulted. The expected technical 
 lifetime considers a typical number of start-ups and shutdowns. 


In  real  life,  specific  storage  facilities  of  similar  technology  may  operate  for  shorter  or  longer 
 times. The strategy for operation and maintenance, e.g. the number of operation hours, start-
 ups, and the reinvestments made over the years, will largely influence the actual lifetime. 


The  lifetime  is  expressed  in  years  for  all  the  storage  technologies.  For  electrical  batteries  it  is 
 expressed  both  in  years  and  in  number  of  cycles,  since  different  utilization  of  the  battery  in 
 terms of frequency of charge/discharge depth has an impact on its lifetime. 



Construction time 


Time from final investment decision (FID) until commissioning completed (start of commercial 
 operation), expressed in years. 



1.3.2 Regulation ability (Type of services provided) 


The electricity regulation capabilities of the technologies are described by two parameters: 


•  Response time from idle to full-rated discharge (sec) 


•  Response time from full-rated charge to full-rated discharge (sec) 


The  response  time  from  idle  to  full-rated  discharge  is  defined  as  the  time,  in  seconds;  the 
 electricity storage takes to reach 100% of the discharge capacity from idle condition. 


The  response  time  from  full-rated  charge  to  full-rated  discharge  is  defined  as  the  time,  in 
seconds; the electricity storage takes to go from charging at full capacity to discharging at full 
capacity. 
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1.3.3  Financial data 


Financial data  are all in  US dollars ($), fixed 2020 prices and exclude value added taxes (VAT) 
 and other taxes. The generalizations of the costs of storage technologies as per IEA reporting 
 from 2015 (International Energy Agency, 2014), should not be above the costs at the regional or 
 local level since the costs are largely determined by local conditions. Mexico  is a country that 
 has just opened its energy sector to a market that allows more direct participation of private 
 investment,  and  the  energy  storage  sector  is  barely  in  sight,  but  a  rapid  deployment  is 
 expected. These emerging conditions  of value chains and  markets  mean that local costs will 
 hardly be less than the generalizations presented. 



Investment cost 


The investment cost is also called the engineering, procurement and construction (EPC) price 
 or  the  overnight  cost.  Infrastructure  and  connection  costs,  i.e.  electricity,  fuel  and  water 
 connections inside the premises of a plant, is assumed are also included. 


The  rent  of  land  is  not  included  but  may  be  assessed  based  on  the  space  requirements,  if 
 specified in the qualitative description. 


The  owners  predevelopment  costs  (administration,  consultancy,  project  management,  site 
 preparation,  approvals  by  authorities)  and  interest  during  construction  are  not  included.  The 
 costs to dismantle decommissioned plants are also not included.  


The  total  investment  cost  is  reported  on  a  normalized  basis,  i.e.  cost  per  MWh  of  storage 
 capacity.  It  is  the  total  investment  cost  divided  by  the  energy  storage  capacity  for  one  unit, 
 stated in the table.  


For most of the storage technologies it is possible to identify three main cost components: an 
 energy  component,  a  capacity  component  and  other  fixed  costs.  Where  possible,  total 
 investment costs is divided into these components. 


The components considered are the following: 


•  Cost  of  Energy  component  (CE)  [M$/MWh]:  cost  related  to  the  equipment  to  store  the 
 energy  (incl.  their  installation)  for  example  battery  modules  or  reservoirs  in  a  pumped-
 hydro plant.; 


•  Cost of Capacity component (CP) [M$/MW]): cost related to the equipment to condition 
 or  convert  the  energy  carrier  and  make  it  available  to  the  user  or  the  grid  (incl.  their 
 installation)  for  example  converter  and  grid  connection  for  a  battery  system, 
 turbine/pump and grid connection for pumped-hydro plant. 


•  Other project costs (Cother) [M$]: includes fixed costs which do not scale with capacity or 
 energy,  such  as  those  for  data  management  and  control  system,  project  engineering, 
 civil works, buildings, site preparation, commissioning. 


In  this  catalogue,  the  Total  investment  cost  is  expressed  in  relative  terms,  in  M$/MWh,  by 
 dividing  the  Total  Capital  Expenditure  by  the  Energy  storage  capacity  (Esc)  for  one  unit  in 
 MWh. 


𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐸𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒 = 𝐶𝐸𝑥𝐸𝑆𝐶+ 𝐶𝑃𝑥𝑃𝑜𝑢𝑡+ 𝐶𝑜𝑡ℎ𝑒𝑟        [𝑀$] 
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𝐸𝑆𝐶 =  𝐶𝐸+𝐶𝑃


ℎ +𝐶𝑜𝑡ℎ𝑒𝑟


𝐸𝑠𝑐       [𝑀$/𝑀𝑊ℎ] 


Where: 


𝐸𝑆𝐶= Energy Storage Capacity for one unit [MWh] 


𝑃𝑜𝑢𝑡= Output capacity for one unit [MW] 


ℎ =𝑃𝐸𝑆𝐶


𝑂𝑢𝑡= Total number of unloading hours [h] 


For  electricity  storage  applications  with  a  power-intensive  service,  an  alternative  Total 
 investment cost in M$/MW is indicated in the Technology specific data, calculated by dividing 
 the Total Capital Expenditure by the Output capacity for one unit. 


𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐸𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒 𝑃⁄ 𝑜𝑢𝑡



Cost of grid expansion 


The costs for the connection of the storage unit to the system are included in the investment 
 cost  (shallow  costs),  while  no  cost  of  grid  expansion  or  reinforcement  is  considered  in  the 
 presented data (deep costs). 



Business cycles 


The cost of energy equipment shows fluctuations that can be related to business cycles. The 
 trend was general and global. An example is combined cycle gas turbines (CCGT), where prices 
 increased  sharply  from  $400-600  per  kW  to  peaks  of  $1250.  When  projecting  the  costs  of 
 technologies, it is  attempted, as  far  as possible, to compensate for the  effect  of  any  business 
 cycles, that may influence the current prices.  



Economy of scale 


A  typical  size  of  the  storage  unit  is  stated  in  the  technology  description  and  datasheet.  No 
 economy of scale or scaling rule is considered in this catalogue. Instead, the cost components 
 for energy and capacity are specified for the technologies. It is intended to be used in a limited 
 range around the typical capacity and not, for example, for doubling the capacity.  


In case a technology has a modular nature and could be scaled across different sizes, this will 
 be specified in the specific technology chapter. 



Operation and maintenance (O&M) costs 


The fixed share of O&M can be expressed in two different ways.  


1.  The  fixed  share  of  O&M  can  be  expressed  in  terms  of  percentage  (%)  of  the  Total 
 investment cost, as defined in the previous paragraph and stated in the tables. 


2.  The fixed share of O&M is calculated as cost per energy storage capacity for one unit per 
 year  ($/MWh/year),  where  the  energy  storage  capacity  is  the  one  defined  at  the 
 beginning of this chapter and stated in the tables. 


It  includes  all  costs  which  are  independent  of  how  the  storage  system  is  operated,  e.g. 


administration,  operational  staff,  payments  for  O&M  service  agreements,  network  or  system 
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 within  the  technical  lifetime  are  also  included,  whereas  reinvestments  to  extend  the  life  are 
 excluded.  The  cost  of  reinvestments  to  extend  the  lifetime  of  the  storage  unit  may  be 
 mentioned in a note if the data are available. 


The variable O&M costs ($/MWh) are calculated as costs per MWh of energy effectively released 
 by  the  storage.  They  include  consumption  of  auxiliary  materials  (water,  lubricants,  fuel 
 additives),  treatment  and  disposal  of  residuals,  output  related  repair  and  maintenance,  and 
 spare parts (however not costs covered by guarantees and insurances). 


Planned  and  unplanned  maintenance  costs  may  fall  under  fixed  costs  (e.g.  scheduled  yearly 
 maintenance works) or variable costs (e.g. works depending on actual operating time) and are 
 split accordingly.  


It  should  be  noticed  that  O&M  costs  often  develop  over  time.  The  stated  O&M  costs  are 
 therefore average costs during the entire lifetime. 



1.3.4  Technology specific data 


Additional data is specified in this section, depending on the form of energy stored. 


For  electricity  storage  technologies  (batteries  in  particular)  the  power  density  (W/m3)  and 
 energy density (Wh/m3) are stated, as well as the specific energy (Wh/kg) and specific power 
 (W/kg).  For  electricity  storage  technologies  (batteries  in  particular)  the  power  density  PD 
 (W/m3)  and  energy  density  ED  (Wh/m3)  are  stated,  as  well  as  the  specific  energy  SE  (Wh/kg) 
 and specific power SP (W/kg). Depending on data availability, in this catalog, these parameters 
 are  linked  through  unloading  hours  and  volume,  weight  and  energy  characteristics  for  the 
 specific applications shown in the datasheets for consistent estimation: 


(𝑆𝑃 =𝑆𝐸ℎ  ;  𝑃𝐷 =𝐸𝐷ℎ) 


The total investment cost per MW is also stated, as an alternative figure to the total investment 
 in $/MWh. 


Alternative Total Investment cost = 𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐸𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒 𝑃⁄ 𝑜𝑢𝑡


The following table summarizes the technology specific data: 


Table 1.4. Possible additional specific data. Source: Own elaboration. 


Electricity 


Alternative Total investment cost (M$/MW) 
 Lifetime in total number of cycles 


Specific power (W/kg) 
Power density (W/m3) 
Specific energy (Wh/kg) 
Energy density (Wh/m3) 
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1.4  Electricity storage 


Electricity storage is a key technology to enable the next phase of the energy transition, driven 
 by the large-scale deployment of variable renewable energy sources (VRES) like solar and wind 
 power (Danish Energy Agency-Energinet, 2018). The technologies presented in this chapter are 
 intended to assist in the challenges that arise in the integration of intermittent energy sources 
 such as maintaining the balance of production and demand in real-time and maintaining the 
 reliability  and  quality  of  the  energy  supply  while  taking  efficiently  advantage  of    the 
 overproduction  of  electricity  in  different  time  horizons  (minutes,  hours  or  weeks).  But  also 
 diversify  the  technological  options  to  provide  the  services  required  in  the  operations  of  the 
 electric  network  for  its  optimal  operation  and  to  guarantee  the  levels  of  efficiency,  reliability, 
 continuity and security of the National Electricity System. 


Figure 1.1. Classification of electrical energy storage systems according to energy form. Source: 


Adapted from (EASE/EERA, 2017) 


In 2017, it is estimated that 4.67 TWh of electricity storage exists. The total amount of electricity 
 storage worldwide is set to triple from 2017 to 2030, with a foreseeable reduction of the share of 
 pumped-hydro,  in  favor  of  battery  energy  storage  (BES)  systems,  which  capacity  is  set  to 
 increase  17-fold  driven  by  growth  of  utility  scale  and  local  behind-the-meter  applications 
 (IRENA, 2017). 


While electrical energy storage systems are identified by the fact that they can be utilized to 
exchange power (the energy carrier) with the grid, energy storage technologies are commonly 
classified according to their type, depending on the energy form ultimately stored as seen in 



(29)Figure 1.1. Although, the examples in each category should not be an exhaustive list of potential 
 family members. 


For  2019  this  distribution  in  accordance  with  the  data  (registered  in  January  2019),  of 
 Department  of  Energy  of  the  United  States  of  America  (DOE),  the  total  installed  storage 
 operational  power  capacity  of  Pumped  Hydro  storage  is  171.35  GW  (96.01%)  and  the  other 
 electricity  storage  technologies  in  significant  use  like  thermal  storage  with  3.01  GW  (1.69%)  ; 
 electro-chemical (batteries) with 2.76 GW (1.55%), and other mechanical storage with 1.34 GW 
 (0.75%)  (US DOE., 2019). 


Figure 1.2. Global electricity storage power capacity installed and operating (GW) by classification of 
 technology in 2019. Source: (US DOE., 2019) 


The pumped hydro storage (PHS) has highly mature technology for energy storage. Its capital 
requirements  and  technology  risk  are  relatively  low.  Furthermore,  compressed  air  energy 
storage  (CAES),  sodium-sulfur  batteries,  flywheel  (low  speed),  molten  salt,  and  lithium-ion 
batteries  are  in  the  stage  of  deployment  technology,  but  its  capital  requirements  and 
technology risk are high. Finally, flow batteries and supercapacitors are in the demonstration 
technology stage. Its capital requirements and technology risk are high, too (Figure 1.3). 



(30)Figure 1.3. Maturity curve graph of energy storage technology. Source (IEA, 2014) 



1.4.1  Electricity storage characteristics and services 


Numerous  energy  storage  technologies  are  under  development,  with  a  wide  range  of 
 characteristics that  make them suitable for different roles in the energy system, at the same 
 time  the  services  necessary  for  the  optimal  operation  of  the  national  electricity  grid  can  be 
 identified in different sectors in relation to their technical requirements. One way to categorize 
 the different storage systems and the potential service they can provide is by looking at their 
 power  rating  and  the  discharge  time  at  rated  power.  They  are  distinguished  mainly  by  their 
 level  of  operation  and  field  of  application.  In  its  study  ELECTRICITY  STORAGE  AND 
 RENEWABLES:  COSTS  AND  MARKETS  TO  2030  the  International  Renewable  Energy  Agency, 
 distinguishes in a main 3 levels (IRENA, 2017): 


•  Bulk  Power  management,  where  large  module  sizes  and  system  power  ranges  are 
 distinguished (> 50 MW) and in general a longer response time (> 60 seconds). 


•  Transmission & distribution grid support-load shifting where the module sizes and power 
 ranges are  more  moderate (> 100 kW  <50  MW)  and  the response  times are faster (> 10 
 seconds) although not instantaneous. 


•  Uninterruptible power supply-power quality: which request an immediate response time 
 (<10 seconds), but in general with smaller modules and power ranges (<100 kW). 


These are categorized as shown in the following figure 1.4. The different services that electricity 
storage can provide are various and are inherently related to the physical characteristics of the 
storage media and the storage system. 



(31)Figure 1.4. Positioning for different energy storage technologies in system power rating vs discharge 
 times at rated power. Source: (IRENA, 2017) 


The potential applications for electricity storage across the entire value chain are various. Some 
 of  these  applications  refers  to  more  energy-intensive  services,  while  others  refer  to  power-
 intensive  ones.  The  most  important  ones  can  be  categorized  as  follows  (Danish  Energy 
 Agency-Energinet, 2018): 


•  Time-shift: purchase of electricity when the price is lower to use it or sell it when the price 
 is higher (also referred to as arbitrage). The effect is an increased demand in hours with 
 lower  load  (load  levelling),  with  advantages  related  to  the  generation  pattern  of 
 conventional plants, and a reduction of the peak demand (peak shaving), resulting in a 
 lower  utilization  of  more  expensive  generators  and  a  lower  strain  on  the  system.  This 
 service includes the potential provision of peak power to ensure system adequacy, when 
 the power system is under stress2. 


•  RE capacity firming and production smoothing: Compensation of the fluctuations of the 
 production from variable renewables (e.g. solar and wind) to obtain a more predictable 
 and  regular  generation  profile.  Reduction  of  the  balancing  cost  for  the  plant  operator 
 and,  from  a  system  perspective,  reduced  need  for  reserve  and  modulation/ramping  of 
 conventional plants. 


2 Provision of peak power is very similar to arbitrage in terms of requirements from the storage system, but it differs in 
the  utilization  rate.  The  service  of  peak  power  provision  would  be  activated  only  during  very  few  hours  in  the  year, 
where the price is very high, to ensure adequacy and security of supply. This would be feasible only in the case storage, 
due  to  the  lower  battery  cost,  becomes  competitive  with  gas  or  other  peaker  technologies  in  terms  of  capital  cost 
expenditure. 



(32)•  Network  support  and  investment  deferral:  Postponement  of  costly  expansion  of  the 
 power  network  thanks  to  the  reduction  of  situations  with  overload  and  congestions  in 
 transmission or distribution networks. In connection to variable renewables, it refers also 
 to the reduction of curtailed energy. 


•  Primary  regulation:  Participation  in  the  primary  frequency  regulation,  ensuring  the 
 balance  between  production  and  consumption  is  restored  in  the  event  of  frequency 
 deviations. The response time for the primary regulation is 15-30 sec. It is also referred to 
 as Frequency Containment Reserve (FCR). 


•  Secondary regulation: Participation in the secondary frequency regulation, ensuring the 
 frequency  is  brought  back  to  its  nominal  value  after  a  major  system  disturbance.  The 
 response  time  of  secondary  regulation  is  15  min.  It  is  also  referred  to  as  Automatic 
 Frequency Restoration Reserve (aFRR). 


•  Tertiary  regulation:  Participation  in  the  tertiary  frequency  regulation,  which  partially 
 complements and replaces secondary reserve by re-scheduling generation. The response 
 time  must  be  within  15  minutes.  It  is  also  referred  to  as  Manual  Frequency  Restoration 
 Reserve (mFRR). 


•  Black-start: Service of reestablishment of the grid after a generalized black-out. It can be 
 provided  by  plants  that  are  able  to  start  operation  autonomously,  i.e.  without 
 alimentation from the grid. 


•  Voltage  support:  Provision  of  reserve  for  the  modulation  of  reactive  power  in  specific 
 nodes of the grid for voltage management purposes. 


•  Power quality: Refers to several services related to the improvement of the quality of the 
 power  supplied.  For  example,  improved  voltage  quality  (compensation  of  voltage  dips 
 and  distortion  of  voltage),  reduction  of  the  impact  of  distorting  loads  (e.g.  harmonics, 
 flicker) and shaving of localized power peaks (timescale of seconds). 


The  suitability  of  different  storage  technologies  for  the  specific  applications  considered 
 relevant  for  the  development  of  energy  storage  in  the  National  Electricity  System  network 
 (SEN) of Mexico, are shown in Figure 1.53. 


Figure 1.5. Suitability of different electricity storage technologies for different applications. Source: 


(Adapted from (EASE/EERA, 2017) ) 


3The suitability for the different services is primarily based on (Oliver Schmidt, 2019), (EASE/EERA, 2017). And (IRENA, 
2017). Additional and recent information have been considered. For example, thanks to the current reduction in cost, 
Li-ion batteries are starting to be deployed for energy-intensive services such as time-shift and load management. See 
for example: (Enel, 2017) and other Li-ion projects with more than 4h of storage duration in (US DOE., 2019). Further 
details are in the Appendix A.



(33)Based on data from the U.S. DOE Database of Storage project (US DOE., 2019), today the main 
 uses of electricity storage by technology group are those displayed in Figure 1.4, 1.5, 1.6 and 1.7. 


The vast majority of pumped-hydro storage is used for Time-shift applications (90.0%), followed 
 by black start (3.5%) and Electric Supply Capacity (2.9%). Differently, electro-chemical storage is 
 mainly used for frequency regulation (51.5%) and provision for electric time shift (13.1%) and the 
 electric  bill  management  (10.3%)  have  an  important  role,  with  a  lower  share  dedicated  to 
 services like Electric Supply reserve capacity-spinning (4.6%)  and renewables capacity firming 
 (4.4%), however, it is necessary to highlight the versatility of services that this sector can offer, 
 as can be seen in figure 1.6. Electro-mechanical storages, like flywheel systems, see the largest 
 deployment in on-site power (34%), frequency regulation (33.4%) and black start (21.5%). For its 
 part, thermal storage is deployed mostly through molten salts associated with the production 
 of  electrical  energy  by  solar  concentrating  solar  plants,  so  the  main  services  it  provides  are 
 renewables  capacity  firming  (85.5%),  onsite  renewable  generation  shifting  (6.0%)  and  the 
 electric energy time shift (3.2%). 


Figure 1.6. Distribution of provided services of operating PHS power capacity. Source: Developed by 
authors with data of (US DOE., 2019) 



(34)Figure 1.7. Distribution of provided services of electromechanical storage power capacity. Developed by 
 authors with data of (US DOE., 2019) 


Figure 1.8. Distribution of provided services of thermal storage power capacity. Developed by authors with 
data of (US DOE., 2019) 



(35)Figure 1.9. Distribution of provided services of electrochemical storage power capacity. Developed by 
 authors with data of (US DOE., 2019) 


In  the  future,  electro-chemical  storage  is  expected  to  experience  an  evolution  towards  more 
 energy-intensive applications,  following the reduction  of battery cost  (IRENA, 2017) estimates 
 that its main applications will be: 


•  Energy shifting for PV to increase self-consumption (60-64%) 


•  RE capacity firming and smoothing at utility scale (11-14%) 


•  Frequency regulation (10-15%) 


•  Ability to provide multiple services and “stack” revenues 



1.4.2  Components of electricity storage cost 


The  system  considered  when  defining  the  characteristics  of  the  electrical  energy  storage  (in 
particular  its  cost  and  efficiency  performance)  is  the  entire  energy  storage  system  including 
the  connection  to  the  grid  (Danish  Energy  Agency-Energinet,  2018)  The  system  boundaries 
and the subdivision of the equipment in the three cost component (an energy component, a 
capacity  component  and  other  fixed  costs),  as  defined  above  in  the  Investment  cost  of  the 
main  guide,  an  example  are  shown  below  for  cell-based  batteries  electricity  storage 
technologies. 



(36)Figure 1.10. Components and their categorization for cell-based batteries, such as Li-ion, NaS and NaNiCl. 


Source: (DNV-GL, 2015) 



Energy component 


The energy component includes the following equipment and its installation: Battery modules, 
 battery management system (BMS), local protection, racking frame/cabinet. 



Capacity component 


The capacity component includes the following equipment and its installation: 


•  Cell-based  batteries  (including  Li-Ion)  and  vanadium-redox:  power  conversion  system 
 (PCS), grid connection and protection: 


Grid  connection.  The  costs  for  the  connection  of  the  storage  unit  to  the  power  system  are 
 included  (shallow  costs),  while  no  cost  of  grid  expansion  or  reinforcement  (deep  costs)  is 
 considered. The costs include step-up transformer (low-medium voltage for BES), switchgears, 
 breakers, meters and dedicated cabling to reach the connection point. 


Power conversion system (PCS). The power conversion system (or power conditioning system) 
ensures  the  bi-directional  conversion  AC  to  DC  and  DC  to  AC  during  charge  and  discharge 
respectively.  This  is  done  through  a  bi-directional  inverter.  To  control  the  voltage  level  and 
avoid  harmonics  in  the  grid,  a  two-stage  converter  is  sometimes  used,  complementing  the 
inverter with a DC-DC converter to keep the inverter DC voltage constant  (Andriollo, Benato, 
Bressan, Sessa, Palone, & Polito, 2015). 
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