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Abstract: This paper explores the transition to electric cars in Brazil. The country has been successful
to reduce its carbon footprint using biofuels, but it is facing a dilemma in vehicle electrification. It
cannot shift abruptly to battery electric vehicles, as current consumers are unable to afford them and
investment in recharging infrastructure is uncertain. However, it has a significant manufacturing
base, and it cannot isolate itself from global industrial trends. This study relies on the inductive case
study method, identifying the core green technologies in vehicle electrification and extrapolating their
trends, to explain how the transition process is feasible. The emergence of a dominant design (set of
core technologies defining a product category and adopted by the majority of players in the market)
in small and affordable segments is essential for the diffusion of electric cars in developing countries.
Biofuel hybrid technologies may support the transition. The Brazilian industry can engage in electric
vehicle development by designing small cars based on global architectures, targeting consumers in
emerging markets. The article contributes by using a dominant design core technologies framework
to explain and map the transition to electric vehicles in developing countries, supporting academic
research, government, and industry planning.

Keywords: electric car; technology transition; dominant design; vehicle electrification; clean energy;
materials usage; vehicle battery; hybrid car; developing countries; Brazil

1. Introduction

Climate change is one of the great challenges of our time. The Paris Agreement—an
international treaty signed in 2015 by 196 states and the European Union—aims to limit
global warming to below 2 and preferably 1.5 degrees Celsius compared to pre-industrial
levels, to mitigate the harmful effects of climate change [1]. Human-generated greenhouse
gas (GHG) emissions must be reduced to close to zero to achieve that objective.

As the transport sector is one of the major global greenhouse gas emitters (21%) [2], a
group of national governments, municipalities and regional governments, automobile man-
ufacturers, and many other institutions and businesses signed a declaration at COP26—the
2021 United Nations Climate Change Conference—to transition to zero tailpipe emission
vehicles by 2035 in leading countries and no later than 2040 in emerging countries [3].
Among the signatories were the UK, Sweden, Canada, Mexico, Chile, Ford, General Mo-
tors, Mercedes-Benz, Volvo, and Jaguar Land Rover. However, there were abstentions
from the United States, China, Germany, Brazil, Volkswagen, Toyota, and BMW, among
several others. Completely abandoning internal combustion engines is still a significant
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challenge in many parts of the world, considering technical, economic, social, political, and
geographic factors.

1.1. Decarbonization of Light Vehicles in Brazil

Brazil has a successful history of using biofuels in transport. The 1973 Oil Crisis
motivated the creation of the National Alcohol Program (Proalcool), establishing ethanol as
an alternative to oil-derived fuels. The program contributed to reducing air pollution by
replacing lead as an anti-knocking agent and reducing carbon monoxide and hydrocarbon
emissions [4]. Biofuels are considered carbon-neutral on exhaust emissions as the emitted
CO2 has been previously captured from the atmosphere by photosynthesis. However, there
are greenhouse gas emissions in fuel production and transportation. The first Brazilian
ethanol-powered automobile was launched in 1979.

Automotive gasoline in Brazil is a blend of 27.5% anhydrous ethanol (E27). Ethanol
for vehicles (E100) contains up to 4.5% of water. Flex fuel engines can run on any mixture
between E27 and E100. There are about 44 million active light vehicles in the domestic
fleet and 74% of them are flex fuel [5]. It is estimated that 70% of flex fuel vehicles run on
gasoline. Ethanol consumption is influenced mainly by the ethanol to gasoline price ratio.
Ethanol prices are affected by weather, government policies, international sugar prices,
crude oil prices, and transport costs [6].

Out of 1.98 million new light vehicles registered in 2021 (79% passenger cars and
21% light commercial vehicles), 84% were fitted with flex fuel engines, 3% with gasoline
engines, and 13% were diesel-powered [5]. Only 2,851 electric cars were sold in 2021, just
0.14% of light vehicle sales [7]. In 2020, 85% of electric power in Brazil was generated from
renewable sources (Figure 1), led by hydropower 63.8%, followed by wind generation 9.2%,
biomass 9.0%, and solar energy 1.7% [8].
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Figure 1. Brazilian sources of electricity in 2020. Source: [8].

The Vehicle Emissions Control Program (PROCONVE) started in 1986, and it pro-
gressively reduces new vehicle emission targets [9]. Although it sets targets for carbon
monoxide, nitrogen oxides, hydrocarbons, soot, aldehydes, and sulfur oxides, it does not es-
tablish CO2 limits directly. New phases in 2022 and 2025 will introduce progressively more
stringent limits on non-methane organic gas and nitrogen oxides, both ground level ozone
forming substances [4,10]. Although there is no current legislation explicitly mentioning
vehicle electrification as a route to energy efficiency and decarbonization in Brazil [9], the
PROCONVE requirements will demand improvements in current engine technology and
possibly an increase in the share of electrified vehicles [4].

Vehicle electrification is the transition from pure internal combustion engine vehicles
(ICEVs) to full battery electric vehicles (BEVs), often with intermediate stages of electric
hybridization—the combination of combustion engines and electric motors [11–13]. Electri-
fication is inevitable for carbon neutrality in transport [4,11–14]. Besides climate damage,
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sticking to carbon fuels would isolate a country from the global industry, which would
seriously affect its competitiveness and access to technology [11,12,15,16]. However, Brazil
is not ready to shift abruptly to pure battery electric vehicles, as most of its population
would be unable to afford them, and the massive investment in infrastructure is beyond its
current capacity [4,11,12,17,18].

1.2. Technology Evolution and Dominant Design

Green innovations are technologies and practices that improve the quality of human
life and reduce the impact on the environment. They minimize the usage of energy and
materials, as well as reducing pollutant emissions and waste [19]. Incremental innovation
(continuous change) occurs along an existing technology path, while radical innovation (dis-
continuous change) is related to the emergence of a new technology [20]. A new technology
path usually starts with an innovation shock, a rupture from the existing technology [21].

The emergence of a dominant design is a landmark in the transition of technology
from the stage to radical innovation to incremental innovation [22]. A dominant design
is a set of product features that defines a product category and is widely adopted by the
industry as a de facto standard competitors must adhere to [19,20,23]. The phase prior
to the dominant design is called the era of ferment and is characterized by discontinuous
innovation, many competitors, intense experimentation, and high growth rates [22,24,25].
Electric cars are in the fermenting stage of industrial evolution [20].

A dominant design marks the transition from a focus on product innovation to process
innovation [20]. Although the radical product innovation phase is over, there is an increase
in incremental product variations. A key aspect of the emergence of a dominant design
is the dramatic reduction in product costs [22,24]. The increase in production volumes
accelerates learning, standardization, and modularization of components [25,26]. Prices
fall and most potential consumers adopt the new product.

A systems view provides a better understanding of technology innovation and domi-
nant designs [19,26]. Dominant designs emerge not at the product system level but first
in components or subsystems [27]. When dominant designs in the set of central or core
subsystems consolidate, a system dominant design emerges. Core components are those
that affect the largest number of product characteristics or features, i.e., they have many
connections [19,26]. Peripheral components, affect few characteristics and thus have fewer
connections. The larger the number of connections in a product, the higher its complexity
(i.e., it has many variables) [19].

Architecture is the way components of a system are connected and organized [27].
A dominant design is a family of designs with common and stable core subsystems and
architecture [28]. However, dominant designs are unlikely to be present in all components
(subsystems). Once the core components of a design are settled, development shifts to
peripheral components. Core components become invariants that are not revisited in a
new design [27,29], reducing the design space, and restricting variations to peripheral
features [26]. A replacement of core components implies a change in the dominant design
and new technology.

Adner and Kapoor [30,31] expanded the notion of technology evolution by adding
the ecosystems dimension. Most technologies depend on complementary technologies to
come to fruition, delivering value. An ecosystem is a community of multiple actors and
activities aligned to create and deliver value to customers. It includes producers, suppliers,
competitors, distributors, customers, and other stakeholders, and adds complementors,
such as BEV recharging infrastructure, energy utilities, battery reutilization, and recycling
firms [32].

Beyond products, competition happens among ecosystems. Substitution depends on
the capacity of a new technology to overcome its challenges, and on the existing technol-
ogy to keep improving [33–35]. In creative destruction, the new technology overcomes its
challenges quickly and the old technology is unable to catch up, being rapidly superseded.
The illusion of resilience happens when the existing technology is unable to evolve, but it
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lives a bit longer because the new technology struggles to solve its challenges. However, it
is a matter of time before the old technology is disrupted.

When a new technology faces significant entry barriers and the incumbent technol-
ogy still has room for significant improvement, substitution tends to be slow, with robust
resilience. Battery electric vehicles in emerging countries are such a case. There are consid-
erable barriers for the dissemination of battery vehicles, and internal combustion engine
vehicles can still be improved. However, if the new technology surmounts its difficulties
quickly but the incumbent also improves vigorously, replacement is gradual, in a period
of robust coexistence. The relation between pure internal combustion engine vehicles and
hybrid vehicles is akin to that situation. The need to create a new ecosystem for battery
vehicles can generate considerable tension and resistance. Hybrids may bridge the gap
using existing manufacturing and fuel infrastructure (Figure 2).
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Electric vehicle technology depends on the development of batteries with enough
energy storage and power delivery, vehicle design (electric motors, control systems, archi-
tecture), on recharging infrastructure, power supply from the grid, battery reutilization, and
recycling. The competition is not only between technologies but between the ecosystems
supporting internal combustion vehicles (manufacturers, oil industry, biofuels industry,
suppliers, dealers) and electric vehicles (manufacturers, battery makers, charging firms,
power suppliers, battery reuse, and recycling firms).

This paper posits large-scale diffusion of electric cars in developing countries is un-
likely to happen before the emergence of a dominant design for small passenger vehicles.
Those vehicles should be affordable but practical, comfortable, and safe for small family
usage, including enough driving range for holiday trips. The significant cost reduction nec-
essary to make battery electric vehicles accessible to current automobile buyers can only be
achieved with the economies of scale that follow the emergence of a dominant design [27].
The transition to electric cars promises more efficient use of energy and materials in the
automobile industry. As the industry moves from fuel intensive to materials and energy
intensive [36,37], battery reutilization and recycling—still in the early stage and with no
established standards and procedures—will also be a key element in the transition.

This article originally contributes by using the dominant design core technology
framework to analyze, explain, and map a feasible transition process to electric cars, applied
to the specific case of a developing country. The study provides knowledge to support
academic research, policy, and decision-making in both industry and government. The
existing literature on vehicle electrification in Brazil and the theory of dominant designs was
explored in this section. Materials and methods are discussed next. The core technologies
for vehicle electrification and the convergence to dominant designs are explained after.
From the analysis, relevant electrification technologies are framed, mapped, and discussed.
The study is concluded and suggestions for future research are offered.
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2. Materials and Methods

We rely on the inductive case study method, seeking relevant factors and the expla-
nation of a complex phenomenon under the logic of theory [38]. The case of transition
to electric vehicles in Brazil combines both extreme and typical elements of the vehicle
electrification general case. Following Eisenhardt et al. [38], extreme cases provide a broad
and clear perspective of a problem and can facilitate new insights. This study aims to
understand the emergence of a dominant design in electric vehicles, their dissemination
in developing countries, and a potential bridging process using hybrid technologies, to
support strategy and policy making.

Our research draws on the academic literature on industrial evolution, product in-
novation, technology transition, and dominant designs. To investigate the Brazilian light
vehicle electrification case, we relied on secondary data on energy policy, powertrain
technologies, alternative fuels, vehicle electrification, electric cars, biofuels, clean energy,
materials reuse, recycling, and value chains, from government agencies, research institutes,
and think tanks, technical reports, and articles from consulting firms and specialized press.
From the analysis of those documents, we extracted the major trends in the core green
technologies relevant to the emergence of electric cars—batteries, electric motors, control
systems, architectures, charging infrastructure, battery reutilization, and recycling. Next,
we inferred the main implications for developing countries and for Brazil, in particular,
considering the biofuels experience. Then we draw a map of the technology transition,
with ensuing explanations (Figure 3).
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The most difficult task is not to understand what will happen but when and how
it will happen. For instance, will the transition process be gradual or abrupt? Beyond
the study of competing technologies, it is necessary to explore ecosystems—institutions,
customers, manufacturers, suppliers, complementors, and infrastructure—in complex
interactions, and their unfolding dynamics. Since this is an investigation of the emergence
of dominant designs, following Murmann and Frenkel [26], we make explicit both the
level of granularity and the unit of time of the study. We focus on the subsystem level
(batteries, electric motors, control systems) to understand the integration into the overall
vehicle architecture, at a system level. This is an inquiry on the automobile evolution from
a developing country’s point of view, neither from an isolated firm’s nor from the global
industry perspective. The time scale of reference is in years.

This research refers to light-duty four-wheeled land vehicles, to the exclusion of other
terrestrial transports such as heavy trucks, buses, trains, tractors, and motorcycles. The
Brazilian National Environment Council (CONAMA) [39] defines two categories of light
vehicles: light passenger vehicles and light commercial vehicles (LCVs). In Brazil, diesel
engines are used in heavy vehicles (trucks and buses) and light commercial vehicles but
are not allowed in passenger cars. Light commercial vehicles are those: (a) with a payload
over 1000 kg; (b) capable of carrying eight passengers or more, plus the driver; or (c) with
off-road characteristics. LCVs fall below heavy trucks and buses in capacity, which are also
legally defined. Some four-wheel-drive SUVs (sport utility vehicles) clear the CONAMA
off-road vehicle criteria and are diesel-powered—as they are classified as LCVs—although
they are typically used as private vehicles [10]. Although there is no legal definition or
global consensus on the concept of SUV, we refer to closed bodywork passenger vehicles
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that are taller than traditional passenger cars, with higher ground clearance and elevated
ride height [29].

3. Results
3.1. The Emergence of a Dominant Design in Electric Cars

Electric cars are propelled by electric motors fed with energy from batteries, which
are charged either from the power grid or by brake energy recovery [40]. Electric cars are
praised for energy efficiency (about 90% compared to 25–50% for combustion engines), low
emissions, low operating costs (energy and maintenance), instant torque, smooth linear
acceleration, and silent operation [41]. Among their weaknesses are high purchasing prices,
limited real-world driving range, lack of charging infrastructure, long recharging times,
and not having a charger at home [40,41]. In emerging countries such as Brazil, consumers
need affordable vehicles that cover their full usage spectrum, not just daily commuting,
including three or more annual holiday trips [16,40].

The core subsystems in electric vehicles are power batteries, electric motors, and
power control systems [26,27,42–45]. BEVs are currently in full ferment mode of technology
evolution and core subsystems are undergoing intense development, in wait for a dominant
design to emerge (Figure 4).
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3.1.1. Batteries

Lithium-ion batteries, with their high energy density, durability, and low self-discharge,
were originally developed in the consumer electronics industry and made electric vehicles
feasible [46]. The most common lithium-ion batteries are the NMC622-graphite type, with
nickel, manganese, and cobalt present at 6:2:2 molar ratios in the cathode, and the anode
made of graphite. Lithium ions flow between the electrodes through a liquid electrolyte
and electrons run in the outer circuit, generating electricity. Nickel, manganese, and cobalt
contents determine a battery’s capacity, safety, and charge/discharge rate, respectively.
NMC111-graphite batteries are no longer used. By 2030, NMC811-graphite is expected to
be the common battery chemistry [46,47].

NMC batteries held 71% of the EV battery market in 2020, nickel-manganese-aluminum
(NMA) 25%, and lithium-iron-phosphate (LFP), less than 4% [2]. However, LFP batteries
are increasing their market share, due to their long life, thermal stability, performance,
lower cost, and no use of cobalt—which is often sourced from strategically sensitive
countries [48–50]. LFP batteries are about 25% less energy-dense at the cell level than
NMC batteries. Solid-state lithium batteries—using solid instead of liquid electrolytes—
promise significant improvements in cost, energy density, safety, packaging, and weight,
but manufacturing at a commercial scale is a challenge, unlikely to be surmounted before
2030 [46].
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There is a lot of variation in battery chemistry, geometry, and thermal management
systems [51]. There are battery cells in cylindrical, prismatic, and pouch geometric forms.
Usually, battery cells are assembled in modules and then in battery packages. Battery
packages need strong casings to protect them in collisions and to accommodate cooling
systems and connectors [52]. Some recent LFP batteries skip modules and assemble cells
directly in packages, reducing their weight and hence the disadvantage in specific energy
compared to NMC batteries [49]. Structural architectures that eliminate package casings
are also being developed [53]. Since battery technology is in the fermenting stage, the
industry will need to find the right balance between standardization—to achieve economies
of scale—and flexibility, making room for the fast pace of change and competition [52,54].

Batteries can cost between thirty and fifty percent of an electric vehicle, depending
on battery and vehicle size [41,55]. In 2020, the average lithium-ion battery pack cost was
USD 137 per kWh [2]. The MIT projects battery packs will still cost USD 124 by 2030 [46], as
it foresees an increase in the cost of the minerals used to produce batteries. The current en-
ergy density of lithium-ion batteries is about 220~250 Wh/kg. Solid-state lithium batteries
are expected to deliver 400 Wh/kg by 2030 [2].

Battery manufacturing is a logistics conundrum. Batteries are difficult and costly
to transport in containers because of their bulk and weight. From the logistic point of
view, battery production is better located close to vehicle manufacturing facilities [7,56].
Local battery production—at least at the package assembly level—is deemed essential for
establishing a BEV industry [55].

3.1.2. Electric Motors

Among the electric motors currently applied to vehicle propulsion are the permanent
magnet synchronous motor (PMSM), AC asynchronous induction motor, and reluctance
motor [43,57]. Permanent magnet motors currently hold 90% of the EV market [9], due to
their energy efficiency and power density. Besides the common radial flux type (magnetic
flow perpendicular to the output shaft), the axial (parallel to the output shaft) flux per-
manent magnet motor is receiving attention recently, due to its higher torque density and
compact packaging [58]. However, permanent magnet motors use rare earth metals in their
magnets, raising concerns about both toxic extraction wastes and sourcing concentrated in
a few countries [9,59].

Induction motors do not use permanent magnets (hence no need for rare earth metals),
are less costly, but are also less efficient than permanent magnet synchronous motors, due
to energy losses in their copper windings [9]. A reluctance motor uses imbalances produced
in the magnetic fields of multiple mismatched poles between the stationary (stator) and
rotating (rotor) parts of the motor to produce torque. It provides a good power density to
cost ratio. However, they can produce torque ripples and noise, and some applications use
small permanent magnets in the rotor to mitigate those effects [43,57].

Although some vehicle manufacturers currently outsource electric motors, there is
a trend to design and build motors in-house, as a source of efficiency, performance, and
competitive advantage [59]. However, in-house development can delay the emergence of
dominant designs [27].

3.1.3. Control Systems

Control systems are devices and software that manage battery energy, to provide
powerful, smooth, silent, and efficient operation of electric motors. Controllers achieve
those tasks by varying the electricity voltage, shifting from direct current to alternating
current, and changing the frequency of the alternating current [43]. Control systems are the
brains of electric vehicles. Superior levels of system refinement and efficiency are achieved
only with top-notch expertise and painstaking development and testing. For instance, it
took Nissan ten years to perfect the control of motors and batteries [25].

Masiero et al. [15] recommend that Brazilian suppliers engage in the development of
control systems, which manage the power from the battery to modulate the electric motor
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operation. Control systems are a core BEV technology, and they tend to be centralized
in company R&D headquarters. Although Brazil may have the competence, government
policy and incentives would be needed to encourage global manufacturers to engage their
subsidiaries, sharing the development of control systems.

3.1.4. Architectures

The system architecture is the way subsystems are connected and integrated [27].
Battery electric vehicle architecture is intimately linked to battery packaging as this is
the bulkiest and heaviest component in the vehicle. Incumbent vehicle manufacturers
usually start the incursion in electric cars by adapting existing combustion engine vehicle
architectures, to reduce capital expenditures, lower volume risks, and time to market. Those
manufacturers also tend to adopt off-the-shelf modular components and sometimes build
electric cars in assembly lines shared with conventional vehicles [60].

Dedicated architectures are expected to replace internal combustion engine vehicle-
derived platforms in the future, to improve vehicle packaging, weight, efficiency, and
costs [60,61]. Since electric motors are smaller than internal combustion powertrains
(engine and transmission), wheels can be moved to the corners of the vehicle in native
architectures, and spaces for transmission tunnels and fuel tanks are eliminated, freeing
the central floor area for batteries and cabin space. Dedicated architectures also improve
vehicle dynamics, by locating the batteries in positions of low center of gravity.

3.1.5. Charging Infrastructure and Energy Management

Despite 80–85% of EV charging being conducted at home [46], an adequate public
charging network is essential to meet user requirements [62]. In Brazil, there are only about
750 public EV charging stations [63] —most of them level 2 chargers with 7.4 and 22 kW of
power. There are very few 100-kW level 3 fast chargers, and no connection standards [64].
Building the charging infrastructure is challenging in countries with large territories, such
as Brazil and India [16,40,65]. The cost of installing an EV supply equipment is in the
USD 30,000–USD 80,000 range [62]. According to the Brazilian Automobile Industry Asso-
ciation (ANFAVEA), Brazil will need approximately 150,000 charging points by 2035 [18],
requiring between USD 4.5 and USD 12 billion in investment. This will require a joint
effort among vehicle manufacturers, companies interested in providing charging infras-
tructure, and the government. Considering the history of limited investment capacity from
the government, the infrastructure is going to take considerably longer than in leading
countries [17].

A smart grid incorporates sensing and monitoring technologies to the power network,
allowing the bidirectional flow of both energy and information [40]. It is an important
element in the integration of electric vehicles, as it provides energy supply and demand
management and can help alleviate the demand for grid expansion [40,64]. The increase
in EV power demand generates the risk of system overload—power fluctuations, service
degradation, and even blackouts [6,66,67]. Studies indicate there is an overlap of EV
charging and residence peak loads between two and six o’clock PM. Machine learning
methods are being developed to improve charging network management, optimizing the
vehicle energy demand side [66,67].

3.1.6. Battery Echelon Utilization and Recycling

Batteries no longer fit for use in electric vehicles can be reused in less demanding
applications such as powering residences and commercial buildings, as they retain ap-
proximately 80% of the original energy density. The reuse of retired batteries from electric
vehicles in other applications is known as battery echelon utilization [68]. Among the benefits
of echelon utilization are extended battery service life, energy efficiency, economic rents,
and reduction of environmental impacts.

Since echelon utilization is an intermediate solution, those batteries will still need to
be eventually disposed of and recycled [46,69,70]. About 80–85% of the weight content
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in an internal combustion vehicle is currently recycled [71]. Since 30 to 50% of an electric
vehicle weight is in batteries, adequate battery recycling and disposal are deciding factors
to achieve similar indices in battery vehicles. It is an arduous task, as there is a diversity of
battery chemistries and formats, and there is no established recycling procedure—most
current batteries are not even designed with recycling in mind [46,69,72].

A lithium-ion battery is composed of several recyclable materials (Table 1) [73], and
the most valuable ones—such as nickel and cobalt—are in the cathode. 100% of lithium,
nickel, manganese, and cobalt, and 90% of aluminum, copper, and plastics in a battery can
be recycled. It is estimated the world will need 250,000–450,000 t of lithium, 1.3–2.4 million
tons of nickel, and 250,000–420,000 t of cobalt to produce batteries in 2030. Although known
reserves are sufficient to meet the demand for metals in batteries, temporary shortages
and price increases are expected, caused by fluctuations in demand, and exporting issues,
as the extraction of minerals such as lithium and cobalt is highly concentrated in a few
countries [36,73].

Table 1. Lithium-ion battery materials (percentage of weight at package level). Source: adapted
from [73].

Aluminum 32%
Graphite 18%

Nickel 10%
Electrolyte 9%

Copper 6%
Plastic 5%

Manganese 3%
Cobalt 2%

Electronics 2%
Lithium 2%

Steel 1%
Residual 10%

100%

Among the methods used to separate materials in battery recycling are melting (py-
rometallurgy) and dissolving them with acids (hydrometallurgy). Direct recycling recovers
battery cathodes using mechanical and chemical processes, without breaking them down
into primary materials. It is a promising method but is still in the early development
stage [10,46,69,70]. Battery recycling is complex, can be energy intensive, may emit GHGs,
and may be hard to be competitive economically with raw materials mining [69,72].

Battery technology is in full ferment mode, but reuse and recycling are in infant stages.
It is important that battery and vehicle manufacturers incorporate echelon utilization and
recycling at the design stage, making it easier to identify and separate battery components
and materials. Lithium-ion will continue to be the battery chemistry of choice for at least the
next ten years [73]. However, future batteries may require different metals in the cathode,
making demand for those materials uncertain ten to fifteen years ahead [37,72]. To find a
sweet spot between standardization and freedom of innovation is a major ordeal [56,58].
Machine learning techniques are being developed to improve battery echelon utilization,
increasing service life, energy efficiency, and environmental benefits [68].

3.2. Hybrid Transition

Existing firms challenged by radical innovations sometimes choose hybrid strategies
to fill the gap between traditional and new technologies [74]. Hybrids contain features of
the emerging innovation combined with others from the existing technology. For instance,
hybrid cars combine electric motors and internal combustion engines. However, the
effect of hybrids is controversial, and they are sometimes disliked as inelegant technology
adaptations. However, they can be useful to learn and bridge transitions under the right
circumstances [74].
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It is important to understand why a hybrid technology is being adopted [75]. Hybrid
strategies are employed to learn, to shape, to buy time, or to prevent a new technology
from taking hold. In most cases, they are temporary, and a major risk is sticking to a hybrid
for too long, hoping it will be a permanent solution.

Biofuel hybrid electric vehicles (HEVs) are a compelling way to bridge the transition
to battery vehicles in countries such as Brazil. They are means to learn some elements of the
EV technology, to bridge the transition while the new technology and infrastructure are not
yet economically feasible, and to shape the transition process, accommodating the needs of
both market and industry. However, they should not be a way to block the transition [15].

Hybrid electrification is a significant step forward in energy efficiency, compared to
the conventional internal combustion engine, while still employing most of the existing
product and production competencies. They can smooth the transition until a battery vehi-
cle dominant design emerges and complementary technologies—charging infrastructure,
battery reuse and recycling, power grid, etc.—are ready. Hybrids can be used to understand
EV technology, value chain, distribution, and marketing [75].

3.2.1. Hybrid Electric Vehicles (HEVs)

A hybrid vehicle combines an internal combustion engine with at least one electric
motor powered by a battery. Electrification improves the efficiency of an internal combus-
tion engine vehicle by recovering energy from braking and storing it in batteries, to assist
engine start and acceleration [47]. The combination of combustion engines and electric
motors in hybrids broadens the optimal operation range of speed and loads, reducing both
energy usage and emissions [41]. The battery is charged either by brake energy recovery
or by a generator driven by the combustion engine. If the combustion engine propels the
vehicle with a mechanical link to the wheels, it is a parallel hybrid. In a series hybrid, the
combustion engine works just like a battery recharger and it is not connected directly to the
wheels [40,76].

Plug-in hybrid electric vehicles (PHEVs) can charge the batteries from the grid, besides
being charged by the combustion engine or by brake regeneration [40]. Their batteries are
usually larger than in non-plug-in hybrids and they can operate as pure battery electric
vehicles for short distances [47]. Plug-in hybrid electric vehicles can also have parallel or
series configurations. A series PHEV is also called a range extender electric vehicle (REEV),
as the combustion engine supplements energy from the power grid for range increase,
operating as an energy generator only, without driving the vehicle wheels [40].

Parallel hybrids usually have larger combustion engines than series hybrids. Con-
versely, series hybrids tend to have larger electric motors than parallel hybrids. In a parallel
hybrid, the main source of propulsion is still the combustion engine, while in the series
hybrid, the electric motor is supplemented by a combustion engine. Parallel hybrids tend
to be more efficient to operate at high speeds on highways and series hybrids are cleaner
and smoother in urban environments [77].

3.2.2. Fuel Cell Electric Vehicles (FCEVs)

A fuel cell electric vehicle can be understood as a range extender vehicle (series hybrid)
that uses a fuel cell instead of a combustion engine to power the electric motor. It uses
electrical energy generated by the chemical reaction between hydrogen and oxygen (from
the air) in fuel cells, charging batteries, and powering electric motors that propel the
vehicle [40]. The most common fuel cell in vehicles is the proton exchange membrane
(PEM) type, which uses hydrogen from fuel tanks. The ethanol-powered solid oxide fuel
cell electric vehicle (SOFCEV) extracts hydrogen from ethanol using a device called a
reformer, eliminating the need for hydrogen production and supply infrastructure [78].
The electrodes in solid oxide fuel cells are separated by a rigid oxygen ion conducting
ceramic membrane [79]. There are no hydrogen tanks and no connection to the power
grid in solid oxide fuel cell vehicles. Batteries are charged by the fuel cells and are smaller
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than in pure electric car batteries, making solid oxide fuel cell vehicles potentially more
cost-competitive [79].

If current development obstacles—durability and reliability—are overcome, ethanol
fuel cell vehicles may reach the market by 2030 [79]. However, direct hydrogen proton
exchange fuel cell vehicles (PEMFCEVs) are uncompetitive in Brazil. Direct hydrogen fuel
cell vehicles are considerably more expensive than battery electric vehicles, due to the need
for precious metals—e.g., platinum—to catalyze reactions (precious metal catalyzers are not
needed in solid oxide fuel cells because of their higher operating temperatures). Hydrogen
production and distribution are even more complex, challenging, and expensive than the
battery charging infrastructure, and Brazil is unlikely to mobilize in that direction [79,80].

4. Discussion

In isolation, neither market nor technology can explain the emergence of a dominant
design. The selection process is strongly influenced by political and social dynamics, mak-
ing the prediction of the exact shape of a dominant design difficult, if not impossible [22,24].
However, it is possible to understand the evolution of the core technologies and the dom-
inant design emergence process, to estimate both its probability and timing [81]. It is
important to evaluate the capabilities and resources needed to accomplish the transition.
The hybrid strategy life cycle must be mapped to understand the technology transition,
remembering most hybrids are stopgap solutions and resisting the temptation to stick to
them for too long. Firms (and countries) that strive to learn and embrace the future are
more successful than those that are recalcitrant [75]. Table 2 summarizes major facts and
events affecting the transition to battery vehicles.

Table 2. Main events affecting the transition to electric cars in Brazil.

Event References Time Estimate

COP26, zero tailpipe emissions declaration [3,65,82] 2035/2040

Dominant design emergence, from the study of patents [19,20,27] 2030

Dominant design emergence, from the automobile
history pattern [15,24,83] 2032–2050

Battery high energy density (~400 Wh/kg) [2,46,84] 2030

Battery cost competitiveness [46,84] 2035–2040

Vehicle acquisition cost parity [17,64] 2035–2040

Adequate charging infrastructure in developing countries [4,14,17,18] 2035

Emission regulations impact on pure gasoline and diesel [4,10,18] 2035

Zero emissions traffic in urban perimeters [4,77] 2040

Global industry ceasing internal combustion
engine production [3,4,61,65,82] 2045

Ethanol fuel cell electric vehicle maturity [8,85] 2030–2035

Small pure electric car diffusion in developing countries [17,19,83,86] 2040–2050

4.1. Lessons from History

The competition among battery and combustion engine cars is not new. It hap-
pened at the beginning of automobile history, in the late nineteenth and early twentieth
century [43,83,87]. Electric cars lost because batteries were unable to provide an adequate
driving range, recharging infrastructure was more complex than supplying liquid fuel, oil
was cheap (in the United States), Electric cars were more expensive, and electricity was not
even available in certain regions—especially in rural areas [61].

The introduction of the steel closed body in the 1920′s increased vehicle comfort,
room, practicality, and safety, creating the concept of a touring car, and the aspiration for
motorized traveling on holidays [43,83]. The touring car was largely responsible for the
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victory of gasoline cars. Touring was not possible with early twentieth century batteries,
due to range and lack of infrastructure. In 1911, Charles Kettering invented the electric
starter, eliminating the dangerous operation of hand cranking to start a combustion engine,
and removing a major disadvantage of the internal combustion engine car [43]. From that
event, battery technology became subordinate to the combustion engine and was used to
engine start, ignition, and lighting [83].

The Ford Model T, made from 1908 to 1927, introduced mass personal motorization
to both rural and urban populations, and eventually set the dominant design for auto-
mobiles [43,83]. The automobile was no longer a toy for rich customers. The Model T
was comfortable, useful, versatile, reliable, safe, reasonably powerful, and efficient—a
respectable automobile that could be used for both commuting and traveling—and still
affordable [15,83]. At the end of its life, it incorporated the core elements that defined the
dominant design—gasoline-powered engine, steel closed body, steering wheel (some cars
were steered using a tiller), electric starter, and electric lighting [83].

From the study of 2.6 million patents in a vast range of industries, Brem et al. [20]
concluded dominant designs take between fifteen and twenty years on average (the mode
was eighteen years) to emerge from their first applications. It took twenty-two years,
between the first internal combustion engine car (the 1886 Benz Patent-Motorwagen) and
the 1908 Ford Model T [43]. However, the Model T incorporated the whole set of core
elements—such as a closed steel body and electric starter—only eighteen years later, in
1926 [83].

New attempts to make the electric car viable happened in the 1970s, 1990s, and early
2000s [59]. After the 2009 great recession, electric cars finally gained traction, to no small
degree due to achievements in battery technology—lithium-ion chemistry was developed
by the consumer electronics sector [87]. The first modern-era series production BEV was
the Nissan Leaf, launched in 2010 [25]. Tesla launched the Model S in 2012 [43].

Innovations are driven not only by cost and performance but from emotional factors
such as status and luxury [17,88]. Some electric vehicle trials of the past, such as the
Norwegian Th!nk (2008–2012), did not take emotional factors into consideration and failed.
In contrast, Tesla vehicles—largely responsible for the widespread interest in electric cars—
sell on attributes such as performance and style, while still making their owners feel both
intelligent and good about themselves, due to smaller carbon footprints than in combustion
vehicles [88,89].

Products such as automobiles and smartphones create experiences that establish
emotional connections with people’s ethos and culture [83]. It is not possible to change
behavior solely with technology and policy, without consumers’ acceptance. Research
shows the aspiration for personal transportation will not vanish [55,83,86]. Electric vehicles
will need to have the same basic capacities as combustion engine vehicles, such as range,
cost, performance, comfort, space, safety, and convenience [83].

An intriguing assessment from the patent study by Brem et al. [20] is, that once a
dominant design is established, it lasts in the original form for a maximum of only six
years. The increasing acceleration of technology change in some industries may make the
emergence of a dominant design ever more difficult and, when it happens, shorten their
life spans.

4.2. Stricter Emission Regulations in Brazil

Emission regulations in Brazil (and other emerging countries) will be ever more
rigorous, following benchmarks in developed countries, albeit with some delay [18]. Pro-
gressively more stringent emission limits of greenhouse gases and other pollutants will
make gasoline, diesel, and even flex fuel vehicles struggle to comply and increase the
need for electrification [4,10]. Non-flex gasoline and diesel-powered light vehicles may be
phased out by the middle of the next decade, with flex fuel and hybrid vehicles remaining
for a little longer.
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Although ethanol-powered combustion engine vehicles present low carbon emissions,
they release other air pollutants (CO, NO2, CXHY, particulate matter). Legislation in munic-
ipalities may forbid using combustion engines within urban perimeters, allowing traffic in
electric mode only [4,77]. This will effectively ban internal combustion engine vehicles and
conventional hybrids around 2040. Plug-in hybrid vehicles will be electronically controlled
to operate in local zero emissions mode in urban areas and to fire combustion engines only
outside city boundaries. To meet consumer needs, the electric mode range must increase
from the current 30–50 km to about 90 km to be practical [77].

4.3. The Global Automotive Industry

Some of the world’s major automobile manufacturers have announced plans to stop
selling internal combustion engine light vehicles between 2030 and 2040, especially in
leading countries [3,4,61,65]. Although they will continue to offer combustion engines
in emerging markets for a few additional years, their demise (including hybrids) is most
likely by mid-century. Although electric car adoption is a challenge in countries with large
territorial extension, limited purchasing power, and modest charging infrastructure, battery
technology is expected to mature in power, energy content, convenience, and cost to replace
other types of energy by that time.

All large automobile manufacturers in Brazil are either subsidiaries of transnational
companies or local companies that license foreign technology. Most core products are de-
signed in engineering centers abroad from global architectures. A few existing derivatives,
such as small SUVs, pickups, and light cargo vans are locally developed, but usually based
on global architectures. Most incumbent global manufacturers currently adapt battery
vehicles from existing combustion engine vehicle architectures, to reduce investments, risk,
and time to market. In the future, they will be developed from dedicated architectures
and R&D activities tend to be even more centralized than they are today, seeking optimal
returns on investment [87]. It will be hard for countries in the periphery to engage in the
core technologies of the battery vehicle industry.

4.4. Developing Countries

Competitive advantage is the set of skills, knowledge, and resources to create value
that is superior to what competitors are offering [30,83]. It is unlikely that two companies
or countries starting at different points in time will achieve the same results in the battery
electric vehicle industry. The United States, Europe, China, Japan, and Korea are likely to
concentrate on the technology as they have a significant head start and have been investing
heavily in research and development. It will be difficult for emerging countries to catch up
without government intervention. Access to the knowledge is likely to happen only after a
dominant design is consolidated globally [17,19,86].

Brazil may consider the development of region-specific applications. One venue is
the exploration of biofuel hybrids to bridge the transition to battery vehicles [15]. Another
is to develop vehicles for emerging markets based on global battery vehicle architectures
(small SUVs, light-duty small pickup trucks, and cargo vans), as it currently happens in a
few combustion engine vehicle cases. However, designing small and affordable electric
cars with bona fide driving range, comfort, safety, and practicality attributes is challenging
because of the cost, size, and weight of batteries.

Mass market electric cars will need to accommodate four people with luggage, offer
a real-world driving range of over 400 km (about 250 miles), and to be priced at around
USD 20,000. Currently, battery vehicles are almost three times more expensive than equiv-
alent combustion engine vehicles [90]. For instance, an electric Peugeot e-208 (a small
hatchback) costs BRL 265,900 (USD 51,700; 16 March 2022 exchange rate) in Brazil—a com-
parably equipped combustion engine version costs BRL 90,990 (USD 17,692) [91]. Electric
car prices will need to decrease a lot to be affordable to current vehicle buyers [64]. Con-
sidering batteries may account for half the cost of a small car [41,55], electric vehicles will
take significantly longer than the 2030′s (projected for the leading countries) to disseminate
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in emerging markets. In the meantime, hybrids will be needed to fill the gap (Figure 5),
helping to mitigate climate change.
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5. Conclusions

The objective of this investigation was to analyze current policy, legislation, market,
and technology developments in light vehicles, to explain the transition to electric cars in
Brazil. It was accomplished with a case study, analysis, and interpretation of both academic
literature and secondary documents. Flex fuel hybrids can bridge the transition process
from combustion engines to fully electric vehicles. Evermore stringent emission standards
may demand hybrids to operate only in electric mode in urban settings. As batteries
improve in both energy density and cost, and infrastructure is built, pure electric vehicles
will eventually take over, but with a considerable delay compared to advanced economies.

Mass diffusion of electric cars in developing countries is unlikely to happen before
the emergence of dominant designs in core vehicle technologies—batteries, electric motors,
control systems, and architectural integration—and the advent of affordable and practical
vehicles that can replace current vehicles in the full spectrum of needs and usages. Domi-
nant designs are not necessarily performance optimal in all core components, but they are
satisficing value propositions that accommodate technical, economic, and sociopolitical
requirements. The success of a design is determined not by its technical performance but
by cost. Brazil can support the development and manufacturing of relatively affordable
light electric vehicles (small SUVs, light pickup trucks, and cargo vans) based on global
architectures, catering to both domestic and export emerging markets.

The transition involves both biofuels and gradual electrification, but it should not lose
sight of electrification for the sake of biofuels. Although biofuels will bridge the transition,
simultaneous development of both series hybrids and battery vehicles will be needed to
build technical knowledge and competencies. Hybrids and parallel plug-in hybrids may be
adapted from combustion engine vehicle platforms, but a battery vehicle is better deployed
from a native architecture. The onboard use of biofuels to extract hydrogen and to power
fuel cells is also being actively investigated and shows promise.

The emergence of dominant design may take about twenty years (if it emerges at all)
but may last in its original form for only six years. That is approximately a single life cycle
or generation of an automobile. It is also close to an individual product development cycle.
It means once a dominant design emerges, its successor is already in gestation. Among
the promising emerging core technologies are solid-state batteries, axial motors, structural
architectures, direct battery recycling, and machine learning technologies to optimize
both charging network management and battery echelon utilization. The supply chain
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crisis triggered by the COVID-19 pandemic exacerbated some challenges such as strategic
dependence on some materials sourcing for batteries (cobalt, lithium) and permanent
magnets in electric motors (rare earth metals), as the industry moves from fuel intense
to materials intense. The vehicle electrification process is extremely dynamic and hard
to follow. The window of opportunity may be very narrow. Clear government policy,
support, and investment are essential to developing the skills and resources needed to do a
successful transition to electric cars.

Future Research

Since the objective of innovation is to deliver value to customers, market acceptance is
a natural mirror image of technology. Dominant designs may emerge in certain regional
markets without converging into a global dominant design. It is equally plausible dominant
designs emerge at a specific market segment level, reflecting customers’ economic and
psychological profiles. As the global automobile industry transitions to battery electric
vehicles, understanding how dominant designs are ramified and delineated in both geo-
graphic regions and market segments—and their impact on transport decarbonization—is
an important and fertile field for further investigation.

Batteries are the heaviest and more expensive components in electric vehicles, and they
need specific attention. Battery echelon utilization and recycling are in early experimental
stages and achieving a balance between standardization and flexibility is a distant and
uncertain goal. Despite intense ongoing research, it is still an issue waiting for answers,
especially in developing countries.
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