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Abstract: Worldwide, there has been an exponential growth in the production and application of
lithium-ion batteries (LIBs), driven by the energy transition and the electric vehicle market. The
scarcity of raw materials and the circular economy strategy of LIBs encourage the need to reuse
components, recycle, and give second life to used batteries. However, one of the obstacles is the
insufficient volume of LIBs for recycling, which prevents the economic viability of this industrial
process. Thus, this article mainly focuses on the economic aspects of the recycling of LIBs, presenting
and analyzing: (i) the advantages and disadvantages of recycling and (ii) a survey of factors that
influence the cost and economic feasibility of disposing of batteries. The importance of regulations,
the market, and business models regarding the recycling of LIBs in a few countries are also discussed.
Finally, a business model is created for recycling LIBs in Brazil. The main factors that influence the
economic feasibility of this process are indicated, such as government incentives through regulation,
exemption from fees and taxes, and the adequacy of battery technology. Encouraging recycling
through tax exemptions or reductions can make the process more economically viable, in addition to
contributing to the circular economy. Another essential factor to be considered is the creation of joint
ventures, which can facilitate the entire chain of the circular economy, including logistics, transport,
and disposal of batteries.

Keywords: lithium-ion batteries; recycling; disposing of; energy transition; economic strategy;
business model; electric vehicle; electric mobility

1. Introduction

Batteries are the primary energy storage source [1], and the lithium-ion battery (LIB)
market is growing at a rapid pace. The trend is that it will continue to grow significantly in
the coming years [2], with light electric vehicles (LEVs) as the main driver of this revolution.
By 2030, it is estimated that a total of 10.5 TWh of LIBs will be placed on the market, and
electric vehicles (EVs) will represent 77% of the total installed LIBs globally, equivalent to
approximately 8.1 TWh [3].

In 2013, the electric vehicle market grew in the most prominent LIB markets (China,
Europe, and the United States). In 2018, light-duty electric vehicles were already the largest
segment of LIBs [3]. For that same year, it was estimated that 1.5 million all-electric or
plug-in hybrid electric vehicles (PHEVs) would be sold, corresponding to cumulative sales
of more than 3 million EVs worldwide [4,5].

In 2019, LEVs reached 93 GWh of LIBs installed in all battery electric vehicles (BEVs)
and PHEVs. One of the main reasons for the significant growth in the use of EVs is
government incentives aimed at reducing greenhouse gases and public policies. Such
incentives include both original equipment manufacturers (OEMs) and EV consumers [3].
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One of the significant contributions of EVs is that they can help mitigate climate
problems by assisting in decarbonization and being a sustainable vehicle [6]. Most BEVs use
LIBs because they have a longer life cycle and higher loading and unloading efficiency [7–9].
Compared to lead–acid and nickel–cadmium batteries, for example, LIBs offer greater
energy density and power level, combined with the lower weight of the batteries [9].

In addition to LEVs, heavy electric vehicles can be electric buses and light, medium,
and heavy electric trucks. Small collection vehicles, microvans, and vans can also be
considered as part of this category because they are, in most cases, used for commercial
purposes or as heavy vehicles. This is the third-largest segment for LIBs [3]. In 2020, about
90% of heavy EVs were manufactured in China [10,11].

LIBs are composed of several chemical components. The main one is lithium, which
is used as a cathode [12]. The first commercial LIB was LCO battery. Based on carbon,
nonaqueous electrolyte, and lithium cobalt (LiCoO2), it pioneered rechargeable battery
technology for portable applications [13]. Over time, other types of LIBs emerged based on
the chemistry of the cathode used in the battery.

Regarding the safety of LIBs, there is some concern with the use of liquid electrolytes.
The organic solvents used in producing these electrolytes are highly flammable. When used
with lithium anodes, they can result in the formation of lithium dendrites, which can cause
a short circuit [14]. To avoid this, the use of solid electrolytes is recommended. Cathode and
anode account for almost half of the total battery weight (approximately 40%), followed by
the current collector, which is usually copper or aluminum and accounts for about 15% of
the battery weight [15]. For this reason, aluminum is also a material worth recycling.

Table 1 presents the most common lithium-ion chemistries on the market, along with
some of their applications from power tools to energy storage systems (ESS). The most
used LIB applications are highlighted below.

Table 1. Most common lithium-ion chemistries and their applications. Adapted from [5].

Chemistry Cathode Anode Year Applications

LCO LiCoO2 Graphite 1991 Cell phones, notebooks, cameras

LFP LiFePO4 Graphite 1996 EVs 1, ESS, power tools, utility vehicles, PbA replacement

LMO LiMn2O4 Graphite 1996 EVs 2, power tools, medical devices, e-bikes, e-scooters

NCA LiNiCoAlO2 Graphite 1999 EVs (Tesla), notebooks, medical devices, e-scooters

NMC LiNiMnCoO2 Graphite 1999 EVs 3, eletric tools, ESS

LTO LiNiMnCoO or
LiMn2O4

Li4Ti5O12 2008 Electric buses, e-bikes

1 Chinese models and first US EVs; 2 Nissan Leaf and Renault Zoe models; 3 Most non-Chinese cars since 2017.

The popularity of LIBs has resulted in lower prices. In 2021, the cost of LIBs was
$132/kWh, equivalent to an 89% price drop compared to 2010 ($1200/kWh) and 6%
compared to 2019 ($140/kWh). Based on the historical trend of falling prices, Bloomberg
has stated the projection that the average price will be less than $100/kWh by 2024 [16].
The accelerated growth in the use of LIBs has made developed countries worried about the
disposal of these batteries, culminating in the development of regulations to achieve this
goal [17].

This article is the result of a research and development project focused on studying
the factors that impact the economic viability of recycling EV LIBs in Brazil with the aim
of guiding CPFL and its partners through the presentation of business possibilities for
recycling LIBs. For this, a study on the state of the art of LIB recycling worldwide, a
survey of Brazilian companies involved in recycling or second life, and examination of
the international regulatory and normative benchmarking on this topic were carried out.
The project resulted in the development of a business model for disposal of LIBs in this
country. This business model consists of defining a Brazilian recycling route for LIBs
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based on the study above, addressing costs and revenues of the recycling process, and
surveying Brazilian taxes so that one of the 27 states in the country can be chosen for the
implementation of a recycling factory.

2. Recycling

Due to many LIBs being in use, it is essential to be concerned about the fate of these
batteries when they reach the end of their useful life in the application in which they
are found. Significant environmental impacts are caused during the manufacture of new
batteries. These impacts are even more important than the choice of battery chemistry [18].
In addition, there is some concern about the scarcity of raw materials and the possibility of
reducing the value of batteries through recycling. Faced with such situations, there are two
alternatives to the simple disposal of LIBs: second life and recycling.

2.1. Second Life

In the case of LIBs, some applications require high capacity, such as light-duty electric
vehicles. When batteries reach between 70 and 80% of their ability, depending on the
manufacturer, they are usually no longer suitable for such an application [19].

However, LIBs can be reused in applications that require less capacity. This reuse
is called second life [19]. The ESS for renewable sources is a growing segment and is an
excellent example of the second life use of LIBs from EVs. However, there are also other
applications for used LIBs, such as forklifts, agricultural machines, e-bikes, etc. [20].

For every 10 EV batteries, nine are ready to be reused in other applications in China.
Therefore, instead of recycling, 90% of the LIBs used in vehicles can be given a second
life [3]. This is also a cheaper way of disposing of used batteries as it eliminates recycling
costs. These LIBs can be used between 7 and 10 years longer when removed from their
initial application and destined for another [19]. Besides understanding the advantages of
reusing batteries, it is necessary to know that there are also some disadvantages, such as
the risk of explosion when it comes to the second life use of LIBs.

According to article 14 of the China National Energy Administration’s 22 June 2021
document “Management Specifications for New Energy Storage Projects”: “In principle,
no new large-scale energy storage projects using lithium ions in second life must be
built” [21,22]. The document was made available to the population for consultation and
suggestions. After the consultation period, article 15 of the official document determines the
following: “Constructed and newly constructed second life battery energy storage projects
must establish a platform monitoring system to monitor battery performance parameters
in real-time, perform regular maintenance, and make emergency plans” [23]. In addition,
there must be a battery safety assessment report issued by the corresponding qualification
agency. This change will result in changes to the previously made predictions of LIBs.

In this way, it can be understood that the business model used will direct that batteries
must go to recycling or second life. By 2030, it is estimated that a capacity of 145 GWh will
be available for second life in the world, while 170 GWh could be recycled [3]. In general,
if second life is not chosen, it can be said that 315 GWh of LIBs will reach the end of life
(EOL) worldwide. This is the reason the main focus of this article is the recycling of LIBs
rather than second life.

2.2. Recycling Processes

The price of metals, saving natural resources and raw materials, safety, reducing
environmental toxicity, minimizing CO2 emissions, moderating energy consumption, and
reducing waste are factors that drive the recycling of LIBs [24]. In addition to lithium, other
components can also be recovered in recycling LIBs, for example, aluminum, cobalt, iron,
manganese, and nickel [17].

One of the challenges of recycling LIBs, in general, is the diversity of components,
including different properties [4] and varied physical configurations and cell types. For
example, cylindrical cells present more significant challenges for electrode separation
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compared to prismatic or pouch cells [24]. The variety of LIB chemistries can also create
difficulties in the material recovery process.

Usually, the LIB recycling chain starts with the pretreatment phase. The battery is
discharged first, separated by components such as BMS (battery management system), pack,
and electrode elements [25]. After the recycling steps, various materials can be recovered.
These materials can serve as raw materials for batteries again or go to other destinations.
Table 2 shows the market value of some of these recycled elements.

Table 2. Market values of the main elements of vehicle lithium-ion batteries [26].

Material Price (USD $/Ton)

Cobalt 61,550
Nickel 20,171

Lithium 30,930
Copper 9688

Aluminum 2658
Iron 90.50

Manganese 5.40

Next, comments are made on the main categories of recycling processes.

2.2.1. Pyrometallurgy

The pyrometallurgical process is used for recycling other types of batteries. It involves
high temperatures, generally above 1400 ◦C [21], to melt the batteries so that the metal
oxides are transformed into an alloy of Co, Cu, Fe, and Ni [24], which can be separated
mainly through leaching [4,25,27].

The main disadvantages of this type of process are generation of toxic gases, loss of
material, and high energy consumption [19]. Some advantages are flexibility as different
packs of used LIBs can be mixed, cost and time savings, accelerated process, and ability to
reach high volumes more efficiently [4]. Furthermore, it is impossible to recover lithium
from black mass (alloyed with precious metals) [25].

2.2.2. Hydrometallurgy

Aqueous solutions are used to leach metals from the cathode [24]. Water and different
acids are used for the separation of active materials to occur, most often producing com-
pounds of cobalt, lithium, and nickel [4]. Some of the advantages of this method include
ability to recover metals more efficiently and with a high degree of purity, recovery of Li
in the form of lithium carbonate, and less energy usage [19]. In addition, the emission of
gases in this process is minimal [28].

The most common hydrometallurgical processes used to recover black mass elements
are leaching, electrochemical deposition, solvent extraction, and chemical precipitation [25].
Pretreatment steps are necessary before starting this process due to the presence of impuri-
ties that hinder leaching, including agents with high selectivity [19].

2.2.3. Mechanical/Physical

The physical processing step aims to reduce the volume of scrap by separating valuable
materials and removing the battery’s outer casing [19]. Recovered materials can undergo
physical separation processes, including, for example, crushing, screening, filtration, and
magnetic stirring [24]. There are cases where flotation separates the casings and plastics [4].
Physical separation is classified into four types: (i) size separation, (ii) magnetic separation,
(iii) density separation, and (iv) flotation separation [17].

Mechanical treatment is a process necessary for each element to be separated from
the other [29]. Considering the volume of material in the recovery process, mechanical
treatment is more recommended than manual treatment [27].
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2.3. Disadvantages and Advantages of the Recycling Process

Recycling LIBs have many benefits in several areas. Socially, there is a reduction
in local impacts of mining and refinery. Economically, there is a profitable recovery of
metals from batteries. Environmentally, recycling reduces greenhouse gas (GHG) emissions
because used batteries can be toxic and harmful to the environment when disposed of
incorrectly [29]. In the supply chain, the advantages include the recovery of raw materials
in scarcity, reduction in the demand for these products, and reduction in the dependence
on imported materials.

Among the disadvantages currently existing in the recycling process, a few can be
mentioned, including the absence or insufficiency of governmental laws and regulations,
safety problems in the transport and storage of batteries due to the risk of explosion, and
logistical challenges, such as insufficient collection and disposal points. In addition, the
recycling process still has a high operating cost, and the technology can cause damage to
the environment through discharge of acids into rivers during leaching, toxicity of solvents
from the process extraction, air pollution, and high energy consumption of molten metals
and oxides used in the battery melting process [29].

3. Regulations

Countries should be interested in recycling LIBs given the continuous growth in
various technologies, the value of the components (raw materials), concerns about the
impact of battery waste being deposited in the wrong place, and damage to the environment.
Thus, governments should focus on creating and implementing regulations as a matter
of great importance given their direct influence on the application of recycling targets.
Manufacturers and users of batteries must follow these measures to minimize the negative
impact of their waste in the future.

The United States is starting to move in this direction [30], in addition to the European
Union [31]. Both follow pioneer China’s footsteps, with the highest production, use,
and recycling of LIBs globally. The challenges lie mainly in the recycling processes, the
regulatory barriers of each country, and the race against time for these laws, restrictions,
and regulations to come into force as soon as possible, thus minimizing the environmental
risk that could be caused by improper disposal. In addition to recycling, second life can
recover battery elements that can be reused in other applications, so each country must
check its LIB supply chain to understand the need for each component and each application.

4. Market

The current lithium-ion battery life cycle starts with mining, followed by cathode/anode
production, use, and then disposal (Figure 1a). However, to create a circular economy of
these batteries, improvements in technology, second life applications (reuse and remanu-
facture), and recycling are needed (Figure 1b).

The World Economic Forum has produced an estimate for the battery value chain
in 2030, in which batteries are produced at lower costs and have lower raw material
requirements, fewer emissions, and better social outcomes (Figure 2). For this goal to
be achieved, investments in recycling and second life as well as greater consumer and
government incentives are necessary.
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In addition to environmental and economic benefits, implementing this battery value
chain will also bring social benefits, secure jobs, higher industry revenues, more sustainable
profits, and better outcomes for workers and communities [33].

The products of disassembling and recycling LFP lithium-ion batteries are iron phos-
phate, lithium carbonate, and aluminum materials. Therefore, the economic benefits of
dismantling and recycling are not great. Hence, for LFP batteries, the priority is second life
due to EOL battery capacity (between 70 and 80%).
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4.1. Recycling Routes

The battery goes through different paths depending on the participation of consumers
and manufacturers according to recycling routes and reverse logistics [33]. In European
countries and the United States, battery manufacturers usually assume responsibility for
recycling, coordinated by electric vehicle manufacturers.

In Figure 3, the EV user initially sends the used LIB to a buyer of EVs or a dismantling
company, which sends the LIB directly to the battery rental location, recycling facilities, or EV
factories through an EV distributor. Finally, the LIB manufacturers receive the battery from
EV manufacturers and battery rental companies. Another option is that outsourced recycling
companies get the battery from outsourced recycling sites (collection points, for example).
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In Figure 4, some ways to dispose of used LIB batteries are shown. It is important to
note that reverse and direct logistics are possible. Consumer have some disposal options.
The first option is to exchange the used battery for a new one in the EV distribution network.
The second option is to exchange the battery in the EV battery market. The third option is
to deposit the battery with a battery rental company. It should be noted that disposal that
starts with the EV distribution network then goes through EV and battery manufacturers,
finally reaching the battery rental company, closing the reverse logistics with battery rental
to the consumer [33].
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In European countries and North America, battery manufacturers form a recycling
alliance. The consumer’s first option is to send the battery for disposal to a vehicle disman-
tling company, vehicle buyer company, or scrap dismantling company. Then, the next step
is to send these disposed batteries to a member company of the recycling industry alliance,
which can be battery manufacturers, battery leasing companies, etc. The last step is to send
the batteries to the professional recycling center (Figure 5) [33].
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Another possible route is through outsourced recyclers, where the battery is sent for
recycling after the consumer sends the EV to the dismantling (scrap) company, which
will send the battery for recycling, or the consumer directly delivers the battery to the
third-party recycler (Figure 6) [33].
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Each type of business must choose the recycling route to maximize its benefits.
Lithium-ion battery recycling generally follows the value chain exemplified in Figure 7
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and, in some cases, may follow a different way depending on the country and regulations
in force.

Energies 2022, 15, x FOR PEER REVIEW 9 of 20 
 

 

 
Figure 6. Another lithium-ion battery recycling route option. Adapted from [33]. 

Each type of business must choose the recycling route to maximize its benefits. 
Lithium-ion battery recycling generally follows the value chain exemplified in Figure 7 
and, in some cases, may follow a different way depending on the country and regulations 
in force. 

 
Figure 7. Lithium-ion battery recycling chain. Adapted from [34]. 

4.2. Costs 
Lithium-ion battery recycling costs can be divided into eight items as follows: 

• Depreciation; 
• New battery; 
• Waste treatment (environmental treatment); 
• Auxiliary materials (machinery and equipment); 
• Electricity; 
• Labor; 
• Maintenance; 
• Taxes. 

Figure 7. Lithium-ion battery recycling chain. Adapted from [34].

4.2. Costs

Lithium-ion battery recycling costs can be divided into eight items as follows:

• Depreciation;
• New battery;
• Waste treatment (environmental treatment);
• Auxiliary materials (machinery and equipment);
• Electricity;
• Labor;
• Maintenance;
• Taxes.

Thus, the recycling value can be obtained through the sum of these variables. It is
worth noting that the costs and weighting of these variables in the final cost of recycling may
vary according to the place where recycling is carried out. Today, the total cost to recycle
lithium batteries is approximately US$26/kWh [35], with a recycling fee of US$10/kWh.
However, several recycling plants aim to streamline operations to pay for their batteries in
the next 10 years [36].

American Manganese, a US lithium recycler, cites that NMC batteries, which weigh
about 7.3 kg/kWh, have materials worth US$13/kg or US$96/kWh [35]. In the future, as
the extraction process is improved, up to 20% of the value of the material could be paid,
amounting to approximately US$20/kWh.

For battery recycling, cost parameters include the battery chemistry to be recycled, the
yield (tons of cells per year) of the recycling plant, industry location, whether manufacturing
scrap and rejected cells will be reused, materials and energy flows associated with the
recycling process, equipment used for the procedure, unit prices for chemicals and utilities
consumed, unit prices for materials recovered, and information about plant operation.

By default, a recycling plant must operate 320 days a year, 20 h a day, regardless of
the technology chosen. The assumed useful life for the plant is 10 years. These factors
are used to determine the investment required for the plant as part of the recycling cost
calculation [35].

Depending on the battery chemistry technology, the type of recycling process can be
influenced. For example, in the North American market, NMC-type lithium-ion batteries
are more popular, mainly because of the high cobalt value and the existence of more NMC-
type battery recycling companies. For this reason, recyclers are generally paid for recycling
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LFP-type batteries. In contrast, NMC-type batteries are high-value and purchased to be
recycled and generate a higher profit. Usually, companies have to pay extra to obtain
products with a higher cobalt content [35]. Recycling values LIBs in the North American
market in US$/kg are shown in Table 3.

Table 3. Recycling values for different types of lithium-ion battery chemistries. Source: [35].

Value 1 LCO NMC (111) NMC (622) NMC (811) NCA LMO LFP

US$/kg 2.00 0.20 0.00 0.00 0.00 −1.00 −2.20
1 Negative values indicate that recyclers are paid to recycle batteries.

CAPEX (capital expenditure) and OPEX (operational expenditure) are included within
the recycling costs of LIBs, and the return on investment (ROI) rate of the recycling process
must also be considered for the calculation.

4.2.1. CAPEX

CAPEX is the money spent to buy, repair, update, or improve a business property,
such as machinery, equipment, construction materials, and industry investments. The costs
will help the sector expand its processing capacity [37]. As an example, Tables 4–6 show
some estimated values of capital costs of a recycling plant in Germany for the company
Neometals’ joint venture with Primobius based on studies and tests of pilot plant trials of
Neometals’ proprietary hydrometallurgical flowsheet [35].

Table 4. CAPEX values (direct capital) of the company Neometals. Source: [35].

Direct Capital US$M

Civil infrastructure 9
Land and buildings 34

Front end 6
Hydromet 24

Utilities 12
Installation 11

Subtotal 96

Table 5. CAPEX values (indirect capital) of the company Neometals. Source: [35].

Indirect Capital US$M

Engineering, project management, and owner’s costs 45
Insurance, freight, taxes, and interest 9

Subtotal 54

Table 6. Total CAPEX values of the company Neometals. Source: [35].

Total Costs US$M

Direct capital 96
Indirect capital 54

Contingency (10%) 15
Total 165

Table 7 shows the estimated CAPEX values in the coming years for lithium-ion battery
recycling for the Canadian company Li-Cycle.

Table 7. CAPEX values of the company Li-Cycle. Source: [38].

US$M 2021 2022 2023 2024 2025

CAPEX 137 246 181 10 372
Cumulative CAPEX 137 384 565 574 947
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In 2018, it was estimated that the value obtained from recycling LIBs would be
US$20/kWh in 10 to 20 years. For an energy storage system (ESS), recycling covers
the decommissioning costs, which are approximately US$16/kWh [39]. Recycling and
decommissioning values for a 1000 kWh storage system are shown in Tables 8 and 9.

Table 8. Costs of lithium-ion battery decommissioning in 2018. Source: [39].

Process Cost (US$) US$/kWh

Labor and equipment 8250 50.69
Shipping 8000 191.49
Recycling 10,000 33.79
2018 cost 26,250 275.97

Table 9. Costs of lithium-ion battery decommissioning in 2038. Source: [39].

Process Cost (US$) US$/kWh

Labor and equipment 13,409 13.41
Shipping 13,367 13.37
Recycling −33,418 −33.42

Cost after 20 years at 2.6% inflation −6642 −6.64

4.2.2. OPEX

OPEX includes operating expenses related to payroll, maintenance, and labor hiring
costs. For the joint venture between NeoMetals and Primobius, the OPEX cost of processing
batteries in its lithium-ion battery recycling operation in Germany is US$1560 per ton [39].
A breakdown of these costs is shown in Figure 8.
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For the Li-Cycle company, the OPEX values estimated are outlined in Table 10.
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Table 10. OPEX values estimated for the company Li-Cycle. Source: [38].

US$M 2021 2022 2023 2024 2025

OPEX 15 63 138 345 403
% of Revenue 130.0% 84.5% 52.3% 49.4% 42.1%

5. Return on Investment (ROI)

ROI is a performance measure used to assess the efficiency or profitability of an
investment or to compare the efficiency of several different investments. It measures the
return on a given asset with regard to the applied cost [40]. The calculation method is given
by Equation (1).

ROI =
Current Investiment Value − Investiment Value

Investiment Value
(1)

China Everbright Securities calculated the return on investment of disused LFP batter-
ies for second life relative to new batteries. The values are given in Table 11.

Table 11. ROI on LFP lithium-ion batteries. Source: [33].

The Average Difference in
Electricity Price (US$/kWh) Used LFP Battery New LFP Battery

0.06 6.10% - -
0.07 8.29% 1.70%
0.08 10.35% 3.86%
0.09 12.37% 5.91%
0.09 14.32% 7.88%
0.10 16.24% 9.77%

Revenues

Besides expenditures, the cost calculation for battery recycling also needs to take
revenues into consideration [34], which can be calculated according to Equation (2):

Revenue = ∑ (mi×pi) (2)

where mi is the mass of the material “i” recovered from spent batteries, and pi is the price
of material “i”, as shown in Table 2.

The net recycling cost (NRC) is given by Equation (3) [35]:

NRC = Transportation cost + Recycling costs − Revenue (3)

where Recycling costs = CAPEX + OPEX.

6. Business Model

The term business model refers to a company’s plan to profit by identifying the prod-
ucts or services it intends to sell, its identified target market, and anticipated expenses [41].
For lithium-ion battery recycling companies, the business model is proposed to eliminate
obstacles in the value chain, such as high initial investments, negative values at the end of
battery life, and low efficiency in the final product [3].

Some tools to help build a business model include the following [42]:

• Business Model Canvas;
• SWOT Analysis;
• Value Proposition Canvas;
• Pyramid Business Plan;
• 360◦ Value Analysis.
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Among these tools, the Business Model Canvas was chosen to assemble the lithium-
ion battery recycling business model by simple, practical, and visual means. While using
this device, it is possible to understand and visualize the relationships between business
segments and promote discussions that stimulate innovation.

Business Model Canvas

The Business Model Canvas is a strategic management template for developing new
models or documenting existing models. It is a visual tool with elements that describe its
value proposition, infrastructure, customers, and finances. This business model can best be
described through nine basic building blocks that show the logic of how a company intends
to add value and make money by covering the three main areas of a business: convenience,
feasibility, and practicality [43].

Thus, the Business Model Canvas is an organized way to establish the main features
and critical activities, value proposition, customer relationships, channels, customer seg-
ments, cost structures, and revenue streams. The following is a brief explanation of the
nine parts of the Business Model Canvas:

• Customer segments: This will be the focus of the business.
• Value proposition: Describes the products and services that create value for a specific

customer segment. The value proposition solves a problem or satisfies a customer’s need.
• Channels: Describes how a company communicates with and reaches its customer

segments. Channels are customer touchpoints that play an essential role in the
customer experience.

• Customer relationships: In this segment, the company must clarify the type of rela-
tionship it wants to establish with each customer segment. Relationships can range
from personal to automated. Customer relationships can be driven by the following
motivations: customer acquisition, customer loyalty, and increased sales.

• Revenue streams: Represents the money a company generates from each customer
segment (costs must be subtracted from revenues to generate profit). Each revenue
stream can have different pricing mechanisms, such as fixed list prices, trading, auction,
market dependent, volume dependent, or yield management.

• Key resources: Describes the essential features needed to make a business model work.
These capabilities allow a company to create and deliver a value proposition, reach
markets, maintain relationships with customer segments, and earn revenue.

• Key activities: Describes a company’s activities to make its business model work.
They must create and deliver a value proposition, reach markets, maintain customer
relationships, and earn revenue, similar to key resources.

• Key partners: Describes the network of suppliers and partners that makes the business
model work. Alliances are created to optimize, reduce risks, or acquire resources.

• Cost: These are all costs incurred to operate a business model. Creating and delivering
value, maintaining customer relationships, and generating revenue will generate
costs. These costs can be calculated after defining key resources, key activities, and
key partnerships.

For better understanding, the nine segments can be grouped into four pillars:

• What: value proposition;
• Who: channels, customer segment, and customer relationship;
• How: key resources, key partners, and key activities;
• How much: cost and revenue streams.

A business model canvas for the lithium-ion battery recycling industry was developed.
The results for the market segment and value proposition pillars are shown in Tables 12 and 13.
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Table 12. Market segment for LIB recycling business model.

Customer Segment

Noble metal buyers
Aluminum and steel manufacturers
Lithium-ion battery manufacturers

EV manufacturers
Metal extraction industry

Chemical industries that consume recycled metals

Table 13. Value proposition for LIB recycling business model.

Value Proposition

Proper disposal
Decreased shortage of metals

Promotion of the circular economy
Promote reverse product logistics

Recovery of metals with high added value
Reduction of environmental liabilities

Valuation of discarded batteries
Black mass valuation

Sales of recycling products

Furthermore, the indispensable costs for the business model were analyzed to determine
the relevant variables to be considered in the income equation (income = revenue − profit),
keeping it positive and within the limits that the company will establish. The results are
shown in Table 14.

Table 14. Cost structure for LIB recycling business model.

Cost Structure

Manufacturing certifications
Depreciation of equipment

Waste disposal
Packaging
Electricity

Importation and exportation
Taxes

Equipment installation
Inputs

Environmental and government licenses
Logistics

Maintenance
Qualified labor

Machinery
Marketing

Pay for the used battery
Financial risk

Environmental treatment
Exchange variation

Sales

7. Lithium-Ion Battery Recycling in Brazil

According to NeoCharge, in August 2021, there were 65,644 EVs in Brazil, with
47,122 hybrid vehicles, 15,128 plug-in hybrids, and only 3394 fully electric vehicles. The
hybrid Corolla model is the most popular in Brazil, with 18,567 vehicles in use, representing
28.28% of the Brazilian EV fleet. In addition to Corolla, Toyota has four other EV models in
Brazil, making it the leader in the EV segment in Brazil with 59.90% of the total EVs in the
country [44].
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In Brazil, laws that support and encourage increased use of EVs are still lacking,
both for companies and users. At the corporate level, granting tax incentives allows
governments to promote economic or social development, stimulating business activity in
their territories [45].

Industrial costs vary depending on the state the industry is located in. Brazil is a
territorially large country, and this can lead to high transport and logistical costs for LIBs
depending on where the recycling factory area is installed. In addition to transport and
logistical costs, another relevant issue for choosing the location of a LIB recycling company
is tax incentives. There are three classes of taxes levied on Brazilian industry: municipal,
state, and federal. The state tax (tax on the circulation of goods and services (ICMS)) is
the one that has the most significant impact on the final value of the product and should
therefore be studied more carefully to define the best location for the recycling factory.

Brazilian Taxes

Brazil is divided into five regions (North, Northeast, Midwest, Southeast, and South)
and comprises 26 states and the Federal District (equivalent to 27 federative units). Each
federative unit has its ICMS defined, making the study of taxes a little more complex.
Therefore, the state tax was evaluated in a more in-depth way as follows: (i) the rates
established for the ICMS of each state were listed, and (ii) the survey was divided by the
five Brazilian regions and the state with better performance (lower ICMS).

Another critical point is that this value, which corresponds to each state’s tax, changes
according to the industry. In addition, the company’s size, the number of jobs that will be
generated, the capital that will be invested, among others, are some of the variables that
define how much tax reduction will be granted for each industry. For this reason, surveys of
ICMS reduction ranges practiced in the states were carried out. After obtaining an average,
this value was called the encouraged ICMS. It is worth mentioning that a margin of error
for such data should be considered.

The five selected states, one from each region, are shown in Table 15. It should be
noted that the cost of transport combined with the cost of taxes (mainly ICMS) is what will
indicate the best place to install a lithium-ion battery recycling factory.

Table 15. Encouraged ICMS for five states in Brazil.

Region State Encouraged ICMS (%)

North Pará 2.6
Northeast Bahia 2.4
Midwest Mato Grosso 5.1
Southeast Minas Gerais 3.0

South The Rio Grande do Sul 8.7

8. Results
Suggested Model for Brazil

For Brazil, a model similar to the Chinese model was proposed, in which the battery
of the consumer or the vehicle dismantling company can follow three paths: (i) EV dealer,
(ii) battery rental company, and (iii) outsourced recycling points. It is worth noting that this
proposal is not yet in force and has not been implemented. Of the three possible paths, only
path (i) delivers the battery to the EV manufacturer to deliver it to the recycling company,
while paths (ii) and (iii) have direct access to the recycler. In step 3 for recycling LIBs,
the company responsible for recycling places itself on the recycling route as an accessible
company to receive the batteries from all other participants in the flow. The proposed
recycling route is given in Figure 9.
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Regarding the choice of state for implementing the recycling factory, two variables
must be evaluated with more care as mentioned earlier in the document: ICMS and distance.
This is because ICMS varies between states and bring more benefits to the industry. The
recycler must be located in a focal point to ensure better use of the routes between states
with the used batteries.

Among the five states chosen with the lowest ICMS in each region, the following stood
out: Bahia, Pará, and Minas Gerais with ICMS of 2.4, 2.6, and 3.0%, respectively. They have
similar tax percentages, so the best choice will be determined by the distance factor. Pará
was excluded from possible states for installing the recycling plant as it only has 869 EVs.
The country’s northern region does not favor such investment as it only has 2274 EVs,
equivalent to less than 3.5% of the Brazilian EV fleet. The expenses with transport and
logistics of LIBs would also be unfeasible. As LIBs are flammable material, the cost of
transport and the degree of danger posed would be very high.

The two remaining states are therefore Bahia and Minas Gerais. In terms of ICMS,
Bahia has an advantage. This state is located in the Northeast Region bordering the
Southeast and Midwest Regions. Installing the recycler in the south of Bahia would prove
to be a good option. However, Minas Gerais is the Brazilian state with the second-most
extensive hybrid/electric vehicles fleet of 5009 EVs [44]. In addition, it borders other
Brazilian states with the largest fleet of EVs, such as São Paulo (21,897 EVs) and Rio de
Janeiro (4491 EVs) [44]. In this case, the volume may indicate that Bahia will be a bolder
choice compared to Minas Gerais. However, knowing that EVs have grown and will grow
more and more in Brazil, it is also known that the volume of batteries used will also increase.
Therefore, the state of Minas Gerais is the best choice for the installation of the recycling
factory.

9. Conclusions

This study analyzed the economic feasibility of implementing a recycling factory for
LIBs in Brazil and examined the main factors that will enable the feasibility of this process
through examples of worldwide cases that have been successfully implemented or are
under development.

Worldwide, there is growing concern for the environment. In the near future, when
the volume of lithium-ion batteries available for disposal will be more significant due to
increased use of these batteries in electric vehicles and other applications, the recycling
process will become more financially attractive. Many countries have concerns about the
correct disposal of lithium-ion batteries, including economic, political, and environmental
factors. The price of LIBs and EVs has been decreasing annually, demonstrating a growth
in demand for these items and the competition created among companies in the sector. We
have emphasized the importance of recycling LIBs in countries that still do not have a solid
business in this sector, such as Brazil.
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However, it is a challenge to profit from recycling batteries at the existing volumes
as these processes are only profitable with scaled quantities. Another current difficulty,
especially in underdeveloped and undeveloped countries, is exporting LIBs to other coun-
tries. Due to lack of local recyclers, many batteries can be disposed of in the wrong
way in landfills, causing severe damage to the environment and the health and integrity
of neighborhoods.

Another factor to note is that the transport of used LIBs is dangerous. For this reason,
it incurs a high cost, making it impossible to export batteries to other countries in most
cases. With the growing number of EVs on the streets, it will be increasingly urgent to
have recyclers in as many countries as possible. This can happen with the development of
recycling facilities in different locations or with branches of prominent recyclers in places
where this enterprise is lacking.

A circular economy aims to manage waste by encouraging reuse, recycling, and
responsible manufacturing. It also aims to reduce emissions and increase efficiency in the
use of natural resources. By understanding the value chain and routes of LIBs, it is possible
to achieve the recycling goals and correctly dispose of batteries.

Encouraging recycling through tax exemptions or reductions can make the process
more economically viable, in addition to contributing to the circular economy. Locations
with more significant tax incentives encourage the construction of recycling plants, generate
jobs, and promote economic and social development at the plant’s installation site.

Another essential factor to be considered is the creation of joint ventures, which
stimulate and encourage companies to join together to achieve the same objective, further
allowing recycling goals to be achieved. Joint ventures can facilitate the entire chain of the
circular economy, including logistics, transport, and disposal of batteries, to help reduce
barriers to recycling batteries in Brazil.
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