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[bookmark: _Toc529169822][bookmark: _Toc529178821][bookmark: _Toc529178936]Brief technology description 
[bookmark: _Toc528918097][bookmark: _Toc529169823][bookmark: _Toc529178822][bookmark: _Toc529178937]How does a Lihium-ion battery work? 
A lithium-ion battery or Li-ion battery (abbreviated as LIB) can store electric energy as chemical energy. Both non-rechargable and rechargeable LIBs are commercially available. The non-rechargable LIBs (also called primary cells) have long shelf-life and low self-discharge rates, and are typically fabricated as small button cells for e.g. portable consumer electronics, arm watches and hearing aids. Rechargeable LIBs (also named secondary cells) are applied in all kinds of consumer electronics, and is currently entering new markets such as electric vehicles and large-scale electricity storage. The rechargeable LIBs can be used to supply system level services such as primary frequency regulation, voltage regulation and load shifting, as well as for local electricity storage at individual households. Below we only focus on the rechargeable LIBs.

A LIB contains two porous electrodes separated by a porous membrane. A liquid electrolyte fills the pores in the electrodes and membrane. Lithium salt (e.g. LiPF6) is disolved in the electrolyte to form Li+ and PF6- ions. The ions can move from one electrode to the other via the pores in the electrolyte and membrane. Both the positive and negative electrode materials can react with the Li+ ions. The negative electrode in a LIB is typically made of carbon and the positive of a Lithium metal oxide. Electrons cannot migrate through the electrolyte and the membrane physically separates the two electrodes to avoid electrons crossing from the negative to the positive electrode and thereby internally short circuiting the battery. The individual components in the LIB are presented in Figure 1.

[image: ]
[bookmark: _Ref527098599]Figure 1. Schematic diagram of a typical LIB system displaying the individual components in the battery.  

When the two electrodes are connected via an external circuit the battery start to discharge. During the discharge process electrons flow via the external circuit from the negative electrode to the positive. At the same time Li+ ions leaves the negative electrode and flows through the electrolyte towards the positive electrode where they react with the positive electrode. The process runs spontaniously since the two electrodes are made of different materials. In popular terms the positive electrode “likes” the electrons and the Li+ ions better than the negative electrode. 

The energy released by having one Li+ ion, and one electron, leaving the negative electrode and entering the positive electrode is measured as the battery voltage times the charge of the electron. In other words the battery voltage - also known as the electromotive force: EMF - measures the energy per electron released during the discharge process. EMF is typically a around 3-4 Volts and depends on the LIB cell chemistry, the temperature and the state of charge (SOC – see below). When e.g. a light bulb is inserted in the external circuit the voltage primarily drops across the light bulb and therefore the energy released in the LIB is dissipated in the light bulb. If the light bulb is substituted with a voltage source (e.g. a power supply) the process in the battery can be reversed and thereby electric energy can be stored in the battery. 

The discharge and charge process is outlined in Figure 2. The battery is fully discharged when nearly all the Lithium have left the negative electrode and reacted with the positive electrode. If the battery is discharged beyond this point the electrode chemistries become unstable and starte degrading. When the LIB is fully discharged the EMF is low compared to when it is fully charged. Each LIB chemistry has a safe voltage range for the EMF and the endpoints of the range typically define 0% and 100% state of charge (SOC). The discharge capacity is measured in units of Ampere times hours, Ah, and depends on the type and amount of material in the electrodes. 

[image: ]
[bookmark: _Ref527098757]Figure 2. Schematic diagram of a LIB system in charge and discharge mode. During discharge the green Li+ ions moves from the negative electrode (left side) to the positive electrode. The process is reversed during charge mode (right side).

The first lithium batteries were developed in the early 1970’ies and Sony released the first commercial lithium-ion battery in 1991. During the ‘90s and early 2000s the LIBs gradually matured via the pull from the cell-phone market. The Tesla Roadster was released to customers in 2008 and was the first highway legal serial production all-electric car to use lithium-ion battery cells. Further, around 2010 the LIBs expanded into the energy storage sector.  
[bookmark: _Toc528918098][bookmark: _Toc529169824][bookmark: _Toc529178823][bookmark: _Toc529178938]Lithium-ion chemistries
Table 1 shows a comparison of the three most widely used LIB chemistries for grid-connected LIB systems and the major manufactures. Other LIB chemistries such as LCO, LMO and NCA are not used for grid electricity storage and are therefore not included in the table. The numbers in the table are taken from cell manufactures, product or system suppliers.  NMC is the most widely used of the three chemistries due to the increased production volume and lower prices lead by the automotive sector. The NMC battery has a high energy density but uses cobalt. The environmental challenges in using cobalt are described in the section: “Environment”.
The LFP battery do not use cobalt in the cathode, but are not as widely used as NMC, and are therefore generally higher priced, primarily due to the lower production volumes.
Both NMC and LFP batteries have graphite anodes. The main cause for degradation of NMC and LFP LIBs is graphite exfoliation and electrolyte degradation which in particular occur during deep cycling.
LTO LIBs are the most expensive cell chemistry of the three. In LTOs the graphite anode is replaced with a Lithium Titanate anode. The cathode of a LTO battery can be NMC, LFP or other battery cathode chemistries. The LTO battery is characterized by long calendar lifetime and high number of cycles.
[bookmark: _Ref527841509]Table 1. A comparison of four widely used LIB chemistries.
	Short name
	Name
	Anode
	Cathode
	Energy density Wh/kg
	Cycles
	Calendar life
	Major manufactures
	References

	NMC
	Lithium Nickel Manganese Cobalt Oxide

	Graphite

	Li
Ni0.6Co0.2Mn0.2O2
	120-300
	3000-10000
	10-20 years
	Samsung SDI
LG Chem
SK Innovation
Leclanche
Kokam
	[1–5]

	LFP
	Lithum Iron Phosphate

	Graphite

	LiFePO4
	50-130
	6000-8000
	10-20 years
	BYD/Fenecon
Fronius/Sony*

	[6,7]

	LTO
	Lithium Titanate

	LiTO2
	LiFePO4 or Li
Ni0.6Co0.2Mn0.2O2
	70-80
	15000-20000
	25 years
	Leclanche
Kokam
Altairnano
	[1,3,4,8]



*Residential energy storage system. All other systems are multi-MWh size.

[bookmark: _Toc528918099][bookmark: _Toc529169825][bookmark: _Toc529178824][bookmark: _Toc529178939]Lithium-ion battery packaging
The most common packaging styles for LIB cells are presented in Figure 3. Examples are provided in Figure 4. Figure 3(a) show a schematic drawing of a cylindrical LIB cell. Cylindrical cells find widespread applications ranging from laptops and power tools to Tesla’s battery packs. Figure 4(a) shows Tesla’s 21700 cylindrical LIB cell which is 21 mm in diameter and 70 mm in length. The cell is produced in Tesla’s Gigafactory 1 for Tesla Model 3 [9]. Figure 3(b) outline a coin LIB cell. Coin cells are usually used as primary cells in portable consumer electronics, watches and hearing aids. Since they are not used for secondary cells (rechargeable) in grid-connected LIB Battery Energy Storage Systems they are not described further in this text. Figure 3(c) displays a schematic drawing of a prismatic LIB cell. Prismatic LIB cells are often used in industrial applications and grid-connected LIB Battery Energy Storage Systems. The Samsung SDI prismatic LIB cell is shown in Figure 4(b). This cell type is used in the BMW i3 [10]. Figure 3(d) shows a schematic drawing of a pouch LIB cell. Figure 4(c) shows an LG Chem pouch NMC LIB cell used in LG Chem’s grid-connected LIB Battery Energy Storage Systems. Pouch LIB cells are also used in electric vehicles such as the Nissan Leaf [11].

[image: ]
[bookmark: _Ref527374097]Figure 3. Schematic drawing showing the shape, packaging and components of various Li-ion battery configurations [12]. (a) Cylindrical; (b) coin; (c) prismatic; and (d) pouch. 

[image: ] [image: ] [image: Image result for lg chem battery module]
[bookmark: _Ref527374934]Figure 4. Examples of LIB cells. (a) Tesla 21700 cylindrical NMC LIB cell [13]. (b) Samsung SDI prismatic LIB cells [14]. (c) LG Chem pouch NMC LIB cell [15].

[bookmark: _Toc528918100][bookmark: _Toc529169826][bookmark: _Toc529178825][bookmark: _Toc529178940]Components in a lithium-ion battery energy storage system 
Figure 5 provides an overview of the components in a LIB storage system with interface to the power grid. In LIB storage systems battery cells are assembled into modules that are assembled into packs. The battery packs include a Battery Management System (BMS). The BMS is an electronic system that protects the cells from operating outside the safe operating area. A Thermal Management System (TMS) regulates the temperature for the battery and storage system. The TMS depends on the environmental conditions, e.g. whether the system is placed indoor or outdoor. Further an Energy Management System (EMS) controls the charge/discharge of the grid-connected LIB storage from a system perspective. Depending on the application and power configuration the power conversion system may consist of one or multiple power converter units (DC/AC link). For system coupling a transformer may be needed for integration with higher grid voltage levels. The grid integration provides services to the grid such as increased reliability, load shifting, frequency regulation etc. The services are described further below in the section “Regulation ability and other system services”. Value generation and profit is created by selling the services to grid Transmission System Operators (TSOs). Appropriate sizing of the battery and power conversion systems is essential to maximize the revenue. Technical and economic aspects of a battery storage system, system coupling and grid integration are summarized in Table 2.

[image: ]
[bookmark: _Ref527838174]Figure 5. Schematic drawing of a battery storage system, power system coupling and grid interface components. Keywords highlight technically, and economically relevant aspects. Modified from [16].

[bookmark: _Ref527840507]Table 2. Formalized overview of the battery storage system, power system and grid interface components considering both technical and economic aspects. Modified from [16].
	
	Battery & Storage System
	System Coupling
	Grid Integration

	Technical
	
Battery System (Cell, Module, Pack)
Battery Management System (BMS)
Energy Management System (EMS)
Thermal Management System (TMS)
	
Power Electronics (AC/DC) & Transformer

Environmental Conditions
	
Application Specific Profile
Local Connection /
Grid Level of Integration

	Economic
	
CAPEX: Battery system and sizing OPEX: Degradation and Efficiency 
Operation Control Strategy
	
CAPEX: Power Electronics/ Placement of System
OPEX: Conversion Efficiency 
	
CAPEX: Regulatory Framework
OPEX: Regulatory Framework Profit / Savings via Application 




[bookmark: _Toc528918101][bookmark: _Toc529169827][bookmark: _Toc529178826][bookmark: _Toc529178941]Input/Output
Input and output are both electricity. Electricity is converted to electrochemical energy during charge and converted back to electricity during discharge in the reaction process described in the section: “How does a Lithium-ion battery work?”.
[bookmark: _Toc528918102][bookmark: _Toc529169828][bookmark: _Toc529178827][bookmark: _Toc529178942]Energy efficiency and losses
The losses in a LIB can be divided in operational and standby losses. The operational losses are first described, then the standby losses. Finally the energy efficiency is discussed. 
[bookmark: _Toc528918103][bookmark: _Toc529169829][bookmark: _Toc529178828][bookmark: _Toc529178943]Operational losses
The operational losses occur when energy is discharged or charged to/from the grid. It includes the conversion losses in the battery and the power electronics. 
When the LIB is not operated its voltage U equals the EMF. However, during discharge or charge the battery voltage U change due to current I passing the internal resistance Ri in the LIB. The voltage change U can be described using Ohms law  

	 	
and the loss in the internal resistance is defined as 

[bookmark: ZEqnNum572587]	 	
Equation  explains how the loss increases with increasing current. 
The LIB provides a DC current during discharge and needs a DC current input for charging. Before the electricity is sent to the grid the inverter converts the DC current to AC. The inverter loss typically increases gradually from around 1% to 2% when increasing the relative conversion power from 0% to 100% [17].
[bookmark: _Toc528918104][bookmark: _Toc529169830][bookmark: _Toc529178829][bookmark: _Toc529178944]Standby losses
Unwanted chemical reactions cause internal current leakage in the LIB. The current leakage leads to a gradual self-discharge during standby. The self-discharge rate increases with temperature and the graph below shows the remaining charge capacity as function of time and temperature for a LIB. The discharge rate is the slope of the curve and is around 0.1% per day at ambient temperature.

[image: Battery Self Discharge with Temperature and Time]
Figure 6. Remaining charge capacity for a typical LIB as function of storage time [18].

Besides the self-discharge in the cell, a LIB electricity storage system requires power to operate the auxiliary balance of plant (BOP) components. Figure 5 outlines the BOP components which include the inverter, BMS, EMS and TMS. The relative energy loss to the BOP components depends on the application, and a careful operation strategy is important to minimize their power consumption [17]. The standby loss  is the sum of the energy losses during standby due to self-discharge and power consumption in the BOP components. 
[bookmark: _Toc528918105][bookmark: _Toc529169831][bookmark: _Toc529178830][bookmark: _Toc529178945]Energy Efficiency

The conversion roundtrip efficiency of the LIB cell is the discharged energy divided with the charged energy. The battery conversion efficiency decreases with increasing current since the  increases. An example of a LIB cell conversion efficiency is shown in Figure 7. The C-rate is the inverse of the time it takes to discharge a fully charged battery. At a C-rate of 2 it takes ½ hour and at a C-rate of 6 it takes 10 minutes. 

[image: http://kokam.com/wp-content/uploads/2015/02/graph.png]
[bookmark: _Ref528138495]Figure 7. Conversion round trip efficiency vs. C-rate for one of Kokam’s NMC-based lithium polymer batteries [19].  



The system conversion roundtrip eﬃciency  considers losses which occur on the conversion path from the energy charged and the energy discharged  from/to the grid. It includes the conversion losses in the battery and power electronics
and can be written as 

	 	

The total roundtrip eﬃciency  further includes the standby losses:  

	 	


Here  denotes the energy required from the grid to continuously operate BOP and maintain state of charge. The various types of losses makes  heavily dependent on the application. As an example, an 11 MW/4.4 MWh LIB system was installed in Maui, Hawaii for wind ramp management, essentially smoothing the output of an 21 MW wind farm [20].  The total roundtrip eﬃciency for this system is around 80 % [21]. Lazard uses an estimate of 85% [22]. To summarize, the total roundtrip loss typically consist of 2-5% related to the cell, 2-4% to the power electronics and the rest to standby losses.   
[bookmark: _Toc528918106][bookmark: _Toc529169832][bookmark: _Toc529178831][bookmark: _Toc529178946]Regulation ability and other system services
Grid-connected LIBs can absorb and release electrical energy fast. The response time of grid-connected LIBs are strongly dependent on control components, EMS, BMS and TMS as well as the power conversion system. 
The relatively low electricity storage costs makes grid-connected LIB BESS (Battery Energy Storage System) suitable for a broad range of applications [23] such as peak load shaving where the BESS provides or consumes energy to reduce peaking in a power system. In relation to this BESS can promote renewable integration, e.g. time or load shifting of photovoltaic power from day to night. Further the BESS can provide transmission congestion relief where locally deployed BESS reduces the load in the transmission and distribution system. In this way the BESS can help defer expensive upgrades of the transmission and distribution network. 
The fast response time enables the use of BESS for a broad range of primary control provisions. These include Frequency regulation where the BESS are used to alleviate deviations in the AC frequency. The BESS can also be used to improve network reliability by reacting immediately after a contingency. Here the BESS can help maintaining stability in the power system until the operator has re-dispatched generation. Moreover, the BESS can effectively be used for black-starting distribution grids and BESS systems are suitable for enhancing the power quality and reducing voltage deviations in distribution networks. The BESS can further be used to provide spinning reserves and regulate active and reactive power thereby improving the network voltage profile. This can improve the integration of renewable energy because it reduces the events triggering the protections of the inverters. 
[bookmark: _Toc528918107][bookmark: _Toc529169833][bookmark: _Toc529178832][bookmark: _Toc529178947]Typical characteristics and capacities
The frame or shelf that holds the batteries is called a rack, i.e. it is the battery pack (Figure 5) without the BMS. The energy per rack is typically 60-166 kWh [2,24] and the size is e.g. 415mm x 1067 mm x 2124 mm (W x D x H) for a 111kWh rack from Samsung SDI [2] and 520 mm x 930 mm x 2200 mm (W x D x H) for a 166.4 kWh rack from LG Chem [24]. The weight of the Samsung SDI rack is 1170 kg and the C-rate is 0.5 during charge and up to 6 during discharge [2]. For the LG Chem system the weight is 1314 kg. This gives an energy density of 118 kWh/m3 and 0.095 kWh/kg for the Samsung SDI system and 156 kWh/m3 and 0.127 kWh/kg for the LG chem system The C-rate for the LG Chem systems ranges from around 0.3 to +1 but is not specified in detail. For this reason the Samsung SDI system is used to specify energy and power density in the data sheet (Table 3). For the Samsung SDI system the power density in charge-mode is 50 kW/m3 and 0.047 kW/kg. In discharge-mode it is 708 kW/m3 and 0.569 kW/kg. 
[bookmark: _Toc528918108][bookmark: _Toc529169834][bookmark: _Toc529178833][bookmark: _Toc529178948]Typical storage period
Several aspects of the LIB technology put an upper limit to the feasible storage period. The self-discharge rate makes storage periods of several months unfeasible. The BOP power for standby operation adds parasitic losses to the system which further limits the feasible standby time. Unwanted chemical reactions in the LIB gradually degrade the battery and limit the calendar lifetime. This calls for shorter storage periods in order to obtain enough cycles to reach positive revenue. 
For LIBs the total number of full charge-discharge cycles within the battery lifetime is limited between a few thousands up to some ten-thousands. The exact number depends on the chemistry, manufacturing method, design and operating conditions such as temperature, C-rate and calendar time. This impacts the type of suitable applications. For instance due to the different degree of usage, the LTO chemistry may find more use on the FCR-N[footnoteRef:1] market while others like NMC may be preferred for the FCR-D market.  [1:  FCR-N: Frequency Containment Reserve for Normal operation. FCR-D: Frequency Containment Reserve for Disturbances] 

Until now the majority of the current LIB systems have been deployed to perform fast reactive renewables smoothing and firming with storage periods ranging from seconds to minutes [25]. But more recently, the systems are increasingly used for renewables time shifting with typical storage periods of a few hours [17,25]. 
[bookmark: _Toc528918109][bookmark: _Toc529169835][bookmark: _Toc529178834][bookmark: _Toc529178949]Space requirement
The racks and battery packs are assembled in containers and the energy per 40 feet container is 4-6MWh for NMC batteries [2,24]. The foot-print of a 40-feet container is 29.7 m2. This gives a space requirement around 5-7.5 MWh/m2.
[bookmark: _Toc528918110][bookmark: _Toc529169836][bookmark: _Toc529178835][bookmark: _Toc529178950]Advantages/disadvantages
Within the last decade the commercial interest for electricity storage using LIB systems has increased dramatically. The production volume is still limited and there is a promising potential for cost reductions through upscaling. The technology is stand-alone and requires a minimum of service after the initial installation. 
Containers come in standard sizes. For small systems this impacts the LIB system CAPEX, however when the system size exceed several container units, the price can be considered fairly linear. Compared to e.g. fuel cell technology the CAPEX per storage capacity is relatively high. This is because the electricity is stored in the battery electrodes whereas for fuel cells the electricity is stored as a separate fuel. The relatively high energy specific CAPEX combined with the gradual self-discharge and parasitic losses in the BOP make the technology less attractive for long-term storage beyond a few days. 
[bookmark: _Toc528918111][bookmark: _Toc529169837][bookmark: _Toc529178836][bookmark: _Toc529178951]Environment
A US-EPA report stated in 2013 that across the battery chemistries, the global warming potential impact attributable to LIB production including mining is substantial [26]. More specifically a recent review on life-cycle analysis (LCA) of Li-Ion battery production estimates that “on average, producing 1 Wh of storage capacity is associated with a cumulative energy demand of 328 Wh and causes greenhouse gas (GHG) emissions of 110 g CO2 eq“ [27]. 
The LIB cathode material NMC contains toxic cobalt and nickel oxides. About 60% of the global production of cobalt comes from Congo and the environmental health risks and work conditions in relation to the cobalt mining rises ethical concerns [28]. Visual capitalist believes the cobalt content in NMC could decrease to 10% already in 2020 [29].
Starting about two years ago, fears of a lithium shortage almost tripled prices for the metal [30]. Demand for lithium won’t slacken anytime soon - according to Bloomberg New Energy Finance the electric car production alone is expected to increase more than thirtyfold by 2030. However, the next dozen years will drain less than 1 percent of the reserves in the ground, BNEF says. But battery makers are going to rapidly increase mining capacity to meet the demand. 
[bookmark: _Toc528918112][bookmark: _Toc529169838][bookmark: _Toc529178837][bookmark: _Toc529178952]Research and development perspectives
Currently a wide range of government and industry-sponsored LIB material, cell and system level research is taking place. Some of the ongoing material research to further increase the energy density of LIB cells includes high-voltage electrolytes allowing charging voltages of up to 5 volts [31] and silicon nanoparticle based anodes to boost the charge capacity [32].  Several research and development activities focus on improving the cycle lifetime of LMO cells [33–35]. 
Some of the most promising post Li-ion technologies include Lithium Sulphur batteries that use Sulphur as an active material. Sulphur is abundantly available at reasonable price and allows for very high energy densities of up to 400 Wh/kg. Also Lithium air batteries have received considerable attention. Since one of the active materials, oxygen, can be drawn from the ambient air, the lithium-air battery features the highest potential energy and power density of all battery storage systems. Due to the existing challenges with electrode passivation and low tolerance to humidity, large-scale commercialization of the lithium-air battery is not expected within the next years.
Several non-lithium-based battery chemistries are being investigated. Aluminum Sulphur batteries may reach up to 1000 Wh/kg with relatively abundant electrode materials, but are still in the very early development phase [36]. 
Besides the materials research, improved cell design, BMS, TMS and EMS technology and operation strategy can improve storage efficiency considerably [17].
Although LIB systems for electricity storage are now commercially available, the R&D is still in its relatively early phase and is expected to contribute to future cost reductions and efficiency improvements. 
[bookmark: _Toc528918113][bookmark: _Toc529169839][bookmark: _Toc529178838][bookmark: _Toc529178953]Examples of market standard technology
Grid scale turn-key LIB systems are commercially available from a wide range of suppliers. Referenced examples are shown in Table 3. Two larger grid-connected LIB systems are installed in Denmark: A) In Nordhavn, Copenhagen, Denmark a 630kW/460kWh was installed by ABB for Radius Elnet and Ørsted in 2017. This set the scene for Ørsted first steps into commercial battery storage. For Ørsted the following energy storage projects are under development: a 20MW battery storage near Liverpool in UK, a 1 MW storage pilot project in Taiwan and a 55MW battery storage for the Bay State Wind project in USA [37]. B) Lem Kær Wind Farm was Vestas pilot project for energy storage. Vestas is working on Kennedy Power Plant that integrates wind and solar with grid-scale energy storage and will feature a 2MW / 4MWh grid-scale LIB storage system to providing flexibility and increasing the energy production. 
Globally the two largest grid-scale LIB storage system is the Mira Loma Substation in California which features 20MW/80MWh using 400 Tesla Powerpack 2 [38,39] and the Neoen’s Hornsdale Wind Farm which feature a 100MW/129MWh [40], both systems providing peak shaving. 
The Laurel Mountain, West Virginia, USA grid-scale LIB storage system a 32MW/8MWh [41] are designed for frequency regulation and with high power to energy ratio compared to the Tesla grid-scale LIB storage system which are designed for peak shaving with a low power to energy ratio.
[bookmark: _Ref527928442]Table 3. Example of market standard technology for grid-connected LIB systems.
	Image
	Location
	Primary usage
	Year
	Power capacity
	Techn. provider
	Ref.

	[image: ]
	Energylab Nordhavn, Copenhagen, Denmark
	Frequency Regulation

Peak Shaving

Voltage Regulation

Harmonic Filtering
	2017
	630 kW

460 kWh

NMC
	ABB for Radius Elnet / Ørsted
	[42]

	[image: ]
	Lem Kær Wind Farm,
Denmark
	Frequency regulation
	2014
	400kW LFP and 1.2MW LTO


	Altairnano and A123 for Vestas
	[43]

	[image: ]
	Mira Loma Substation, California, USA
	Peak Shaving
	2016
	20
MW 

80
MWh
	Tesla
	[38,39]

	[image: /var/folders/ff/4d0pjs191px3xfnpjm0n1v1r0000gn/T/com.microsoft.Word/WebArchiveCopyPasteTempFiles/australia-powerpack-blog.jpg]
	Neoen’s Hornsdale Wind Farm,
South Australia
	Peak Shaving
	2017
	100 
MW

129 MWh
	Tesla
	[40]

	[image: ]
	Laurel Mountain,
Belington, West Virginia,
USA
	Frequency Regulation and Renewable Energy Integration
	2011
	32
MW

8
MWh
	AES and A123
	[41]


[bookmark: _Toc528918114][bookmark: _Toc529169840][bookmark: _Toc529178839][bookmark: _Toc529178954]Prediction of performance and cost
The recent industry average LIB pack cost forecast taken from Bloomberg’s New Energy Outlook 2018 is shown in Figure 8 [44]. The current LIB price is close to 200$/kWh and the forecast (dotted line) predicts a battery price of 70 $/kWh by 2030. Further, the forecasted added installed capacity between now and 2050 is estimated to 1291 GW [44]. Using Bloombergs 18% learning rate and the predicted capacity growth, this results in a forecasted 50$/kWh in 2040 and 40 $/kWh in 2050. 
[image: ]
[bookmark: _Ref528151118]Figure 8: Historical and forecasted Lithium-ion battery pack cost [44].

TESLA through its Gigafactory is reported to be 4-5 years ahead of the industry average with a pack cost level of US$190/kWh already in 2016 and indications have been reported of US$ 100/kWh before 2020 [45] and US$ 80/kWh soon thereafter [46]. 
The cost reductions are backed up by a rapid increase in the LIB production capacity as shown in Figure 9. The production capacity is expected to grow from 28 GWh in 2016 to 174 GWh by 2020 representing an impressive five-fold growth in four years [47]. 

[image: China Leading the Charge for Lithium-Ion Megafactories]
[bookmark: _Ref528242929]Figure 9: Projected growth in LIB manufacturing capacity over next few years, total and divided on technology producers [47]. Each battery represents a production capacity of one GWh per year.

The forecasted decrease in battery pack cost (Figure 8) and increase in production capacity (Figure 9) aligns with a forecasted steep growth rate of the utility-scale application market as shown in Figure 10. The installed capacity is estimated to reach 14 GW in 2023 [48]. Globaldata predicts this capacity level could be reached already in 2020 [49].


[image: ]
[bookmark: _Ref528564741]Figure 10: Worldwide forecast of battery storage capacity (MW) and annual revenue (USD) for utility-scale applications [48]. 
[bookmark: _Toc528918115][bookmark: _Toc529169841][bookmark: _Toc529178840][bookmark: _Toc529178955]Uncertainty
The LIB price forecasts imply a broad range of uncertainties. If the learning rate is not 18% as estimated in Bloomberg’s New Energy Outlook 2018 [44], but rather 12-16% as estimated earlier [50], the forecasted price reductions will be smaller. Having a 12% learning rate, the 2050 price ends at 70 $/kWh instead of 40 $/kWh. With a 14% and 16% learning rate the 2050 price ends respectively at 60 $/kWh and 50 $/kWh. 
As shown in Figure 11 Tesla/Panasonic seems 4 to 5 years ahead of the industry average cost per kWh. The figure also indicates differences in the forecasted cost reduction. The Tesla forecast indicates pack prices as low as 50 $/kWh already in 2025.
 [image: https://i2.wp.com/evobsession.com/wp-content/uploads/2018/06/Battery-Cost-Curve-Chart-v.2.png?ssl=1]
[bookmark: _Ref528659327]Figure 11: Trend data for Tesla/Panasonic vs. Bloombergs forecasts for LIB pack cost [44,45]. 

The spread in the current and predicted price shown in Figure 11 indicates a substantial uncertainty in the current and forecasted cost. The estimated 90% confidence interval is 170-80 $/kWh in 2020 and for the 2050 LIB price is estimated to be 30-75 $/kWh. 
[bookmark: _Toc528242927][bookmark: _Toc528918116][bookmark: _Toc529169842][bookmark: _Toc529178841][bookmark: _Toc529178956]Data sheet
The data sheet table summarizes the development predictions. The assumptions for the predictions are discussed in the sections above.
	Technology
	
	
	Lithium-ion battery (Utility-scale)

	
	2015
	2020
	2030
	
2040
	2050
	Uncertainty (2020)
	Uncertainty
(2050)
	Note
	Ref

	Energy/technical data
	
	
	
	
	
	Lower
	Upper
	Lower
	Upper
	
	

	Form of energy stored
	
	Electricity

	
	
	
	
	
	

	Application
	
	System, power- and energy-intensive

	
	
	
	
	
	

	Energy storage capacity for one unit (MWh)
	3.2
	6
	7
	8
	8
	5
	9
	7
	12
	A
	[2,14]

	Output capacity for one unit (MW)
	9.6
	18
	21
	24
	24
	16
	21
	22
	28
	A,B
	[2,14]

	Input capacity for one unit (MW)
	9.6
	18
	21
	24
	24
	16
	21
	22
	28
	A,B
	[2,14]

	Round trip efficiency (%) AC
	91
	91
	92
	92
	92
	90
	92
	91
	94
	C
	[3,21,22,51]

	Round trip efficiency (%) DC
	95
	95
	96
	96
	96
	95
	96
	95
	97
	C
	[3,21,22,51]

	- Charge efficiency (%)
	98
	98
	98.5
	98.5
	98.5
	98
	98.5
	98
	99
	D
	[2]

	- Discharge efficiency (%)
	97
	97
	97.5
	97.5
	97.5
	97
	98
	97
	98
	D
	[2]

	Energy losses during storage (%/day)
	0.1
	0.1
	0.1
	0.1
	0.1
	0.05
	0.2
	0.05
	0.15
	E
	[18,50,52]

	Forced outage (%)
	0.4
	0.38
	0.35
	0.3
	0.25
	0.2
	0.5
	0.1
	0.3
	F
	

	Planned outage (weeks per year)
	0.2
	0.2
	0.1
	0.1
	0.1
	0.1
	0.25
	0.05
	0.2
	F
	

	Technical lifetime (years)
	15
	20
	25
	30
	30
	15
	25
	20
	45
	G
	[3,5,8,14]

	Construction time (years)
	0.25
	0.2
	0.2
	0.2
	0.2
	0.2
	0.25
	0.1
	0.25
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	Regulation ability

	Response time from idle to full-rated discharge (sec)
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	H
	[53]

	Response time from full-rated charge to full-rated discharge (sec)
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	<0.08
	H
	[53]

	
	
	
	
	
	
	
	
	
	
	
	

	
	Financial data

	Specific investment (M€2015 per MWh)
	0.769
	0.330
	0.154
	0.110
	0.088
	0,176
	0,374
	0,066
	0,165
	I
	[44,48]

	- energy component (M€/MWh)
	0.308
	0.132
	0.062
	0.044
	0.035
	0,070
	0.149
	0.026
	0.066
	J
	[44]

	- capacity component (M€/MW) PCS
	0.29
	0.27
	0.20
	0.16
	0.13
	0.24
	0.51
	0.10
	0,25
	K
	[54–56]

	- other project costs (M€/MWh)
	0.11
	0.11
	0.11
	0.11
	0.11
	0.09
	0.11
	0.07
	0.11
	L
	[22,40,54]

	Fixed O&M (k€2015/MW/year)
	0.54
	0.54
	0.54
	0.54
	0.54
	0.45
	0.54
	0.40
	0.54
	M
	[22]

	Variable O&M (€2015/MW/year)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	N
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	Technology specific data

	Energy storage expansion cost (M€2015/MWh)
	0.769
	0.330
	0.154
	0.110
	0.088
	0,176
	0,374
	0,066
	0,165
	O
	[44,48]

	Output capacity expansion cost (M€2015/MW)
	0.29
	0.27
	0.20
	0.16
	0.13
	0.24
	0.51
	0.10
	0,25
	P
	[54–56]

	Alternative Investment cost (M€2015/MW)
	0.48
	0.35
	0.24
	0.19
	0.15
	0.28
	0.6
	0.12
	0.29
	Q
	[41,44,48,54–56]

	Lifetime in total number of cycles
	6000
	14000
	30000
	40000
	50000
	10000
	16000
	20000
	70000
	R
	[3–5,14]

	Specific power (W/kg)
	569
	700
	900
	1000
	1200
	600
	900
	1000
	2000
	S
	[2,24]

	Power density (kW/m3)
	708
	800
	1000
	1200
	1400
	750
	900
	1200
	2000
	S
	[2,24]

	Specific energy (Wh/kg)
	95
	105
	139
	174
	209
	100
	140
	150
	300
	S
	[2,24]

	Energy density (kWh/m3)
	118
	130
	173
	216
	260
	150
	200
	200
	400
	S
	[2,24]

	** 1 € = 1.14 US$

	
	
	
	
	
	
	
	
	
	
	


Data Sheet Notes: 
A. [bookmark: _Ref528590632]One unit defined as a 40 feet container including LIB system and excluding power conversion system. Values for 2015-2030 are taken from Samsung SDI brochures for grid-connected LIBs from 2016 and 2018 [2,14]. 
B. [bookmark: _Ref528590707]Power output are set to 3 times the energy capacity as it is the standard grid-connected LIBs designed for power purposes [2,14]. 
C. The average DC roundtrip efficiency is expected to increase slightly as the storage cost in $/kWh decreases since this promotes operation at lower C-rates. The RT eff. vs. C-rate is exemplified in Figure 7 [3,51]. The AC roundtrip efficiency includes losses in the power electronics and is 2-4% lower than the DC roundtrip efficiency. The total roundtrip efficiency further includes standby losses making the total roundtrip efficiency typically ranging between 80% and 90% [21,22].
D. [bookmark: _Ref528591471]The C-rate is 0.5 during charge and up to 6 during discharge for the Samsung SDI batteries [2]. The presented conversion efficiencies assume average discharge C-rates in 2015-2020 around 2.5 and charge C-rates around 0.5. 
E. [bookmark: _Ref528591483]Lithium-ion battery daily discharge loss. The central estimates for self-discharge of Li-ion batteries range between 0.05% and 0.20% a day in 2016 and are expected to stay flat to 2030.
F. [bookmark: _Ref528591591]It is expected not to have any outage during lifetime of the grid-connected LIB. Only a few days during the e.g. 15 years life time is needed for service and exchanging fans and blowers for thermal management system and power conversion system. Forced outage is expected to drop with increasing robustness following the learning rate and cumulated production. Planned outage is expected to decrease after 2020 due to increased automation. 
G. [bookmark: _Ref528592058]Current state-of-the-art NMC LIB has 20 years lifetime. The NMC lifetime is expected to reach LTO lifetime by 2020 and 30 years lifetime for grid-connected LIBs in 2040 and 2050 as photovoltaic power systems have today [3,5,8,14]. 
H. [bookmark: _Ref528654609]The response time is obtained from simulated response time experiments with hardware in the loop [53]. 
I. The forecast of the system specific investment cost is estimated as 2.5 times the battery forecast. The forecast is exclusive power cables to the site and entrepreneur work for installation of the containers [44,48].
J. [bookmark: _Ref528654640][bookmark: _Ref528588146]The battery pack cost forecast is provided in Figure 8 and the related text [44].
K. [bookmark: _Ref528592236][bookmark: _Ref528587747]Power conversion cost is strongly dependent on scalability and application. The PCS cost is based on references [54–56] and reflects the necessity for high power performance and compliance to grid codes to provide ancillary services, bidirectional electricity flow and two-stage conversion, as well as the early stage of development and the fact that few manufacturers can guarantee turnkey systems. 
L. [bookmark: _Ref528667067]Other costs include construction costs and entrepreneur work. These costs heavily dependent on location, substrate and site access. Estimates are aggregated from the literature [22,40,54] 
M. [bookmark: _Ref528668644]Inverter replacement is expected every 10 years [22].
N. [bookmark: _Ref528668946]No variable O&M is assumed since the LIB storage system is stand-alone. 
O. [bookmark: _Ref528669041]Since multi-MWh LIB systems are scalar, the energy storage expansion cost equals the Specific investment cost [44,48].
P. [bookmark: _Ref528669245]Since multi-MW LIB systems are scalar, the capacity expansion cost equals the capacity component cost [54–56].
Q. [bookmark: _Ref528918119]The alternative investment cost in M€2015/MW is specified for a 4C, 0.25 h system as for the Laurel Mountain, West Virginia, USA grid-scale LIB storage system [41]. I.e. the alternative investment cost is 25% of the energy storage expansion cost plus the PCS cost [41,44,48,54–56].
R. [bookmark: _Ref528593310][bookmark: _Ref528669265]Cycle life specified as the number of cycles at 1C/1C to 80% state-of-health. Samsung SDI 2016 whitepaper on ESS solutions provide 15 year lifetime for current modules operating at C/2 to 3C [14]. Steady improvement in battery lifetime due to better materials and battery management is expected. Kokam ESS solutions are also rated at more than 8000-20000 cycles (80-90% DOD) based on chemistry [3]. Thus for daily full charge-discharge cycles, the batteries are designed to last for 15-50 years if supporting units are well functioning. Lifetimes are given for both graphite and LTO anode based commercial batteries from Kokam. Cycle lives are steadily increasing over last few years as reflected in 2020/2030 numbers [4,5,14]. 
S. [bookmark: _Ref528670685]Specific power, power density, Specific energy and energy density is provided for discharge mode, starting with the values provided in the section “Typical characteristics and capacities”. A charge/discharge conversion factor of 12 can be derived from this section. The expected development depends on the successive R&D progress as indicated in the section “Research and development perspectives” [2,24].  
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Figure 15: Worldwide forecast of battery storage capacity (MW) and annual revenue (USD) for utility-scale
applications
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Source: Data from Navigant Research (Jaffe and Adamson, 2014)
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Battery Pack Cost $/kWh

Trend Data for Battery Pack $/kWh - Tesla vs. Market Average (BNEF research)

{Cost Axis is Log Scale, dashed lines are estimated data}
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