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ABSTRACT 

The International Energy Agency estimates that by the year 2040 there will still be more than 

700 million people worldwide without access to electricity. Renewable energy production, particularly from 

photovoltaic systems, combined with affordable and effective energy storage provides a means to provide 

electricity to these poorer communities. This paper explores four battery energy storage system (BESS) 

technologies to support a notional, isolated village microgrid requiring a BESS capable of providing 605 kWh of 

usable storage over a 20-year scenario timeframe. Using this analysis scenario, the lead-acid battery is 

analyzed as a baseline against the current technology leader, the liquid electrolyte lithium-ion battery (LIB), 

and another current option, the vanadium redox flow battery (VRFB). The solid-state LIB is also reviewed as a 

future technology. The BESS technologies are analyzed in two parts. First, a cost analysis considering factors 

affecting initial battery bank sizing (depth of discharge limits, efficiency, capacity fade) as well as battery life 

which drives replacement frequency, and operations and maintenance costs for the years 2018 and 2025. 

Second, an analysis of four other significant factors not included in the cost analysis: energy density, operating 

temperature limits, safety issues, and environmental concerns. The findings show that the liquid electrolyte LIB 

is the current leading technology due mostly to its ever lowering cost, despite continued concerns over its 

safety. The VRFB is presented as a safer alternative that features a system lifespan several times that of the 

LIB, the capability to operate at high temperatures without cooling subsystems, and a much lower 

environmental impact. If VRFB manufacturers can achieve lifecycle cost reductions to achieve more parity with 

LIBs, these advantages may sway system designers to choose this technology. 
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Chapter 1 

 

INTRODUCTION 

 

 This paper’s objective is to conduct a comparison of four battery technologies with regard 

to their applicability as an energy storage system (ESS) for a renewable energy-based community 

microgrid that is disconnected from the main power grid.  

Background 

 In the World Energy Outlook 2018, the International Energy Agency (IEA) [1] estimated 

that 2017 was the first year where the number of people without access to electricity fell 

below one billion. The IEA further estimates that by the year 2040 there will still be more 

than 700 million people worldwide without access to electricity, many of them living in 

rural areas of the world. About 80% of these people without electricity live in remote rural 

areas where population density and energy demand are low. Having access to a reliable 

source of energy is crucial for rural inhabitants to improve their quality of life. As much of 

the world’s rural population is engaged in agriculture which keeps them outdoors during 

the day, access to electricity at night allows these rural residents to achieve higher living 

standards by making nighttime activities possible. Electricity powers basic needs such as 

lighting, heating, and cooking, and also powers computers, televisions, and other essential 

appliances [2]. In this way, electricity is a necessity for social and economic development. 

It is also vital to basic social services such as education, health care, clean water supply, and 

sanitation. Electricity allows for key activities after sunset such as health care and study for 

students [3].  

 The problem is especially acute for poor, remote communities which are disconnected 

from the main power grid. For these isolated communities, extending the grid over long 

distances or over difficult terrain or water may be unaffordable due to the high costs 

associated with building the infrastructure, lifecycle operations and maintenance costs, and 

energy transmission losses associated with long distances [4].  
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In recent years, significant reductions in the cost of renewable energy sources, particularly 

with photovoltaic (PV) technologies, has resulted in far more access to renewable energy 

production, even for poorer communities. Off-grid electricity generated by local renewable 

energy sources such as solar, wind or hydro can provide these remote communities with 

cost-effective and reliable electrical energy [5]. Renewable energy generation works well 

for smaller, distributed electrical energy generation systems, as opposed to traditional fossil 

fuel plants which needed to be large and centralized to provide return on investment. 

Remote areas also usually feature large amounts of open space where it is much easier 

and less costly to host solar farms which require significant land area [6]. 

 Another added benefit for electricity produced from renewable sources over electricity 

from fossil fuel-powered generators is the reduction of the negative environmental impact 

on a global scale as well as a reduction of harmful effects on the local population [3]. 

Electricity from renewable sources can also replace the indoor use of firewood and 

kerosene in rural homes, which contribute significantly to respiratory health issues of the 

residents [2].  

 For many rural areas, solar energy provides the most reliable and efficient source 

of electricity. With the maturation and price decreases of PV technologies and systems, 

solar power has also become affordable for even the poorest families as governments and 

non-governmental organizations (NGOs) can provide systems for these poor communities 

that are not connected to the main power grid. Other renewable energy power sources 

such as wind, hydro, and bio-diesel can also provide additional power.  

 However, for rural communities a major issue is that solar energy production 

occurs during the day when the sun is out, while the key time for usage is after sundown 

when farm workers are back in their homes. Figure 1-1 shows the non-alignment between 

power production and power consumption for a rural household over a representative 24-hour 

period.  
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Figure 1 Representative solar energy production versus usage for rural 

households over a 24-hour period 

 

 While other renewable energy sources such as micro-hydro, wind, and bio-diesel 

generators are capable of providing electrical power for isolated rural communities, solar is 

currently the most viable energy source for these regions due to affordability and ease of 

use with minimal maintenance. 

 The solution to address the misalignment between solar energy production and 

energy consumption in the isolated rural scenario is to add an energy storage element into 

the system. Figure 1-2 shows a notional community electrical microgrid system, disconnected from 

the main power grid, featuring the aforementioned renewable power sources, and managed by 

a local smart grid. 
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Figure 2 Notional disconnected community smart grid-based electrical system 

withrenewable energy sources 

 

 The electrical energy storage system provides the key element to overcome the 

solar production versus usage misalignment by allowing the rural user to use the stored 

energy produced during daylight areas upon returning home after a day working outdoors. 

Energy storage can be extremely useful even for a household connected to the main grid 

or in a situation with net metering, as it allows the user to use less expensive self-generated 

power at any time, and also provides power during outages. The storage could be a large, 

shared community-based system or a distributed system of smaller storage units for each 

household. 

 Mongird et al [7] state that as of 2018 nearly 173 GW of energy storage was in 

use worldwide, with the approximate breakdown shown in Table 1 Clearly, pumped storage 

hydropower (PSH) is by far the predominate technology accounting for about 98% of 

worldwide energy storage. Although PSH is a proven, mature, and common solution for 

energy storage, its major drawback is that it is not suitable for all locations as it requires 

two reservoirs at different elevations and an adequate amount of water [8]. This study is 

focused on battery systems where PSH would not be viable. 
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Table 1 Worldwide energy storage [7] 

Energy Storage Technology MW in Use 

Pumped Storage Hydropower (PSH) 169,557 

Lithium-ion battery (LIB) 1,629 

Flywheels 931 

Compressed Air Energy Storage 407 

Sodium sulfur battery 189 

Lead acid battery 75 

Flow battery 72 

Electrochemical capacitor 49 

Sodium metal halide battery 19 

Total 172,928 

 

 Until recently, the most common battery energy storage system (BESS) for this 

application has been a lead-acid battery-based system. As the oldest and still ubiquitous 

technology, the lead-acid battery is analyzed in this study to provide a baseline to compare with 

the newer technologies. However, as the home renewable energy market has expanded, 

particularly with solar production, commercial lithium-ion battery (LIB) storage systems 

have become available and are now the predominant choice in developed countries. Yet, 

LIBs have several inherent shortcomings which are described later in this paper. Research 

in solid-state battery (SSB) using lithium-ion technologies have accelerated in recent years 

to address the shortcoming of LIBs by providing a safer energy storage solution. However, SSBs 

currently face several obstacles before this technology is ready for widespread use as a 

solution for ESS applications. The Vanadium Redox Flow Battery (VRFB) is another storage 

solution which provides its own set of advantages over the other technologies and is in use today as 

a proven grid energy storage solution.  
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Research objectives 

 The objective of this paper is to conduct a comparison of these four battery technologies 

(lead-acid, liquid electrolyte LIB, lithium-based SSB, and VRFB) with regard to their 

applicability as a BESS for a renewable energy-based community microgrid that is disconnected 

from the main power grid. The specific objectives are: 

 1. Provide a description on the current status of the four battery technologies, including 

research and commercial systems. 

 2. Analyze each battery technology against two sets of evaluation criteria, with 

respect to the stated energy storage scenario, while also specifying the advantages and 

disadvantages of each. The first set of criteria is centered on a lifecycle cost analysis, 

which includes factors that are direct inputs into the cost analysis: (a) depth of discharge 

(DOD) limits, (b) efficiency, (c) capacity degradation, (d) battery life, and (e) operations and 

maintenance (O&M) requirements. The second set includes four additional analysis factors which 

have cost implications, but are not used in this study’s cost analysis although they are still 

factors to consider: (a) energy density, (b) operating temperature limits, (c) safety issues, 

and (d) environmental concerns. 

 3. Project the future trends for each of the four battery technologies in regard to 

suitability in the rural community-based energy storage application. 

 

Research benefit and scope 

 While a great many energy storage solutions are currently available or in research, this 

study focuses on lead-acid batteries, liquid electrolyte and solid-state LIBs, and VRFBs. 

Although the technology is over 130-years old, lead-acid batteries are still a viable 

solution for this energy storage application, mostly due to low cost. Liquid electrolyte LIBs 

and VRFBs are currently in commercial production and provide a more efficient, though 

often costly solution, with LIBs being the leading technology in developed countries. While 

SSB research is progressing, the technology is not yet ready for full commercialization with 

available products which can support the community microgrid energy storage scenario. 

This paper seeks to describe the current status of each technology by evaluating each against 
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the criteria described above. This study will also attempt to identify which technologies are 

the most promising for the future.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Chapter 2  

 

REVIEW OF RELATED LITERATURE 

 

 This section presents a basic battery model followed by a discussion of the four 

different battery types addressed in this study. It concludes with a summary of the 

community microgrid scenario which forms the basis of the analysis. 

 

Battery basics 

 We start with a basic model of a battery, universal to all battery types, which is 

used as the model for this study. Batteries are devices which store and produce energy by 

the conversion (or transduction) of chemical energy into electrical energy. The basic 

battery consists of two electrodes (the anode and the cathode) immersed in a chemical 

medium (the electrolyte), with a semi-permeable separator between the two electrodes 

[9]. The basic battery model is shown in Figure 2-1. When an electrical circuit is externally 

connected to the battery, chemical reactions take place on the electrodes via the 

electrolyte which produce a flow of electricity through the external circuit [10].  

 

 
 

Figure 3 Basic battery model [11] 
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 When electrical energy is flowing through the external circuit during a discharge 

cycle, the anode at the negative node releases electrons into the circuit at the negative 

battery terminal and positive ions into the electrolyte. The reaction at the anode is an 

oxidation reaction. Simultaneously, the cathode at the positive battery terminal receives electrons 

from the circuit while also receiving positive ions via the electrolyte in what is known as a 

reduction reaction, completing the circuit. Thus, electrons flow through the external circuit 

to produce useful electrical energy, while the ions flow through the electrolyte [11]. The 

battery’s discharge cycle is show in Figure 4. 

 Together, these two half reactions, reduction and oxidation, are referred to as a 

redox reaction. The cathode is reduced, that is it gains electrons; and the anode is 

oxidized, that is it loses electrons. The difference in standard potential between the 

materials that make up the anode and cathode account for the overall battery’s 

electrochemical potential (voltage) and allows for this flow of electrons [11].  

 

 
 

Figure 4 Battery discharge cycle [11] 

 

 Another key component of the basic battery is the electrolyte, which provides the 

pathway between the anode and cathode. During battery discharge, as the negatively 

charged electrons leave the anode, positive ions are also released by the anode into the 

electrolyte to maintain a neutral overall charge. Simultaneously, the cathode matches the 

electrons it is receiving via the external circuit by also receiving the positively charged ions 
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released by the anode. This charge balancing occurs during the battery’s discharge cycle 

to maintain the charge balance and to keep the reaction going. 

 The final key battery component is the semi-permeable separator. As with 

anodes, cathodes, and electrolytes, no one separator design or material is ideal for all 

battery types and designs. The separator is placed between the two electrodes with a 

primary function to keep the anode and cathode physically separated to prevent electrical 

short circuits while at the same time allowing ionic charges to pass through to complete 

the battery’s circuit [12]. A key example where the separator comes into play is with the 

production of dendrites on the anode of a LIB. In the absence of a separator, these 

dendrites can grow over multiple charge and discharge cycles until they physically connect 

the anode and cathode causing a short circuit in the battery which can lead to a thermal 

runaway condition producing fires and explosions [13]. These incidents are described later 

in the sections on LIBs. 

 As the discharge cycle progresses, other chemical products are produced which 

create a resistance lowering the efficiency of the battery and eventually slowing down the 

primary redox reaction. All secondary batteries, such as those considered in this study, 

allow for a charging cycle to reverse this process. The charging cycle is accomplished by 

connecting an electrical power source to the external circuit between the anode and 

cathode. The flow of electrons back into the anode causes the pull of positively charged 

ions in the electrolyte to also migrate back to the anode, thus reversing the redox reaction. 

However, with most battery types the recharging cycle does not restore the battery 100% 

to its previous condition. Different battery types experience different rates of degradation 

with each charging cycle. Figure 2-3 illustrates the battery charging cycle. 
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Figure 5 Battery charging cycle [11] 
 

Lead-acid battery overview 

 This study considers the venerable lead-acid battery as a baseline comparison 

versus the newer battery technologies, as they are still a widely used battery type for 

community microgrid energy storage applications, especially in poor communities. Invented 

in 1859 by French physicist Gaston Plante, lead-acid batteries provide some advantages 

over other battery technologies, most notably in their relatively low cost for high performance, 

recyclability, and simplicity. These advantages have allowed this 130-plus year-old 

technology to maintain sales in the worldwide rechargeable battery market share both in 

terms of sales value and total storage capacity [14]. Lead-acid battery advantages include 

the following: 

 1. Low Cost [7]  

 2. Sustainability - recycling of lead-acid batteries is well established, with 

recycling rates approaching 100% in Western countries and very high rates are achieved 

elsewhere [14] 

 3. Safety - a relatively safe system with non-flammable active materials [14] but 

potential issues with hydrogen gas generation and corrosive sulphuric acid electrolyte [15] 

 4. High Reliability 

 5. Strong surge capacity 

 6. Large, well-established, worldwide supplier base [14]. 
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 Although disadvantages vary between different lead-acid batteries designs, 

lead-acid disadvantages may include the following: 

 1. Short life span (low number of lifetime cycles) [7] 

 2. Relatively low energy density [15] 

 3. Dependence on hazardous and restricted lead [16].  

 4. Requirement for regular maintenance 

 5. Emission of explosive gas and acid fumes [15] 

 6. Poor performance in cold conditions 

 7. Requirement for a thermal management system in hot climates [17] 

 New developments in lead-acid batteries have allowed for somewhat longer 

lifespans and greater number of charge/recharge cycles. These new developments include 

carbon-enhanced designs which alleviate issues with partial-state-of-charge duty, a common 

occurrence with solar PV generation systems. Other developments with technologies such as 

hybrid construction with supercapacitor elements promise more advances in the future [14]. 

 There are dozens of major manufacturers of lead-acid batteries designed 

specifically for renewable energy storage applications. MarketsandMarkets™ estimates 

that the global lead-acid battery market will reach US$52.5 billion by 2024 from an 

estimated US$41.6 billion in 2019, with 25 key market players shown in Table 2-1 [18]. 

 

Table 2 World’s leading lead-acid battery manufacturers [18] 

Manufacturer Country Manufacturer Country 

Rolls Battery Canada Panasonic Japan 

GS Yuasa China Hitachi Chemical Japan 

Chaowei Power China Hankook AltasBX Kores 

Narada Power China Camel Power Malaysia 

Xupai Battery China First National Battery South Africa 

Harbin Coslight Power China NorthStar Sweden 

Hoppecke Germany EnerSys USA 

Leoch International Technology Hong Kong Clarios USA 

Exide Industries India Crown Battery USA 
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Table 2 (cont.) 

Manufacturer Country Manufacturer Country 

Exide Industries India Crown Battery USA 

HBL Power Systems India Exide Technologies USA 

Amara Raja Power System India Teledyne Technologies USA 

Okaya Power India East Penn USA 

  C&D Technologies USA 

 

 For the renewable energy storage application relevant to this study, three 

primary lead-acid technologies predominate: (a) flooded lead-acid batteries, (b) gel lead-

acid batteries, and (c) absorbent glass mat (AGM) lead-acid batteries. Flooded lead-acid 

batteries contain a liquid mixture of deionized water and sulfuric acid (the electrolyte) 

inside the battery case that interacts with the matrix of lead and lead oxide plates. Some 

flooded batteries are maintenance-free or sealed, although most require periodic 

maintenance, usually requiring distilled water to be added and are vented to the 

atmosphere to allow hydrogen gas generated during the charging phase to be expelled. 

Flooded lead-acid batteries tend to be less expensive that gel or AGM models but have 

greater safety concerns and require more ventilation and more maintenance [19]. 

 Both gel and AGM lead-acid batteries are sealed, with typically a small valve to 

allow for the escape of the hydrogen gas generated during charging. For this reason, 

these sealed models are often referred to as Valve Regulated Lead-Acid (VRLA) [19]. Gel 

lead-acid batteries are similar to flooded lead-acid batteries except the electrolyte is a thick silica 

gel allowing gel batteries to be maintenance-free and are ideal for deep cycle applications 

[20]. However, gel batteries are the costliest type of lead-acid batteries and do not allow 

for the higher charging and discharging rates of their AGM counterparts. Gel batteries 

require precise charging, requiring a charging controller to ensure they are charged 

correctly [19]. Gel batteries last longer than AGMs, particularly in heat, so they are well 

suited for hot climates where the batteries are subject to high temperature operating 

conditions [21]. AGM lead-acid batteries contain a very thin layer of glass fibers between the plates 

which suspends the electrolyte and also allows AGM batteries to be maintenance free 



 

 

  14 

[20]. AGM batteries are currently the most popular VLRA type as they can operate in a 

wide variety of conditions, require much less maintenance [19], and can be charged and 

discharged at higher rates than gel and flooded types, although like gel types are sensitive 

to overcharging and require a charge controller [22]. 

 

Liquid electrolyte LIB overview 

 LIB technology has progressed to where LIBs are now a well-established battery 

technology in products we use in everyday life, from mobile phones and electric vehicles 

to larger applications such as a community-based microgrid BESS applicable to this 

study’s scenario. But the current commercially available liquid electrolyte LIBs also have 

several critical disadvantages, most notably with safety as described later. 

 Liquid electrolyte LIBs are a family of rechargeable (or secondary) devices where 

both electrodes are intercalation materials, and the electrolyte is a lithium salt dissolved in 

an organic solvent [23]. As with the basic battery model, the liquid electrolyte LIB’s 

primary components are its anode, cathode, electrolyte, and separator. In a liquid 

electrolyte LIB, lithium ions intercalate between the anode and cathode during discharge 

and de-intercalate between the anode and cathode during the charge cycle. Intercalation 

is defined as the insertion and extraction of ions between the layers of the anode and 

cathode. An electrically insulative separator prevents short circuiting between the 

electrodes [24]. Figure 2-4 shows a basic liquid electrolyte LIB design and function. 
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Figure 6 Liquid LIB charge (blue) and discharge (red) processes [24] 
 

 Liquid electrolyte LIBs consist of multiple cells connected both in parallel to 

increase current and in series to increase voltage. Multiple cells are then integrated into 

modules, which are integrated into a full battery pack. For example, the Panasonic battery 

pack used in the Tesla Type S automobile provides 100 kWh from its 8,256 cells [25]. The 

first commercialized liquid electrolyte LIB in 1991 featured a Lithium Cobalt Oxide (LiCoO2) 

cathode (positive electrode) [23], which continues to be a common cathode material. The 

reduction reaction is as follows: 

                                    𝑪𝒐𝑶𝟐 + 𝑳𝒊+ + 𝒆− → 𝑳𝒊𝑪𝒐𝑶𝟐 [E0= 1 V]                 (1) 

 Other liquid electrolyte LIB anode materials have been researched and 

developed, each with their particular advantages and disadvantages. These include Lithium 

Iron Phosphate (LiFePO4), Lithium Manganese Oxide (LiMn2O4), Lithium Nickel Manganese Cobalt 

Oxide (LiNiMnCoO2), Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2), and Lithium 

Titanate (Li2TiO3) [26]. 

Correspondingly, Lithium graphite (LiC6) is a common liquid electrolyte LIB anode (negative 

electrode) material, where the oxidation reaction is as follows: 

                             𝑳𝒊𝑪𝟔 → 𝑳𝒊+ + 𝑪𝟔 +𝒆− [E0= 3 V]                           (2) 

The overall reaction is given by:  

                         𝑪𝒐𝑶𝟐 + 𝑳𝒊𝑪𝟔 → 𝑳𝒊𝑪𝒐𝑶𝟐 + 𝑪𝟔                          (3) 
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The overall open circuit voltage is given by: E+ - E- = 4 V [24]. 

 Liquid organic solvent electrolytes are the most common liquid electrolyte used in 

most commercial LIBs today, the most common being lithium hexafluorophosphate (LiPF6) 

salt dissolved in an organic carbonate solution. Despite their many safety issues, organic 

solvent electrolytes are used in many LIB applications from consumer electronics, to 

electric vehicles, and in energy storage systems [23]. Liquid electrolyte LIBs have grown in 

popularity due to their many advantages over other battery types: 

 1. High specific capacity and energy density  

 2. No memory effect [24] 

 3. Low self-discharge rate 

 4. Easy to form into different sizes and shapes for design flexibility [27] 

 However, liquid electrolyte LIBs also have key disadvantages. First is the 

formation of the Solid Electrolyte Interphase (SEI), a passive layer consisting of organic and 

inorganic electrolyte decomposition products which form over the surface of the anode 

during cycling. SEI formation results in eventual irreversible capacity degradation. LIBs also 

experience volumetric expansion, which can damage the electrodes and reduce battery life 

[24]. But the primary liquid electrolyte LIB disadvantage centers around safety concerns, most 

notably fires and explosions caused by thermal runaway. Thermal runaway initiates due to 

a failure in a LIB cell or cells, which propagates to surrounding cells causing a chain-

reaction leading to catastrophic battery failure. Although the temperatures associated with 

thermal runaway vary with different liquid electrolyte LIB designs and chemistries, the 

following are representative: 

 1. Thermal runaway onset: 60°C to 100°C 

 2. Thermal runaway acceleration: 160°C to 170°C 

 3. Thermal runaway trigger: 170°C to 200°C [24]. 

 Liquid Electrolyte LIB safety issues are discussed in detail in Section 4.2.3. Another 

disadvantage of liquid electrolyte LIBs centers around the formation of metallic lithium 

deposits, commonly known as dendrites, on the anode. Dendrite formation is especially 

significant on lithium metal anodes, which currently precludes their use with liquid electrolytes due 

to the high probability of damage and short circuiting from the dendrites. That is why 
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current commercial liquid electrolyte LIBs use the anode materials presented previously. 

However, even those anode materials exhibit dendrite formation, which can pose a 

significant safety issue, particularly in high current density batteries which can experience 

catastrophic and dangerous incidents due to dendrite formation. Dendrite growth mechanisms are 

complex due to the inherent electrochemical instability of lithium metal, combined with the 

complex microstructural environment provided by organic liquid electrolytes. Dendrites are 

the subject of current research, as solving this problem could lead to the use of the more 

efficient lithium metal anodes [13]. SSBs, with their innate ability to physically limit dendrite growth, 

allow the use of the higher performing lithium metal anodes as will be described in later 

sections. 

 As stated by Nitta et al [28], LIBs have clear advantages buoyed by decades of 

research which have developed to the point where it is a dominant battery technology 

today. Due to its commercial popularity, liquid electrolyte LIB research continues on new 

electrode, electrolyte, and separator materials to lower costs while increasing energy 

density, cycle life, and safety. 

 This study focuses on containerized liquid electrolyte LIB ESS appropriate for the 

small, isolated village microgrid energy storage application. Some of the currently available 

commercial systems that are included in this study are shown in Figure 7 
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Figure 7Figure 2-5. Containerized liquid electrolyte ESS, clockwise  

from top-left: Aggreko Y.Cube 60, Fluence EnergyEdge,  

Saft Intensium Max, BYD ESS 

 

Solid-state LIB overview 

 As described in previous sections, LIBs have the highest specific energy and 

energy density of the battery chemistries having reached energy densities of about 260Wh/kg 

and 700Wh/liter [29]. However, current liquid electrolyte LIBs pose safety concerns due to 

their highly reactive electrolyte solutions. To overcome the safety issues while still 

leveraging lithium’s advantages, researchers have been experimenting with solid 

electrolytes as an alternative to liquid electrolytes for LIBs over the past 50+ years. These 

batteries are also known as solid-state batteries [30]. 

 SSB research can be traced back to the pioneering work of Michael Faraday 

(1791-1867), who was the first to identify the movement of electrical charge via ions 

through an electrolyte in the process of electrolysis. In the 1830s, Faraday experimented 

with solid electrolytes of silver sulfide. From Faraday’s time into the 20th century a long list 

of researchers built upon Faraday’s work. The first galvanic cell was introduced in 1836 by 

John Frederic Daniell in England, followed by Gaston Planté’s groundbreaking invention of 

the lead acid battery in 1859 [31]. Although research in solid-state electrolytes continued 
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into the mid-20th century, there were limited electrolyte materials found to provide 

sufficient ionic conductivity for practical applications. During the 1960s and 1970s, two 

primary approaches were pursued to overcome this limitation. First, the solid electrolytes 

were fabricated into very thin film configurations with a relatively high surface area. Secondly, new 

solid materials allowing for higher levels of ionic transport were researched [32]. 

 Li+ ionic transport is dependent on the inherent disorder found in the most 

promising solid electrolytes in the form of point defects in their crystalline structure. As 

shown in Figure 2-6, the concept of electrolyte disorder can be presented in a series of 

levels. The baseline Level-1 is a perfectly ordered crystalline structure which has no 

potential for ionic conductivity. At Level-2, the static point defect will allow for some ionic 

transport. But solid electrolytes actually feature a much more complex behavior with regard to 

defects as the mobile Li+ ions interact with each other and also with the electrolyte matrix. 

This complex behavior occurs in ionic crystals with point disorders (level 3a), ion-

conducting glasses (level 3b), polymer electrolytes (level 3c), and nanosized systems such 

as nano-composites and thin films (level 3d) [31]. 

 

 
 

Figure 8 Solid-state electrolyte levels [31] 
 

 Level-3a electrolytes such as rubidium silver iodide (RbAg4I5) were first 

developed in the 1960s. By the late 1970s, glassy (Level-3b) and polymer (Level-3c) 

electrolytes were the primary focus in solid-state electrolyte research. Examples of ion-
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conducting glasses include lithium phosphosilicate glasses, lithium chalcogenide glasses, 

and glass–ceramic compounds [31]. These glassy electrolytes featured ionic conductivity 

performance comparable to liquid electrolytes, but they also exhibited very low electrical 

resistivity, poor temperature stability, and poor LIB electrode stability [30]. The polymer 

electrolytes (Level 3c) exhibited lower ionic conductivity than their glass counterparts, but 

the aforementioned technique of fabricating them into thin film configurations compensated 

for the low conductivity. Since the 1970s, these thin film polymers have become a major 

focus of solid-state electrolyte research [31]. In Italy in March 1972, a heart pacemaker 

powered by a LIB with a solid lithium-iodide (LiI) electrolyte was implanted into a human 

patient for the first time. Since then, LiI batteries have proven to be a highly reliable 

battery in millions of pacemakers around the world [31]. 

 On the liquid electrolyte front, research continued into the 1980s with new 

layered intercalation compounds for cathodes such as LiCoO2, LiNiO2 and LiMnO2. This 

culminated in the creation of the first commercial LIB developed by the Sony corporation, a 

graphite-liquid electrolyte (LiCoO2) in 1993. Since then, the development of liquid electrolyte LIBs 

has progressed as described earlier. However, advances in solid-state electrolytes have also 

progressed in parallel, although without the massive commercialization realized by liquid 

electrolyte LIBs [31]. 

 In the 1990s the Oak Ridge National Laboratory produced a new solid-state 

electrolyte by introducing nitrogen into Li3PO4 to produce lithium phosphorus oxynitride 

(LIPON) (Level 3d in Figure 2-6). Although LIPON’s ionic conductivity is significantly lower 

than liquid electrolytes, LIPON electrolytes also feature very high electrical resistivity, good 

temperature stability, and excellent chemical stability with metallic lithium. LIPON’s 

characteristics make it viable for use in thin-film-lithium metal batteries [30]. The basic 

operations of a solid-state LIB are the same as for the more common liquid electrolyte LIB 

described in the previous section. During the discharge cycle, Li+ ions deintercalate from 

the anode material and transport through the electrolyte into the cathode, while electrons 

are transported through the external circuit to provide electrical energy for useful work. 

The main difference is that the SSB uses an inorganic solid electrolyte SSB as opposed to 

a more volatile liquid organic electrolyte [33]. 
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 As described in the section on LIB basics, the more lithium that can be stored in 

the electrodes, the higher the battery’s energy capacity. A significant advantage of solid 

electrolytes is they allow the use of metal lithium instead of carbon as an anode material, 

providing about ten times the gravimetric capacity (Ah/g). As shown in Figure 2-7, when 

lithium metal anodes are used with liquid electrolytes, dendrite formation becomes a 

significant concern after a number of charge and discharge cycles. These dendrites can 

grow to the point where they can breach the battery’s separator and electrically connect 

the anode to the cathode. This connection can result in severe negative consequences, as 

it provides a short circuit path for electrons to flow between the electrodes thus bypassing 

the external circuit where useful work should be performed. This short circuiting leads to 

extremely high self-discharge rates producing temperature excursions capable of igniting 

the flammable electrolyte, resulting in possibly catastrophic fires and explosions. For this 

reason, liquid electrolyte LIBs use carbon-based anodes instead of metal lithium [34]. 

 

 
 

Figure 9 Dendrite formation in liquid electrolyte SSBs [25] 
 

 Solid-state electrolytes solve the dendrite problem as the solid nature of the 

electrolyte prevents the dendrites from establishing the unwanted connection by providing 

a physical barrier. Solid electrolytes are also significantly less flammable than liquid 

electrolytes composed of volatile organic solvents, and thus safer even in the case where 

dendrites may form [25]. 

 Figure 9 provides an SSB schematic with typical materials for key components. 

This SSB model described by Kim et al [33], features an anode made of lithium metal, a LiCoO2 

cathode, and a Lithium Phosphate (Li3PO4) solid electrolyte. In the electrolyte, mobile Li+ 

ions exist in equilibrium with immobile oxygen bound lithium in the LiCoO2. During 
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discharge, the immobile Lithium undergoes ionization to become Li+ ions with a negative 

charge electron e-. The electrons travel through the external circuit while the Li+ ions 

travel from the anode through the electrolyte to the cathode where they are intercalated. 

 

 
 

Figure 10 Solid-state battery schematic [33] 
 

 Current research in solid-state electrolytes for LIBs centers around three primary 

goals: (a) improving ionic conductivity, (b) analyzing stability with lithium metal anodes, 

and (c) minimizing electrical resistance at the electrodes [34]. Table 2-2 provides a high-

level comparison between liquid electrotype LIBs and solid-state LIBs. 

 

Table 3 Liquid electrolyte and solid-state LIB comparison [31] 

Characteristic Liquid Electrolyte Solid State Electrolyte 

Manufacturing cost Inexpensive to manufacture Expensive to manufacture 

Format size Large format in production Only small format in production 

Interfacial impedance Low interfacial impedance Higher interfacial impedance 

Ionic Conductivity Higher near room temperature Maintained over broader temp range 

Electrical Resistance High electrical resistance High electrical resistance 

Flammability Flammable electrolyte - safety 

hazard 

Non-flammable electrolyte - safer 
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Table 3 (cont.) 

Characteristic Liquid Electrolyte Solid State Electrolyte 

SEI layer formation Degrades performance, 

shortens life 

No formation, longer cycle life 

Thermal stability Poor thermal stability Excellent thermal stability 

Self-discharge Limits shelf life Low self-discharge - longer shelf life 

Overcharging Sensitive to overcharge Not sensitive to overcharge 

Inactive materials More - reduced energy density Less - higher energy density 

 

 There are many types of SSB electrolytes being researched, their advantages 

and disadvantages differ widely from one to the next. For many, a low electrical 

conductivity results in a lower power battery. Others are technically viable but suffer from 

high fabrication costs or are constructed of expensive materials. Several are also unstable 

in normal environments or react with moisture. Not all SSB electrolytes have every 

disadvantage, but no one current SSB electrolyte has no disadvantages. Table 2-3 

provides a high-level summary from Zheng et al [35] of nine SSB electrolytes which have 

been the subject of recent research with their primary advantages and disadvantages. In 

addition to the LiPON type described earlier, the table includes the following types: 

Sodium Super Ion Conductor (NASICON), Garnet, Perovskite, Lithium Super Ionic Conductor 

(LISICON), Lithium Nitride (Li3N), Sulfide, Argyrodite, and Anti-perovskite. 

 

Table 4 Comparison of SSB electrolyte types [35] 

SSB Type Advantages Disadvantages 

NASICON High ionic conductivity (3-7x10-4 S/cm) Not cost effective; GeO2 is expensive 

Garnet Good chemical and electrochemical stability Not stable with moisture/CO2 in 

atmosphere 

Perovskite High ionic conductivity (≤ 1.8x10-3 S/cm) Complex Fabrication 

LISICON Stable with Lithium Low ionic conductivities (≤ 3x10-5 S/cm) 

LiPON Moderate ionic conductivity (≤ 4x10-4 

S/cm) 

Low ionic conductivities (≤ 1x10-5 S/cm) 



 

 

  24 

Table 4 (cont.) 

SSB Type Advantages Disadvantages 

Li3N Good chemical and electrochemical 

stability 

Low decomposition voltage (poor stability) 

Sulfide Suitable for thin-film SSBs Unstable in atmosphere; reacts with 

moisture 

Argyrodite Reasonable conductivity (≤ 4x10-4 

S/cm) 

Unstable in atmosphere; reacts with 

moisture 

Anti-perovskite Highest ionic conductivities (≤ 1x10-2 

S/cm) 

Very hygroscopic; inert atmosphere 

required 

 

 In summary, the primary advantages of SSBs over their liquid electrolyte LIB 

counterparts are they are safer, have a longer cycle life, and higher energy density. 

Current research is focused on improving SSB cycle performance induced by the 

development of the interfacial resistance layer between the cathode and electrolyte and 

improving the power output [36]. If these can be overcome, and manufacturing costs 

lowered, SSBs may overtake liquid electrolyte SSBs particularly in the electric vehicle and 

portable electronics applications. This is why companies such as Toyota, Solid Energy, 

Infinite Power Solution, Seeo, Sakti3, Front Edge Technology Inc., Quantum Scape, and 

Bolloré, are investing heavily in SSB development. However, projections place full SSB 

development and commercialization at least a decade away [36].  

 There are other emerging lithium-based battery technologies that have been the 

focus of promising research such as lithium-air and lithium-sulfur batteries. However, 

these technologies are probably even further from development and commercialization 

[27] than SSBs. For that reason, they will not be included in this study.  

 

Vanadium redox flow battery (VRFB) overview 

 Lourenssen et al [37] describe the VRFB as differing from the other electrochemical 

batteries by how it stores energy in its electrolytes in external tanks separate from the 

battery cell itself. The vanadium ions exist in four different oxidation states in the system: 
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(a) V2+, (b) V3+, (c) V4+ (VO2+), and (d) V5+ (VO2
+). As shown in Figure 11 there are two 

distinct sides to the system, the positive side and the negative side.  

 

 
 

Figure 11 Basic VRFB diagram [37] 

 

 The electrolyte on the positive side contains the V4+ and V5+ ions, while the 

negative side electrolyte contains the V2+ and V3+ ions. The electrolytes are pumped 

through their separate half-cells, returning to their respective storage tanks for recirculation. Each 

half-cell also contains an electrode and a bipolar plate, while the two sides are separated 

by a semi-permeable membrane separator which allows the protons (H+) and electrons to 

pass while keeping the electrolytes and vanadium ions separated. Following are the half-

cell reactions and the overall reaction: 

 Positive cell reaction: VO2
+ + 2H+ + e− ⇌ VO2+ + H2O                                (4) 

 Negative cell reaction: V2+ ⇌ V3+ + e-                                                                               (5) 

 Overall cell reaction: VO2
+ + V2+ 2H+ ⇌ VO2+ + V3+ + H2O                          (6) 

 Multiple VRFB cells are typically stacked and electrically connected to create an 

array. The electrolytes are usually fed in parallel to the cells, which maintains a constant 

concentration of redox ions in each stack. As shown in Figure 12, when completely 

discharged, the negative side contains only V3+ and the positive side contains only VO2+ 
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(V4+). As the battery is charged, the negative electrode is reduced to V2+ and the positive 

electrode is oxidized to V5+ (VO2
+), while electrons move through the bipolar plate from 

the positive side to the negative side and causes the protons (H+) to diffuse through the 

membrane from the positive side to the negative side.  

 

 
 

Figure 12 VRFB charging [37] 
 

 As shown in Figure 13, the reaction occurs in reverse during discharge. Starting 

at a fully charged state, the positive side electrolyte has V5+ (VO2
+), while the negative side 

has V2+. As the battery discharges, hydrogen (H+) ions (protons) diffuse through the membrane 

from the negative side to the positive side, while electrons move through the bipolar plate 

from the negative side to the positive side through the external circuit to do useful work. 

When the battery is fully discharged, it returns to the state where negative side contains 

V3+ and the positive side contains VO2+ (V4+). 

 A VRFB cell generates an output voltage of 1.26 V and can typically store between 20 

and 30 Wh/liter of electrolyte, depending on chemical concentrations. 
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Figure 13 VRFB discharging [37] 
 

 Shibata et al [38] describe how the advantages of a VRFB stem from the fact 

that the battery reaction is simply the change of valence of the vanadium ions in the 

electrolyte without any solid phase battery reactions: 

 1. Very long charge/discharge cycle service life 

 2. Electrolyte life not susceptible to deep-discharge or a complex charge/discharge pattern 

 3. Uses a safe, incombustible electrolyte 

 4. Capable of storing bulk energy (high output, large capacity) 

 5. Capable of short-term, high-output operations.  

 Lourenssen, et al. [37] state that the VRFB also has the following disadvantages: 

 1. High cost 

 2. Thermal precipitation within the electrolyte 

 3. Limited energy density 

 4. Degradation that can occur within the cell from the harsh environment created 

by the sulfuric acid and vanadium. 

 Claims by VRFB manufacturers indicate that many of these issues have been 

overcome in current systems, although the VRFB continues to have low power densities. 

 This study focuses on containerized VRFB ESS appropriate for the small, isolated 

village microgrid energy storage application. Some of the currently available commercial 

systems that are included in this study are shown in Figure 14 
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Figure 14 Containerized VRFB ESS; clockwise from top-left: Sumitomo AC250kW, 

Rongke Vmodule1-A, StorEn ST 50-500, WattJoule ElectriStor500 
 

Community microgrid analysis scenario 

 The US Department of Energy (DOE) [39] defines “the grid” as the “network of 

transmission lines, substations, transformers and more that deliver electricity from the 

power plant to your home or business”. Ton and Smith [40] provide the US DOE definition 

of a microgrid as “a group of interconnected loads and distributed energy resources within 

clearly defined electrical boundaries that act as a single controllable entity with respect to 

the grid. A microgrid can connect and disconnect from the grid to enable it to operate in 

both grid-connected and island-mode”. As stated in Section 1.0, this paper is examining 

BESS technologies in the specific application of a microgrid in “island-mode”, that is 

disconnected from the main power grid.  

 The US DOE [41] in its New Mexico Smart Grid Demonstration project (2015), 

describes how an isolated microgrid which relies on renewable power sources, primarily 

PV and in some cases wind and micro-hydro, is subject to a wide variation in energy 

production between days and even hours due to cloud cover, sun angle, wind speed, and 

other factors. Energy storage systems provide the key role in these renewable-based 
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microgrids, and in particular disconnected microgrids, by shifting energy by storing it 

during peak production times and providing it during times when demand exceeds 

production. DOE also describes the other key function of storage systems in smoothing 

fluctuations in renewable power production by flattening spikes and troughs in the energy 

system’s total output [41]. Bush [42] further describes how storage systems can correct 

sources of “noise” which impact power quality such as power factor, transient instability, 

flicker, voltage sags or swells, and harmonics. 

 Bowen,  et al.  [43] describe how several battery chemistries are available or 

under investigation for these microgrid-scale applications, including the four types reviewed 

in this study. The current market for grid-scale battery storage in the United States and globally is 

dominated by lithium-ion chemistries Figure1 5  The recent surge in LIB usage is mainly 

due to significantly increased manufacturing which has prompted a steep price decline of 

over 70% from 2010-2016. However, in many small systems designed for use in poor 

rural communities, lead-acid batteries still feature due to their lower initial cost, greater 

availability, and simpler maintenance and operation. 

 

 
 

Figure 15 Utility-scale battery storage capacity in the U.S. [43] 
 

 The amount of energy storage required for any application depends on a variety 

of characteristics, including the following listed by Bowen et al [43]: 

 1. The mix of energy generation technologies 

 2. Flexibility in existing generation sources 

 3. Interconnections with neighboring power systems 
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 4. The hourly, daily, and seasonal profile of electricity demand, and 

 5. The hourly, daily, and seasonal profile of renewable energy sources. 

 Furthering the analysis scenario for this study of a poor, isolated, off-grid rural 

community, there are many definitions of “rural”, but in general rural areas feature small 

population clusters (villages) and a low population density. When these rural areas are 

isolated from larger population centers, the challenge to bring electrical power to them via 

transmission lines can easily become too costly due to the large distances and many times 

difficult terrain for so few recipients. 

 In the developing world, a common solution for these disconnected communities 

has been for local diesel generator electrical production and crude local transmission lines. 

However, in recent years advancements in renewable energy technologies, accompanied 

by rapidly decreasing costs and availability of outside funding, has allowed rural communities to 

build integrated renewable energy systems, essentially a microgrid, to provide a more 

sustainable source of electrical power for their residents. These village microgrids combine 

various renewable energy generation technologies (e.g., PV, wind, micro-hydro, biodiesel, 

etc.), electrical conversion and monitoring systems, local distribution lines, and an ESS [44]. 

 Zimmerle and Manning [45] remark that there is a lack of real world measured 

electrical demand data for off-grid scenarios especially for remote agricultural villages. So, 

for many studies, demand data is determined from analysis. David Mackay’s [46] widely 

cited country-by-country graph of human power-consumption is show in Figure 16  The 

developing nations at the bottom of the graph show a daily electrical demand of about    

5-10 kWh per person. But these national statistics include urban areas which tend to have 

higher levels of electrification, so the rural areas can be assumed to be less, and poorer 

rural areas being far less [47].  
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Figure 16 Country-by country energy consumption per person [from 46] 
 

 The World Bank’s [48] Energy Sector Management Assistance Program (ESMAP) 

provides a multi-tier framework for defining and measuring access to energy through 

metrics. This multi-tier approach measures access to energy supplies, with successive 

tiers capturing improved levels of quantity, quality, reliability, and affordability of energy 

supply. The framework’s tiers for households range from Tier 0 (no access) to Tier-5 (highest 

level of access), with the access criteria shown below: 

 1. Tier 0: No access 

 2. Tier 1: Task lighting AND Phone charging 

 3. Tier 2: General lighting AND Phone Charging AND Television AND Fan (if needed) 

 4. Tier 3: Tier 2 AND any medium-power appliances 

 5. Tier 4: Tier 3 AND any high-power appliances 

 6. Tier 5: Tier 2 AND any very high-power appliances 

 Figure 17 summarizes the household energy consumption level for each tier while 

Figure 18 lists the detailed household loads for each tier. 



 

 

  32 

 
 

Figure 17 ESMAP household electricity consumption tiers [48] 

  

 Other studies provide additional information to scope the demand and battery 

storage requirements of the notional rural community. 

 Nandi and Ghosh [49] examined a hybrid solar-wind integrated renewable energy 

system for 120 homes in an off-grid rural area in Sitakunda, Bangladesh. Their analysis 

determined the electrical demand for the village to be 169 kWh/day which equates to 1.41 

kWh per household per day. This places Sitakunda just above Tier 3 in the ESMAP framework. 

 

 
 

Figure 18 ESMAP household electricity consumption details, by tier [48] 

 

 In a 2016 study, Patel and Singal [50] analyzed the Indian village of Khatisitara 

located in the Banaskantha district of the Gujarat state. Khatisitara’s study area had a 

population of 562 in 101 households and is also representative of the rural village considered for 
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this study. Patel and Singal designed and analyzed a renewable energy-based system 

using HOMER software, which considered a routine rural daily lifestyle of hourly domestic, 

commercial, agriculture and community activities. The village’s energy load demand was 

estimated at 394 kWh/day, which equates to 3.90 kWh per household per day. This 

places Khatisitara just above Tier 4 in the ESMAP framework. 

 Rajanna and Saini [51] conducted a study on models to optimally size a renewables-based 

microgrid in unelectrified villages in four different zones in the Chamarajanagar district of the 

Karnataka state in India. There are 513 small, scattered, and thinly populated villages in the 

district, where the poor villagers are principally engaged in agriculture and animal husbandry. 

The district includes 2240 households with a population of 4440. The study used HOMER 

to calculate energy demand, which included domestic loads (lighting, TV, fan and 

radio/music system), community loads (primary health center, street lights, and school 

lighting), commercial loads (lighting for shops and flour mill), and small scale industrial 

loads (saw mill and paddy rice huller). Table 5 summarizes their results, which provides an 

estimated daily household energy demand ranging from a low of 1.86 kWh/day for Zone 3 

to a high of 2.47 kWh/day for Zone 1. This places Chamarajanagar in the lower range of 

Tier 3 in the ESMAP framework. The maximum load demand occurred as expected in 

summer and ranged from a low of 110 kW for Zone 2 to a high of 210 kW for Zone 4 [51]. 

All 4 zones would be at ESMAP Electricity Consumption Tier 3. 

 

Table 5 Analysis summary for unelectrified villages in Chamarajanagar district of the 

Karnataka state in India [summarized from 51] 

 Zone 1 Zone 2 Zone 3 Zone 4 Total 

Annual Energy Demand (kWh/yr) 272,398 344,819 516,873 673,416 1,807,506 

Number of Households 302 395 763 780 2240 

Household Energy Demand (kWh/yr) 902 873 677 863 807 

Household Energy Demand 

(kWh/day) 
2.47 2.39 1.86 2.37 2.21 (avg) 

Max Load Demand (kW) 165 110 155 210 160 (avg) 

ESMAP Electricity Consumption Tier 3 3 3 3 3 
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 Based on the ESMAP framework and the cited studies, this analysis scenario will 

assume a notional village with 125 households at twice the ESMAP Tier 3 threshold; this 

equates to a daily household energy demand of 2.0 kWh per day and a village demand of 

250 kWh/day. The storage system should be capable of providing a minimum of 200 kW 

power to support a maximum summertime load when no energy is being generated. 

 Ma et al [52] conducted a 2014 study for a stand-alone hybrid solar–wind–

battery system for a grid-isolated island, a scenario similar to the isolated rural village. 

Their simulation results from HOMER determined the number of Hoppecke deep-cycle, 

lead-acid batteries required for various daily loads. Table 6 shows the conversion of their 

results into energy storage capacity requirements for the daily loads.  

 

Table 6 Battery usable capacity requirements for various daily loads [52] 

Mean Daily Load (kWh/day) Energy Storage Requirement (kWh) 

150 202 

200 504 

250 605 

300 706 

350 806 

400 907 

 

 Based on the notional village analysis scenario, a BESS with a usable capacity of 

605 kWh at end of life is required for the 250 kWh/day, 200 kW microgrid system, as 

shown in Figure 2-17. 
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Figure 19 Analysis scenario notional microgrid system with BESS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Chapter 3  

 

RESEARCH METHODOLOGY 

 

 This section describes the steps taken for this research as shown in Figure 2 0 

Section 2.0 defined the four BESS technologies and the analysis scenario, which serve as 

inputs into the Section 4 analysis. 

 

 
 

Figure 20 Research methodology 
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 The scenario provides a set of common criteria against which each of the four 

technologies are evaluated in two parts in Section 4: 

 1. Part 1 (Section 4.1): life cycle cost analysis, including factors used as inputs into 

the capital cost analysis: DOD limits, efficiency, capacity degradation, battery life expectancy, and 

O&M requirements. 

 2. Part 2 (Section 4.2): an analysis of four other factors that were not inputs into 

the cost analysis, but are still key considerations: energy density, operating temperature 

limits, safety issues, and environmental concerns. 

 For each analysis area, a rubric analysis was conducted to assess each technology for 

that respective area against a set of evaluation criteria. An overall evaluation grade was 

assigned for each technology in each category based on the rubric analysis. The color-coded 

grading scale used in the rubric grading system is shown in Figure 21 

 

 
 

Figure 21 Color-coded rubric analysis grading scale 

 

 With the financial incentives associated with the rapid growth in importance of 

grid-level energy storage comes a significant amount of research. This research has the 

effect of steadily improving BESS performance while lowering costs due to improvements 

in manufacturing. As a rapidly changing technology, this paper reflects the state of the 

BESS technologies at about the time of publication in mid-2020. 

 

Life cycle cost analysis research methodology 

 Mongird et al [7] characterized costs for 11 ESSs (including non-battery-based 

systems) in a 2019 report for the US Department of Energy (DOE), which provides the 

methodology for this study’s lifecycle cost analysis. Table 3-1 displays their cost calculation 
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factors for three of our ESS technologies: lead-acid batteries, liquid electrolyte LIBs, and 

redox flow batteries. A life cycle cost analysis was not conducted for solid-state lithium-

ion batteries as batteries using that technology are not yet in production, so the cost data 

is not yet available. As shown in Table 3-1, Mongird’s [7] methodology defines Total 

Project Cost as the sum of Capital Cost, Power Conversion System (PCS) costs, Balance of 

Plant (BOP) costs, and Construction and Commissioning (C&C). The methodology includes 

Fixed and Variable O&M costs separately.  

 

Table 7 Summary of compiled 2018 findings and 2025 predictions for cost and 

parameter ranges by technology type [7] 

Parameter 
Lead-Acid Battery 

Liquid Electrolyte 

LIB 
Redox Flow 

2018 2025 2018 2025 2018 2025 

Capital Cost ($/kWh) 2601 2202 271 189 555 393 

PCS ($/kW) 350 211 288 211 350 211 

BOP ($/kW) 100 95 100 95 100 95 

C&C ($/kWh) 176 167 101 96 190 180 

Total Project Cost Sum of Capital Cost, PCS, BOP, and C&C 

O&M Fixed ($/kW-yr) 10 8 10 8 10 8 

O&M Var. (cents/kWh) 0.03 0.03 0.03 0.03 0.03 0.03 

Total Estimated Cost Sum of Total Project Cost and O&M Costs 

Note:  1 Actual cost data for lead-acid batteries obtained from Internet battery vendors 

used in the analysis 
2 Annual cost reduction data from Mongird [7] (2.35%) applied to actual costs for 

out years 

 

 Capital Cost (estimated by $/kWh) pertains to the procurement of the DC battery 

system to provide the energy storage capability required by the scenario, that is 605 kWh 

of usable energy storage at the battery’s end of life. It also includes procurement of 

replacement batteries over the course of the 20 year scenario. Power Conversion System 
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(PCS) costs (mostly the inverter) and Balance of Plant (BOP) costs (wiring, transformers, 

other ancillary equipment) are estimated using the power output of the ESS in kW, which 

is 250 kW for the analysis scenario. Mongird [7] makes the assumption that PCS and BOP 

costs can be estimated by $/kW then converted to $/kWh by multiplying by four (given the 

assumed energy-to-power ratio of four). Construction and Commissioning (C&C) costs 

consist of site design costs, costs related to equipment procurement/ transportation, and 

the costs of labor/parts for installation, estimated by $/kWh. Total project cost for this 

analysis equals the sum of the 20 year capital cost, PCS, BOP, and C&C costs.  

 The British Standards Institute [53] defines maintenance as “a combination of all 

the technical and associated administrative activities required to keep equipment, 

installations and other physical assets in the desired operating condition or to restore them 

to this condition”. Mongird [7] defines fixed O&M as those costs necessary to keep the 

storage system operational throughout the duration of its life that do not fluctuate based 

on energy usage, estimated with respect to the rated power of the storage system and 

calculated by $/kW-yr. Variable O&M includes all costs necessary to operate the storage 

system throughout the duration of its life normalized with respect to the annual discharge 

energy throughput, calculated as cents/kWh. Variable O&M costs account for wear and 

tear of the system during operation. Based on two energy storage cost studies by Aquino 

et al [54, 55] which show O&M costs to be roughly equal for all BESS, Mongird [7] uses 

the same factors for all three technologies. 

 As shown in Figure 22, a BESS’s initial capacity at time t0 must be scaled up from 

the base 605 kWh scenario requirement to account for three factors: (a) operational limits 

to DOD, (b) DC round-trip efficiency, and (c) capacity degradation over the system’s 

lifetime to ensure that the BESS continues to provide 605 kWh of useful storage capacity 

at the battery’s end of life or just prior to replacement at time tr.  
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Figure 22 BESS initial capacity factors 

 

 Depth of discharge (DOD) is a measure in percent of how deeply a battery is or 

can be discharged. For example, when a battery is 100% charged, its DOD is 0% and 

conversely when it has been fully discharged, its DOD is 100% [56]. The effects of deep 

discharge events and DOD differs between the battery technologies considered in this 

study. For example, deep discharge events for lead-acid batteries cause them to lose 

capacity and lead to shorter lifetimes [17]. However, VRFBs can be fully discharged to 

100% DOD and be restored to a full charge for a large number of cycles over many years 

and not lose capacity [37]. For this reason, manufacturers impose operational DOD limits 

on their batteries which limits the usable capacity, necessitating initially procuring a larger 

battery. 

 DC round-trip efficiency is defined as the ratio of net energy that is discharged to 

the net energy used to charge the battery, where the losses are usually attributable to 

internal resistances and auxiliary loads such as pumps, thermal control systems, and 

battery management systems [7]. A BESS’s efficiency therefore requires accordingly more 

capacity to be sized into the initial battery bank design.  

 The third factor considered is capacity degradation over a battery’s lifetime. The 

initial battery bank should be sized such that by the replacement time, the system still 

provides the required amount of storage. A common example is the LIB in a mobile phone, 

which loses capacity during its lifetime as described in Section 2.3.  
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Once these three factors are applied, the initial battery bank capacity size can be 

determined. The next consideration affecting capital cost is battery life as it determines 

when a battery system needs replacement, which drives overall lifecycle costs. As the 

scenario spans 20 years, if a BESS has a life expectancy of less than 20 years, then 

enough replacements must be factored into the capital cost to ensure the required storage 

capacity is still available at the 20 year point. 

 For the LIB and VRFB, procurement cost was estimated using the factors shown in 

Table 3-1, based on $/kWh from Mongird [7]. For lead-acid batteries, actual current 

system costs were obtained from Internet sources. Lead-acid battery capacity data was 

obtained from manufacturer specifications, while procurement cost data was obtained from 

independent Internet-based vendors. For all battery systems, costs were decreased over 

the 20 year scenario time based on the rates assumed by Mongird [7]. The life cycle cost 

analysis results are presented in Section 4.1. 

 

Other key factors analysis methodology 

 Energy density research methodology 

 A battery’s energy density is defined as a battery’s energy per unit volume; 

sometimes referred to as volumetric energy density. Energy density is expressed in units 

of Wh/liter and determines the battery size required to store a given amount of energy. A 

battery’s specific energy is defined as a battery’s energy per unit mass and is expressed 

as Wh/kg [57]. Specific energy determines the battery’s weight required to store a given 

amount of energy. 

 A key concept to be considered in volumetric energy density measurements 

pertains to what is actually being measured for the volume. At the first level are the 

individual battery units, such as a lead-acid battery case, or a rack of batteries. Next are 

integrated battery systems such as a battery wall unit for a residence, which may include 

user interface components, thermal controls, and ventilation components. Then there are fully 

containerized systems typical of grid storage applications. These can include large heating, 

ventilation, and air conditioning (HVAC) and fire suppression subsystems, inverters, distribution 

cabling, as well as adequate space for maintenance personnel to access the systems 



 

 

  42 

inside. These distinctions were considered in this analysis to allow for an apples-to-apples 

comparison. 

 Lead-acid batteries were analyzed for energy density by making calculations 

based on the rated capacity and battery enclosure sizes from a number of manufacturers’ 

specifications. The results from this analysis are presented in Section 4.2.1.1. 

 Energy density is a key attribute for why liquid electrolyte LIBs have become the 

dominant energy storage technology in so many current applications. Energy density for 

electric vehicle and personal electronic batteries is one of the key battery attributes with 

massive research efforts being funded to improve this parameter [58]. The Panasonic 

liquid electrolyte LIB in the Tesla Model S is representative of the state of the art for liquid 

electrolyte LIB energy density, delivering 100 kWh from its 8,256 cells. Ulvestad estimates 

that this equates to a volumetric energy density of 732 Wh/liter and a gravimetric energy 

density of about 270 Wh/kg [25]. These numbers roughly agree with Inside EVs’ [59] 

teardown of a Tesla Model 3 2170 which measured 246 Wh/kg and 711 Wh/liter. But as 

with lead-acid batteries and battery rooms, the total enclosure size of an integrated LIB 

grid storage system is more applicable to our analysis than the energy density in the 

stand-alone battery unit. This considers necessary auxiliary systems such as HVAC for 

thermal control, fire suppression, battery management, and AC inverters. Also, volumetric 

energy density is more significant than gravimetric energy density for a stationary grid 

storage system. For the analysis, liquid electrolyte LIB energy density was calculated by 

examining the rated capacity and enclosure sizes from a number of containerized, 

integrated LIB systems manufacturer’s specifications. The results from this analysis are 

presented in Section 4.2.1.2. 

 As SSBs are not yet a commercialized system, manufacturer specifications do not 

exist. But based on research findings, some generalized energy density conclusions were 

made and presented in Section 4.2.1.3. 

 Compared to the other technologies, VRFBs have low energy densities, making 

them unsuitable for applications where size and weight are key concerns, such as personal 

electronic devices and electric vehicles [37]. The capacity of a VRFB is determined solely 

by the amount of electrolyte in the system and is independent of the electrical power 
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output which is determined by the size of the cell. To increase the energy storage 

capacity, the size of the tanks just needs to be increased and more vanadium electrolyte 

used [38]. To increase system power, more cells need to be added to the stack. In this 

way for any given system, capacity and power can be designed independently [60], a 

significant advantage of VRFBs. At the electrolyte level, the energy density of the 

vanadium electrolyte has been steadily improving over the past decade. In 2011, Li et al 

[60] demonstrated “high” energy density electrolytes with energy densities between 22.3 

to 43.1 Wh/liter in their single cell experiments. WattJoule’s currently available ES500 

system has an electrolyte energy density of 25 Wh/liter but projects its Generation 2 

system will double that to 50 Wh/liter in 2021 and increase it to 150 Wh/liter by 2024 

[61]. As with LIB-based systems, the size of an integrated VRFB system is a more 

applicable metric than the energy density of the electrolyte or the battery cell. VRFB 

systems appropriate for our scenario system are typically containerized, with the stack, 

tanks, piping, pumps, and auxiliary systems all within the container. For the analysis, 

VRFB energy density was calculated by examining the rated capacity and enclosure sizes 

from the manufacturers’ specifications for a number of containerized, integrated VRFB 

systems. The results are presented in Section 4.2.1.4. 

 

Temperature limits research methodology 

 The effect of temperature on a battery’s performance is a key consideration for 

our scenario. As shown in Figure 23, the poorer areas of the world indicated by the light 

and dark blue shades are predominantly in hotter regions, where the effects of high temperatures 

on energy storage systems must be considered. 
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Figure 23 The world by income – World Bank [62] 

 

 A battery’s life can be defined as the number of cycles it can deliver before its 

end of life. Along with DOD, operating temperature has a major effect on lead-acid 

battery life. High temperatures result in a higher chemical reaction rate which increases 

battery capacity, but also reduces the battery’s life. The effects of operating temperature 

for lead-acid batteries was gathered from research literature and manufacturers’ 

recommendations and the analysis results are presented in Section 4.2.3.1. 

 As described by Liu et al [63], liquid electrolyte LIB systems experience significant 

issues with operation at both the low and high end of the operational temperature range. At low 

temperatures, the LIB’s internal resistance increases and available capacity decreases, i.e., 

both available energy (Wh) and maximum power (kW) are reduced. At high temperatures, 

the LIB suffers from both safety issues and reduction in battery life. As a result, integrated 

LIB systems designed for grid energy storage applications all feature thermal controls to 

maintain temperature within the LIB’s operating range. The operating temperature ranges 

for containerized LIBs were researched from various LIB manufacturers’ specifications with 

the analysis results presented in Section 4.2.3.2. 

 As described in Section 2.4, operating temperature limits on SSBs differ between 

the various potential SSB technologies. Some generalized analysis was conducted from 

SSB research literature, with the results presented in Section 4.2.3.3. 
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For VRFBs, Zhang et al [64] described how precipitation in the vanadium electrolyte occurs 

at both high and low temperature limits, which can lead to degradation of energy capacity 

and can cause maintenance problems with the pumps. However, since this 2015 study, 

researchers and manufacturers have made significant progress in the chemistry of the 

vanadium electrolyte solutions to significantly widen the operating temperature range at 

both the low and high end. Pioneering work in this area was conducted by the US 

Department of Energy’s Pacific Northwest National Laboratory [65] in their development of 

new vanadium electrolytes that relied on reactions with a chloride solution which solved 

many of the early problems with the vanadium electrolyte. These new electrolytes 

featured both higher energy densities and wider temperature ranges, as seen in current 

VRFB manufacturers’ specifications. The operating temperature ranges for containerized 

VRFBs were researched from various VRFB manufacturers’ specifications with the analysis 

results presented in Section 4.2.3.4. 

 

Safety issues research methodology 

 Across all battery technologies, standard electrical safety precautions are required 

when working around live circuits. However, beyond that each of the technologies has its 

own unique safety issues. 

 Lead-acid batteries have been in use for well over a century and are generally 

considered safe, but there are several dangers associated with their use which must be 

considered. These dangers are collected and summarized from research literature and 

online sources with the analysis provided in Section 4.2.3.1. 

 Most liquid electrolyte LIB explosions and fires are attributed to manufacturing 

defects, but the volatile liquid electrolyte’s inherent properties create the primary safety 

concerns. Dendrite formation, discussed in Section 2.3, is a key mechanism which can 

lead to thermal runaway caused fires and explosions. There have been numerous safety 

incidents and even deaths attributed to liquid electrolyte LIBs since Sony introduced the 

first commercialized LIB in 1991. Section 4.2.3.2 presents some of these incidents as well 

as an analysis of overall LIB safety. 
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The safety record for large scale SSB systems is not well-established as there is far less 

history on these systems and safety considerations will likely vary between the different 

competing SSB technologies. Section 4.2.3.3 presents the analysis of projected SSB safety 

based on research literature. 

 Much higher safety is an advantage that VRFBs have over the other technologies. 

VRFB safety information was collected from research literature with the analysis presented 

in Section 4.2.3.4. 

 

Environmental considerations research methodology 

 There are many aspects to the environmental impact of stationary battery systems 

designed for grid storage applications. Figure 3-5 from the Environment Directorate General of the 

European Commission [66] shows many of these aspects. 

 

 
 

Figure 24 Sustainable batteries [from 66] 

 

 Although considerations such as use of scarce resources, energy use during manufacture, 

and ethical supply chain practices are important, this study focuses on the environmental 

impacts at end of life in regard to system disposal and recycling. 
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 The environmental track record of lead-acid batteries is well established. Environmental-

related information for lead-acid batteries was collected from research literature and online 

resources and analyzed, with the results presented in Section 4.2.4.1. 

 As newer technologies, the environmental track record of liquid electrolyte LIB 

and VRFB systems is less established, but data was collected and analyzed as presented 

in Sections 4.2.4.2 and 4.2.4.4, respectively. Again, since SSBs are not yet commercialized, the 

environmental impacts are not well established, but it can be assumed they will be similar 

to current liquid electrolyte LIBs, as presented in Section 4.2.4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Chapter 4  

 

RESULTS  

 

Cost analysis results 

 Lead-acid battery cost analysis results 

 Frequent deep cycling is a major cause of shortened lead-acid battery service 

life, but daily cycling is expected in an off-grid solar-based renewable BESS. Modern 

lead-acid batteries designed for this application perform better than batteries from the 

past, but DOD limits still force the installation of larger capacity battery banks to limit the 

detrimental effects of deep cycling as shown in Figure 4-1 for Trojan lead-acid batteries.  

 

 

Figure 25 Lifetime cycles vs. DOD for lead-acid batteries [67-69] 

 

 The recommended operational DOD limit for lead-acid batteries is assumed to be 

50% based on recommendations from lead-acid battery manufacturers and vendors [70-72]. This 

limitation alone requires a doubling in size of the initial battery bank as half the capacity 

would never be used. On top of that, an 85% DC round trip efficiency [14] and a capacity 

degradation to 80% of initial capacity at end of life [18] determines that the lead-acid 

battery bank’s initial rated capacity be 1780 kWh to deliver 605 kWh of usable energy 

storage at the end of each replacement cycle for the village scenario. 

 As will be described further in Section 4.2.2.1, elevated operating temperature is 

a key factor that shortens lead-acid battery life. Other life shortening factors include 
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overcharging and undercharging, DC ripple current, and expansion and corrosion of the 

positive grid structure due to oxidation of the grid and plate materials [73]. Battery University states 

that deep-cycle lead-acid batteries deliver 100–200 cycles before a gradual decline 

begins and advises that the batteries be replaced when capacity drops to 70-80% [74]. 

Assuming that the off-grid scenario system experiences one primary cycle per day (charging 

during the day and discharging at night) down to the recommended 50% DOD, and ideal 

operating temperatures are maintained, the lifetime expectancy for each type was determined as 

follows: 

 1. Flooded: 2000 cycles or 5.5 years based on the Trojan Solar Premium 

 2. Gel: 1000 cycles or about 3 years based on the Trojan Deep Cycle Gel 

 3. AGM: 1700 cycles or 4.5 years based on the Trojan Solar AGM Line. 

 These values were compared with at least four other manufacturers for each of 

the three lead-acid types and are representative for the purposes of this analysis, although the 

expected number of lifetime cycles varied from manufacturer to manufacturer. Using these 

life expectancies, replacement frequency was determined for the 20 year scenario: 

 1. Flooded: Three replacements in years 6, 11, and 16 

 2. Gel: Seven replacements in years 3, 5, 8, 10, 13, 15, and 18 

 3. AGM: Four replacements in years 5, 9, 13, and 17 

 Capital cost in year-0 was determined by averaging battery costs for each of the 

three types, then extending the unit costs and capacities to the1780 kWh total, then accounting for the 

20-year scenario battery bank lifetime based on lead-acid battery life expectancy. To determine 

initial cost, data was collected for 103 different lead-acid battery models from four leading 

manufacturers: 

 1. Flooded type - 42 total models 

  1.1 17 models from Trojan’s Solar Industrial and Solar Signature lines 

  1.2 4 models from Crown’s CRP Monobloc and Power Module Series lines 

  1.3 21 models from Exide’s GNB Classic Solar line  

 2. Gel type - 33 total models 

  2.1 7 models from Trojan’s Solar Deep-Cycle Gel line 

  2.2 26 models from Hoppecke’s sun|power VR line 
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 3. AGM type - 28 total models 

  3.1 11 models from Trojan’s Solar Deep-Cycle AGM line 

  3.2 7 models from Crown’s AGM CRV Monobloc Series line 

  3.3 10 models from Exide’s GNB Sonnenschein SOLAR line 

 For each of the 103 models, cost per kWh was calculated from Internet cost data 

and manufacturers’ capacity data. Cost per kWh was then averaged for each of the three 

types, then these averages were used to cost the initial 1789 kWh scenario battery bank. 

Replacement cost in any given year was determined using a linearly decreasing cost scale 

of 2.36% per year starting from year-0, based on the cost reduction rate from Mongird’s 

[7] 2018 and 2025 data. The final capital cost results are shown in Table 8 

 

Table 8 Lead-acid battery capital cost summary 

Battery 

Type 

Cost per  

kWh 

Initial Cost Replacement 

Cost 

Total 

Capital Cost 

Cost 

Source 

Flooded 145 258,139 612,903 871,042 [75-77] 

Gel 258 460,081 2,598,857 3,058,937 [75, 78] 

AGM 291 517,540 1,639,956 2,157,496 [75, 76, 79] 

Average 231 411,920 1,617,238 2,029,158  

Note: All Costs in US Dollars 

 

 The 20 year total project cost was then calculated using the capital costs from 

Table 4-1 and PCS, BOP and C&C costs calculated using Mongird’s [7] assumptions, with 

the results presented in Table 9  

 Maintenance requirements differ significantly between the three different lead-

acid battery types in this analysis. IEEE [80] advises that regular maintenance of lead-acid 

batteries is required to prevent failures and avoid early replacement. This includes monthly, 

quarterly, and annual inspections and cleaning with a cloth or brush and a sodium bicarbonate 

solution. For flooded batteries only, distilled or deionized water needs to be added to 

discharged or partially discharged batteries to just cover the plates when the plates are 

exposed. Flooded lead-acid batteries also require periodic freshening or equalization charges [81]. 
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Trojan [82] recommends that their flooded lead-acid batteries receive an equalization 

charge every 30 days or when batteries have low specific gravity after fully charging. 

Although gel and AGM type lead-acid batteries are also known as “maintenance free”, 

periodic inspections and cleaning is recommended to ensure continued performance 

through normal end of life [80]. The level of expertise to operate and maintain lead-acid 

batteries is very low, and for the analysis scenario it can be assumed that a person from 

the local community would have experience as lead-acid batteries are also used in 

automobiles and other applications. This is a significant advantage of lead-acid batteries 

over the other more complex systems. Fixed and variable O&M costs for lead-acid 

batteries were calculated using Mongird’s [7] cost analysis methodology, with the results 

presented in Table 4-2. 

 

Table 9 Lead-acid battery overall cost summary 

 Flooded Gel AGM Average 

Capital Cost (20 yrs) 871,042 3,058,937 2,157,496 2,029,158 

PCS Cost 350,000 350,000 350,000 350,000 

BOP Cost 100,000 100,000 100,000 100,000 

C&C Cost 313,280 313,280 313,280 313,280 

Total Project Cost (20 yrs) 1,634,322 3,822,217 2,920,776 2,792,438 

O&M Cost (fixed and var.) 40,548 40,548 40,548 40,548 

Overall Estimated Cost 1,674,869 3,862,765 2,961,324 2,832,986 

Note: All Costs in US Dollars 

 

 The extremely high 20-year cost of the gel type battery bank can be attributed 

to its low 2.7 year expected lifetime requiring seven replacements in 20 years. Because of 

its low cost and long life, the flooded type is significantly less expensive than the AGM and 

gel types, although its maintenance requirements (battery watering) are higher. O&M Costs are not 

included in this analysis. 
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Liquid electrolyte LIB cost analysis results 

 DOD also has a significant impact on a LIB’s life expectancy [83] with ten times 

more degradation when LIBs are operated at near 100% cycle DoD compared to when 

operated at 10% DoD for the same amount of charged power [84]. Australia’s independent 

Lithium Ion Battery Test Centre [85] conducted tests of six LIBs where the manufacturers’ 

recommended DOD limit averaged at 88.5%. Efficiency also has effect on battery sizing, 

with the efficiencies of commercially available containerized LIB systems applicable to our 

scenario ranging from 85% to 95% [86]. For the purposes of this cost analysis, a 90% 

DOD operating limit and a 90% efficiency were assumed. 

 Capacity degradation over their lifespan is a key negative attribute of LIBs. Xu et 

al [87] summarized LIB battery degradation test results which recorded capacity fading 

versus number of cycles (cycling aging tests) and time (calendar aging tests) for different 

ambient conditions and operational patterns. They summarized this experimental 

degradation data into the curve shown in Figure 4-2. The implication for the life cycle 

model is that the LIB should be sized such that it still provides the required capacity at its 

end of life, so it should be initially sized at 125% of the capacity requirement as 80% of 

capacity will remain at that time. 

 

 
 

Figure 26 Battery life degradation curve [87] 
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 The three assumptions, 90% DOD operating limit, 90% efficiency, and an initial 

sizing at 125% result in the requirement for a 934 kWh rated LIB to provide the scenario’s 

605 kWh of energy storage throughout its operating life.  

 Smith et al [88] determined that with active thermal management LIB energy 

storage systems can be expected to last for 10 years in a grid connected application. The 

10-year lifespan agrees with other studies [7, 89]. As integrated containerized LIB ESSs 

all have thermal management subsystems, this appears to be a good assumption. This 

also correlates with the 10-year warranty that many of the manufacturers offer with their 

integrated LIB energy storage systems. The implication is that the model should assume a 

complete LIB replacement at the 10-year point which should last until the scenario end of 

life at the 20 year point. 

 Liquid electrolyte LIB costs have been falling steadily since they have been 

commercially available with further reductions forecast at least through 2030. Figure 4-3 

shows the cost reduction curve for electric vehicle batteries [90] but is representative for 

all liquid electrolyte LIBs. Mongird et al [7] estimated the capital cost of a LIB system for a 

grid storage application as US$271/kWh in 2018 and projects a cost of US$189/kWh for 

2025. However, a more recent study in a March 26, 2019 BloombergNEF report cites a 

one year drop in LIB prices of 35% percent between 2018 and 2019 [91, 92]. Using the 

BloombergNEF chart, a 50% price reduction is assumed for the replacement battery over 

the initial battery. 

 

 
 

Figure 27 LIB cost history and projection [90] 
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 Liquid electrolyte LIBs require comparatively low maintenance, and do not require 

scheduled cycling to maintain battery life [93]. Battery calibration to identify degradation 

levels, software updates, and inspection [94] are some of the few required O&M actions. 

Mongird et al [7] estimated that LIBs will require major maintenance every 5 to 8 years. 

An issue with the liquid electrolyte LIBs is that specialized maintenance technicians are 

required for major maintenance events, such as battery replacement. The travel costs for 

technicians to visit remote areas, along with the cost of shipping, would add to the O&M 

costs. Integrated containerized LIB systems also have several subsystems that require 

periodic maintenance, such as HVAC and fire suppression systems. While local expertise to 

maintain and repair these subsystems may exist, this is an added concern and O&M cost 

for this technology. 

 Table 1 0 provides the estimated liquid electrolyte system costs for our scenario 

battery over a 20-year lifetime using the methodology from Mongird [7] for initial installations in 

both 2018 and 2025. As described, a battery bank changeout can be expected halfway through the 

20 year scenario. O&M costs are also calculated to determine the overall estimated cost. 

 

Table 10 Liquid electrolyte LIB cost summary 

 Year 2018 Year 2025 

Initial battery bank capital cost 253,114 176,526 

Replacement battery bank capital 

cost 

126,557 88,263 

PCS Cost 288,000 211,000 

BOP Cost 100,000 95,000 

C&C Cost 94,334 89,664 

Total Project Cost (20 years) 862,005 660,453 

O&M Cost (fixed and variable) 40,548 32,548 

Overall Estimated Cost 902,553 693,001 

Note: All Costs in US Dollars 
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 The dramatically lower LIB costs as compared to lead-acid batteries can be 

attributed to the frequent replacement, lower efficiency, and low maximum DOD of lead-

acid batteries, which requires a much larger rated battery bank to provide the same 

storage capability. Although the cost per kWh between the two technologies is similar, the 

lead-acid battery bank requires almost double the rated capacity of a LIB to deliver the 

same usable storage, even before replacements costs are factored in. 

 

Solid-state LIB cost analysis results 

 As a future technology still as much as a decade away from commercialization, 

lithium-based SSB costs, as well as their performance, are difficult to project, and estimates are not 

readily available in the literature. Technical details such as DOD limits, efficiency, capacity 

degradation, and lifespan will not be known until production units are developed, as there 

are so many different potential SSB technologies being researched today. For these 

reasons, a quantitative cost analysis was not conducted for SSBs. 

 It is assumed that SSB lifespan will exceed that of liquid electrolyte LIBs (in terms 

of both number of charge/discharge cycles and time after production) due to less side 

reactions between their electrodes and the solid electrolyte. But there are uncertainties 

due to SSB’s issues with capacity fading [95], insufficient Li-ion transport, and instability 

[96]. Current SSBs have a significant issue at the interface between the solid electrolyte 

and the cathodes where ionic transport occurs. Active material particles mechanically 

deform during the electrochemical reactions due to ion insertion and removal. This stresses 

the solid electrolyte matrix causing microcracks or delamination at the interface increasing 

impedance, which leads to capacity fading over the SSB’s lifetime [97]. Once these 

technical issues are resolved, a low-cost manufacturing process would still need to be developed 

before SSBs can compete commercially with liquid electrolyte LIBs [98]. 

 A primary current disadvantage of SSBs is their very high cost. Even with all of 

their technical advantages, manufacturing advances will need to be made before they are 

affordable enough that a business case can be made for their commercial production.  
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VRFB cost analysis results 

 VRFBs have the unique characteristic of being able to scale power capacity 

independently of storage capacity. If more power is needed, a bigger stack can be used; if 

more capacity is needed, larger tanks, and thus more vanadium electrolyte, can be used 

[38]. Because of this, capital cost based on storage can vary considerably depending on 

VRFB design and the balance between power and storage. In 2017, Mongird [7] estimated 

the 2018 capital cost of a VRFB at US$555/kWh, significantly higher than the other 

technologies.  

 Another feature of VRFBs are that they can be discharged to 0% capacity, then 

charged again to 100% without any negative effect on the components, electrolyte, or 

future battery performance [37]. This stands in contrast to the other technologies where 

DOD is a significant consideration when trying to maximize the lifetime of the battery, and 

significant degradation can occur when these non-VRFBs are fully discharged. 

 The primary loss of DC efficiency in VRFBs is due to thermal losses from chemical 

reactions that occur on charge and discharge; the vanadium electrolyte heats up and 

needs to be cooled by using a heat exchanger. According to WattJoule, powering the 

pumps adds another 2% in efficiency loss. Mongird [7] estimated VRFB DC efficiency at 

67.5% in 2018, projecting to 70% in 2025, although current VRFB system manufacturers 

claim higher efficiencies. The DC round trip efficiency for VRFB systems appropriate for a 

microgrid ESS application for this analysis is assumed to be 79%, based on an average of 

manufacturer data from four containerized VRFB systems appropriate for our scenario:  

 1. Storen ST 50-500: 70-80% [99] 

 2. VRB Energy Gen 3: 85% [100] 

 3. WattJoule ElectriStor500: 80-90% [61] 

 4. Rongke Power Vmodule1-A: 65-76% [101] 

 VRFBs do not experience capacity degradation over time, .  

 Current VRFB manufacturers claim long system life expectancies as shown in 

Table 11 The calculated lifetime column assumes one cycle per day for a primarily solar-

based energy generation system such as in our scenario. As even the lowest lifetime 
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estimates exceed the 20 year scenario lifetime, it can be assumed that no battery replacement will 

be required for the VRFB. 

 

Table 11 VRFB life expectancy for currently available VRFBs 

Manufacturer 

Name 

Model 

Name 

No. of 

cycles 

Calculated 

Lifetime 

Lifetime 

(stated) 
Ref. 

Storen ST 50-500 15,000 41 years 25 years [99] 

VRB Energy VRB Gen 3 25,000+ 68+ years 30 years [100] 

WattJoule ElectriStor500 10,000+ 27+ years N/A [61] 

Rongke Power Vmodule1-A >10,000 >27 years >10 years [101] 

Sumitomo AC250kW unlimited unlimited 20 years [102] 

 

 Together, these findings and assumptions result in the requirement for a single 

VRFB initially rated at 765 kWh to provide the usable 605 kWh storage required for the 

duration of the 20 year scenario. Using this data and assumptions, the capital cost and total project 

cost analysis results for VRFBs is provided in Table 12 

 Operations and maintenance costs for VRFBs are typically described as very low. 

[61,103] WattJoule claims their ElectriStor VRFBs require very little maintenance, the 

primary cost being pump replacement every 10 years. The fact that VRFBs do not require 

HVAC systems to maintain operating temperatures is a significant maintenance savings. 

HVAC systems typically require their own maintenance which adds to O&M costs and 

requires specialized expertise [61]. Lourenssen [37] observes that VRFB are “relatively 

simple systems with few moving parts and often require little operator input, making them 

low maintenance with little attention once set up and running. The combination of all these 

properties allow the battery to have relatively low running and capital costs, especially 

compared to other emerging energy storage technologies”. However, like lithium-ion-

based systems, maintenance involving VRFBs would usually require specialized technicians 

not available in remote areas, thus increasing costs. VRFBs’ long life though eliminates the 

need for battery replacement, a major and costly maintenance event. Table 4-5 also 



 

 

  58 

includes VRFB fixed and variable O&M costs, estimated using Mongird’s [7] methodology. 

The fixed O&M factor for 2020 for the WattJoule ElectriStor (9.7) was linearly extrapolated 

from the 2018 and 2025 factors. 

 

Table 12 VRFB cost summary 

 Year 

2018 

WattJoule 

2020 [61] 

Year 

2025 

Initial battery bank capital cost 425,032 555,411 300,968 

Replacement battery bank capital 

cost 

0 0 0 

PCS Cost 350,000 250,714 211,000 

BOP Cost 100,000 0 95,000 

C&C Cost 145,506 140,036 137,848 

Total Project Cost (20 years) 1,020,538 946,162 744,816 

O&M Cost (fixed and variable) 40,548 39,405 32,548 

Overall Estimated Cost 1,061,085 985,566 777,364 

Note: All Costs in US Dollars 

 

 Table 12 includes an analysis of real-world data for the WattJoule 5MWh 

ElectriStor system using the same methodology. 2020 factors for PCS and C&C for 

WattJoule’s ElectriStor were extrapolated linearly from Mongird’s [7] 2018 and 2025 

values, while BOP costs are included in capital costs. According to WattJoule, the current 

(2020) cost of their 5MWh ElectriStor is approximately US$1-million, with the vanadium electrolyte 

accounting for much of the cost of the system at $105/kWh. Assuming the cost of the rest 

of the system remains constant and reducing the amount of electrolyte to accommodate a 

745 kWh system, the ElectriStor cost computes to US$555,325, but this includes the BOP 

costs. The 2020 ElectriStor total project costs fit right in line with Mongird’s [7] estimates 

and actually would be somewhat less, as the included BOP costs are for a 5000kWh 

system and the 765 kWh scenario system would require far less piping, smaller tanks and 

pumps, and a smaller stack. 
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Cost analysis summary and conclusions 

 Although this cost analysis uses many assumptions and approximations, the results are 

consistent with current cost generalizations in research and the media.  

 As described in Section 3.1, the Mongird [7] cost methodology assumes a consistent 

O&M cost factor for all technologies based on previous studies. Figure 28 provides a more 

detailed rubric analysis of O&M considerations for each technology. 

 

 
 

Figure 28 Qualitative O&M rubric analysis results 
 

 To rank the technologies for overall cost, a rubric scoring methodology was 

devised based on the criteria for overall cost shown in Figure 29, with the results provided 

in Figure 30. 

 

 
 

Figure 29 Cost rubric analysis criteria 

 

 
 

Figure 30 Cost rubric analysis results 

 

 Lead-acid batteries, especially the flooded type, have low initial capital costs but 

their short operating life increases their lifetime costs well above liquid electrolyte LIB and 
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VRFB costs due to frequent and costly battery replacements and DOD limitations requiring 

much larger capacity batteries to deliver the same usable storage.  

 The dramatic cost reduction in liquid electrolyte LIBs over the last decade along 

with their longer expected operational life and low maintenance requirements has resulted 

in this being the current technology of choice for grid BESS applications.  

 Long life expectancy is one area where VRFBs shine, with expected life and 

numbers of cycles far exceeding the 20 year scenario lifespan, making this one of the most 

attractive features of VRFBs. This factor, along with recent cost reductions, are making VRFBs more 

cost competitive with LIBs, as shown by this analysis. VRFB’s many other advantages 

make them an attractive alternative for the microgrid BESS application, as further described in 

Section 4.2. 

Operations and maintenance are key considerations when comparing the different energy 

storage technologies in the analysis scenario. O&M cost is a key factor, but also the technical 

expertise required to operate and maintain a system warrants consideration as it can be 

assumed that the technical skill level of local residents will be relatively low. For this 

reason, system reliability is a key metric, although reliability statistics are difficult to obtain. 

Lead-acid batteries have the advantage of being “low tech” and as this technology has been 

used for decades in automobiles and other common applications, it can be expected that 

the expertise to maintain these batteries will exist even in communities with low education 

levels. However, flooded lead-acid batteries require periodic watering, and all lead-acid 

types have limited expected lifetimes, so replacement costs must be factored in. LIBs have 

the advantage of low O&M requirements for the batteries themselves, but their supporting 

auxiliary subsystems such as HVAC and fire suppression require more frequent maintenance. The 

expertise to service these subsystems may exist in the local community. Also, the costs of 

procuring, shipping, and installing the replacement LIB battery bank needs to be factored 

in. VRFBs are relatively simple systems which do not require as many support subsystems 

as LIBs, but their maintenance would also typically done by outside specialists who must 

come to the battery site. Some routine maintenance such as pump or gasket replacement 

could be done by community members in some cases, but any maintenance to the stack, 

including membrane replacement, would require a specialist.  
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Other key factors analysis results 

 Energy density analysis results 

 Lead-acid battery energy density analysis results 

 To determine energy density for the three types of lead-acid batteries, data was 

analyzed from 142 different models from five manufacturers: Trojan, Hoppecke, Crown, 

Exide, and Hankook. The results are summarized in Table 4-6: 

 1. Flooded type – 59 models: 

  1.1 17 models from Trojan’s Solar Industrial and Solar Signature lines [104] 

  1.2 15 models from Crown’s CRP Monobloc and Power Module lines [105] 

  1.3 27 models from Exide’s GNB Industrial Power Classic Solar line [106] 

 2. Gel type - 48 total models 

  2.1 7 models from Trojan’s Solar Deep-Cycle Gel line [104] 

  2.2 26 models from Hoppecke’s sun|power VR line [107] 

  2.3 15 different gel type models from Hankook AtlasBX’s VGS line [108] 

 3. AGM type - 35 total models 

  3.1 11 models from Trojan’s Solar Deep-Cycle AGM line [104] 

  3.2 9 AGM models from Crown’s AGM CRV Monobloc Series [105] 

  3.3 15 models from Exide’s Sonnenschein [109] and Absolyte GX [110] lines. 

 

Table 13 Lead-acid battery energy density and specific energy summary 

Lead-acid 

battery type 

No. of 

models 

Average energy 

density (Wh/liter) 

Average specific 

energy (Wh/kg) 

Flooded 59 98.4 44.4 

Gel 48 67.1 31.4 

AGM 35 92.1 36.4 

Overall average 142 86.3 38.0 

 

 These energy density calculations only consider the batteries themselves; they do 

not consider the battery room or enclosure/container that provides protection from the 

elements as well as ventilation and cooling. Lead-acid batteries emit hydrogen gas during 
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charging, so adequate space is required to ventilate the battery room and maintain hydrogen levels 

below 1%, the level stipulated by regulations such as the Uniform Fire Code and the International 

Fire Code (hydrogen is explosive at 4% and higher concentrations) [111]. Although battery 

room regulations vary from country to country, standards such as from the Institute of 

Electrical and Electronics Engineers (IEEE), US Occupational Safety and Health Administration, the 

US National Electrical Code, and the US National Fire Protection Association specify a 

variety of requirements beyond ventilation and temperature control for battery room design 

,which increases the overall system footprint. These requirements include storage area for personal 

protective equipment, eyewash or shower stations, hydrogen gas monitors, spill kits, cleaning 

supplies, as well as the racks to mount the batteries [111]. This larger battery room size is 

more relevant when comparing to integrated containerized systems commonly produced 

by LIB and VRFB manufacturers, which also include the auxiliary subsystems required for 

their batteries. But their custom built nature and large size variation makes analysis at this 

level difficult. 

 

Liquid electrolyte LIB energy density analysis results 

 As with lead-acid battery banks, the total enclosure size of an integrated LIB grid 

storage system is more applicable to our analysis than the energy density in the stand-

alone LIB unit. And as there are several liquid electrolyte LIB ESS commercially available 

from a variety of manufacturers, analysis at this level is practical. LG Chem boasts that 

their M48218P5B Energy Storage System provides the highest energy density of any 

currently available LIB-based containerized energy storage system with a 6.8MWh 

capacity packaged in a standard 40-ft High Cube (HC) enclosure [112]. Samsung SDI 

offers a similar product in their 6 MWh system in the same 40-ft. HC enclosure [113]. 

These products provide the highest energy densities of the integrated products at close to 

80 Wh/liter but are of higher capacity than our scenario requires. Smaller integrated 

systems more applicable to our scenario are typically packaged in standard ISO 20-ft. 

containers, such as the 1187 kWh Aggreko Y.Cube 60, the 780 kWh Saft Intensium Max 
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IM+ 20P1, and the 1000 kWh Fluence Energy Edge The popular BYD grid-scale ESS also 

delivers 1000 kWh but in an ISO standard 40-ft container. Results from the container-

level energy density analysis for these four liquid electrolyte LIB ESSs are presented in 

Table 14 

 

Table 14 Containerized liquid electrolyte LIB systems energy density summary 

Manufacturer 

Name 

Model 

Name 

Container 

Type (ISO) 

Volume 

(m3) 

Energy Density 

(Wh/liter) 
Ref. 

Aggreko Y.Cube 60 20ft HC 43.0 27.6 [114] 

Fluence EnergyEdge custom 20 ft 57.8 17.3 [115] 

Saft Intensium Max 20ft HC 43.0 18.1 [116] 

BYD ESS 40 ft 77.0 13.0 [117] 

 

Solid-state LIB energy density analysis results 

 As described in Section 2.4, when using lithium metal as the anode (along with 

sulfur as the cathode), solid electrolyte LIBs can achieve a theoretical gravimetric energy 

several times higher than non-lithium anode liquid electrolyte LIBs [118], and volumetric 

energy densities up to 70% higher [119]. Takada [120] describes how SSBs do not suffer 

from the limitation in liquid electrolyte LIBs which experience oxidative decomposition of 

the electrolyte at high voltages, thus limiting their practical capacity to half of the potential 

capacity. In March 2020, Samsung [121] announced their “groundbreaking” SSB prototype 

using a silver-carbon composite layer as the anode, which suppresses dendrite formation 

while increasing energy density to 900 Wh/liter. In late 2019, the Deakin's Institute for 

Frontier Materials [122] made similar claims of an SSB prototype at twice the energy 

density of current liquid electrolyte LIBs.  

 However, a variety of advances must be achieved before full production and 

commercialization of SSBs, including enhancing Li-ion transport, decreasing boundary 

resistance at the solid electrolyte-electrode interface, and improving stability [96]. As 

lithium-based SSBs have not matured to the point where they are being produced 

commercially, there are no current product specifications to compare to the other technologies. If 
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the promise of higher energy densities is realized, it is safe to assume that future 

containerized SSB systems would be packed in smaller containers, or containers of the 

same size as current offerings would be capable of storing more energy. 

 

VRFB energy density analysis results 

 As with liquid electrolyte LIB systems, the total enclosure size of an integrated 

VRFB grid storage system is applicable to our analysis. The disassociated nature of ta 

VRFB’s storage components (tanks and piping) and its power-producing stack also makes 

energy density at a lower level impractical. Table 15 presents the energy density analysis summary 

for five current integrated containerized VRFB systems. 

 

Table 15 Containerized VRFB systems energy density summary 

Manufacturer 

Name 

Model 

Name 

Volume 

(m3) 

Energy Density 

(Wh/liter) 
Ref. 

StorEn ST 50-500 49.0 10.2 [99] 

WattJoule ElectriStor500 38.7 12.9 [61] 

Rongke  Vmodule1-A 77.0 8.1 [101] 

Sumitomo AC250kW 179.3 4.2 [102] 

Rongke  Vpower1-A 256.0 3.9 [123] 

 

Energy density analysis summary and conclusions 

 Increasing energy density is a major focus for current battery research, but this 

priority is largely fueled by commercial competition in the electric vehicle and personal 

electronics markets. While important for energy storage applications such as residential 

systems, having smaller footprint systems is generally less important for microgrid storage 

applications. This is especially true in rural settings where land is plentiful. 

 LIBs have a clear advantage in energy density over VRFBs, as evidenced by 

their use in electric vehicles and electronic devices today where this metric is important. 

But when grid storage LIBs are containerized into integrated systems complete with fire 

suppression and HVAC subsystems, their footprint versus VRFBs is less significant, providing 
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approximately twice the energy density. Both types of BESS in the 1-MWh range are 

typically packaged with the necessary supporting systems in a standard 20-ft container. 

Likewise, our baseline lead-acid battery systems would typically be installed in a battery 

room of generally the same size for the corresponding storage capacity. Lithium-ion SSBs 

promise higher energy densities in the future, but again these advantages probably will not 

outweigh their added cost for quite some time. In cases where a smaller footprint is 

required, integrated SSB-based BESS should have the advantage of being in smaller 

footprint enclosures.  

 Although energy density is not a key metric for the notional analysis scenario 

microgrid, Figure 4-7 provides the results from a qualitative rubric analysis for the four 

technologies for cell and enclosure energy density, and an overall evaluation. 

 

 
 

Figure 31 Energy density qualitative rubric analysis results 

 

Temperature limits analysis results 

 Lead-acid battery temperature limits analysis results 

 Guari et al [17] determined that the optimum operating temperature for a lead-

acid battery is 30°C; operation above and below this range negatively affects the battery. 

Trojan [82] recommends the operating temperature range for their flooded and AGM type 

batteries as -20°C to 50°C and of their gel type batteries as -20 °C to 45 °C, while noting 

that “heat is an enemy of all lead-acid batteries, flooded, AGM and gel alike and even 

small increases in temperature will have a major influence on battery life” [67]. 

 For roughly every 10°C increase in operating temperature, a lead-acid battery’s 

life is reduced by 50%, a significant effect. Internal battery temperature is the key 

parameter, which is determined by the ambient temperature as well as battery loading 

and charging conditions [56]. A general rule of thumb is that lead-acid battery life is 
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reduced by 50% for every 15°C above optimal operating temperature [73]. Cold temperatures 

increase a lead-acid battery’s internal resistance and lowers capacity. Typically, a lead-

acid battery capable of providing 100% capacity at 27°C will provide about 50% at 

minus-18°C [124].  

 The effect of reduced service life is a critical factor in our scenario as cost 

constraints in replacing the batteries can mean the difference between an operating and 

non-operating system. For this reason, in hotter climates a cooling system must be 

provided for the battery enclosure to ensure the lead-acid batteries operate at or near their optimal 

temperature. The electrical power required to operate these cooling systems will reduce 

the overall efficiency of the BESS, as some power must be diverted for this purpose. Also, 

the cooling systems add cost and increase the maintenance demands. Lead-acid battery 

use in hot climates demands an adequate air circulation system in battery enclosures to 

work in conjunction with the cooling system. Blue Box Batteries provides the example 

where lead-acid batteries are mounted in a 6-tier stand over 2 meters high, where there 

can be a 5ºC difference between the bottom and top of the assembly [125]. As shown 

above a 5ºC increase can result in reduced battery lifespan. Adequate ventilation is also a 

requirement to prevent the buildup of hydrogen gas during charging operations of flooded 

type lead-acid batteries. The air circulation system would be another electrical load 

lowering the efficiency of the overall system. High temperatures also can prevent charging 

a lead-acid battery. Trojan [82] recommends that their batteries never be charged when 

temperatures exceed 50ºC. 

 

Liquid electrolyte LIB temperature effects analysis results 

 As described previously, integrated liquid electrolyte LIB systems designed for 

grid energy storage applications all feature thermal controls to maintain temperature within 

the LIB’s operating range. Due to the significant issues with operation at both the low and 

high end of the operational temperature range [63], the ideal temperature to operate a 

LIB is generally limited to about 15–35°C [126], which requires the use of a thermal control 

subsystem, which not only robs the overall system of power and thus lowers overall efficiency, but 

these HVAC systems also require their own maintenance. Although HVAC maintenance 
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expertise is common even in remote rural areas, this adds to the overall expense and any 

downtime associated with the HVAC system will also force a downtime on the LIB battery. 

 At low operating temperatures below 0°C, liquid electrolyte LIB chemical-reaction 

activity and charge-transfer velocity slows resulting in a decrease of ionic conductivity in 

the electrolyte which results in a reduction of energy capacity and power, and sometimes 

performance failure [126]. Figure 4-8 shows this phenomenon. 

 

 
 

Figure 32 Decreased storage capacity and voltage of an 18650 Li-ion cell as 

temperature lowers [124] 

 

 All containerized LIB systems include HVAC systems to maintain temperatures 

towards the middle of these ranges. These auxiliary systems allow for operation in 

extreme hot and cold conditions outside the enclosure, typically about -20°C to +50°C 

[114-117]. Although this range is wide, the effects of poor performance at the low end and 

safety issues at the high end need to be considered, especially if the HVAC subsystems 

become inefficient or inoperative.  
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Solid-state LIB temperature effects analysis results 

 Ogawa et al [127] found that SSBs are capable of operating at high temperatures 

without a significant impact on battery performance or capacity. Their tests were 

conducted at 180°C, close to the melting point of the lithium metal anode. In fact, research 

has shown that the performance of SSBs improves with increasing temperatures in the 

areas of ionic transport and maximum charge and discharge rates. The maximum operating 

temperature in only limited by the 180°C melting point of lithium metal [98]. SSB microgrid 

BESSs could therefore be containerized in enclosures without the need for HVAC in hot 

climates, thus avoiding the efficiency loss and maintenance requirements of these 

subsystems. At low temperatures Ogawa et al [127] found that battery output was 

reduced, but not as severely as with liquid electrolyte LIBs where increased viscosity or 

freezing of the liquid electrolyte occurs. The ability to maintain performance and safety 

while operating at high and low temperatures is a significant advantage of SSBs over their 

liquid electrolyte counterparts.  

 

VRFB temperature effects analysis results 

 WattJoule’s ElectriStor system is an example of current VRFB systems that 

feature a wide operating temperature range of -40ºC to 70ºC, removing the need for any 

auxiliary thermal control systems which robs the overall system of efficiency [61]. Table 4-9 

lists the operating temperatures of some commercially available VRFB systems. 

 

Table 16 Operating temperature range of current VRFB systems 

Manufacturer 

Name 

Model 

Name 

Operating 

Temp Range 
Ref. 

Storen ST 50-500 -10°C to +50°C [99] 

WattJoule ElectriStor500 -40°C to +70°C [61] 

Rongke Vmodule1-A 0°C to +35°C [101] 

Sumitomo AC250kW -5°C to +40°C [102] 

VRB Energy VRB Gen 3 0°C to 50°C [123] 
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 Unlike liquid electrolyte LIBs, VRFB do not experience performance losses at the 

lower or upper end of the range. The broad operating temperature ranges, particularly the 

maximum limits, is a distinct advantage of VRFBs as it eliminates the need for any cooling 

systems for the battery enclosure in even the hottest climates, as long as some amount of 

air circulation is present. This is not only a significant cost reduction in the initial system 

cost, but it also eliminates another auxiliary system that requires preventative maintenance and 

can break down requiring costly repairs. 

 

Temperature limits analysis summary and conclusions 

 The ability to operate at temperature extremes, especially high temperatures 

which characterize many of the poorer areas of the world, is a significant advantage of 

SSBs and VRFBs. The necessity of operating HVAC subsystems for lead-acid and liquid 

electrolyte LIB energy storage systems to maintain temperatures in narrow ranges not only 

adds cost to the overall integrated system, but also creates additional maintenance 

demands. Figure 34 provides the results of the rubric analysis for the four technologies. 

 

 
 

Figure 33 Operating temperature limits rubric analysis results 

 

Safety issues analysis results 

 Lead-acid battery safety issues analysis results 

 SafeWork South Australia [128] points out two primary safety concerns with 

lead-acid batteries: (a) explosions due to ignition of hydrogen gases produced by the 

battery, and (b) the extremely corrosive (pH<2) sulphuric acid electrolyte causing chemical 

burns to the skin or eyes. Figure 4-10 from Crown Battery [129] shows some of the safety 

issues associated with lead acid-batteries. 



 

 

  70 

 
 

Figure 34 Lead-acid battery hazards [129] 

 

 During the charging cycle, lead-acid batteries generate hydrogen gas that can 

be explosive in air at concentrations of 4.1 to 72 percent hydrogen [15]. Flooded type 

lead-acid batteries are especially vulnerable as the hydrogen gases are vented to the 

atmosphere via the vent caps by design. This process also involves the continuous loss of 

electrolyte, so water needs to be added periodically to the battery, increasing the risk of 

contact with the highly acidic sulphuric acid electrolyte [130], which is also poisonous if 

swallowed [15]. Sealed type gel and AGM VRLA batteries emit far less hydrogen gas and 

are spill proof, so are generally safer than flooded type batteries. 

 The requirement to adequately ventilate a battery rom due to the potential 

buildup of hydrogen gas adds to the electrical power load, and thus lowers efficiency and 
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adds to overall maintenance requirements. There are also health impacts associated with 

lead which are discussed in the following section on environmental concerns. 

 

Liquid electrolyte LIB safety issues analysis results 

 LIB safety is a cause for concern as illustrated by the many safety LIB incidents 

in recent years, some of which are highlighted here. In January 2013, a faulty LIB caused 

a fire aboard a Japan Airlines Boeing 787 Dreamliner parked at Boston’s Logan’s airport. 

The following week a second LIB fire occurred aboard a Dreamliner in Japan, prompting 

the U.S. National Transportation Safety Board (NTSB) to temporary ground all Boeing 787s 

[131]. The damaged battery is shown in Figure 36 The NTSB’s [132] subsequent Aircraft 

Incident Report on the Logan Airport incident cited a long list of issues with LIBs including 

safety issues related to “cell internal short circuiting and the potential for thermal runaway 

of one or more battery cells, fire, explosion, and flammable electrolyte release; …[and] 

thermal management of large-format lithium-ion batteries”. 

 

 
 

Figure 35 Boeing 787 battery after explosion and fire [131] 

 

 Other well publicized aircraft incidents involving passenger-owner products using 

LIBs include the March 2017 incident of a passenger’s LIB-powered noise-cancelling 

headphones exploding causing burns to her face and head [133]. More famously, in October of 
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2014, the U.S. Department of Transportation’s Federal Aviation Administration (FAA) [134] 

took the unprecedented step of officially banning all Samsung Galaxy Note 7 mobile 

phones from all flights in the U.S. due to explosions and fires caused by the Note-7’s LIB. 

A January 2020 FAA [135] report cited 168 air or airport incidents involving LIBs carried as 

cargo or baggage since January 23, 2006. 

 There have also been numerous vehicle-related incidents involving LIBs, where 

the much larger batteries pose a potential for greater damage. On July 31, 2019, the LIB 

in a 3-month-old 2019 Hyundai Kona Electric exploded in the owner’s garage in Montreal, 

Canada. The explosion was so violent that it blew the garage roof off and garage door 

across the street Figure 37 [136]. Several Tesla cars have also recently had their LIBs 

explode [137]. 

 

 
 

Figure 36 Hyundai Kova EV explosion [136] 

 

 Exploding LIBs have even caused death. In May 2018, a 38-year old Florida 

man was killed in his home by an exploding e-cigarette when the 18650 drop-in LIB 

malfunctioned and exploded [138]. Prior to this incident, a 2017 George Mason University 

[139] study estimated that in the U.S. there were 2035 e-cigarette battery explosions 

between 2015-2017 that resulted in injuries to the users which required a trip to a hospital 

emergency room. 

 These incidents all involved smaller LIBs that would not be used in a microgrid 

BESS suitable for our scenario, but the LIB technology is the same as in larger containerized LIB 
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systems which have also been involved in recent serious accidents. Toxic gases are 

emitted in LIB fires, including CO, HF, SO2, NO2, NO and HCl, which increase in production 

with the state of charge of the LIB. In some circumstances, the danger of these toxic 

gases is far more serious than the fire itself [140], as was the case in the LIB ESS fire in 

Surprise, Arizona. 

 In the late afternoon of April 19, 2019, a fire broke out at an AES containerized 

liquid electrolyte LIB system built by Fluence in Surprise, Arizona, just outside of Phoenix. 

Firefighters arrived and a hazmat team entered the facility just prior to the battery 

exploding, causing extensive injuries to eight men with three requiring extended hospital 

stays. The AES Director of Corporate Safety [141] later stated that the system was 

equipped with “8 HVAC units, smoke dampers and a fire suppression system”. The 2 

MW/2 MWh system is similar in size to an integrated system appropriate for our analysis 

scenario. An AES [142] investigation found the explosion’s cause was the ignition of a 

mixture of explosive gases emitted by the burning batteries. The Surprise incident led 

Arizona regulator Sandra Kennedy [143] to issue an official letter stating that lithium 

batteries for grid storage “are not prudent and create unacceptable risks” and suggested 

safer alternatives, such as flow batteries Figure 38.  
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Figure 37 Arizona letter on LIB safety issues [143] 

 

 The two Arizona LIB fires highlighted in Kennedy’s letter are hardly isolated 

incidents. There were 17 LIB storage fire incidents at facilities in South Korea alone in an 8 

month period in 2018 and 2019 [144] just prior to the Arizona incident, prompting a government 

investigation [145].  

 In the US, one issue is that current regulations governing the operation of grid 

storage batteries are maintained at the state and local level; there is no overarching 
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federal safety law. This issue is worse in poorer countries, where regulations, inspections, 

and enforcement would tend to be even more lax. And as LIB production increases and 

installers look for the lowest cost system, manufacturing defects from less expensive 

batteries can be more prone to failure, making the safety situation worse. 

 Although safety incidents involving LIBs are cause for concern, the number of 

installed systems worldwide should also be taken into account. There is certainly a safety 

risk associated with these systems, but the percentage of systems that have failed, and 

especially those causing harm, are low when compared to the installed base. But for the 

remote installations of our scenario, these safety aspects still need to be considered. 

 

Solid-state LIB safety issues analysis results 

 Safety is one area where SSBs differ from their liquid electrolyte counterparts, as 

the solid nature of the SSB’s electrolyte suppresses dendrite growth. However, studies 

have still observed the phenomenon where dendrites have progressed through the solid 

electrolyte matrix and achieved a short circuit condition resulting in melting and burning of 

the electrolyte. Ma et al [95] note that although the electrolyte is solid, there are still 

pathways and mechanisms for dendrites to grow and elongate and that short circuit is one 

of the SSB’s serious failure behaviors. 

 As SSBs are still in the research phase and many different types are under 

consideration, their failure mechanisms also differ. The inherent nature of a solid electrolyte 

to significantly limit, if not almost eliminate dendrite growth and also the nonvolatile nature 

of solid electrolytes should make SSBs inherently safer than liquid electrolyte LIBs, though 

to what extent remains to be seen.  

 

VRFB safety issues analysis results 

 Safety is another area where VRFBs have an advantage over the other technologies. 

VRFBs do not present a fire hazard as the vanadium electrolyte is aqueous, incombustible 

[38], non-reactive, and of low toxicity [65]. Paiss [146] notes another safety feature of 

VRFBs in that electrical power is only produced when the system is in operation, there is 

no “stranded energy” as with other battery technologies. When the system is in standby 
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mode (i.e., the pumps are turned off), there is no voltage present at the battery terminals. 

This is especially important during maintenance as it significantly increases basic electrical 

safety and contrasts with LIBs which cannot discharge to 0 VDC without risking permanent 

damage to the battery [147]. 

 Although vanadium in powder form can be toxic, when in solution the VRFB 

electrolyte can be deemed as non-toxic due to the very low concentration levels of 

vanadium [146]. Dassisti et al [148] point out that the International Agency for Research on 

Cancer has determined that vanadium is possibly carcinogenic to humans (U.S. 

Department of Health and Human Services, 2012). But vanadium is a naturally occurring 

element that is present in the air, soil, food, and water. They determine that vanadium 

composites in closed VRFB systems pose a “small risk for injury to human health because 

electrolytes are incombustible”. 

 

Safety issues analysis summary and conclusions 

 Battery fires tend to be very intense and difficult to extinguish, sometimes taking 

days or even weeks to fully put out. They not only present problems due to heat and 

smoke associated with typical fires, toxic gases are also often an added concern [149]. 

These issues have been recently highlighted in the many recent LIB ESS fires. Safety 

issues with traditional lead-acid batteries can be serious, but they are well known, and it 

can be assumed that community members can safely conduct maintenance and operation. 

LIBs however present a new set of safety issues which can be a particular concern in a 

remote village with very limited or no on-site expert monitoring. LIB accidents such as the 

one in Arizona in 2019 demonstrate the dangers of LIBs. VRFBs provide a much safer 

alternative, with safety being one of its key advantages over other technologies in virtually 

every safety category as shown in the rubric analysis summary in Figure 39 

 

 
 

Figure 38 Safety concerns rubric analysis results 
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Environmental considerations analysis results 

 Lead-acid battery environmental considerations analysis results  

 As a common product, lead-acid batteries are subject to many environmental-

related regulations in countries throughout the world. May et al [14] describe how the lead 

from these batteries is recycled at a >99% rate in the US and European Union via well-

established processes and facilities. Other lead-acid battery components such as the 

polypropylene case and scrap metals such as brass, copper, and antimony are also recovered at a 

lesser rate. 

 However, it is this recycling process, especially in poorer nations, that can cause 

serious environmental and health damage. Green Cross Switzerland’s [150] annual report 

on the world’s worst polluting industries ranks used lead-acid battery recycling as the #1 

worst polluting industry in the world, with lead as the #1 toxic threat. Zhang et al [16] 

estimated that 3 million tons of lead-acid battery waste was generated in 2016 in China 

alone, with that amount increasing annually. 

 The World Health Organization [151] describes the many ways in which lead is 

harmful to humans. Improperly conducted lead-acid battery recycling can release lead into 

the surrounding ecosystem, eventually finding its way back to humans. Lead builds up in 

the body, primarily in the bones, and can lead to chronic poisoning affecting almost all 

body systems. Lead poisoning also disproportionately affects children, causing developmental and 

neurological problems [150]. 

 Zhang et al [16] also discussed the environmental hazards associated with 

leakage of the sulfuric acid electrolyte, which is extremely corrosive and can cause serious 

damage to humans on contact. Although lead-acid battery recycling is highly regulated in 

developed countries, in low and middle income nations controls are typically more lax, 

leading to lead contamination in the environment Figure 40. 
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Figure 39 A man and woman in Tegal, Indonesia use hammers to break up  

used lead-acid batteries for recycling [from 150] 

 

 Used lead-acid batteries pose a significant environmental and health risk in 

developing countries where these isolated microgrids would often be installed and should 

be a factor when choosing the battery storage technology. 

 

Liquid electrolyte LIB environmental considerations analysis results 

 Although spent LIB composition differs between manufacturers and models, they 

usually contain about 5%–20% cobalt, 5%–10% nickel, 5%–7% lithium, 5%–10% other 

metals (including copper, aluminum, iron, etc.), 15% organic compounds, and 7% plastic 

[152]. Mejame et al [153] evaluated the hazardous waste potential of various mobile phone LIB 

battery models by comparing the amounts of hazardous components against regulatory 

limits under the California Department of Toxic Substances Control (2004). They found that 

LIBs should be classified as hazardous waste due to exceeding the limits for cobalt and 

copper, and in some cases nickel and zinc. 

 LIB toxicity is problematic due to the current lack of an industrial scale, cost 

effective process to recycle LIBs after they have reached end of life [154]. With their 

increasing use and relatively short life, this is a growing environmental issue. Current 

recycling methods include: (a) mechanical recycling, which involves crushing the discharged 

battery; (b) pyrometallurgical recycling, where metals are extracted by thermal means; 

and (c) hydrometallurgical recycling, which uses aqueous processes. After crushing some 
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components are separated but the lithium is recovered by the hydrometallurgical process. 

This current process also involves the use of dangerous chemicals [152]. The minimal LIB 

recycling being done today is mostly focused on recovering the cobalt and copper [155]. 

 Researchers are looking into new processes to revive spent cathodes, but these 

methods are not ready for large scale use as they are not yet cost effective [156]. LIB 

recycling rates are still very low; both the European Union and United States recycle less 

than 5% of spent LIBs [157]. For the integrated, containerized grid-scale LIB systems 

applicable to this study, one should also consider recycling and disposal of the auxiliary 

components such as the fire suppression systems and forced-air HVAC systems [158]. 

 

Solid-state LIB environmental considerations analysis results 

 With commercialization of solid-state electrolyte SSBs still about a decade away 

[36], conducting an environmental assessment on future products is difficult due to the lack 

of real world information and data. It can probably be assumed that SSBs would have 

many of the same recycling limitations as liquid electrolyte LIBs due to the highly 

integrated and variable composition of their electrodes [155]. 

 

VRFB environmental considerations analysis results 

 As described in the previous section on safety, VRFB components are relatively 

benign and their disposal poses much less of an impact on the environment than the other 

technologies. VRFBs lack toxic metals such as lead, cadmium, zinc, and nickel, which can 

contaminate the environment. A VRFB’s most toxic component is the electrolyte’s sulfuric 

acid, which is only one-third as acidic as that in a lead-acid battery. And as previously 

described, the vanadium in the electrolyte has low toxicity [65], and VRFBs typically are in 

enclosures, which would contain any spills [159].  

 Another key positive factor is that the vanadium electrolyte does not require 

replacement and can even be reprocessed and reused in new batteries, making disposal 

unnecessary or at least on the order of several decades [148]. This contrasts with lead-

acid batteries which require replacement every few years, or LIB ESS which are replaced 

about once per decade. 
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 During operation, a VRFB is environmentally friendly because no waste products 

are produced. At end-of-life, a stack’s cell membranes may be highly acidic and should 

be disposed of properly as a corrosive material [148]. Simon Clarke [159], executive vice 

president at VRB Power Systems boasts that VRFBs “have the best environmental 

footprint of any storage technology.” 

 

Environmental concerns analysis summary and conclusions 

 The environmental impact of energy storage systems is a broad topic and has 

been narrowly addressed here to focus on end of life aspects of the four technologies. 

Lead-acid battery recycling is a well-established and successful practice where close to 

100% of used units are recycled safely in developed countries. However, in lesser 

developed, poorer areas, recycling can be a cottage industry conducted without environmental and 

health safeguards. As the analysis scenario is geared towards these types of regions, the 

end of life environmental impact should be considered a negative for the lead-acid battery 

technology due to the significant negative health impacts of the recycling process in the 

developing world. 

 LIBs also contain some hazardous components, and due to the difficulty and high 

cost of recycling most used batteries are disposed of rather than recycled, even in 

developed countries. As solid-state LIBs are not yet in production, it is difficult to project 

their environmental impact at end of life, but it is practical to assume to be similar to that 

of liquid electrolyte LIBs. Until a cost effective process is developed and LIBs recycling 

rates increase, this should also be considered a negative impact for these lithium-ion-

based battery technologies. 

 Of the four technologies, VRFBs cause the least environmental impact at end of 

life as they are composed of mostly nontoxic components and are highly recyclable. In 

particular, the somewhat toxic vanadium electrolyte is extremely recyclable and can even 

be reused after a long 30-year lifespan of a VRFB unit. As shown in the environmental 

rubric analysis summary in Figure 41, VRFB’s low environmental impact is another significant 

advantage of this technology.  
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Figure 40 Environmental impact rubric analysis results 



 

 

 

Chapter 5  

 

CONCLUSIONS  

 

Conclusions 

 This paper compared various battery technologies to support the energy storage 

requirements for a small renewable energy-based microgrid for a notional, poor community that is 

disconnected from the main grid. The venerable lead-acid battery is analyzed as a baseline 

against the current technology leader, the liquid electrolyte LIB, and the VRFB. The solid-

state LIB is also investigated as a future technology. 

 Worldwide grid energy storage is projected to increase significantly over the next 

two decades Figure 42 [160]. The promise of renewable energy production with storage 

promises significant advances for poor, disconnected communities similar to our notional 

scenario village that today remain unelectrified. Indications are that LIBs will maintain their 

place as the preferred BESS solution, although VRFBs have distinct advantages in several 

areas including safety and long life.  

 

 
 

Figure 41 Global cumulative energy storage [160] 
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 Figure 42 summarizes the rubric analysis results from the five criteria examined 

in this study. 

 

 

 
 

Figure 42 Overall rubric analysis summary 

 

 Lifecycle cost is usually the ultimate driving factor in technology selection. LIB 

prices continue to fall, even exceeding projections, and are expected to continue to drop as 

production ramps up in the coming decade. Current LIB systems offer a significantly lower 

initial cost, which makes them today’s predominate technology choice. Long battery life 

and the ability to fully discharge without detrimental effects are significant advantages 

which lower the costs for VRFBs. If VRFBs can achieve further lifecycle cost reductions to 

achieve more cost parity with LIBs, their other advantages may sway system operators to 

choose this technology. Short lifespan and frequent replacement drive the lifecycle cost of 

lead-acid batteries to a point where they are no longer cost competitive with other 

technologies for these larger BESS applications. O&M requirements are difficult to 

accurately cost, but both LIBs and VRFB system manufacturers claim low O&M requirements. The 

main issue with these technologies is the high cost of maintenance when it is required, and 

the complexity of these systems requiring trained technicians to conduct the maintenance. 

 Energy density is usually not a major concern for a stationary microgrid ESS, 

especially in rural areas where space is plentiful. Tolerance for operating at high temperatures is 

another advantage of VRFBs, as many poor rural areas are located in hotter parts of the 
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world. The ability to operate without a HVAC subsystem removes major components 

requiring their own maintenance and upkeep. This advantage is shared by both VRFBs 

and the new SSBs. Safety is another area where VRFBs shine as LIB safety is a major 

concern in light of many recent incidents. The safety subsystems in containerized LIB 

systems (mainly fire suppression) add more components requiring their own maintenance. 

Safety is one of the leading issues against liquid electrolyte LIBs. VRFBs also lead on the 

environmental front, with a recyclable and nontoxic electrolyte. If LIB recycling can 

improve, its environmental impact will be lessened. Although liquid electrolyte LIBs are 

currently the BESS technology of choice, advances in SSB research in the coming decade, 

along with their eventual commercialization, will also factor into deciding the predominate 

technology in the future. 

 

Recommendations 

 BESS performance has been steadily improving while costs have steadily 

decreased due to research investments. Some areas of further suggested study include 

following up the technologies several years from now to assess these improvements and 

assess the accuracy of predicted costs presented in this paper. Another area of interest 

would be to assess other energy storage system technologies, such as pumped hydro, 

molten salt batteries, compressed air systems, and flywheels. Other potential study areas 

are using a more sophisticated energy simulation model such as HOMER for the analysis, 

and going into further detail in the cost analysis, particularly with O&M costs. 
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AC Alternating Current 
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NASICON Sodium Super Ion Conductor 

NGO Non-Governmental Organization 

NTSB National Transportation Safety Board [USA] 

O&M Operations and Maintenance 

PCS Power Conversion System 

PSH Pumped Storage Hydropower 

PV Photovoltaic 

SEI Solid Electrolyte Interphase 

SSB Solid-State Battery 

VRFB Vanadium Redox Flow Battery 

VRLA Valve Regulated Lead-Acid 
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