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SUMMARY 
This application note discusses the technical aspects of battery energy storage system design and operation 

and their influence upon system efficiency and lifetime. The various roles of electrical energy storage systems 

are discussed first in order to gain appreciation of the way these systems are used. This is followed by a 

discussion of the most common battery technologies and their aging mechanisms. Factors which affect the 

efficiency and lifetime of power electronics are also discussed, since power converter(s) and associated 

switchgear are essential elements and determine in part the performance of energy storage systems. 

A common factor which affects both the lifetime of batteries and (power) electronics is heat: the higher the 

temperature, the faster a component ages. Energy losses result mostly in heat production. Striving for high 

energy efficiency in both the battery and power electronics thus gives a double payoff: in addition to the 

energy savings, the lowered heat production results in lowered cooling requirements and longer life of 

components due to a lower operating temperature. 
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INTRODUCTION 

WHY STORE ENERGY? 

Any electrical network needs to balance supply and demand at every operational moment, be it the public grid 

or the internal network of an electricity consumer. This is not always an easy task. While the electricity 

demand has always been variable, renewable energy sources have made the supply more variable and less 

predictable than previous generation methods. Storage systems can relieve this complex balancing task. 

Network grid operators can use storage systems for: 

 Transmission and Distribution Upgrade deferral. Problems may arise at the end of a transmission or 

distribution line due to communities growing faster than the grid can be upgraded. This leads to 

temporary overloads of the electrical infrastructure. Instead of upgrading immediately, a storage 

system can be used to shave the load peaks. This peak shaving results in a better usage of the 

available capacity and thus extends the life of the connection. 

 Frequency regulation. Power into the public grid has traditionally been generated by synchronous 

generators. The generators are driven by turbines which are regulated to provide the exact 

mechanical power needed to keep them running at their nominal speed. This enables the grid 

frequency to remain constant. Electronic power sources such as PV inverters and wind turbines do 

not provide this kind of frequency regulation. Moreover, they can cause an imbalance between supply 

and demand by pushing a variable supply onto the grid, causing additional frequency deviations. A 

storage system can be deployed to mitigate these variations and restore appropriate frequency 

regulation. 

Electrical energy consumers can use storage systems for:  

 Storage of renewable energy behind the meter. Feed-in tariffs for on-site renewable energy 

production are being phased out or abolished in more and more countries. As a result, it has become 

increasingly beneficial to consume the locally produced renewable energy on site. A home energy 

management system with a battery can greatly increase self-use of locally produced renewable 

energy. It charges the battery when production exceeds demands and discharges it when demand 

exceeds production and would otherwise be satisfied by the grid connection. A detailed Leonardo 

Energy Application Note on behind the meter storage systems for renewables integration is available 

(10). 

 Peak shaving. In a peak shaving application, the storage system supplements grid power during 

demand peaks and recharges during periods of low demand. This leads to, for example, better 

utilization of the capacity of a mobile genset, or better utilization of a grid connection, thereby 

reducing their cost. In certain cases, this cost decrease can pay for the storage system. 

 Trading (market speculation). Charging a storage system during periods of low (or even negative) 

spot prices, and discharging it during periods of high spot prices is an easy to understand mechanism 

to earn money with a storage system. Unfortunately, the revenues of this mechanism are rarely 

sufficient to recover the cost of a storage system. In case a storage system has been installed for 

other reasons and has sufficient spare capacity, this can be a mechanism to slightly increase system 

revenue on top of the contracted services. 

 An Uninterruptable Power Supply (UPS). This is the classic application of battery energy storage. 

Uninterruptible Power Supplies serve to keep critical loads powered during blackouts and brownouts. 

A battery based UPS must be able to power a load for a minimum duration after a power outage. This 

time may range from minutes to hours. 
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TYPICAL MEASURES OF PERFORMANCE OF A STORAGE SYSTEM 

Any grid connected storage system can be seen as a so-called black box with certain measures of performance 

(MoP). The definition of the MoP is the same for every kind of storage system regardless of what’s inside the 

black box, but the technology and design choices of a particular system determine their value. The table below 

lists a minimal set of characteristics of a battery based storage system; it is a subset of the definitions in the 

GRIDSTOR RP document (1). The definitions from IEC 62933-1 CDV are used (9) for electrical energy storage 

systems. 

 

Term Definition Unit 

Electrical energy 

storage system 

EES system 

EESS 

Grid-integrated installation with defined electrical boundaries, comprising at 

least one EES, whose purpose is to extract electrical energy from an electric 

power system, store this energy internally in some manner and inject 

electrical energy into an electrical power system and which includes civil 

engineering works, energy conversion equipment and related ancillary 

equipment. (9) 

 

Electrical energy 

storage 

EES 

Installation able to absorb electrical energy, to store it for a certain amount 

of time and to release electrical energy during which energy conversion 

processes may be included. (9) 

Note: EES may also be used to indicate the activity of an apparatus described 

in the definition during the performance of its own functions. 

 

Calendar lifetime Theoretically expected lifetime if the EES is not cycled at all, caused by EES 

degradation over time. 

years 

Capacity The amount of electric charge a fully charged battery EES can deliver at a 

specified discharge current (or discharge current profile), between its full 

state and its empty state 

Ah 

Cycle A cycle is a charge/discharge cycle consisting of four controlled phases 

starting from an initial SoC, in particular, either: a charge phase, then a 

pause, then a discharge phase and finally a new pause; or: a discharge phase, 

then a pause, then a charge phase and finally a new pause 

1 

Cycle lifetime Theoretically achievable number of cycles when the EES is cycled with equal 

full charge-discharge cycles. 

1 

Depth of discharge 

(DoD) 

The energy discharged from the EES during a cycle (discharge phase) 

expressed as a percentage of the nominal energy capacity. 

% 

Efficiency Energy delivered by the EES divided by energy received by the EES, 

presented as a percentage. 

% 

Energy capacity The amount of electrical energy a fully charged EES can deliver at a specified 

discharge power (or discharge power profile), between its full state and 

empty state. 

Wh 
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Maximum 

continuous power 

Maximum value of the power the ESS system is designed for in continuous 

operation, i.e. in constant charging mode until the maximum State of Charge 

(SoC) is reached or in constant discharging mode until the minimum SoC is 

reached Note: maximum continuous charge power and maximum 

continuous discharge power may have different values. 

kW 

Maximum peak 

power 

Maximum value of the power at which the ESS system is able to operate 

during a short period of time; this period of time shall be specified together 

with the maximum peak power. Note: maximum peak charge power and 

maximum peak discharge power may have different values. 

kW 

Nominal capacity Initial value of the capacity of the EES as stated by the manufacturer. Ah 

Self-discharge rate Reduction of the energy content (relative to actual energy capacity) of an EES 

while the system idles. 

%/month 

State of charge 

(SoC) 

The degree to which an electrochemical EES has been charged relative to a 

reference point (defined as SoC = 100%) indicating the total electrical charge 

that can be stored by the EES. The SoC reference point should be the actual 

charge capacity of the EES. 

% 

State of energy 

(SoE) 

The available energy inside an EES relative to the actual energy capacity, 

given as a percentage. 

% 

State of health 

(SoH) 

Actual capacity relative to the initial rated capacity of the EES, given as a 

percentage. 

% 

    

  



 

Publication No Cu0240 

Issue Date:     August 2017  

Page 5 

 

SHORT OVERVIEW OF BATTERY TYPES 
The first distinction is between primary and secondary batteries. Primary batteries are fully charged when 

manufactured, and cannot be recharged. Primary batteries have no more than a side role in storage systems, 

for example as clock batteries in control computers and backup power in smoke detectors and energy meters. 

Secondary batteries are rechargeable batteries, and are thus the only type of battery of interest for energy 

storage. 

COMMON BATTERY TYPES 

LEAD ACID BATTERIES 

 
Lead acid batteries have been the mainstay for various energy storage systems for well over a century, 

remaining virtually unchallenged in this role until the late 1990s and early 2000s, when Li-ion batteries started 

to become available. Although mostly installed in UPS installations because of their relatively low capital 

investment per unit of energy stored, lead-acid batteries have been used in grid-support roles in the past and 

continue to be used on a very limited scale. A notable system was the 17 MW/14 MWh BEWAG battery in 

Berlin, which provided frequency regulation and spinning reserve services from 1987 to 1995 to the then-

islanded electricity grid of Berlin. 

Although many different types (flooded, gel, AGM or advanced lead acid) exist, they all work according to the 

same charge/discharge reaction pairs, which are given below. 

Negative plate: 𝑃𝑏(𝑠) + 𝑆𝑂4
2− ↔ 𝑃𝑏𝑆𝑂4(𝑠) + 2𝑒− 

 

(1) 

Positive plate: 𝑃𝑏𝑂2(𝑠) + 𝑆𝑂4
2− + 4𝐻+ + 2𝑒−

↔ 𝑃𝑏𝑆𝑂4(𝑠) + 2𝐻2𝑂(𝑙) 

 

(2) 

When a lead-acid battery is discharged, the reactions proceed from left to right. When the battery is charged, 

the reactions are reversed. Upon discharge, lead in the negative plate is oxidized from its metallic state to its 

2+ ionized state forming lead sulfate, while lead in the positive plate is reduced from its 4+ ionized state to its 

2+ ionized state, going from lead dioxide to lead sulfate. Upon discharge, sulfuric acid is consumed from the 

battery electrolyte. Although not entirely apparent from the reactions given above, charge transfer between 

inside a cell (the intra-cell charge transport) occurs through hydrogen ion transport through the electrolyte. 

The overcharge reaction for lead acid batteries consists of the electrolysis of water from the electrolyte. This 

reaction leads to water loss and (slightly) accelerated corrosion of the positive plate due to a high 

concentration of oxygen in the cell. Water loss is dealt with by periodically refilling flooded cells with 

demineralized water, or in closed, valve regulated cells by the oxygen recombination cycle. In case of an SoC 

imbalance in a battery string, the imbalance can be corrected by deliberately applying an extended charge to a 

string. The cells with a high SoC will undergo the overcharge reaction, while the cells with a lagging SoC will be 

able to catch up. 

Lead acid batteries are proven and mature technology. Construction, formulation and manufacturing 

processes of these batteries have been honed throughout one and a half century of development. For this 

reason, it is very unlikely that significant developments in terms of cost reduction, energy density or cycle life 

are to be expected in the future. Within the realm of EES systems, lead acid batteries are the dominant 
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technology in UPS systems. A small bank consisting of 12 sealed cells can be seen in Figure 1. This bank has a 

nominal voltage of 24 V. 

 

Figure 1 – Small bank of sealed lead-acid battery cells. 

So-called advanced lead-acid batteries also exist. These batteries use modern materials and construction 

techniques to alleviate the problems that plague the conventional lead acid battery, enabling their use in 

applications that previously could not be served by lead acid batteries. Techniques such as steel frames, 

carbon plates, bipolar plates. et cetera result in improved deep cycle capability, high instantaneous (dis)charge 

rate capability, compact batteries at high voltage and other advantages. However, none of these techniques 

have achieved significant market penetration, and are thus not discussed further in this application note. 

LITHIUM ION BATTERIES 
The name lithium ion battery is actually a bit of a misnomer, because it does not refer to a battery type with a 

well-defined charge/discharge reaction pair such as the lead acid battery, but rather to an entire class of 

secondary batteries that use lithium ions for intra-cell charge transport. Consequently, members of the Li-ion 

battery family can have widely differing properties. What they do have in common though, is that the 

cathode—and most often the anode as well—works by the principle of intercalation. Rather than chemically 

bond with the substance, lithium ions move into the crevices of the material, where they adhere to the 

surface. This is graphically presented in Figure 1. As a result, materials with an open structure and a very large 

surface area lend themselves best for making a Li-ion battery. Graphite for example, with its flaky structure, is 

a well suited and cheap material for the anode. 

The simplified intercalation reaction of a carbon based anode (graphite, activated carbon or even graphene) is 

given by the following reaction, discharge is left to right: 
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Anode reaction 𝐿𝑖𝐶6 ↔ 𝐿𝑖+ + 𝑒− + 6𝐶 (3) 

Although the above equation suggests that a lithium-carbon compound is formed upon charging, this is not the 

case. Due to positively charged lithium ions being intercalated inside the anode structure, the carbon has to 

contain excess electrons in order to retain a net neutral charge on the overall anode. When, upon discharge, 

lithium ions are de-intercalated from the anode, the anode also has to get rid of the excess electrons in the 

carbon in order to remain neutrally charged. The carbon itself undergoes no chemical changes, and neither do 

the lithium ions. 

The simplified reaction of a lithium titanate (LTO) anode is given by the following reaction, discharge is left to 

right: 

Anode reaction 𝐿𝑖7𝑇𝑖5𝑂12
↔ 3𝐿𝑖+ + 3𝑒−

+ 𝐿𝑖4𝑇𝑖5𝑂12 

(4) 

Contrary to the carbon anode, the Li-ions in an LTO anode do form a compound during charging. This means 

that the chemical composition after a discharge is different than after a charge. Due to this chemical change, a 

structural change also occurs and this change of structure happens to compensate almost perfectly for the 

volume taken up by the added lithium ions. This results in almost no volume change of the anode material 

with respect to its SoC. 

The cathode of a Li-ion battery also uses intercalation to contain Li-ions, but here, a metal ion, or a mixture of 

different metal ions as part of a metal compound (an oxide or a salt), undergo an oxidation and reduction 

reaction. For simplicity, the metal compound will be called HOST in the cathode reaction equation below; 

again, discharge is left- to right. 

Cathode reaction 𝐻𝑂𝑆𝑇 + 𝐿𝑖+ + 𝑒− ↔ 𝐿𝑖(𝐻𝑂𝑆𝑇) (5) 

In order to remain neutrally charged, the cathode needs to absorb an electron for each Li-ion it takes up by 

intercalation. By taking up an electron upon discharge, the HOST substance is electrochemically reduced and 

becomes negatively charged. The Li ion does not take part in this reaction; its role is to ensure charge balance 

by intercalation, keeping the cathode’s net charge equal to zero. 

Lithium ion batteries are usually named after the HOST substance. The table below contains a short overview 

of the most common substances and their oxidation/reduction reactions. 

Name HOST reaction Redox reaction 

Lithium Cobalt Oxide 𝐶𝑜𝑂2 + 𝑒 ↔ 𝐶𝑜𝑂2
− 𝐶𝑜4+ + 𝑒 ↔ 𝐶𝑜3+ 

Lithium Nickel Oxide 𝑁𝑖𝑂2 + 𝑒 ↔ 𝑁𝑖𝑂2
− 𝑁𝑖4+ + 𝑒 ↔ 𝑁𝑖3+ 

Lithium Manganese Oxide 𝑀𝑛2𝑂4 + 𝑒

↔ 𝑀𝑛2𝑂4
2− 

𝑀𝑛4+ + 𝑒 ↔ 𝑀𝑛3+ 

Lithium Iron Phosphate 𝐹𝑒𝑃𝑂4 + 𝑒

↔ 𝐹𝑒𝑃𝑂4
− 

𝐹𝑒3+ + 𝑒 ↔ 𝐹𝑒2+ 

 

The redox reaction column gives the species that undergoes the reduction and oxidation reaction in the 

cathode. Nickel, manganese and cobalt oxides can be used to build Li-ion cells by themselves, or a cathode can 
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be made that contains a mixture of these three oxides. Such a cathode is called an NMC cathode. These 

cathodes are often used to ensure that the energy density approaches that of cobalt oxide based cells, while 

also approaching the safety level of manganese oxide based cells. It should be noted that the cathode of a 

lithium ion battery will always contain lithium ions, even when fully charged. A completely delithiated cathode 

will become unstable, susceptible to early aging and prone to thermal runaway. For this reason, about 20 to 

50% of the lithium ions remain in the cathode of a fully charged cell. 

 

Figure 2 – Intercalation "reaction" in Li-ion battery. 

Water cannot be used as an electrolyte for a Li-ion battery for two reasons. Firstly, because the cell potential is 

too high to be used with a watery electrolyte—the water would be split into hydrogen and oxygen due to 

electrolysis. Secondly, the anode with Li ions intercalated shows similar reactivity to Li metal. This means that 

upon charging, the anode would react with the watery electrolyte, forming lithium hydroxide and hydrogen 

gas. Therefore, a non-polar solvent is used as the electrolyte. Usually, this is a mixture of organic solvents, with 

a lithium salt dissolved in it. The most used salt is lithium Hexafluorophosphate, LiPF6. The dissolved LiPF6 

provides the mobile ions that carry out the intra-cell charge transport. 

Contrary to water based chemistries (lead acid, various nickel based chemistries), a safe and sustainable 

overcharge reaction is not available in Li-ion cells. Overcharge of Li-ion cells results in excessive lithium 

removal from the cathode, lithium plating on the anode and decomposition of the electrolyte. These processes 

irreversibly damage the cell and can ultimately lead to initiation of a thermal runaway process and, 

consequently, a battery fire. For this reason, a battery management system is required in Li-ion systems. This 

system must be capable of measuring individual cell voltages, monitoring temperature and of correcting SoC 

imbalances between cells in a battery without resorting to overcharging. The decision to stop discharging or to 

reduce charge current for a battery pack should be made as soon as the first cell in the pack reaches its 

(dis)charge termination voltage. Due to this, any SoC imbalance in the battery pack causes an apparent 

capacity loss of the pack. An imbalance needs to be corrected by the balancing provision in the BMS. This is in 

contrast with lead-acid batteries, for which a BMS operating at cell level is rarely used and imbalance is dealt 

with by applying a deliberate overcharge to the pack. 

Lithium ion cells are invariably encapsulated in a hermetically sealed shell, because exposure to atmospheric 

water and oxygen would quickly destroy the cell’s constituents. In the event that an overcharge or other 

incident causes a buildup of gas pressure, a current interrupt device (CID) internally disconnects the cell from 

its outside connections. In prismatic cells, this is often implemented as a disk that is pushed outwards by 

excessive gas pressure. Due to the positive tab being connected to this disk, the connection is severed when 
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this happens. In cylindrical cells, a circumferential pinch in the cell wall enables the cell to expand lengthwise, 

which causes an internal connection to be pulled loose. In addition to the CID, a PTC (Positive Temperature 

Coefficient, i.e. its resistance increases with temperature) element is also sometimes included in the cell 

design. This element has very low (almost negligible) resistance at room temperature, while above a certain 

temperature, its resistance increases sharply. These are safety provisions that can be built into a cell in order 

to reduce the chance of a thermal runaway due to external causes. 

LESS COMMON BATTERY TYPES 

SODIUM SULFUR BATTERIES 
Sodium Sulfur batteries are currently only produced on a commercial scale by the Japanese firm NGK 

Insulators. These batteries use molten sodium at the anode and molten sulfur at the cathode, separated by a 

porous aluminum oxide (called β-alumina) sock. The sock is placed inside a stainless steel cylinder, which forms 

the outer wall of the cell. The annular space between the sock and the cylinder is filled with sulfur, while the 

inside of the sock contains sodium. Upon discharge, sodium is oxidized and migrates as a positive ion through 

the β-alumina separator to the sulfur side. There, it forms sodium sulfide compounds with the sulfur that has 

been reduced at the negative electrode. In order to operate, all reactants have to be liquid, which means that 

the normal operating temperature of the cell is around 300 °C. The cells are thus embedded in a thermally 

insulating medium. Under normal cyclic operation, the small energy loss inside the cells will provide enough 

heat to keep the reactants molten. A cell block contains a heater in order to heat the cells during idle time. 

A major advantage of the NaS battery is the abundance and low price of the active materials. Sulfur is a 

byproduct of fuel desulfurization processes, resulting in large stockpiles and very low prices. Sodium is the 

sixth most abundant element on earth, occurring in rocks, mineral deposits and sea water. Demand for both 

substances is low compared to availability. As a result, a shortage of these materials is unlikely to occur. 

A disadvantage of the NaS battery is the high reactivity of the hot constituents. When molten sodium is 

exposed to air, it will start to burn spontaneously. Also, the recombination reaction when sodium and sulfur 

are mixed together releases a large amount of heat. A cell which becomes damaged during operation is thus a 

major fire hazard, and fire propagates quickly through a block when strong anti-propagation measures are not 

in place. Such a fire occurred on September 21, 2011 at a TEPCO owned NaS based storage plant (ref. 7). It 

resulted in NGK revising the construction of their battery packs to include individual cell-level fusing and 

strengthened barriers against fire propagation. 

NICKEL BASED BATTERIES 
Nickel based batteries for large scale installations are quickly becoming obsolete due to their high price. In 

applications where high instantaneous power and reliability in a large temperature range were required, nickel 

cadmium batteries held a niche, but due to the toxicity of cadmium these batteries are being phased out 

wherever possible. Nickel metal hydride batteries offer a limited advantage over conventional flooded lead-

acid batteries in terms of reliability. However, they are more expensive. For this reason, and due to the 

increasing competition from Li-ion systems, the relevance of nickel based batteries for grid connected storage 

systems is low and decreasing. 

MOLTEN SALT BATTERIES 
Another type of high temperature battery is the sodium-nickel chloride battery. The ZEBRA battery, marketed 

by FIAMM, is a commercial variant of this chemistry. Currently, their market share is small, and this is unlikely 

to change in the near future. For this reason, these batteries are not discussed further in this application note. 

OTHER BATTERY TYPES 

The batteries listed below are not treated in-depth but nevertheless deserve mention. 
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 Zinc Air batteries are batteries that use metallic zinc at the anode and an air based cathode. Because 

the cathode reactant does not need to be contained inside the cell, their volumetric energy density 

can be made high. However, their round-trip energy efficiency is worse than that of Li-ion batteries 

(whose current market leading figure is 75%). One manufacturer is known at the time of writing: 

Fluidic Energy 

 Salt water batteries are sodium-ion batteries with an aqueous electrolyte. Currently, one commercial 

manufacturer exists: Aquion. Their energy density is slightly lower than that of lead-acid batteries, 

and their energy efficiency is comparable. They are suitable for long cycles (day/night storage) and 

exhibit a lifespan of around 3,000 full charge/discharge cycles in such a regime. The constituents of 

the battery are non-toxic, which makes them attractive for use in residential areas.  

FLOW BATTERIES 
Traditional batteries consist of cells, in which all reactants are enclosed. The reactants are often (but not 

always) solids. In flow batteries, the storage of the positive and negative reactants is done outside the cell. The 

cell itself consists of an ion exchange membrane, which separates the negative and positive reactants but 

allows ions (most often positive ions) to be exchanged between the negative and positive cell half. Current 

collectors on both cell halves provide the electrical connections. The reactants, which are dissolved, suspended 

or complexed in a fluid, are pumped through the cell halves from storage containers. The negative reactant is 

called the anolyte, and the positive reactant is called the catholyte. A flow battery has several cells connected 

electrically in series. This series connection is usually implemented as several layers of individual flow cells, 

called a cell stack. 

The most prominent advantage of this system is the almost complete independence of the capacity from the 

power of the battery. The size of the cell stack determines the achievable power, while the amount of 

electrolyte in the storage containers determines the capacity. Increasing the capacity of a flow battery system 

is a matter of installing larger tanks and filling them with electrolyte. The price increase of a system per added 

kWh can thus be very low. However, due to the complexity caused by having to pump reactive liquids through 

the system, and the high cost of cell stacks, the costs per unit of power are high in comparison to traditional 

batteries. For this reason, flow batteries are primarily attractive for applications where the charge/discharge 

times are several hours or more.  

The amount of chemical reactions that are currently being used in flow batteries is too large to discuss here. 

Commercially, the all-vanadium system is the most developed system, closely followed by zinc-bromine. In the 

latter, the zinc is metallic, and thus only half of the battery is of the flow type. However, increasing the 

capacity is a matter of increasing the size of a piece of zinc, which is as easy and cheap as increasing the size of 

a tank. 

The main disadvantage of flow batteries is the low energy density. Steady progress is being made. 

Nevertheless, the need for the reactants to remain mixed with a carrier fluid not contributing to the energy 

storage reaction, still limits their achievable volumetric energy density. The zinc bromine battery can, due to 

one half of the reactants being a solid, match or slightly exceed the energy density of a lead acid battery. Other 

flow battery chemistries have a lower energy density. This limits their use to stationary applications. 

CAPACITORS 

Capacitors and batteries have been fundamentally different historically. In capacitors, energy storage occurs in 

an electric field, while in batteries, a reversible electrochemical reaction takes care of energy storage. 

Developments such as the electrical double-layer capacitor and the lithium-ion capacitor tend to blur this 

distinction. At the electrical connections, these devices work much like true capacitors, but their capacitance is 
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three to four orders of magnitude larger (in the thousands of Farads) than that of ordinary capacitors, while 

their operating voltage is in the order of a few volts, much like batteries. Although outside the scope of this 

document, they deserve mention because they excel in high-rate applications, where they exhibit superior 

cyclic life (compared to true batteries) and high power density combined with good efficiency due to the 

absence of voltage hysteresis. They are successfully deployed in frequency regulation applications, and in rail 

traction for voltage support. They are less suitable for lower rate applications because of their low volumetric 

energy density and their high cost per unit of energy stored. 
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FACTORS AFFECTING THE EFFICIENCY OF A STORAGE SYSTEM 

FACTORS COMMON TO ALL TYPES OF STORAGE SYSTEMS 

OHMIC LOSSES 
Ohmic losses, also called I

2
R losses, are caused by the nonzero resistance of current carrying components. A 

component through which a current I flows will have a voltage drop V=I·R. The power that is lost in the 

component is given by P=V·I and thus P=I
2
R. This loss is released as heat from the component. Every 

component of a storage system through which a current flows is subject to this type of loss. The power loss is 

proportional to the square of the current through a component. Because the amount of current a conductor 

needs to carry is usually a given, the only viable means to control Ohmic power loss is to reduce the 

component resistance. Resistance of conductors can be reduced by making them short and thick, and by 

making them of a material with good conductivity. With a resistivity of 1.68·10
-8

 Ωm for copper versus 2.56·10
-

8
 Ωm for aluminum, copper is the best electrical conductor when conductors with the same cross-section are 

compared. Where the weight of the conductor is more important than its size, aluminum might be preferred 

due to its low specific gravity. Transformers, inductors and negative current collectors of Li-ion batteries are 

examples of applications with limited space for conductors, making copper the material of choice when energy 

efficiency is demanded from these components. 

LOSSES CAUSED BY POWER SEMICONDUCTORS IN THE CONVERTER 
Electronic converters exploiting MOSFETs (Metal Oxide Semiconductor Field Effect Transistors) and IGBTs 

(Insulated Gate Bipolar Transistors) synthesize a sine shaped voltage with low distortion. It accurately controls 

the output voltage by rapidly switching on and off and thereby modulating the ratio between the on-time and 

the off-time. Small (household) inverters often employ a switching frequency above the threshold of human 

hearing in order to make them silent. Larger converters operate in the single kHz range. When in the off-state, 

semiconductor switches store a minute amount of energy in their internal parasitic capacitors. When a 

semiconductor switch turns on, this energy is lost in the form of heat. Although the amount of energy involved 

is minimal, this loss occurs in each switching element at the switch frequency. Solutions lie in multi-level and 

zero-voltage switching topologies, at the expense of increased converter complexity. 

Ohmic losses also occur in semiconductor switches, partially due to the nonzero resistance of the materials, 

and partially inside the device itself. MOSFETs behave like a resistor when they are turned on, and thus are 

subject to I
2
R losses, just like any other conductor. For efficient converters, this resistance, which is 

prominently specified in a device datasheet as RDS(on), needs to be as low as possible, while also maintaining a 

low amount of stored energy in parasitic capacitances. Silicon MOSFETs have efficient characteristics (i.e. low 

RDS(on)) up to a device voltage rating of about 500 Volts. Silicon devices which have a higher voltage rating have 

a disproportionally high RDS(on). This severely impacts their efficiency when used at power levels above a few 

hundred Watts. IGBTs have a higher current carrying capability at high working voltages, making them a more 

efficient switching element above 500 Volts. Silicon carbide (SiC) MOSFETs capable of carrying high currents at 

higher voltage are becoming available. The current generation of devices has a voltage rating of up to 1,700 

Volts, while achieving working currents comparable to 300 V silicon devices. 

Another form of switching losses occurs in IGBTs in the form of tail current. An IGBT cannot turn off instantly; 

instead, when it is driven to turn off, a fraction of the on-current lingers on for half a microsecond while the 

voltage across the device has risen. During this half microsecond, the dissipation of the device lies in the order 

of a quarter of the output power of the converter. For this reason, IGBT’s are used at relatively low switching 

frequencies to keep the fraction of time during which the tail current flows below 1%. Typical switching 

frequencies are around 1 to 3 kHz. This is right in the most sensitive range of human hearing, leading to the 

characteristic whine from large IGBT based converters and drives. This can be partially mitigated by using the 

latest generation of IGBTs in which the duration of the tail current is minimized, or by using SiC MOSFETs. The 
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absence of tail current in SiC MOSFETs means that a higher switching frequency can be chosen. This results in a 

reduction in size of passive filter components and the potential to operate the converter at an inaudible 

ultrasonic frequency. 

Converters in which the current flows through IGBTs, thyristors and diodes are subject to forward voltage 

drop. By their nature, these devices have a nonzero on-state voltage, below which no current flows. For power 

electronics, this forward voltage drop lies in the order of one volt. If multiple power devices are connected in 

series, their forward drop voltages add up. The power loss in the device is equal to the forward voltage drop 

times the current flowing through it. The forward voltage drop thus results in a loss of available voltage at the 

output of the power circuit. In order to remain efficient, devices with a forward voltage drops can only be used 

efficiently in converters with a high working voltage. For example, an IGBT which drops about 1 Volt causes a 

0.1 % voltage drop power loss in a 1,000 V system. In a 100 V system, that same forward voltage drop would 

cause a 1% power loss. 

Silicon MOSFETs are the preferred devices for working voltages below 500 Volts. For higher voltages and 

powers higher than a few kW, IGBTs and SiC MOSFETs become more efficient. SiC MOSFETs are becoming 

competitive with IGBTs due to comparable voltage ratings while maintaining a low RDS(on) and being free from 

forward voltage drop and tail current. 

ENERGY CONSUMPTION BY AUXILIARY SYSTEMS 
Auxiliary systems such as battery management systems, control computer, alarm systems and fire suppression 

systems all have an energy penalty. Since these systems are usually powered continuously, a low power 

hardware design and power saving provisions in software (such as turning off any unused peripherals) are 

mandatory. Modern embedded processors allow the implementation of control computers that use only a few 

watts (see for example, the performance per watt achieved by the Raspberry Pi single board computer). As a 

result actuators such as contactors and human interface devices such as displays become the principal energy 

consumers of control systems. 

The climate control system is likely to be the largest consumer of energy in all auxiliary systems. Because 

batteries only achieve their stated lifetime and performance in a narrow temperature window, cooling of the 

cells requires air flow or water cooling, which in turn transfers the heat generated to an HVAC system. This 

HVAC system will often be based on a heat pump. The energy efficiency of this heat pump is directly 

dependent on its coefficient of performance (CoP), but perhaps more importantly, energy savings can be 

achieved by limiting the amount of time it needs to operate. This can be achieved by limiting the heat 

generated by the system to be climatized, and by excluding parts of the system from the climatized zone that 

don’t need a tightly controlled temperature. 

Measures to save on energy consumption by the HVAC system include selecting energy efficient batteries that 

have low ventilation demands. This battery is then preferably placed in a temperature controlled enclosure, 

separate from the other electronics. Batteries typically require a temperature between 20 and 25 °C to achieve 

their performance specification and lifetime. Power electronics typically have a much wider operating 

temperature range, for example between 0 and 40 °C, under the condition that no condensation takes place. 

The power electronics can thus reside in a less tightly controlled environment than the battery. 

BATTERY SPECIFIC LOSS FACTORS 

All types of battery exhibit voltage hysteresis. This is the difference between the overvoltage required to drive 

the chemical reaction in the charge direction and the undervoltage required to drive the chemical reaction in 

the discharge direction, all at the desired rate. This difference leads to energy loss: it takes more energy to put 

a certain amount of charge into the battery than you get back when you take the same amount of charge out 

of it again. Voltage hysteresis is a fundamental aspect of the electrochemical reactions that take place in a 
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battery. Voltage hysteresis increases at increased (dis)charge rates, causing a reduced efficiency of the battery 

at high rates. High-rate capable batteries are constructed in such a way that the anode and cathode active 

materials have large exposed surfaces to the current collectors and to the electrolyte. This ensures a high 

reactivity of the active materials. This comes at the expense of the energy density of the cell, because the 

surface of the separator and current collectors must also increase, causing the fraction of the cell volume that 

is occupied by these parts to increase. High-rate capable cells are thus larger and more expensive than low-

rate capable cells with the same capacity.  

Coulombic or charge efficiency is the amount of charge that can be retrieved from the battery after charging it 

with a given amount of charge, in order to bring it back to the starting SoC. In an ideal battery, all charge that 

is being put into a battery can also be taken out of it. This means that the only chemical reactions that would 

take place are the charge and discharge reactions. In reality, side-reactions take place during all stages of use. 

The most important ones are electrolyte decomposition reactions, which consume charge and don't return it. 

Ohmic loss due to metallic and ionic resistance occurs within cells, just as ohmic loss in metallic conductors 

does. Ohmic loss occurs during charge and discharge and can be roughly estimated by looking up a battery’s 

internal resistance Rint in its datasheet and calculating the loss power according to Ploss = I
2
Rint. Here, I is the 

charge or discharge current. 

SIDE REACTIONS IN LI-ION BATTERIES 
Lithium ion batteries are made up of sealed cells. This means that any detrimental effect of side reactions is 

usually permanent. It is impossible to replenish lost electrolyte. Electrolyte decomposition leads to a decrease 

of capacity due to decomposition products depositing themselves on the electrodes, thereby decreasing the 

mobility of Li ions in the cell. Also, Li ions are embedded in these deposits. Due to Li ions being permanently 

lost, the capacity of the cell deteriorates. Electrolyte decomposition results in gas pressure inside the cells. This 

means that decomposition is to be avoided as much as possible during normal use of the cell by ensuring that 

the cell is only used in its safe operating window of voltage and temperature. Figure 2 gives an overview of the 

unwanted side reactions that can take place in a Li-ion cell and the circumstances under which they occur. 
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Figure 3 – Li ion safe operating window. Source: http://www.mpoweruk.com (8). 

 

SIDE REACTIONS IN LEAD-ACID BATTERIES 
As in Li-ion batteries, electrolyte decomposition is a major side reaction in lead acid batteries. However, in this 

case, the lost electrolyte (water) can be replenished. In case of a flooded lead-acid battery, a yearly top-up 

with distilled water is part of routine maintenance. In valve-regulated lead acid (VRLA) batteries, the closed 

oxygen cycle (COC) takes care of re-combining the decomposed water. In this situation, no top-up is required, 

and the batteries are thus completely sealed and equipped with a non-removable overpressure valve. 

Unfortunately, the charge lost through water decomposition in a VRLA is not regained by the COC; the 

recombination reaction releases its energy as heat. 

 

  

http://www.mpoweruk.com/
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FACTORS AFFECTING THE LIFE OF A STORAGE SYSTEM 
The mechanisms that contribute to wear and ageing of battery systems will be treated in this application note. 

Changing circumstances that cause a system to become redundant are outside the scope of this article. 

AGEING MECHANISMS IN AUXILIARY SYSTEM COMPONENTS 

Regardless of the type of storage medium used, storage systems always contain one or more power converters 

and AC and DC switchgear. These components are subject to ageing, which causes the reliability of the unit to 

decrease over time. Ageing and failure modes of these systems are very diverse, because they contain so many 

components of different nature. The following are a few failure modes of electronic converters: 

Electrolytic capacitors in electronics 

Failure due to electrolyte drying out, accelerated by high temperature and high current. The capacitor 

gradually loses capacity or pops open, as can be seen in Figure 4. Spilled electrolyte can damage other 

electronic components. Lifetime doubles for every 10 °C the capacitor is operated under its rated 

temperature. 

Power semiconductors 

Failure due to voltage stress (surges and inductive peaks leading to avalanche breakdown), thermal 

cycling, mechanical stress and high temperature. Affected devices develop leakage currents, causing 

additional thermal dissipation which leads to failure. Sudden failure without warning also occurs. 

Power semiconductors often cause a short circuit upon failure, possibly causing a cascade of further 

damage until a fuse blows. 

Fans and cooling pumps 

Failure due to (bearing) wear accelerated by dirt and dust. Failure due to loss of lubricant accelerated 

by temperature. Failure due to overheating. 

Printed circuit boards 

Failure due to corrosion of solder joints and traces, mechanical stress and vibration. Accelerated by 

high temperature, moisture and dirt. 

Components on printed circuit boards 

Corrosion and overheating, accelerated by dirt and high temperature. 

Microprocessor subsystems 

Failure by data loss from on-chip, system internal and external storage media. Storage media are 

temperature sensitive. Data loss from nonvolatile memory due to depletion of the primary clock 

battery. Cybercrime. 
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Figure 4 – Failure of electrlytic capacitors, the right capacitor is bulging and the left one is spilling electrolyte. 

The common denominator of most failure modes is heat: the hotter the component, the faster it ages. Dirt 

increases temperature due to forming an insulating blanket on components. Particularly, the combination of a 

dirt blanket and a moist environment causes exposed metal parts such as component pins on circuit boards to 

corrode rapidly: the dirt absorbs moisture, the moist dirt starts acting like an electrolyte and becomes 

conductive, causing leakage currents and subsequently electrochemical corrosion of the exposed conductors it 

contacts. This effect can be partially mitigated by applying a protective conformal coating to circuit boards. 

However, connectors and electromechanical components such as fans, relays and switches cannot be 

protected in this way. For this reason, converters and switchgear should be built and operated with the 

following guidelines in mind. 

 Ensure that components are used well within their power ratings, to keep their internal heat 

production within their heat dissipation capability 

 Always use adequate cooling, to ensure each component operates well within its rated temperature 

envelope. Operation at or near a component’s maximum rated temperature is not acceptable 

practice if long life and high reliability are desired. 

 Monitor the operation of the cooling system and the temperature of components that produce a lot 

of heat, because failure of a single cooling fan or pump can cause a critical component to overheat in 

minutes 

 Electronics should be working in a clean environment, which means that cooling air should ideally be 

filtered at the entrance points of equipment cabinets (and the filters kept clean!), or drawn from a 

clean environment such as a room supplied with air from a well-maintained building air conditioner. 

 Electronics should never be exposed to a condensing atmosphere. 

 In case of water cooling: the system should be filled with the appropriate anti-corrosive cooling 

fluid, and periodically checked for leaks and topped up. 

 Schedule a conservative replacement interval for clock batteries. These are very small and 

inexpensive, but when depleted they can prevent a system from starting up after a shutdown due to 

configuration data and encryption keys being lost from the nonvolatile memory. 

When these guidelines are followed, (power) electronics will operate reliably with minimal additional 

maintenance. Power electronics for outside use must be built into suitably protective enclosures (Figure 3). 
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Figure 5 – Power converters for use outside must be well protected against the elements by their enclosures. 

CYBERCRIME 
Although this topic is outside the scope of this AN, a few words are in place here because cybercrime can have 

a major impact on system reliability. The computing power of modern embedded electronics and their 

connectivity is easily underestimated. A single embedded microprocessor chip costing a few euros is capable 

of running complex operating systems such as Linux or Windows, which would have required a fully-powered 

PC only a few years ago. In addition, these processors contain numerous on-chip communication interfaces like 

Ethernet, USB, CAN bus, memory card interfaces and so on. Such advanced systems need maintenance and 

regular updates in order to remain secure. Inclusion in any network opens these systems to cyberattacks. This 

even includes systems that normally operate completely off-line: a simple data transfer or system update 

through a virus infected USB drive or a flash card can expose the system to malicious software and 

compromise the functionality of a storage system. 

BATTERY SPECIFIC AGEING MECHANISMS 

MECHANICAL DEGRADATION 
Since the substances inside a battery are changing as a result of chemical reactions, they also change in 

volume with each cycle. This volume change causes plates/electrodes move with respect to each other even 

while being tightly packed in a container. The resulting mechanical stresses and abrasion cause materials to be 

shed from electrodes and can compromise the integrity of the separator. This leads to the possibility of 

internal shorts. Anode/cathode reactions causing a large volume change of the active materials will thus cause 

a reduced cyclic life. This effect is most prominent in lead acid batteries, but Li-ion batteries using carbon 

based anodes experienced this as well. 

SIDE REACTIONS 
Side reactions lead to energy loss, because the charge of a side reaction cannot be recovered during the 

discharge phase. Also, many (but not all) side reactions form a major mechanism in battery ageing. In order to 

limit the adverse effects of side reactions, it is important to know how to limit the occurrence of side reactions 
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without negatively affecting the main charge/discharge reaction. Electrochemical reactions are driven by three 

factors: 

 Temperature. A generalized interpretation of the Arrhenius equation predicts that the speed 

(conversion rate) at which a reaction proceeds doubles roughly at every 10 °C temperature increase, 

all other factors remaining equal. 

 Concentration. The higher the concentration of the reactants in the reaction zone, the faster the 

reaction will proceed. 

 Potential. The higher the overvoltage applied to an electrochemical half-reaction, the faster it will 

proceed. 

The above three factors apply equally to the main charge and discharge reaction as to the unwanted side 

reactions. In case of cyclic use of batteries, the voltage applied is normally adjusted to achieve the desired 

charge/discharge rate, while staying within the manufacturer specified maximum and minimum values for 

voltage and current. At the end of the charge phase, both lithium ion and lead acid batteries experience a 

constant voltage phase, during which the voltage is kept constant—it is prevented from increasing in order to 

maintain the charge rate. As a result, the final stretch of the charge process occurs at a rate determined by the 

battery rather than by the charger. In this phase, the rate of the preferred charge reaction declines, while the 

rate of the side reactions stays constant or increases due to the increased availability of fully charged reactant. 

This constant voltage phase is thus the phase in which the significance of side reactions is the greatest. 

AGEING MECHANISMS IN LI-ION BATTERIES 

CYCLIC DEGRADATION MECHANISMS OF THE ANODE 

Although the anode doesn’t undergo any chemical changes during charge/discharge, a carbon based anode is 

the electrode that is most susceptible to ageing in a Li-ion cell. There are two dominant mechanisms that 

contribute to ageing of the anode: SEI growth (1) and structural change (2). 

1) In a new Li-ion battery, the electrolyte comes into direct contact with the carbon in the anode 

immediately after it has been filled with electrolyte. When a cell is first charged in the factory, a small 

fraction of the electrolyte decomposes on the anode surface into a solid layer that can still be 

penetrated Li ions. This Solid Electrolyte Interphase (SEI) layer prevents further decomposition of the 

electrolyte at the anode. The SEI layer also contains chemically bound lithium. Because of this, a new 

Li-ion cell suffers a slight, but calculated, amount of lithium loss during this first formation charge. 

Although, after a quick initial development, further growth of the SEI layer is prevented, it is not 

completely stopped and thus the SEI layer continues to grow at a slow pace during the life of the cell. 

This thickening of the SEI layer leads to increased difficulty of the Li-ions to migrate in and out of the 

anode. This results all in a higher internal resistance within the cell. Since the SEI layer also contains 

chemically bound lithium, the layers continued growth reduces the lithium ion pool, leading to a 

reduction in capacity. 

 

2) In addition, a carbon based anode increases slightly in thickness upon charging with the Li-ions taking 

up space. This causes the anode “to breathe”: it’s its thickness varies slightly (a few μm) upon 

charging and discharging. In addition, the anode increases slightly in thickness over its life due to the 

continued growth of the SEI layer. This results in the open structure of the anode gradually being 

pushed and massaged into closing up, reducing the fraction of the surface of the anode that is still 

sufficiently exposed to take up Li-ions. 

Because a lithium titanate battery does not have an SEI layer, it does not suffer from the degradation 

mechanisms related to this layer. Moreover, the dimensional changes of the anode in an LTO battery when it is 

cycled are only a fraction of the dimensional changes of a carbon based anode. This leads to a massive increase 
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in the cyclic capability of this battery: typical figures for the cyclic endurance of LTO batteries lie in the order of 

10
4
 cycles, versus 10

3
 cycles for carbon anode based batteries. 

LITHIUM PLATING OF THE ANODE 

Under normal operating conditions, lithium ions do not react in a lithium ion cell. They stay ionized at all times 

and do not form compounds. However, in certain situations, it is possible for Li ions to become electrically 

reduced (an electron is pushed onto the ion), and to precipitate as metallic lithium. This happens at the anode, 

due to excess electrons being readily available at the carbon surface upon charging. When plating occurs, 

metallic lithium settles right at the carbon surface, underneath the SEI layer. Although this is a reversible 

process, it is strongly detrimental to the health and safety of a battery for the following reasons. 

1) Metal deposition from a dissolved state is a process governed by electric fields. In places where the 

electric field is the strongest, the deposition occurs at the highest rate. Metals thus deposit evenly on 

a smooth surface in a homogeneous electric field, but a small protrusion of a surface leads to local 

concentration of the electric field and thus to the concentration of metal deposition. A sharp tip 

develops and continues to grow into a so-called dendrite. These dendrites can pierce through the SEI 

layer and the separator, and ultimately lead to an internal short circuit inside the cell. A thin dendrite 

will disappear as the result of the current pulse, but a strong dendrite can cause enough local heating 

and subsequent damage to trigger a thermal runaway. Conditions that may lead to lithium plating are 

always to be avoided. This is a major task of the BMS. 

 

2) Even when lithium plating occurs smoothly without dendrite formation, when the lithium is reverted 

into its ionized form upon discharging, it can cause a rapid localized growth of the SEI layer, leading to 

accelerated Li entrapment at these locations, and consequent capacity loss and further anode 

degradation. 

Lithium plating occurs when the anode is incapable of intercalation at the rate at which Li-ions are supplied 

during charging. This happens when the cell is overcharged, charged at a too high rate or charged at a too low 

temperature. The anode’s intercalation potential decreases as a cell ages. For this reason, aged cells are 

generally more susceptible to lithium plating and dendrite formation than brand new cells. 

The above issues suggest that the anode is the dominant factor in conventional Li-ion cell ageing. LTO cells 

prove that this is indeed the case. Only the anode is different in these cells, but this difference results in a 

tenfold increase in typical cyclic lifespan. 

AGING MECHANISMS IN LEAD ACID BATTERIES 

POSITIVE PLATE CORROSION 

The positive plate of a lead acid battery is made out of a lead alloy, on which lead-dioxide is deposited as the 

active material. When an overcharge reaction occurs, water is split at the positive plate, producing gaseous 

oxygen. In turn, this oxygen corrodes the lead support structure of the positive plate. This yields more positive 

active material on the positive plate (indeed, in a fresh battery, this is one of the mechanisms that causes the 

capacity of the battery to actually increases during the first few charge/discharge cycles). However, it also 

leads to thinning of the lead support structure. The volume of the positive plate increases when the lead in this 

plate is converted into lead dioxide. This phenomenon causes the positive plate to grow in size, to become 

more brittle, and to become less electrically conductive. When this type of ageing is in an advanced stage, 

mechanical tension and deformations occur, as can be seen in Figure 5. This causes parts of the positive grid or 

its connections to break off and the shedding of active material. In rare cases, it may even lead to an internal 

short-circuit due to the positive plate squeezing out of the top of the plate stack and touching a negative plate 
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or connection tab/comb. In order to prolong the useful life of the positive plates, it is therefore important to 

limit the occurrence of the overcharge reaction. 

 

Figure 6 – Detail of a heavily aged positive plate from a lead acid battery. 

SULFATION 

When a lead acid battery is partially charged, both positive and negative plates contain lead sulfate. When 

freshly deposited, the sulfate is in an amorphous, porous form. When allowed to sit inactive for too long, this 

sulfate re-crystallizes into a strong and impermeable crystal form. Lead sulfate that has undergone this 

transition is no longer accessible for charging. This process, called sulfation, thus leads to capacity loss. Very 

early stages of sulfation can be reversed by exposing the battery to a prolonged, controlled constant-current 

overcharge, but a sustained situation of sulfation cannot be reversed. As a result, a lead-acid battery provides 

the longest service life when it is kept fully charged at all time. Traces of sulfation on a negative plate can be 

seen in Figure 6. 

 

Figure 7 – Sulfation on a negative plate of a lead acid battery. 
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The charge voltage at which the best compromise is achieved between halting sulfation, preventing water loss 

and positive plate corrosion is called the float voltage. When kept at this voltage, capacity fade due to sulfation 

is minimized, while the overcharge reaction (splitting of water) occurs only at very low rate, thereby 

minimizing detrimental effects on the positive plate. Deviating from this voltage both upwards and downwards 

will result in accelerated capacity fade and reduced reliability during stand-by use. 

FLOAT VOLTAGE IMBALANCE IN STRINGS 

Lead acid batteries are rarely used with a battery management system that is capable of monitoring the 

battery at cell level. Normally, the float voltage applied to a series string equals the nominal float voltage of a 

single cell multiplied by the number of cells in the string. However, no two cells are exactly identical. Because 

of this a situation can develop over time where the charge voltage is not equally divided across all cells. As a 

result, some cells are charged at a lower-than-optimal voltage causing sulfation, while other cells necessarily 

suffer a higher-than-optimal charge voltage causing corrosion of the positive plate. Again other cells in the 

string may be exposed to a voltage that is about right. This situation, if left uncorrected for extended periods 

results in an inhomogeneous ageing of cells in the string. During a capacity test, the string is discharged to the 

cut-off voltage of a single cell times the number of cells. The SoC imbalance causes the fully charged cells to 

have a voltage higher than cut-off, while the undercharged cells already have a voltage that is too low. This 

yields the risk of over-discharging and even polarity inversion of the undercharged cells before the discharge 

process is terminated. This is a common cause of premature cell failure, especially in high voltage strings, in 

which many cells are series connected. 

AGEING DUE TO CYCLING 

Due to the composition of the plates changing during charge and discharge, their mechanical properties also 

change. Each time a lead-acid battery is discharged, the lead on the negative plates and the lead dioxide on the 

positive plates are converted into lead sulfate. When recharged, the lead sulfate is converted back. This leads 

to changes in thickness; every time the battery is discharged and then charged again, the cell has changed a 

little. Each time during charging, some of the lead sulfate is not converted back to lead or lead dioxide because 

it has lost contact with the plate due to these mechanical changes. This mechanism is responsible for the poor 

deep cycle life of lead acid batteries. 
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CREATING THE RIGHT WORKING ENVIRONMENT 

VENTILATION AND THERMAL MANAGEMENT 

From the previous chapters the conclusion can be drawn that, regardless of the technology, the main 

accelerator of battery ageing is temperature. Ensuring the right operating temperature (usually between 20 

and 25 °C) is a first prerequisite for achieving satisfactory battery life. Too high of a temperature results in 

accelerated ageing while a too low temperature results in the battery being incapable of delivering its 

requested performance, and the possibility of damage to the battery when forced to do so. This means that on 

all but the most moderate climates, a HVAC system is required that maintains a constant temperature and a 

non-condensing atmosphere. 

In addition to the temperature requirements, ventilation is required in battery rooms containing lead acid and 

nickel based batteries. A small amount of oxy-hydrogen gas always escapes from them. Hydrogen is explosive 

when its volume percentage in air exceeds 4%. Flooded batteries vent their gas directly to the atmosphere, but 

even VRLA batteries produce slight amounts of oxy-hydrogen which escapes through the valve and by diffusion 

through the cell case. For this reason, IEC 62485-2 prescribes the minimum air flow rate and the location of air 

inlets and outlets required for ensuring that the hydrogen concentration always stays well below 4%. 

Preferably, this air flow rate is achieved by natural ventilation. Combining these demands with the demand of 

a controlled climate means that a large thermal energy loss will occur, unless an advanced heat recycling 

system is used. 

Lithium ion batteries produce no gas during operation, and thus require no ventilation other than required for 

human occupancy when the battery needs to be worked on. This aspect, together with the high energy 

efficiency of Li-ion cells, enables the use of a smaller and more energy efficient HVAC system, or the use of 

minimal ventilation of the battery room while applying heating and cooling directly to the cells in the pack. 

Thermal management of the pack can thus be implemented in an energy efficient manner. A battery 

pack/room does need an emergency blow-off provision in case a battery vents. This can for example be 

provided by means of a spring loaded one-way valve or a burst disc in the outer wall of a compartment or 

room, so that the gases are guided outside in case of an emergency. 

BATTERY MANAGEMENT SYSTEMS 

Battery management systems are systems integrated into the battery that ensure that the battery always 

operates within its safety constraints. In addition to this, the system may contain provisions to estimate the 

battery’s state of charge and to provide operational data of the battery to connected systems. Although a 

battery charger that provides a well-controlled float voltage to a bank of lead acid batteries can be regarded as 

a rudimentary BMS, the term is usually reserved for more sophisticated systems which monitor the battery at 

cell level and are able to intelligently control the charge and discharge process. The efficacy of these BMS 

systems is arguable with lead acid batteries (and therefore rarely used because they increase capital expense), 

but are indeed required for safety in Li-ion systems. 

A BMS that ensures safety for Li-ion systems must at: at least perform the following functions: 

 Monitor individual cell voltages, and signal termination of a discharge as soon as a single cell’s voltage 

falls below the discharge voltage threshold 

 With the same monitoring, signal reduction or termination of the charge rate as soon as a single cell’s 

voltage reaches the maximum charge voltage 

 Monitor the charge/discharge current for individual series strings and signal reduction when the cell’s 

(dis)charge current ratings are exceeded 

 Monitor pack temperature, and adapt the charge/discharge current limits accordingly 
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 Disconnect the battery pack in case of over(dis)charge 

 Disconnect the battery pack in case of an attempted (dis)charge outside of the temperature limits 

In order to ensure battery longevity and performance, as well as an efficient utilization of the battery’s 

capacity, the following functions may be integrated into the BMS: 

 Monitor pack temperature, and signal a heating/cooling system to keep the battery inside its 

recommended temperature band 

 Equalize the SoC across the battery pack by means of balancing individual cells, in order to maintain 

optimal usage of the pack’s capacity 

 Produce an accurate estimation of the system’s SoC based on charge/discharge history and cell 

voltage 

 Provide operational parameters of the battery pack to other systems 

 Provide an estimate of the battery’s remaining capacity (state of health) 

For small storage systems, the BMS may be a single printed circuit board with all functions on it. For larger 

systems, the BMS is often modular. Cell voltage and temperature monitoring is carried out by a module inside 

a block of cells, and the higher level functions, such as SoC calculation and operation of the pack level 

contactors, is carried out by a central controller. The controller and the cell level modules typically 

communicate using a moderate speed serial bus. With state of the art components, and dedicated cell 

monitoring ICs, these monitoring and control functions can be implemented economically and at an almost 

insignificant power penalty. Such state of the art components include powerful embedded ARM processors 

that use only a fraction of a watt and have advanced power management features. 
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CONCLUSIONS 
Dimensioning a storage system for high efficiency and for long life goes hand in hand. High efficiency means 

less energy loss in the form of heat, and thus longer life for all components (both batteries and converters) due 

to a lower operating temperature. Cooling requirements also diminish, further contributing to energy 

efficiency and reduced operating cost. The battery itself also has an influence on energy efficiency. A battery 

that can be used in a charge/discharge regime, in which the occurrence of side reactions is minimized, will 

inherently have low energy loss. The reduced rate at which the side reactions occur is in turn another 

mechanism that prolongs battery life. 

For non-UPS applications, conventional lead acid batteries are generally unsuitable. Their low initial expense 

does not make up for the poor cycle life at any significant depth of discharge. Added to this is the energy loss 

associated with the continuous overcharge reaction occurring at the stand-by float charge and the resulting 

ventilation requirements. When kept at less than 100% SoC for a prolonged period, sulfation will become the 

main ageing mechanism, which causes premature capacity degradation. 

For grid supporting energy storage applications, the ability to charge (absorb energy) is equally important as 

the ability to discharge. These services are normally best carried out by a battery that operates at an average 

50% SoC. In such a regime, the strengths of the Li-ion battery can be put to full use. Li-ion batteries exhibit 

almost no side reactions around 50% SoC, and they exhibit good energy efficiency. This currently makes them 

a natural choice for grid support applications. The efficiency of the battery is such that a converter with state 

of the art efficiency is a worthwhile means to achieve good overall system efficiency. 

The information presented in this application note (and especially its conclusions) is strongly related to current 

and near-future developments in battery technology and to the demands in the storage market. Therefore, it 

cannot represent more than a snapshot of the situation at the time of writing. Although many more promising 

technologies are regularly appearing at the horizon, none of them currently has the market momentum of Li-

ion. 
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ANNEX: APPLICABLE STANDARDS 
In this annex, a selection of standards is given, applicable to stationary energy storage systems. This list is 

limited to system level, cell level, component level and performance standards. A more complete list, which is 

updated frequently, can be found in DNV GL RP 0043 (1). 

SYSTEM LEVEL STANDARDS 

IEC 62619 (under development, expected in 2017): Secondary cells and batteries containing alkaline or other 

non-acid electrolytes—Safety requirements for large format secondary lithium cells and batteries for use in 

industrial applications 

IEC 62620 (2014): Secondary cells and batteries containing alkaline or other non-acid electrolytes —Large 

format secondary lithium cells and batteries for use in industrial applications 

IEC 61427 -1: Secondary cells and batteries for renewable energy storage—General requirements and methods 

of test—Part 1: Photovoltaic off-grid application 

IEC 61427-2: Secondary cells and batteries for renewable energy storage—General requirements and methods 

of test—Part 2: on-grid applications 

IEEE 1375: IEEE Guide for the Protection of Stationary Battery Systems 

IEEE 1491: IEEE Guide for Selection and Use of Battery Monitoring Equipment in Stationary Applications 

IEEE 1679: IEEE Recommended Practice for the Characterization and Evaluation of Emerging Energy Storage 

Technologies in Stationary Applications 

IEEE 484: Recommended Practice for Installation and Design of Vented Lead-Acid Batteries for Stationary 

Applications 

IEEE P2030.3: Standard for Test Procedures for Electric Energy Storage Equipment and Systems for Electric 

Power Systems Applications  

IEC TC 120 working documents: Electrical Energy Storage Systems – IEC 62933 series: 

IEC 62933-1 (under development): Electrical energy storage (EES) systems—Part 1: Terminology 

IEC 62933-2-1 (under development): Electrical Energy Storage (EES) systems—Part 2-1: Unit parameters and 

testing methods - General specification  

IEC 62933-3-1 (under development): Electrical Energy Storage (EES) systems—Part 3-1: Planning and 

installation—General specification 

IEC TS 62933-4-1 (under development): Electrical Energy Storage (EES) systems—Part 4-1: Guidance on 

environmental issues 

IEC TS 62933-5-1 (under development): Electrical Energy Storage (EES) systems—Part 5-1: Safety 

considerations related to grid integrated electrical energy storage (EES) systems 

IEC 62933-5-2 (under development): Electrical Energy Storage (EES) systems—Part 5-2: Safety considerations 

related to grid integrated electrical energy storage (EES) systems—Batteries 

ANSI/CAN/UL-9540: 2016 Standard for Safety, Energy Storage Systems and Equipment (under continuous 

maintenance)—this standard is used to test and then certify energy storage systems as to the safety. 
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2018 International Fire Code, International Code Council 

2018 International Building Code, International Code Council 

2018 International Residential Code, International Code Council 

NFPA 1-2017 Fire Code 

NFPA 70-2017 National Electrical Code 

NFPA 855, Standard for the Installation of Energy Storage Systems (first draft under development) 

CELL LEVEL STANDARDS 

IEC 60622: Secondary Cells and Batteries containing Alkaline or Other non-acid Electrolytes—Sealed NiCd 

Prismatic Rechargeable Cells 

IEC 60623: Secondary Cells and Batteries containing Alkaline or Other non-acid Electrolytes—Vented NiCd 

Prismatic Rechargeable Cells 

IEC 60896-11: Stationary Lead Acid Batteries Part 11: Vented Types—General Requirements and Methods of 

Tests 

IEC 60896-21: Stationary Lead Acid Batteries Part 21: Valve Regulated Types—Methods of tests 

IEC 60896-22: Stationary Lead Acid Batteries Part 22: Valve Regulated Types—Requirements 

IEC 62133-1 and -2 (2017) (2012): Secondary cells and batteries containing alkaline or other non-acid 

electrolytes—Safety requirements for portable sealed secondary cells, and for batteries made from them, for 

use in portable applications, reverse charge safety 

IEEE 1184: IEEE Guide for Batteries for Uninterruptable Power Supply Systems Performance 

IEEE 1361: IEEE Guide for Selection, Charging, Test, and Evaluation of Lead Acid Batteries used in Stand Alone 

PV Systems 

IEEE 1660: IEEE Guide for Application and Management of Stationary Batteries Used in Cycling Service 

IEEE 1661: IEEE Guide for Test and Evaluation of Pb-Acid Batteries used in PV Hybrid Power Systems 

UL 1642: Lithium Batteries 

UL 1973: Batteries for Use in Light Electric Rail (LER) Applications and Stationary Applications 

UL 1974: Evaluation for Repurposing of Batteries (first edition under development) 

UL 2054: Household and Commercial Batteries 

UN 3292: Batteries, Containing Sodium 

IEC 62660-1: Secondary lithium-ion cells for the propulsion of electric road vehicles—Part 1: Performance 

testing 

IEC 62660-2 (2010): Secondary lithium-ion cells for the propulsion of electric road vehicles—Part 2: Reliability 

and abuse testing 
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IEC 62660-3 (under development):  Secondary lithium-ion cells for the propulsion of electric road vehicles—

Part 3: Safety requirements 

SAE J2185: Life Test for Heavy-Duty Storage Batteries 

SAE J2288: Life Cycle Testing of Electric Vehicle Battery Modules 

SAE J240: Life Test for Automotive Storage Batteries 

SAE J2464: Electric and Hybrid Electric Vehicle Rechargeable Energy Storage System (RESS) Safety and Abuse 

Testing 

SAE J2929: Electric and Hybrid vehicle propulsion battery system safety standard—lithium-based rechargeable 

cells 

UL 2580: Batteries for use in electric vehicles 

EES COMPONENTS AND TECHNOLOGIES 

UL 810A: Electrochemical Capacitors 

IEC 62813 Lithium-ion capacitors for use in electric and electronic equipment—Test methods for electrical 

characteristics 

Flow batteries—Guidance on the specification, installation and operation, CENELEC Workshop Agreement, 

CWA 50611, April 2013 

IEC 62932-1 (under development): Secondary Cells and Batteries of the Flow Type: Flow Batteries—Guidance 

on the Specification, Installation and Operation 

IEC 62932-2-1 (under development): Flow batteries—General requirement and test method of vanadium flow 

batteries 

IEC 62932-2-2 (under development): Flow Battery Technologies—Safety 

IEC 60034-1: Rotating electrical machines—Part 1: Rating and performance 

IEC 11439 Gas Cylinders-High pressure cylinders for the on-board storage of natural gas as a fuel for 

automotive vehicles 

ASME Boiler and Pressure Vessel Code Section VIII: Rules for Construction of Pressure Vessels 

EN 13445 Unfired Pressure Vessels (harmonized with the Pressure Equipment Directive (97/23/EC) 

PERFORMANCE 

Functional Requirements for Electric Energy Storage Applications on the Power System Grid, Electric Power 

Research Institute (EPRI) 

PNNL 22010-rev 2: Protocol for Uniformly Measuring and Expressing Performance of Energy Storage Systems 

(20122016) 


