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Abstract: Connected autonomous vehicles (CAVs) have emerged as a promising solution for enhanc-
ing transportation efficiency. However, the increased adoption of CAVs is expected to lead to a rise in
transportation demand and, subsequently, higher energy consumption. In this context, electric CAVs
(E-CAVs) present a significant opportunity to shape the future of efficient transportation systems.
While conventional CAVs possess the potential to reduce fuel consumption, E-CAVs offer similar
prospects but through distinct approaches. Notably, the control of acceleration and regenerative
brakes in E-CAVs stands out as an area of immense potential for increasing efficiency, leveraging
various control methods in conjunction with the cooperative and perception capabilities inherent
in CAVs. To bridge this knowledge gap, this paper conducts a comprehensive survey of energy
efficiency methods employed in conventional CAVs while also exploring energy efficiency strategies
specifically tailored for E-CAVs.

Keywords: energy efficiency; electric vehicles; range increase; connected autonomous vehicles

1. Introduction
1.1. Motivation

Economic and environmental considerations encourage the automotive industry to
move toward using electric vehicles (EVs). However, the emergence and penetration
of EVs are uncertain [1]. The development and penetration of EVs have some barriers.
Among all of these barriers, the range and efficiency of these vehicles have attracted much
attention. The increasing efficiency of EVs has been studied in different research [2]. It
could be addressed either by means of increasing the efficiency of electric motors [3],
by increasing the efficiency of batteries by thermal control [4], by charging procedure
control [5], by making them more efficient with better power electric components and
semiconductors [2], or by achieving better efficiency by means of optimizing the vehicle
route [6]. Another approach for increasing the efficiency of EVs presented in [7] is to
optimize energy consumption by using an energy management strategy under different
driving cycles. The authors of [8] challenged increasing battery size since increasing battery
size would lead to environmental impacts and carbon footprint. Addressing all of the
barriers mentioned above is challenging and costly. However, E-CAVs can address some
of these energy-related challenges. E-CAVs benefit from the advantages of electrification,
connectivity, and autonomous mode driving simultaneously.

E-CAVs are EVs equipped with sensors and technologies to enhance different levels
of autonomous driving. They are opening up a new era of vehicle development. CAVs
and E-CAVs are equipped and configured with different communication and sensing
technologies with software and hardware for handling complex computations. They
can utilize vehicle-to-vehicle (V2V) communications and vehicle-to-infrastructure (V2I)
communications. An E-CAV equipped with these powerful technologies can have access
to a vast amount of data and can interact with other vehicles. All of these potentials
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bring new opportunities for more efficient driving. The increase in efficiency could be
achieved by either V2V communication or V2I communication [9]. However, while the
energy efficiency of CAVs has been the main topic of several studies [10–13], the energy
efficiency of E-CAVs has not been investigated widely. This paper highlights the efficiency-
enhancing potentials of E-CAVs, drawing upon previous research and considering the
unique capabilities of E-CAVs. Notably, it should be acknowledged that, while all the
energy loss reduction potentials identified in CAVs for internal combustion engine vehicles
(ICEVs) are applicable to E-CAVs, the effectiveness of each potential may vary between
ICEVs and electric vehicles (EVs).

1.2. Methodology

The methodology used for preparing this paper includes the following steps. (1) For-
mulating basic concepts of energy efficiency which help to provide details and concepts
used for energy efficiency. This will help the reader investigate key factors in the amount of
energy a vehicle demands for operating. (2) Investigating studies involving methods, nov-
elties, or optimization algorithms for decreasing the amount of fuel/energy consumption in
vehicles using any autonomous mode or utilizing any connectivity feature. To find related
literature, specified keywords were used. These keywords were extracted by checking
similar review papers. The investigated papers were categorized into two main categories:
the conventional CAVs category and the E-CAVs category. Based on the approach used in
the investigated papers, they were classified into different subcategories. Each subcategory
determines the technology/method used for increasing efficiency. (3) Screening of the
papers to be eligible to be considered significant and reliable work. This step is necessary to
filter papers. The authors used papers that have significant quality in the assessment of the
amount of possible energy saving. In addition to this, it was important for authors to check
the paper for a method that is exactly implementable using CAV features. (4) Extraction
of data in this work was based on reported methods and the corresponding amount of
energy saving or fuel consumption reduction in comparison to the baseline conditions.
The authors investigated papers that provide realistic, applicable methods with proper
comparison to the baseline condition. Papers that used non-standard baseline situations
were not considered. (5) Analysis of the data was performed by comparing reported values
in different categories. This analysis is based on significant works with a reliably reported
amount of efficiency gain in comparison to the baseline situation. The analysis shed light
on different available investigated methods and also the amount of each different potential
implementation both in conventional CAVs and E-CAVs.

1.3. Objective and Contribution

Despite the high number of review papers on methods and state-of-the-art in EVs’
efficiency, and also the great number of CAVs efficiency-related review papers, there is a
lack of survey papers specifically determining the state-of-the-art in energy-related issues of
E-CAVs. Therefore, the objective of this paper is to show the knowledge gap in determining
and identifying of potentials of E-CAVs in increasing energy efficiency. While there are
surveys discussing CAVs’ potential in increasing ICEVs’ energy/fuel efficiency, there is
a lack of studies to bridge these methodologies into E-CAVs. The contributions of this
paper are as follows: (1) We compare all of the existing energy-efficiency-related techniques
and identified that EVs can benefit from these techniques although they have not been
implemented since researchers mistakenly believe that EVs are already energy efficient.
(2) We provide a comprehensive resource for researchers to adopt and implement other
available algorithms into E-CAVs while considering the limitations and advantages. (3) In
addition, we determine that the existing techniques can benefit from regenerative brake
systems, which can bring new development and improve the energy efficiency of EVs. To
summarize, this paper addresses the existing lack of implementation of energy-efficiency-
related algorithms for EVs, which has been shown in a graphical illustration at the end of
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this paper. As depicted by illustration, one of the main issues for this knowledge gap is the
general assumption that researchers consider EVs more efficient than ICEVs.

The structure of this paper is outlined as follows: In Section 2, we delve into the
energy principles of vehicles, addressing the potential and methods for enhancing energy
efficiency in CAVs. Section 3 presents a survey of the energy efficiency potentials in CAVs
across six main classifications. Section 4 focuses on reviewing energy-efficient approaches
specifically tailored for E-CAVs.

2. Energy Consumption Principles

The first step toward determining how energy is consumed in a vehicle is to investigate
the governing equation. The basic energy equation for a vehicle is Et = Ec, where Et is
traction energy which could be produced by the motor or engine and is delivered to the
wheels, and Ec is the energy consumed by the vehicle. The total consuming energy is
defined as

Ec = Eair + Eroll + Eacc + Eg, (1)

where Eair is the aerodynamic energy consumption term, ERR is the amount of energy
consumed to overcome rolling resistance force, Eacc is the amount of energy that consumed
for the acceleration of the vehicle, Eg is the amount of energy consumed in changing the
height of a vehicle, namely, concerning vehicle elevation. The aerodynamic force could
result in energy perturbation known as:

Eair =
1
2

ρa A
∫ S f

0
CDv2(s) ds, (2)

where ρa is the air density, A is the frontal area of the vehicle, and CD is the drag coefficient.
V(s) denotes the speed of the vehicle as a function of path parameter s. S f is the final
position over the path. The rolling resistance force is induced due to the contact between
the tire and the road. The amount of this force is mostly related to the tire structure and
material, the tire pressure which controls deflection and road handling of the tire, and the
vehicle weight. For a specific vehicle, this force is defined as

FRR = mgµ, (3)

where FRR is rolling resistant force, m is the vehicle mass, and g and µ are the gravitational
forces acceleration and rolling resistance coefficients respectively. Therefore, the rolling
resistance energy term (ERR) can be written as:

ERR = mgµ
∫ S f

0
v(s) ds. (4)

Eg can be described as follows:
Eg = mg∆h, (5)

where ∆h is the change in the altitude of the vehicle. Eacc is the amount of energy consumed
for the acceleration of the vehicle.

Eacc = Mg
∫ S f

0
a(s) ds, (6)

where M represents total inertial effects, including mass and rotary components of the
vehicle drivetrain and wheels. a(s) refers to vehicle acceleration as the path parameter
function. In conventional ICEVs, this energy term will be lost, but in electric or hybrid EVs,
a portion of this energy would be recovered in terms of regenerative braking. Therefore,
the energy consumption for HEV and EV can be written as

Ec = Eair + Eroll + Eg + Eacc − Erb, (7)
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where Erb is the recovered energy with regenerative braking. The amount of recovered
energy could be key to addressing and minimizing the energy consumption of the vehicle.
This is further discussed in Section 4.1. The equation for energy could be written as force
terms. As depicted in Figure 1, by converting energy terms to force terms, the equation of
force equilibrium could be written as

Ftrac = M
dv
dt

+ mgsin(θ) + Fair + FRR, (8)

where Ftrac is the traction force acting on the wheel from the surface, which can be positive
during acceleration or can be negative during braking (either normal or regenerative
braking), θ is the road slope as shown in Figure 1, and Fair is aerodynamic force. With
constant CD, (2) is

Eair =
1
2

ρa ACDS f (v̄2 + σ2), (9)

where v̄ is the average speed over any distance interval, σ is the standard deviation, and
dv
dt denotes time derivation of speed.

𝜽

𝑭𝒂𝒊𝒓

𝑭𝑹𝑹

𝑭𝑹𝑹

𝑭𝒕𝒓𝒂𝒄.

𝒎𝒈

𝒎𝒈 𝒔𝒊𝒏𝜽

Figure 1. Illustration of free diagram of forces on a vehicle.

To decrease aerodynamic losses, based on Equation (9), average speed and its deviation
are the only parameters that can minimize this energy term by means of vehicle dynamics.
It is worth noting that minimizing the average speed would increase drive time and
decrease traffic flow, which is undesirable in most cases, but decreasing speed deviation is
more feasible. The term m dv

dt in Equation (8) shows the necessary force for acceleration or
deceleration. In conventional vehicles, the deceleration force comes from brakes, while the
acceleration force comes from the power transmission system. In acceleration, when this
force is positive, the energy transferred from the power transmission system would be

Eacc =
1
2

m(v2
f −V2

0 ), (10)

where v f and v0 are the final and initial speeds. In deceleration time intervals, the term m dv
dt

is not positive. In these time intervals, it is incorrect to use Equation (10) since all braking
energy cannot be recaptured. Therefore, it was necessary to define Erb as an energy term
in Equation (7). To summarize, in acceleration time intervals, Equation (10) determines
the energy flow from power transmission to the wheels. In deceleration time intervals,
Erb shows the energy flow from the wheel to the power module of an EV. Based on this
analysis, speed variation is undesirable and it is important to minimize σ in any segment
of the drive cycle.
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3. Energy-Saving Methods in CAV

In Ref. [11], challenges against CAVs’ development were studied. Based on this study,
energy efficiency could be a future obstacle toward CAV development. This is because the
fact that autonomous mode will increase the number of trips, and without the optimization
of energy consumption, the development of CAVs will bring new challenges against
the total energy consumption for transportation. The authors of [12] reviewed control
algorithms and presented a planning architecture for CAVs to reduce energy consumption
by means of control algorithms like eco-driving, powertrain control, eco-routing, and
real-time planning. In Ref. [13], methods to increase energy efficiency with traffic-based
approaches, smart cities, and new mobility technologies were surveyed. Based on the
literature survey [14], different methods of increasing efficiency in CAVs have been studied,
and the progress and state-of-the-art of these approaches and methods have been addressed.
In this section, we discuss seven common approaches for reducing the energy consumption
of conventional CAVs.

3.1. Road Statement

Road statement anticipation can help a CAV optimize its fuel consumption based
on road curvature and elevations using a road 3D map. Information like road curvature,
elevation, and traffic information can be transferred to the vehicle via V2I communication.
These data can be further analyzed for energy consumption reduction. Traffic information
is also transferable to the vehicle from a local traffic management center. It is also possible
for a connected vehicle to receive this information from a crowed-sourced tool like Waze,
Google Maps, Inrix, and Here WeGo. Road status anticipation can be a good source for both
human drivers and automated algorithms for the reduction of fuel consumption [15]. It has
been shown that, even in the absence of connectivity, this information could be retrieved
based on historical data [16]. In this regard, the amount of fuel consumption reduction
varies between 2% [17] and 11.6% for heavy-duty vehicles [18].

3.2. Fleet Timing

Each vehicle in a fleet or traffic can optimize its driving cycle to reduce its braking
and acceleration. There are several approaches for planning vehicles either in traffic or
prior to intersections. For instance, the main idea discussed in [14] is to minimize stops and
idling caused by intersections. This can be achieved by receiving the intersection signal
phase and timing (SPaT). In Ref. [19], as a primitive usage of this system, time signals were
transferred to the drivers to alert them about the traffic situation and about intersections.
Fuel consumption reduction was reported between 7% and 14% at intersections. In another
work, by using traffic light signals and an optimal control algorithm, a total reduction
of 59% fuel consumption was reported [20]. This reduction of fuel consumption was
achieved by using intersection signals with vehicle radars data together in predictive cruise
control. In another work, an optimization algorithm was used to ensure safety while
decreasing the total traffic fuel consumption. In this approach, instead of optimizing the
fuel consumption just for one vehicle with microscopic fuel consumption models, the total
traffic fuel consumption is optimized [21]. This study demonstrated that the prior fuel
consumption reduction reported by other techniques was inaccurate since safety and travel
time factors were not considered realistically.

In Ref. [22], a two-level model for traffic signal timing and trajectory planning is
considered. The first level optimizes arrival time for traffic control by using dynamic
programming (DP). The second layer considers fuel consumption by general pseudospectral
optimal control. The work reported an average 10.38% reduction in fuel consumption.

In Ref. [23], a cooperative control method was proposed for vehicles with V2I capabil-
ities. Vehicles’ speed and traffic light timing were optimized simultaneously, showing a
significant reduction in total fuel consumption for vehicles by 23.7%.

The Eco-Approach and Departure (EAD) is another promising technique to benefit
from signalized intersection data to minimize fuel consumption. This method is based
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on calculating optimal speed trajectory by receiving data from the SPaT system and the
Geometric Intersection Description (GID). The primary goal of speed trajectories is to decel-
erate the vehicle in a manner where it reaches the intersection at the green light. If it cannot
make the vehicle reach the green light, it plans the vehicle to decelerate with the least fuel
consumption. The designed speed trajectory can be delivered to the driver or the control
system of a CAV [21,24–26]. In the literature, numerous eco-driving strategies for the EAD
are presented [27–29]. These works reported various amounts of fuel consumption reduc-
tion ranging from 2.02% to 58%. In Ref. [29], by considering powertrain characteristics and
implementing numerical and experimental models on a three-intersection environment,
a 12–28% reduction in fuel consumption was achieved. This work showed the imple-
mentation of the EAD system along signalized corridors. However, the fuel consumption
reduction in the above-mentioned methods is measured during a small portion of the
path, which is unrealistic. The optimization methods can cause traffic interruptions for
other vehicles, resulting in fuel consumption increase in surrounding vehicles. To address
this, two possible strategies are suggested in the literature: (1) selfish optimization or
micro-optimization, and (2) optimization by considering mixed traffic flow, which is a
macro-optimization method among a group of vehicles. The simulation in [30] showed
that using fleet timing data can increase efficiency by 29% with the selfish optimization
method. It could increase by 26% in 100% CAVs in a network of vehicles using group
optimization [31].

3.3. Merging and Lane Changing

Lane selection and merging are known as challenging maneuvers for both human
drivers and automated driving systems [32]. The fuel consumption or energy consumption
side of lane changing and merging has been investigated in the literature [33–35]. There is
a huge number of simulations for lane changing using the MOBIL lane change model [33].

Based on the literature, there are two methods to minimize fuel consumption during
merging and lane changing. The first method is based on energy/fuel consumption
optimization of the merging vehicle by changing velocity and acceleration [34,35]. This
method can be achieved by only anticipation and without cooperation. The second method
is based on the optimization of energy/fuel consumption in the passing traffic that the
vehicle is merging into, because merging a vehicle into another lane would affect coming
traffic. If the merging vehicle can anticipate other vehicles’ speed and intentions by V2V
communications, it can do so in a more efficient manner. By receiving traffic timing, vehicle
speed, and spacing information, energy consumption could be optimized between 7% and
14% [36]. The traffic-related fuel consumption during merging or lane changing should be
addressed with cooperation between merging vehicles and vehicles in the lane. In literature,
fuel consumption is not the most important goal of related works, although based on the
study in [37], cooperation can reduce fuel consumption in a macro-simulation.

3.4. Car Following

Car following algorithms are known as the primitive AV features. There is a great
number of works toward the optimization of vehicles using these features. However,
more recent works have put more focus on cooperative adaptive cruise control (CACC)
and platooning. The main difference between CACC and other car-following features is
shown in Figure 2. CACC and platooning are considered in some literature interchangeably.
However, the difference between CACC and platooning is the hierarchy. In CACC, each
vehicle can join or leave the cooperation driving at any time.

Platooning is well known in literature to bring both ADAS capabilities and decrease
drag-induced energy losses. This is more significant among trucks since these vehicles suffer
from a high amount of drag coefficients due to their cubic end structure [38–40]. Several
experiments in the US, Europe, and Japan demonstrated a 5–15% increase in efficiency.
During the past several years, different aspects of platooning have been addressed and
the technology seems to have matured [41]. In addition, several review papers addressed
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the progress of this technology [42–44]. Vehicles in a platoon can benefit from increased
efficiency due to drag force reduction, fuel consumption optimization methods based on
data from V2V and V2I connection, and cooperation toward shaping a fleet of vehicles.
Some works like [45] show a much better fuel efficiency increase in the simulation of
a 100% platooning effect for 10 vehicles using Model Predictive Control (MPC). This
work reported around 50% fuel efficiency increase in an ICEV in some drive cycles. The
total energy-saving effect of platooning is considerable. This is due to the fact that this
energy/fuel-saving method is effective on a large portion of travel distances. However,
the primary motivation to develop CACC is to increase ADAS features, but it is expected
that the resulting harmonizing effect with this strategy would increase the total vehicle
efficiency [46]. The harmonization effect would decrease braking events and finally lead
to less deviation from the average speed. In the model presented in [47], the CACC effect
claimed to decrease fuel consumption by 50% in comparison to ACC algorithms with 100%
penetration by traffic harmonization.

Communication Channel

𝒂𝒊+𝟏 𝒂𝒊 𝒂𝒊−𝟏

𝑽𝒆𝒉𝒊𝒄𝒍𝒆 𝒊 − 𝟏𝑽𝒆𝒉𝒊𝒄𝒍𝒆 𝒊𝑽𝒆𝒉𝒊𝒄𝒍𝒆 𝒊 + 𝟏

Figure 2. CACC diagram.

The conventional ACC optimization method is selfish optimization, which means
that the algorithm tries to find the local optimum in fuel efficiency for the vehicle utilizing
this feature [48], whereas recent work on CACC’s look for a “social optimum” [49]. Some
work has been performed by considering the total fuel consumption as the cost function
of the optimization algorithm in CACC. The results in this section are interesting. Social
optimization on energy consumption for ICEVs reported up to 50%, based on the simulation
in [47]. This total reduction in energy consumption of a fleet of vehicles over a long travel
distance is among the greatest values that can be achieved.

There are also some other issues in developing CACC technology that should be
addressed. For instance, a CACC control algorithm should be able to ensure safety, string
stability, cyber security, and driver and passenger comfort. It is worth noting that increasing
fuel efficiency without considering other aspects would not be applicable. In Ref. [50], a
multi-objective optimization algorithm was used to consider mobility, safety, driver comfort,
and fuel consumption. By simulation, 33% fuel consumption reduction was reported. This
was achieved by considering the simultaneous optimization of fuel efficiency and other
objective functions, including safety and driver comfort. Another technique is presented
in [51], in which energy consumption reduction, safety, and ride comfort are used as
objective functions. In a CACC, the dynamic model for the ith vehicles in a CACC or
platoon at the time t is defined as follows:{

ẋi(t) = vi(t),
v̇i(t) = ai(t),

(11)
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where i = {1, 2, 3, . . . n} denotes the vehicle identification number, and xi(t), vi(t) and
ai(t) denote the position, velocity, and acceleration of the ith vehicle at time t, respectively.

Based on (8), if the road slope θ is considered equal to zero, then the acceleration for
the vehicle with an internal combustion engine could be written as follows:

ai(t) =
1

Mi
Ftrac,i −

1
mi

(Fair,i − FRR,i), (12)

where mi, Mi, Ftrac,i, Fair,i, FRR,i denote the mass of the ith vehicle, total inertia (including
mass and rotary components equivalent inertia) of the ith vehicle, traction force for the
ith vehicle, drag force for the ith vehicle, and rolling resistance, respectively. Note that the
traction force could be positive during acceleration or negative in braking mode; therefore,
it could be written as:

Ftrac,i =
ηi(t)Pi(t)

vi(t)
− Fb,i(t), (13)

where ηi(t) is the engine efficiency, Pi(t) is the engine power, and Fb,i(t) is the brake force.
The drag force and rolling resistance force in (12) can be defined as

Fair,i =
1
2

ρaCD,i Aiv2
i (t), (14)

FRR,i = migµ. (15)

The total power of the vehicle acting on this model is dependent on the engine
efficiency. To ensure safety, a minimum distance should be considered. On the other hand,
too much spacing would decrease road capacity and also prevent the drag force reduction
beneficial of CACC. Therefore, it is important to set vehicle distance around an optimum
value. The distance between two vehicles consists of two parts: one of them is known as
fixed headway distance and the other one should be related to the vehicle velocity. Based
on [52], designed safe distance can be calculated by

ddes(vi(t)) = τvi(t) + d0, (16)

where τ is a fixed value, and d0 is the headway distance that can be set by driver habits or
can be left fixed.

In conventional CACC, the controller tries to set the distance between two vehicles to
remain within a desired value derived in (16). This goal could be achieved by receiving
shared data with other vehicles. Other vehicles can share either their velocity or acceleration
or both. In an ideal case, the follower vehicle can receive the acceleration and velocity of
the following vehicle via V2V communications and can detect the actual distance to the
following with radar or Lidar sensor as feedback. The controller can then set its distance
near the desired value calculated in (16).

As mentioned previously, to optimize fuel efficiency, the total consumed energy should
be minimized. To optimize the consumption of whole vehicles in a string, the total power
indicated in (13) should be minimized. Note that the power term in this equation denotes
the consumed power at time t for the ith vehicle. Therefore, to optimize the whole string of
vehicles operating in CACC mode or platooning, the total consumed energy is

ET,whole = Σn
1

∫ T

0
Pi(t) dt, (17)

where n is the number of vehicles in the string of CACC, and T is the total time. The engine
power and its efficiency could be derived from engine torque and velocity using an engine
map. Moreover, the engine power could be approximated from approximate models [53].
Therefore, by including energy optimization within the controller, total consumed energy
could be minimized. The platooning or CACC operation mode could play a significant role



Electronics 2023, 12, 4086 9 of 22

in a total vehicle drive cycle since this mode can operate in a remarkable driving time of a
vehicle for its whole life.

3.5. Cooperation on Intersection

In Section 3.2, the effect of having knowledge about the timing of an intersection was
discussed, but performing cooperation is more than sending and receiving signals, known
as signaling. In signaling, each vehicle receives the timing signal from the intersection and
can manage to decrease fuel consumption. This could be achieved with less unnecessary
acceleration and braking. In cooperation mode, the intersection control can also do much
more to handle passing traffic, decrease wait time, and eliminate wait time for CAVs
receiving data from an intersection.

In the best scenario, with 100% CAVs at an intersection, the red light could be omitted
using V2I and V2V communications. These ideas are the topics of several works. For
instance, in [54], a cooperation system is presented to help all vehicles cross an intersection
without any collision by providing a safe maneuver for every vehicle to pass the intersec-
tion. The authors of [55] used two-level optimization in controllers. The traffic controller
optimizes traffic flow and minimizes waiting time, and the vehicle controller controls
vehicle speed to minimize fuel consumption. In Ref. [56], a similar idea was used to control
an intersection consisting of a mixture of CAVs and human-driven vehicles. The effect
of partially connected vehicles investigated in [57] shows that the 10% connected vehicle
environment leads to a maximum 6.4% increase in fuel efficiency, which was achieved
by the Eco-Driving System (EDS), while it was shown that using the same system with
50% vehicles with connectivity capabilities would lead to maximum 14.3% increase in
fuel efficiency [36]. It is also worth noting that different parameters, rather than just CAV
penetration, can affect the total energy efficiency achievement with this method. In Ref. [27],
the authors claimed to obtain a maximum of 58.1% fuel efficiency. The effect of omitting the
traffic light could be significant since vehicles consume energy for braking and acceleration.
The feasibility of this goal and its prerequisites were surveyed in [58–60]. An average of
50% increase in fuel efficiency was reported in [61] through cooperation between vehicles
in the real world. This has been achieved by developing an intelligent intersection coor-
dinator. In another work reported in [62,63], the authors performed vehicle-in-the-loop
with Mixed Integer Linear Programming (MILP) optimization. With this method, a 20%
reduction in energy consumption was reported. In the MILP, the controller creates a live
picture of the intersection based on the V2V connection and the speed and location of each
vehicle, and the controller actively gives access to each vehicle to handle minimum energy
consumption. In Ref. [63], the desired arrival time is added to the optimization objective
to avoid delay and increase the performance of the intersection as well as safety. Adding
and testing these strategies are vital to examine practicability. In a more recent work , a
learning-based algorithm was used to increase the fuel efficiency of vehicles interacting
with intersections [64]. It reported an increase in fuel efficiency by around 18%.

In Ref. [65], a reinforcement-learning-based method, named “energy efficiency in-
tersection control and CAVs’ speed control” (E2-ICCAV), was introduced. The controller
tries to minimize waiting time (to near zero) for every CAV. Results from both simula-
tion and vehicle-in-the-loop (VIL) showed better performance in average waiting time in
comparison to MPC-based optimizations. The results for this paper were only reported in
terms of average waiting time. It is reasonable that, by decreasing average waiting time,
one may obtain more CAVs passing the intersections without stopping or a significant
decrease in their velocity, which could lead to better efficiency. It is worth noting that, as
intersections pose only a small portion of a whole normalized driving cycle, therefore, it is
not a correct idea to expect a significant increase in a whole drive cycle energy efficiency by
just increasing energy efficiency around intersections.
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3.6. Cooperation in Harmonizing Traffic

Traffic harmonization can be an unexpected outcome of using CAVs. It can increase
fuel/energy efficiency by minimizing speed deviations, unnecessary braking and accel-
eration, and decreasing multiple stop-and-go situations in moving traffic. Traffic harmo-
nization features can increase drivers’ motivation to use CAVs to decrease average travel
time in congested areas. The effect of traffic harmonization on increasing or decreasing
energy consumption by vehicles has not yet been evaluated very well. The aim of most
of the studies on traffic harmonization was to improve traffic characteristics. The authors
of [66] investigated the effect of cooperative speed harmonization on fuel consumption,
levering emissions, and reduction in travel and travel time in a highly utilized intersection.
The study showed that this speed harmonization would also affect non-CAVs positively.
Based on this work, the total emission reduction could be between 5% and 11% for CAV
penetration from 40% to 100% respectively.

CAVs can coordinate and harmonize traffic even at low penetration levels. V2I connec-
tions can decrease the over-saturation effect, which is the result of excessive vehicles using
one path. Decreasing the over-saturation effect leads to an increase in traffic harmonization.
The study in [67] showed that traffic harmonization will increase significantly by CAV
technologies. Moreover, the effect of CACC and platooning on traffic harmonization was
investigated in the paper [68].

Several works like [69,70] proposed some strategies that could be implemented within
vehicle control like traditional ACC or CACC to maximize energy efficiency. These con-
trollers are designed to increase efficiency by preventing moving jams or improving traffic
harmonization. In Ref. [69], a vehicle driving system controller based on the MPC is intro-
duced. In Ref. [71], a design of a cooperative control system was proposed for improving
moving jams and traffic flow. The authors of [70] developed a machine-learning-based
controller to work with vehicle networks to reduce traffic congestion. These papers did not
directly aim for fuel efficiency improvement, but based on energy relationships provided
earlier in this chapter, fuel efficiency improved as well. Cancellation of traffic jams is an
effective method of energy consumption reduction, especially in ICEVs. ICEVs are suffering
from low-efficiency values at low-speed acceleration and idling in moving jams in cities.
Utilization of CACC has been shown to have a harmonization effect by improving string
stability and preventing shock waves in the traffic. Based on the study in [72], a 5–25%
fuel consumption reduction was reported in both simulation and experimental results.
Another idea that could be used in CAVs is to utilize the “theory of jam absorption” [73]. It
has been shown that a single vehicle is capable of absorbing traffic jams without making
a new jam. This theory has been implemented [74]. The study was conducted among
more than 20 vehicles resembling traffic waves. By imposing the shock-wave-absorbing
autonomous vehicle, the shock wave decreased significantly. The study outcome showed
up to a 40% reduction in fuel consumption. This idea has been investigated in several other
works [75–77]. The amount of this decrease has been studied in depth in [78].

Table 1 summarizes significant works. It shows in different scenarios how much fuel
consumption could be saved by using CAV features.
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Table 1. Comparison of CAV potentials for fuel consumption reduction in conventional CAVs based
on significant studies.

Road Statement

Offline data [17,18] 2–11.6%

Fleet Timing

Using traffic light data [19] 7–14%
Traffic data + optimal control algorithm [20] up to 59%
EAD [27,28] 2.02–58%
EAD + powertrain consideration [29] 12–28%
Micro optimization [30,31] 26–29%

Merging and Lane Change

Selfish Optimization [36] 7–14%

Car Following

Trucks platooning [39,40] 5–15%
MPC + platoon (100% platooning) [45] 50%
Social optimization of CACC [47] up to 50%
Multi-objective optimization with considering 33%
safety and driver comfort [50]

Cooperation on Intersection

Cooperation at intersections [36,57] 6.4–14.3%
Omitting physical traffic light [27] 50–58%
MILP optimization with optimization [63] 20%
Using a learning-based approach [64] 18%

Cooperation on Traffic Harmonization

Traffic harmonization at an intersection [66] 5–11%
Traffic harmonization by CACC [78] 5–25%
Jam absorption [75,77] 40%

4. Energy-Saving Methods in E-CAV

Based on the recent development of EVs in market penetration, it is expected that, in
the future, EVs will be market-leading technology. It is expected that new developments in
vehicle technology will be implemented in EVs. Implementation of CAV technologies on
EVs could be the same as ICEVs, but with some differences in energy consumption. The
energy consumption impact of CAVs should be addressed on EVs because one of the most
important challenges of EVs is the range of vehicles. The range of an EV is dependent on
the amount of energy consumption. In addition to the effect of lower energy consumption
on increasing vehicle range, higher demand for electric energy for EVs in the future can be
another problem and should be minimized. The efficiency of E-CAVs should be increased
to counteract the increase of demands in transportation.

During the past several years, the number of available EVs was limited and most of
the work on CAVs was conducted based on ICEV. It is expected that CAV technologies
will be implemented on EVs in the near future. Therefore, it is important to investigate the
possible effects due to this change.

Energy efficiency in ICEVs is mostly reported by the amount of increase or decrease in
fuel consumption, while in EVs, a change in batteries’ State Of Charge (SOC) is considered
as the amount of energy consumption. When it comes to energy consumption, two major
issues differentiate EVs from ICEVs. The first one is the fact that efficiency maps in electric
machines are different from the ones in ICEVs. The efficiency of an ICEV is reported by
means of specific fuel consumption while the efficiency of an electric powertrain is reported
as a ratio of electric energy delivered as mechanical power [79]. The second differentiation
issue is the fact that electric motors can work as regenerative brakes. The regeneration
capability of an electric motor can be a great potential for an E-CAV.
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4.1. Regenerative Braking Improvement Effect on E-CAVs

As shown theoretically, EVs and ICEVs share common fundamental principles when
it comes to energy consumption. Therefore, any of the discussed CAVs’ capabilities can
be developed in E-CAVs effectively. By considering the energy Equation (7), the term
regeneration brake would make a great difference between EVs and ICEV energy consump-
tion during driving. Therefore, it is important to study the RBS mechanism and effect to
investigate how conventional CAVs are differentiated from E-CAVs.

The regenerative brake system can improve the range of vehicles and decrease the
amount of energy that would be dissipated to the environment as heat. The brake system
has been known as responsible for the energy dissipation source of vehicles. It is known as
the major energy dissipation source. The brake system is investigated as the source of up
to 50% of the total losses of the traction system power [80]. The efficiency and effectiveness
of RBS have been pumped up by introducing and developing the efficient RBS [81]. The
developed form of RBS has attracted attempts from the automobile industry [82]. RBS
can store recovered energy in different forms like rotating flywheel [83] or in the form
of a hydraulic or springs system [84]. However, the most common and developed form
of energy recovery is an energy storage system that can easily produce electric energy
for further use. Super-capacitors and batteries are known as energy storage systems that
can store and deliver electric energy with high efficiency. A hybrid design for using both
batteries and super/ultra-capacitors is also another approach to increase the efficiency of
storing regenerated energy [85].

CAV technologies bring new opportunities in using regeneration brakes more ef-
fectively. At an early step, the vehicle (driver or automated driving system) should be
informed about upcoming events or situations. In the study in [86], an energy-optimal
deceleration system was introduced to enhance regenerative brakes. It showed a 33%
improvement in regenerative brake effectiveness for CAVs compared to human drivers.
The potential for energy efficiency gains with regenerative braking in CAVs is worth ex-
ploring. The amount of possible increase in energy efficiency with RBS in CAVs could be
investigated by checking relationships for a vehicle. As shown in the previous chapter,
the relationship for E-CAVs is mostly the same as ICEVs. However, the traction force (13)
should be written as follows:

Ftrac,i =
ηi(t)Pi(t)

vi(t)
− Fb,i(t)− Frb,i(t). (18)

Data from an official U.S. government source on fuel economy [87] reveals that braking
dissipates a substantial amount of traction power as heat, especially in gasoline vehicles
with 25% of traction power being lost as heat during braking. As shown in Figure 3, it is
even a bit more in city driving cycles. Based on the same study, the amount of braking loss
energy in EVs is almost the same (Figure 4), but when the EV is equipped with an RBS, a
portion of this loss will recuperate. This study sheds light on how effective a regenerate
brake could be in increasing energy efficiency in CAVs. The RBS system cannot recover all
of the braking energy, since the regeneration system has its own losses and limitations.

To evaluate the efficiency of the regeneration mode, a practical case study on EV
operation in the Rotterdam area was performed [88]. The efficiency of the regeneration
brake is defined as

VRE =
Wreg

Wbrake
, (19)

where VRE is “Vehicle Regeneration Efficiency”, Wreg is the amount of regenerated brake
energy stored in a useful form (charging battery), and Wbrake is the total amount of brake
energy. In accordance with this study, the VRE measured between 59% and 69% in EVs [88].

In a conventional hydraulic braking system, the distribution of braking force between
the front and rear wheels is determined by vehicle mass distribution and braking accelera-
tion. This ensures optimal braking force, preventing wheel lockup and maintaining vehicle
stability. The RBS adds some complexity to vehicle braking. There are three methods of
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combining the regenerating brake with the ordinary braking system in literature [79]. The
utilization of RBS can vary in any of the following situations or conditions:

• Parallel configuration: In this configuration, the amount of braking force from the
RBS and from the hydraulic braking system always depends on the braking master
cylinder. The mechanical distributor system could be set up so that, in low levels of
deceleration demand (which is equivalent to low brake master cylinder pressure), the
RBS is operating solely [89]. This configuration is the basic configuration of combining
RBS with a hydraulic system, and it does not need any control strategy to switch
between different braking systems.

• Series brake with optimal feel: In the series braking system, the braking procedure
is divided into two separate modes. In the first mode, where the braking demand
deceleration is within a certain value, the braking force will be exerted by the RBS
at the driven wheels. In the second mode, when the braking demand deceleration is
greater than a certain value, the mechanical braking system would operate on both
front and rear wheels. In the second mode, the RBS is also performing regeneration
but the mechanical braking system is responsible for the rest of the necessary torque
for matching the whole vehicle’s deceleration with the deceleration demand [90]. This
system brings optimal braking feel and the braking system acts like that in traditional
vehicles. It is also noticeable that this braking strategy keeps vehicle dynamics just
like a conventional vehicle. However, this minimizes the utilization of RBS.

• Series brake with maximum energy recovery: In this braking combination method,
the goal is to maximize energy recovery. Therefore while the brake deceleration
demand is less than the maximum feasible deceleration, the vehicle utilizes RBS
braking force at the driven wheels (in most cases front wheels). If the RBS braking
force is not enough to match the braking deceleration demand, the mechanical brake
system at the rear wheels is then used to supply the additional force needed to achieve
the desired deceleration [79].

drag looses rolling resistance looses braking

City Combined

26%

26%

48%

Highway

62%
28%

10%

50%

25%

25%

loses loses

Figure 3. The average share of different energy-consuming components of energy delivered to wheels
in cities, highways, and combined cycles in gasoline vehicles (Data obtained from [87]).

drag looses rolling resistance looses braking

City CombinedHighway

44%

28%

28%31%
42%

27%
61%

30%

9%

loses loses

Figure 4. The average share of different energy-consuming components of energy delivered to wheels
in cities, highways, and combined cycles in EVs (Data obtained from [87]).
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In most of the studies, just the effect of slow deceleration is investigated. It means that
the effect of using both regenerative braking and mechanical braking is less investigated,
while some sharp decelerations are inevitable. An opportunity for E-CAVs to increase
efficiency is to minimize power losses by minimizing speed variations. However, speed
variations lead to brake losses. In E-CAVs, inevitable speed reduction could be programmed
to be performed by RBS to ensure minimum energy loss. This means that E-CAVs could
benefit from this opportunity that has not been investigated in any of the E-CAVs’ energy
consumption studies.

The following sections will review previous research aimed at harnessing the potential
of E-CAVs to enhance overall efficiency.

4.2. Fleet Timing

As mentioned in Section 3.2, this method is based on reducing unnecessary accelera-
tion, deceleration, and idling. Since EVs and most HEVs can eliminate the idling effect, it is
expected that this connectivity-based technology does not influence E-CAVs as much as
internal combustion engine CAVs. In addition to eliminating the idling effect on energy
consumption, E-CAVs can benefit from RBS to recuperate the amount of energy that they
lose due to unnecessary acceleration and brakes.

It is worth noting that EVs’ motor energy efficiency varies with different amounts
of torque and speed demand, as shown in Figure 5. For instance, an experimental study
in [91] used particle swarm optimization to increase the efficiency of EVs using efficiency
map data. This means that the E-CAVs can benefit from SPaT or any other similar signaling
system to maximize its efficiency during a trip to increase energy efficiency.
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Figure 5. The energy efficiency map for the combined powertrain system of Nissan Leaf EV. The
rated power for this powertrain is around 80 KW with a maximum torque of 280 NM. The image is
from [92].

EVs cannot regenerate all of the energy during regenerative braking. Therefore, it is
not advisable to provide excess energy to the vehicle during unnecessary acceleration and
rely on regenerative braking to recover it. Some of this energy will dissipate, especially
during sudden braking, often resulting from the driver’s unawareness of upcoming events.
This means that, even with an efficient RBS, E-CAVs can benefit from their connectivity
and anticipation of traffic timing to increase efficiency.

In this regard, some studies have been conducted to investigate the effect of SPaT and
similar systems on E-CAVs efficiency. The authors of [93] proposed an MPC to analyze
the influence of traffic lights on eco-driving mode. They used an eco-driving optimization
method based on dynamic programming to increase energy efficiency. This method gener-
ates optimal velocity profiles designed to minimize energy consumption. The proposed
eco-driving uses signalized intersections based on V2I communication. These data can
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be transferred to the control system of a vehicle. The effect of eco-driving on decreasing
energy consumption of an EV was also investigated in [94]. It reported between 8% and
31% increase in the energy efficiency of a single vehicle exposed to a traffic light. An-
other technique under this category is the EAD system. The EAD discussed previously
in Section 3.2 using this method in E-CAVs is also reported in [95]. The authors of [96]
showed an increase in energy efficiency by 21.9% by using a similar method. This method
not only increases efficiency but also decreases travel time. If the travel time is not an
important parameter in microscopic modeling, there is the potential for even greater gains
in energy efficiency. With an increased travel time of 65.5%, an increase of 47% in energy
efficiency was reported. These results were investigated in [97] by using a reinforcement
learning control algorithm.

4.3. Car Following, Anticipation, and CACC

In the car following mode, the energy consumption of the follower vehicle is affected
by the following car. Therefore, in [98], an energy-optimal adaptive cruise controller was
developed, and the effect of this controller was investigated in E-CAVs. The study reported
a 2–4% increase in energy efficiency.

In another work in [99], an eco-CACC approach for EV models is presented. The
approach can minimize energy consumption in autonomous mode by using a nonlinear
MPC method. Simulations in real-world driving conditions with a powertrain-included
model for two scenarios were performed. The results determined a meaningful decrease
in energy consumption by this approach. Energy consumption in the highway scenario
reported a 15.4% decrease, while for the urban scenario, it was 75%. Drag reduction is
known as one of the methods for increasing energy efficiency in a string of following
vehicles. However, this approach is not practical and should not be considered as a method
for energy consumption reduction. The authors of [99] avoided using the drag force
reduction strategy. Their method benefits from the reduction in energy consumption by
using vehicle powertrain transmission in an optimum mode. Their work cleared the fact
that energy optimum trajectories can dramatically affect energy efficiency in E-CAVs.

In addition to using optimization algorithms for increasing the efficiency of E-CAVs,
the optimization algorithm must consider safety limitations, realistic driving cycles, and
sudden inevitable brakes. In this regard, in [100] a safe and eco-driving control algorithm
for an E-CAV with an MPC controller was developed. The control scenario is the same as
the ACC controller with the implemented optimization algorithm. The proposed controller
is designed with constrained optimization for safety and feasibility. Simulation results
on several scenarios were examined. The results show that between 8% and 44% energy
efficiency increase is achievable.

In Ref. [101], a model-based reinforcement learning algorithm was examined to inves-
tigate efficiency in eco-driving. A more detailed longitudinal model of vehicle, powertrain,
and battery model was used. The results of this work suggest that this method can result in
the reasonably same reduction in energy consumption of E-CAVs.

4.4. Merging

Despite the large number of works on merging in conventional CAVs, the merging
effect on reducing energy consumption is not well established. The authors of [36] suggest
optimization algorithms with fuel consumption as the goal function. In Ref. [34], the effect
of informing and coordinating vehicles in merging zones on decreasing fuel consumption
was studied. These studies show that, by using CAV capabilities, efficiency could be
increased. Although these works did not investigate EV models, it is clear that organizing
merging vehicles’ acceleration regimes can increase energy efficiency both in ICEVs and
EVs. Informing and cooperating with vehicles in a merging zone can lead to an increase
in energy efficiency by optimizing their speed profile for the least energy consumption.
The authors of [102] used merging data in eco-ACC for ICEVs. Their approach can be
established with the EV model. It is hard to find any reported energy reduction amount for
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E-CAVs during merging. There is not any suggestion on how much E-CAVs’ features can
increase energy efficiency.

4.5. Cooperation on Traffic Harmonization

With more market penetration, traffic harmonization would increase. Automation
and connectivity lead to shock wave reduction, which can significantly reduce unnecessary
deceleration. By checking energy equations, it is expected that decreasing traffic congestion
and eliminating stops can be less beneficial for EVs in comparison to ICEVs. This originates
from two capabilities of EVs: (1) the fact that electric motors do not use any energy during
stops, and (2) the fact that string stability and traffic harmonization decrease braking. Since
EVs are capable of regenerating a portion of braking, harmonization makes less change
to their energy efficiency. There is not any significant study on E-CAVs for determining
the energy consumption reduction effect of traffic harmonization with connection and
autonomous systems capabilities. There are some works that determine the effect of
traffic stabilization on E-CAV energy consumption by considering the platooning effect.
In Ref. [103], the effect of E-CAV on a homogeneous traffic stream was studied by using a
proposed algorithm for platooning energy reduction. The results of this study suggested
that, for a group of 16 E-CAVs, the homogeneous traffic stream can lead to a 5.2% increase in
total energy efficiency. It should be noted that a small energy consumption reduction for a
group of several vehicles over a long distance is more effective than an energy consumption
reduction over a short distance for only a limited number of vehicles.

Table 2 summarizes how much energy efficiency could be gained using CAV features.

Table 2. Comparison of CAV potentials for fuel consumption reduction in E-CAVs based on signifi-
cant studies.

Fleet Timing

Eco-driving at signalized intersections [94] 8–31%
EAD [95] 21.9%
Selfish optimization + EAD [97] 47%

Car Following, Anticipation, and CACC

Optimal deceleration planning with RBS [86] 33%
Eco-CACC with MPC [99] 15.4–75%
Multi-objective optimization considering 8–44%
safety and feasibility [100]

Cooperation on Traffic Harmonization

Traffic harmonization effect of E-CAVs [103] 5.2%

5. Summary
5.1. Challenges

Risk assessment and safety issues are among the most important issues in the devel-
opment of E-CAVs. It is worth noting that every energy optimization algorithm should
consider safety as an important issue. In most of the works considering energy efficiency
algorithms or optimization procedures, the safe distance between vehicles has been consid-
ered as a preliminary condition for analyzing or evaluating fuel or energy consumption.
Other risks like communication errors, faults, and cyber-attacks have not been studied
in works related to energy efficiency. It is important for every work considering energy
efficiency to analyze how the developed algorithms can deal with different risks.

5.2. Conclusion and Future Directions

In this paper, different algorithms of energy improvement in CAVs are discussed to
address the state of research in E-CAVs. E-CAVs tend to be the future of transportation.
Energy optimization in EVs using the capabilities of CAVs seems an important issue to
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address. The extracted results show that, through the development of EVs and CAVs,
transportation can benefit from both safety and energy saving. This survey study shows
that E-CAVs could be as beneficial as internal combustion engine CAVs. However, studies
suggest a lower reduction gain in E-CAVs. These lower results are due to the fact that
energy wasting in EVs is different from ICEVs and the fact that EVs are losing less energy
with braking and idling.

In accordance with this study, there is not any framework for determining the share of
the utilization of vehicles in each mode through their lifetime. It is important to study the
share of each part to determine technology demands for the significant energy reduction of
CAVs. This prioritization could be different among applications of any vehicle and its local
servicing area. For example, for vehicles operating mostly on highways, it is important
to prioritize the eco-CACC system for a significant reduction in energy consumption. In
city-operating vehicles, cooperative intersection control can be more beneficial. Moreover,
it is important to prioritize each technology share in energy consumption reduction for
E-CAVs to determine which technology has greater effect to develop in a chronological
manner. It should be noticed that frameworks should be capable of considering total
energy consumption reduction over whole driving modes of vehicles and also over a
significant number of vehicles. This should be given attention to avoid selfish energy
optimization methods, which could result in non-optimized energy consumption for groups
of neighboring vehicles in mixed traffic.

Figure 6 depicts the summary of studied potentials of CAVs and E-CAVs. Considering
the fact that EVs are more efficient in energy consumption, they still have great potential to
become more efficient using CAV technologies. In order to collect data for Figure 6, the
results of Tables 1 and 2 were compared together. To conduct this comparison, similar
approaches from each table were considered, and the reported bonds of each approach
in CAVs and E-CAVs are summarized in Figure 6. For instance, the first row of Figure 6
shows the fleet timing approach efficiency gain reported. The minimum and maximum
of this value are based on the fleet timing section of Table 1, and for E-CAVs, the fleet
timing section of Table 2 is used. The huge difference between E-CAVs and CAVs with
internal combustion engine are in the capability of EVs to collect vehicle kinetic energy
with RBS. A developed RBS can reduce around 25% of energy consumption. Regeneration
of this amount of energy is dependent on proposing methods for E-CAVs to avoid high
deceleration brakes. High deceleration brakes lead the brake force split system to use the
hydraulic brake. RBS needs specific regeneration torque and speed for higher efficiency
during braking. This could be accessible if the vehicle trajectory establishment considers
the RBS efficiency for decreasing total energy consumption.

Based on this review, the main findings are as follows:

• A number of articles have determined that the effect of CAVs’ features in decreasing
energy consumption is greater in conventional vehicles than in EVs.

• EVs are as capable as conventional vehicles to use connectivity and autonomous mode
to decrease energy consumption, despite fewer studies.

• Research gaps in studying the effect of CAV technology on increasing E-CAV effi-
ciency are found in:

1. Merging and lane changing CAVs’ feature;
2. Cooperation at intersections;
3. Using road statements.

• The most effective CAVs’ features on energy efficiency which need more study are:

1. How to maximize the utilization and efficiency of RBS using E-CAVs’ capabilities;
2. Implementation of eco-CACC algorithms in E-CAVs since it has more long-

term effects.
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Figure 6. Comparison of conventional CAVs’ and E-CAVs’ fuel saving potentials in each scenario
(results from significant studies), considering the fact that the tank-to-wheel efficiency of ICEVs is
between 14% and 33%, while the tank-to-wheel efficiency of EVs is between 50% and 80% [104].
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