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Editor
Bruno Zelić, Vice-President of the Croatian Academy of Engineering

FOREWORD
In modern and developed society the energy aspect plays a key role, and it can be considered as a major driver of global econo-
mies. Excessive utilization of fossil fuels for power generation in the past decades has caused sensible environmental issues that 
are becoming more severe, more frequent and unpredictable. Therefore, there is a clear necessity for a determined shift towards 
cleaner energy generation technologies that should be based on renewables. Advances and developments in energy engineering 
are playing pivotal role to meet desired shift from fossil-based technologies to renewables. Moreover, intense digitalization in 
various fields of engineering has become rapid and allowed different smart solutions in engineering. Digitalization can help to 
accelerate desired energy transition and in general can bring beneficial opportunities for humanity. However, novel developed 
technological solutions should consider also environmental implications, besides the performance and economic aspect. Envi-
ronmental related problems are finally ending as economic problems; thus, all novel developed engineering solutions should 
be carefully evaluated from an environmental point of view. The environmental aspect is a key one to confirm and to secure 
long-term suitability of novel technological solutions in the field of engineering. The integration and targeted implementation 
of smart solutions can bring beneficial opportunities for humanity. This special issue brings new knowledge that contributes to 
bridge above mentioned key population challenges. This special issue consists of the overall four published papers. In the work 
Comparison of Conventional and Fuzzy Logic-based Charging Control Systems without and with State-of-Charge Estimator, the 

novel battery charging control system was proposed, and that uses fuzz logic controller. The obtained simulations on lithium-titanate battery cell 
model proved that examined approach has potential to reduce charging time to about 17.7% when compared to the conventional constant-current 
constant-voltage charging control strategy. The work Energy development status and emerging technologies in China discussed strategies that will 
secure green transformation in China, with special emphasis on hydrogen-based technologies. The work delivered analysis of current state regard-
ing energy supply system and provided in-depth discussion of future possible development strategies for China. The systematic review of battery 
thermal management systems for electric vehicles was provided in work A systematic review on battery thermal management systems for electric 
vehicles. Within the work effective thermal management strategies were discussed such as air-based cooling, cooling with phase change materials, 
heat pipe cooling, liquid cooling as well as hybrid cooling methods, to secure desired temperature rise in the battery. The work contributed to the 
present knowledge and deeper understanding of various cooling approaches for batteries in electric vehicles. The work Utilizing Satellite Remote 
Sensing and Geographic Information Systems for Assessing Urban Heat Island Effects as Urban Planning Tools for Emerging Economies considered 
remote sensing methods to assess the Surface Urban Heat Island (SUHI) effect. Landsat satellite spectral images were used to evaluate variations of 
land surface temperature and finally to estimate urban heat island intensity. The research outcomes indicated the importance of green infrastructure 
such as parks or green roofs for instance as they can significantly reduce urban heat island effect. The previously discussed contributions within this 
special issue contributed to the further development of smart technologies in energy engineering applications. The Guest Editors would like to thank 
the authors for their contribution as well as to the anonymous reviewers who have helped to improve the quality of published papers. Finally, we 
would like to thank Prof. Dr. Bruno Zelić for providing us with technical support for managing of this special issue.
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Abstract
Lithium-titanate battery cells stand out among the various rechargeable lithium battery chemistries available today 
due to their exceptional thermal stability and operational safety, which make them suitable for highly demanding ap-
plications characterized by high charging/discharging rates and operating temperatures. This paper proposes a battery 
charging control system arranged in the so-called cascade control structure, wherein the battery voltage and state-
of-charge control is performed by means of a fuzzy logic controller. An extended Kalman filter is used to provide the 
state-of-charge feedback utilizing the realistic nonlinear Thevenin model of the battery cell equivalent circuit. Simula-
tions using a readily available lithium-titanate battery cell model demonstrate that fuzzy logic-based charging control 
reduces the time needed to recharge from deeply discharged state (from 20% state-of-charge initial value) by 17.7% 
compared to the conventional constant-current constant-voltage charging control strategy, with the average charging 
current used as the criterion for the comparison of these heterogenous control strategies.

Keywords: Lithium-Titanate Battery Cell; Constant-Current/Constant Voltage Charging; State-of-Charge Estimation; 
Extended Kalman Filter.

1.	 Introduction
A comprehensive analysis conducted in [1] has revealed 
that approximately 20% of the global fossil fuel produc-
tion is utilized by the transportation sector, leading to a 
significant contribution to greenhouse gas emissions. To 
enhance energy efficiency, reduce environmental impact, 
and decrease reliance on oil reserves, the electrification of 
the transportation sector has been advocated [2], wherein 
advanced battery technologies play a crucial role. It also 
proposed integrating the transport sector into the smart 
electricity grid paradigm, as later discussed in [3] for the 
case of road transport. The integration of the transport and 
energy sector into smart grids places particular demands 
on electric vehicle fleets, including the degree of electri-
fication of the fleet, the cost of charging infrastructure 
and passenger capacity, as outlined in [4]. Monitoring the 
electric vehicle battery status during charging and dis-
charging is crucial to ensure its prolonged service life, as 
shown in [5]. Battery energy storage technologies are also 
gaining traction in the railway transportation sector, with 
battery-hybridized locomotives and battery-electric lo-
comotives offering advantages over conventional freight 
haul, as presented in [6].

Lithium secondary batteries are currently state-of-the-art 
electrochemical battery technology with favorable cal-
endar life of up to 15 years and specific costs of about 
145 EUR/kWh of stored electrical energy for the most 
advanced lithium titanate battery technology [7]. Pres-
ently the discharge power capacity of batteries is still 
significantly more favorable than that of alternative en-
ergy sources such as hydrogen fuel cells, especially when 
round-trip efficiency of energy conversion is considered 
[7]. The lithium-titanate oxide anode material has been 
proposed about a decade ago as a good replacement for 
commonly used carbon-based anodes in lithium-based 
secondary batteries due to the practical absence of an-
ode material straining during high-rate discharging [8]. 
In fact, lithium titanate oxide may also be used as anode 
material in other, alternative battery chemistries such as 
those based on sodium-ion technology, which might be 
cheaper to manufacture due to the natural abundance of 
sodium as a raw material [9]. Moreover, lithium-titanate 
(LTO) batteries are considered as one of the safest avail-
able battery energy storage technologies, characterized 
by exceptional thermal stability, power density, cycle life 
and overall durability [10]. Hence, this battery production 
technology is likely to witness a significant growth in the 
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foreseeable future, wherein increased production volumes 
would likely bring down the overall production costs [11].

The key advantages of LTO battery cells are also dis-
cussed in [11], with additional benefits in terms of im-
proved thermal material properties compared to other lith-
ium-ion chemistries. These advantages lead to improved 
safety features, such as significant reduction of forma-
tion of dendrites and lithium plating of electrodes, even 
under harsh operating conditions, such as high current 
rates (about 25C for continuous discharging and charg-
ing), along with exceptional operational durability (20000 
charging/discharging cycles with 1C current rate). The 
study presented in [11] concludes that LTO battery cells 
offer exceptional charging/discharging rate capabilities, 
albeit with reduced energy density compared to classical 
lithium-ion cells with graphite anodes. Due to their ex-
ceptional cycling characteristics and durability LTO cells 
appear to be well suited for hybrid power applications in 
electrified vehicle powertrains. Thus, extensive research 
has been carried out in the available literature regarding 
the innovative LTO cell technologies and charging char-
acteristics [12], state-of-charge (SoC) estimation [13], 
state-of-health (SoH) estimation [14] and advanced con-
trol techniques [15], including those for stationary energy 
storage use in solar photovoltaic systems [16] and mobile 
applications such as those in heavy-duty vehicles [17].

Recent research in battery modeling and estimation has 
shown that the Thevenin equivalent circuit models are ef-
fective for modeling and estimation of the battery state-
of-charge (SoC) for lithium-ion batteries in electric vehi-
cles (EVs) [18, 19]. Simulation and experimental results 
have validated the accuracy of these models in predict-
ing battery behavior under different operating condi-
tions [18, 19], and ongoing research is directed towards 
exploring the general applicability of these relatively 
straightforward models for estimating the SoC of battery 
packs, which is crucial for the safe and efficient opera-
tion of electric vehicles (EVs) [20]. The electrolyte po-
larization dynamics within the Thevenin model can either 
be modeled as a first-order RC parallel term [19] or the 
more general second-order RC model [18], wherein the 
former is typically used as a trade-off in terms of simplic-
ity compared to the more accurate second-odder polariza-
tion dynamics model. Using the equivalent circuit models 
within the improved extended Kalman filter algorithm has 
been proposed to enhance the accuracy of SoC estimation 
in lithium-ion batteries [21]. On the other hand, a hybrid 
estimator combining the extended Kalman filter (EKF) 
and sliding mode observer has been demonstrated to im-
prove the robustness of SoC estimation in the presence of 
disturbances [22]. In fact, such advanced SoC estimation 
techniques, i.e. those relying on sigma point Kalman fil-
ter, long short-term memory neural networks, convolution 
neural networks, and different hybrid methods, have been 
reviewed for possible utilization in battery management 
systems (BMS), with a focus on reducing average error 
and improving performance in EV applications [23]. In 
particular, the development of advanced BMS is crucial 
for improving battery performance, safety, and longevity 
in EVs [23, 24]. BMS features include charging/discharg-
ing control, precise monitoring, heat management, battery 
safety, and protection, as well as accurate SoC estimation 
[23, 24]. Recent research has focused on the comprehen-

sive analysis and comparison of charging control methods 
for lithium-ion battery packs, classifying them as non-
feedback-based, feedback-based, and intelligent charging 
methods [25]. A good review of the advancements and 
difficulties in cutting-edge battery technology and cut-
ting-edge BMS for EVs can be found in [26].

Efficient charging of rechargeable batteries is contingent 
upon the charger’s circuit design and control strategy 
which performs three essential functions: (i) commenc-
ing the charging process, (ii) controlling the charging rate 
and battery terminal voltage for optimal charging perfor-
mance, and (iii) terminating the charging upon comple-
tion, determined by a suitable end-of-charging criterion 
[24]. However, batteries typically exhibit notable terminal 
voltage nonlinear behavior during charging [27, 28]. This 
may be challenging from the standpoint of precise battery 
SoC tracking [29], which is key for preventing battery 
overcharging and related cell aging and SoH deterioration 
[30]. For that reason, battery SoC needs to be monitored 
throughout the charging process by an appropriate estima-
tor, such as the EKF [29], which has been successfully 
employed in [31] to augment the conventional constant-
current constant-voltage (CCCV) charging system, ulti-
mately resulting in about 25% speed up of the charging 
process. Battery charging techniques (charging control 
strategies) can be categorized in many ways. According 
to [24], the charging strategies can be categorized as non-
feedback based (or open-loop) strategies, feedback-based, 
and intelligent charging strategies, whereas reference [32] 
breaks down the charging strategy types into so-called 
simple (or traditional) charging strategies, optimized 
charging strategies based on different optimized current 
waveforms to achieve the charged state and the model-
based charging strategies.

In traditional (conventional) battery charging applica-
tions, the so-called CCCV charging technique (see e.g. 
[24]) is usually preferred when recharging the battery 
from the discharged state [32], while the so-called float-
charge maintenance or trickle charging approaches [33] 
are usually reserved for maintaining the battery charge 
once it has been fully charged. The main advantage of the 
CCCV approach is that the charging current and battery 
terminal voltage are effectively limited by means of re-
spective battery controllers [27], and it can also find use 
in fast charging applications [34]. Also, it has been con-
sidered as a good benchmark for other more sophisticated 
charging control strategies to be compared against [24]. 
Moreover, its relative simplicity and virtual independence 
on the sophisticated internal battery model [32], currently 
make it the one of the most widely used charging strat-
egies [33]. However, batteries typically exhibit notable 
terminal voltage nonlinear behavior during charging [28]. 
This may be challenging from the standpoint of precise 
battery SoC tracking [29], which is key for preventing 
battery overcharging and related cell aging and SoH de-
terioration [30]. For that reason, battery SoC needs to be 
monitored throughout the charging process by an appro-
priate estimator, such as the extended Kalman filter [29], 
which has been successfully employed in [31] to augment 
the conventional CCCV charging system, ultimately re-
sulting in about 25% speed up of the charging process. A 
good review of charging strategies for lithium-ion batter-
ies can be found in [35].
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The implementation of sophisticated control strategies 
is anticipated to yield additional enhancements in both 
the duration of the charging process and the effective-
ness of State of Charge (SoC) tracking. Among these, the 
optimization-based control strategies, such as the model-
predictive control (MPC), may be particularly well-suited 
for solving multiple-criteria charging scenarios [35], such 
as those where battery temperature and current rate play a 
critical role regarding the battery SoH preservation [33]. 
Multistage constant current (MCC) represents a gener-
alization of the traditional constant-current (CC) charg-
ing technique, wherein the duration of each constant-rate 
charging stage can either be SoC-dependent or battery ter-
minal voltage dependent [34]. For example, the compara-
tive study presented in [31] has pointed out that utilization 
of fuzzy logic control-based approach presented in [36] 
can yield about 13% speedup of the battery recharging, 
whereas MCC charging with offline optimization of the 
charging trajectory [37] and MPC with moving horizon 
estimation of the battery SoC [38], may result in relative 
charging process speedups of 17% and 30%, respectively. 
However, the latter charging algorithms can be numeri-
cally quite demanding due to requirement for charging 
trajectory optimization, whereas the fuzzy logic-based 
charging control strategy may be relatively easily imple-
mented as a form of expert knowledge-based system uti-
lizing the SoC estimator as a digital twin of the battery 
which aids the charging process (see [31]).

Several studies have investigated methods to preserve 
battery SoH during charging, such as the MPC approach 
that accounts for voltage and temperature constraints to 
reduce the battery stress during the charging process [39]. 
The study presented in [40] also focused on thermal ef-
fects, optimizing power and current profiles to balance the 
charging rate and temperature rise. Alternative charging 
profiles have shown promise as well, such as incorporat-
ing negative current pulses within the CCCV technique to 
improve battery SoH [41] and using a temperature-com-
pensated model to enhance the charging speed within the 
CCCV charging strategy [42]. Moreover, MCC charging 
has been combined with the least mean squares estima-
tion for faster charging in [43], while offline optimization, 
such as the genetic algorithm-based approach proposed 
in [44] and the dynamic programming utilized in [45] 
have also been explored to determine optimal charging 
sequences and minimize heat losses during charging.

Fast charging plays a vital role in alleviating range anxi-
ety associated with battery electric vehicles and is a key 
element in promoting the widespread adoption of electric 
vehicles [46]. However, it also contributes to the acceler-
ated aging of batteries [47]. 

Therefore, the study presented in [47] analyzed the impact 
of fast charging on lithium-ion batteries’ aging using real-
world driving cycles from European cities, considering 
different charger sizes and battery types, while the study 
conducted in [46] has evaluated different fast-charging 
strategies, considering their parameterization effort, bat-
tery type, and real-world applicability. In the context of 
fast charging, thermal management of lithium-ion batter-
ies is essential for ensuring their safety, performance, and 
longevity in electric vehicles [48]. To this end, the study 
presented in [48] has provided a state-of-the-art review of 
recent advancements in lithium-ion battery thermal man-
agement strategies for high charge/discharge cycles.

Having in mind the advantageous features of LTO battery 
cells and the above-described aspects of battery charg-
ing control system design and performance indices, the 
motivation for this paper has been to design a charging 
strategy that can surpass the traditional CCCV charging 
approach while honoring the battery voltage and current 
constraints. The hypothesis of this paper is that using a 
fuzzy logic-based battery charging control strategy in 
conjunction with precise SoC estimation would result in 
notable charging process speedup without adverse effects 
to battery state-of-health associated with exceeding the 
charging current and terminal voltage. For that purpose, 
the fuzzy logic controller relies on battery SoC informa-
tion provided by an EKF-based state estimator and readily 
available battery terminal voltage and current measure-
ments, and it is subsequently compared to the convention-
al CCCV charging control strategy by means of simula-
tions.

2.	 Battery cell model
A battery cell can be modeled by its equivalent electri-
cal circuit model, shown on the left-hand-side in Fig. 1. 
The battery equivalent circuit model comprises a voltage 
source corresponding to the battery open-circuit voltage 
Uoc, electrolyte polarization effects modeled by an equiv-
alent parallel RC circuit (with resistance Rp and capaci-

Fig. 1. Quasi-static battery equivalent electrical circuit model with charging power converter.
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tance Cp parameters) and an equivalent series resistance 
Rb [31]. The above model results in the following voltage 
ub vs. current ib relationship in the Laplace s-domain:
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where p = RpCp is the polarization time constant. 

All parameters of the above model may depend on 
battery temperature b, battery current ib and state-of-
charge , which is defined in the following manner: 

𝜉𝜉 = 1
𝑄𝑄𝑏𝑏(𝐼𝐼𝑏𝑏)

∫ 𝑖𝑖𝑏𝑏𝑑𝑑𝑑𝑑,     (2) 
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where τp = RpCp is the polarization time constant.

All parameters of the above model may depend on battery 
temperature ϑb, battery current ib and state-of-charge x, 
which is defined in the following manner:
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with battery charge capacity Qb also depending on the av-
erage battery current load Ib, and the magnitude of these 
charge capacity variations depending on the battery type 
and chemistry [49].

The right-hand-side of Fig. 1 shows the principal sche-
matic of the basic battery charging system featuring a 
buck DC/DC power converter and a battery cell repre-
sented by its equivalent electrical circuit model. The buck 
converter topology comprises the active (switching) ele-
ment (power MOSFET transistor Q) feeding the induc-
tor (characterized by its inductance Lc and resistance Rc) 
and parallel-connected freewheeling diode D. The semi-
conductor switch (MOSFET) modulates the DC supply 
voltage by means of high-frequency pulse-width modula-
tion (PWM) thus providing the power converter output 
voltage uc with adjustable magnitude and fast dynamics 
(negligible voltage delay).

The main advantage of the equivalent circuit model is that 
the battery parameters (internal resistances, polarization 
time constant, open-circuit voltage characteristic) that 
are characteristic for individual battery types can be ex-
perimentally obtained by means of suitable battery tests 
conducted for the anticipated operating modes (battery 
SoC and charging/discharging currents) and stored as pa-
rameter maps (look-up tables). In that sense, the battery 
charging control system and SoC estimator design can be 
easily adapted to the battery type in question by conduct-
ing battery model identification experiments and updating 
the battery parameter maps (see [31] and references there-
in). The above state-of-charge and current dependent pa-
rameters of the equivalent electrical circuit model (the so-
called Thevenin model) of a commercial 30Ah/2.4V/6C 
lithium titanate battery cell [50] have been experimentally 
estimated using an appropriate experimental setup as de-
scribed in [51]. 

The battery open-circuit voltage curve is recorded by using 
constant-current charging tests, wherein the experiment is 
characterized by periodic short-duration battery charging 
intervals followed by at least two-hour long recuperation 
and battery voltage settling periods. Experimental results 
are shown in Fig. 2a, and they have been interpolated by 
cubic splines to obtain a smooth (differentiable) static 
curve. The battery charge capacity vs. average discharg-
ing current curve has also been reconstructed based on 
constant-current discharging tests, and the resulting cubic 
spline-interpolated battery capacity vs. discharging cur-

rent characteristic Qb(Ib) is shown in Fig. 2b (note that the 
charge capacity curve for currents below 6 A is obtained 
by extrapolation). The particular LTO battery cell is char-
acterized by a relatively small decrease of its charge ca-
pacity Qb with the discharging current Ib that amounts to 
less than 5% for the considered range of discharging cur-
rent values (i.e. from 6A to 24 A). For both characteristics 
the interpolation (and extrapolation in the case of static 
curve in Fig. 2b) has been performed over 1001 samples 
of the static characteristic look-up table inputs.

Fig. 2. Lithium-titanate battery cell charge capacity  
vs. average current characteristic (a) and battery charge capacity 

vs. current dependence (b).

Recording the battery equivalent circuit model parameter 
maps with respect to battery state-of-charge and battery 
current has been carried out by using off-line least squares 
identification technique [52] on the results of previously 
recorded battery charging and discharging tests under a 
pseudo-random binary sequence (PRBS) signal excita-
tion, as explained in [52]. Figure 3 shows the two-dimen-
sional maps of the battery equivalent circuit (Thevenin 
model) parameters recorded for the considered 30 Ah / 2.4 
V LTO battery cell, wherein the battery series resistance 
Rb and polarization resistance exhibit rather low values 
over the middle of the state-of-charge range, but their val-
ues tend to increase when the battery cell is being fully 
discharged (x → 0) or fully charged (x → 100%). The 
polarization time constant τp takes on values between 2 
s and 12 s and is dependent on the charging/discharging 
current and battery state-of-charge (Fig. 3c).
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Fig. 3. Equivalent series resistance (a) polarization 
resistance (b) and polarization time constant  

(c) vs. SoC for different charging rates.

Fig. 4. Block diagram of battery equivalent circuit model.

The estimated parameters of the battery equivalent elec-
trical circuit are used to build the battery simulation mod-
el, wherein the battery current is used as model input. Fig. 
4 shows the current-input quasi-static battery model with 
state-of-charge x and polarization voltage up treated as 
model state variables. The battery terminal voltage equa-
tion ub = Rbib + Uoc + up is implemented by using the iden-
tified battery parameter static maps Rb(x, ib), Rp(x, ib), τp(x, 
ib) and Uoc(x) as shown in Fig. 4. The overall simulation 
model and the above parameter static maps are imple-
mented within the MATLAB/Simulink software environ-

ment, with the above parameter maps implemented either 
as two-dimensional look-up tables (Rb, Rp, τp) or a one-di-
mensional look-up table (Uoc). To facilitate high-precision 
of the battery cell model during simulations, the dynamic 
equations within the simulation model are solved by using 
the variable-step ODE45 solver (a medium-order method 
for non-stiff equations), with relative and absolute toler-
ances of 10-3 and 10-6, respectively.

It should be noted that the second-order RC model can 
be generally more accurate in capturing the more com-
plex aspects of battery polarization voltage dynamics, as 
shown in [20] where the second-order RC network po-
larization voltage model has been identified based on the 
battery current step response characteristic. In contrast, 
the first-order RC model of polarization voltage dynam-
ics used herein has been identified by using the auto-re-
gressive model with exogenous inputs (ARX model) and 
least-squares identification technique [51], which primar-
ily identified the dominant dynamics of the polarization 
voltage model. More precisely, the less dominant dynam-
ic modes have been shown to exhibit very fast response 
dynamics (typically much less than the identification data 
sampling time T = 1s used in [51]), which has been attrib-
uted to the numerical error of the LS-based parameter es-
timation technique. One way of dealing with this problem 
would have been to utilize the battery model identification 
methodology presented in [20], but that would be beyond 
the scope of this work.

3.	Charging control systems and state-of-
charge estimator

This section outlines the design of the benchmark CCCV 
control system based on battery voltage PI controller and 
the fuzzy logic-based battery charging controller, along 
with the design of the EKF-based SoC estimator.

3.1. Charging control systems

Figure 5 shows the control system structure for constant-
current/constant voltage (CCCV) battery charging based 
on the inner current control loop (assumed to embedded 
within the charging DC/DC power converter) with battery 
terminal voltage limiting outer feedback loop featuring a 
proportional-integral (PI) feedback controller. This type of 
charging control system may be considered a state-of-the-
art benchmark case. In this so-called cascade control sys-
tem arrangement, the inner current control loop receives 
the current reference ibR as a sum of the maximum charg-
ing current Imax used during the constant-current stage of 
the charging process and the negative current command 
iblim from the superimposed voltage limiting control-
ler, which is activated when the battery terminal voltage 
measurement ubs exceeds the battery voltage limit value 
ublim (dead-zone block in Fig. 5). The main advantage of 
the CCCV approach is that the charging current and bat-
tery terminal voltage are effectively limited by means of 
respective battery controllers, thus reducing battery ther-
mal stresses and preventing battery over-voltages [27]. In 
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particular, the battery current limit can be preset to the rec-
ommended battery charging current value obtained from 
battery manufacturers’ data, whereas the battery voltage 
limit is typically set to the open-circuit voltage (OCV) 
value corresponding to 100% battery state-of-charge [27]. 
In that way, the CCCV charging control system can be 
easily adapted to different battery types, each character-
ized by different recommended charging current values 
and end-of-charge battery voltages. The detailed proce-
dure for voltage PI controller tuning is presented in [31]. 
The comprehensive analysis presented therein has shown 
such control strategy results in battery terminal voltage 
asymptotically reaching the desired open-circuit voltage 
value Uoc(ξR) related to the desired state-of-charge target 
ξR as the battery charging current ib approaches zero in the 
final, constant-current phase of the charging process.

Fuzzy logic is commonly found in expert systems, where-
in the expert knowledge can be represented in the form of 
linguistic IF-THEN relationships or linguistic rules [53]. 
Block diagram in Figure 6 shows the fuzzy logic-based 
battery charging control system comprising a fuzzy con-
troller with two feedback variables: battery SoC difference 
∆ξ (control error) and battery terminal voltage. Member-
ship functions µi(∆ξ(k)) and µj(ub(k)) and the output func-
tion values uch in the output set of the proposed fuzzy 
logic-based controller are shown in Fig. 7. In this applica-
tion, smoothed trapezoidal membership functions shapes 
are used in the inference part of the controller, as shown 
in Figs. 7a and 7b. There are four membership functions 
associated with SoC difference (Fig. 7a): high SoC differ-
ence (red dashed curve), medium SoC difference (black 
dash-dotted curve), low SoC difference (blue dash-dotted 
curve), and near-zero SoC difference (green solid curve). 
The latter membership function and its associated linguis-
tic rule basically determine the end-of-charging behavior 
of the fuzzy logic controller, wherein the controller output 

should be lowered towards its minimum value which cor-
responds to the fully charged battery terminal voltage and 
zero-current conditions. On the other hand, there are three 
battery voltage-related membership functions (Fig. 7b) 
associated with low battery voltage (red dashed curve), 
medium battery voltage (black solid curve) and high bat-
tery voltage (blue dash-dotted curve), which, alongside 
the other SoC difference membership functions deter-
mine the charging behavior (fuzzy controller output, i.e. 
voltage command uc) when the battery is being charged. 
The output (inference) part of the fuzzy control law is of 
the Mamdani type (see [53]), and its input-output map 
uc is shown in Fig. 7c. It uses triangular output weight-
ing functions (corresponding to fast charge, normal mode 
and end-of-charge) to assign appropriate power converter 
voltage command in relation to fuzzy controller input 
rules. Greater weight is assigned to SoC difference values 
in the mid-to-high range, and the voltage command uc is 
also adapted with respect to battery terminal voltage to 
address possible violations of battery current limitations.

3.2. State-of-charge estimator

The battery equivalent circuit model identification results 
are used as a basis for battery state variable estimation, 
which, according to equations (1) and (2), translates to 
on-line estimation of battery polarization voltage and 
state-of-charge. Due to the non-linear nature of the bat-
tery model (i.e. it is characterized by non-linear param-
eter maps, as illustrated in Figs. 2 and 3), a suitable non-
linear state estimator, such as the EKF [54] needs to be 
employed for this task.

The process model given by equations (1) and (2) is re-
written in the matrix-vector state-space form and trans-
formed into its discrete-time counterpart that can be used 
within the EKF-based state estimator [54]:

Fig. 5. Cascade control system arrangement for battery charging with battery terminal voltage limiting controller [31].
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used within the EKF-based state estimator [54]: 

𝒙𝒙(𝑘𝑘) = 𝒇𝒇(𝒙𝒙(𝑘𝑘 − 1), 𝑖𝑖𝑏𝑏𝑏𝑏(𝑘𝑘 − 1)) + 𝜴𝜴𝜴𝜴(𝑘𝑘),  (3) 

𝑢𝑢𝑏𝑏𝑏𝑏(𝑘𝑘) = 𝒉𝒉(𝑥𝑥(𝑘𝑘), 𝑖𝑖𝑏𝑏𝑏𝑏(𝑘𝑘)) + 𝑒𝑒(𝑘𝑘),  (4) 

where ubm and ibm are battery voltage and current 
measurements, respectively (see Figs. 5 and 6), while 
the state variable vector x(k), the state perturbation 
covariance matrix Q and stochastic perturbation 
scaling matrix  are defined as follows: 

𝒙𝒙(𝑘𝑘) = [𝑢𝑢𝑝𝑝(𝑘𝑘)𝜉𝜉(𝑘𝑘) ],    𝜴𝜴 = [𝑇𝑇 0
0 𝑇𝑇],   𝑸𝑸 = [𝑞𝑞𝑢𝑢 0

0 𝑞𝑞𝜉𝜉]. (5) 

The block diagram representation of the EKF-based 
estimator is shown in Fig 8, with the nonlinear state-
space model used within it to calculate the so-called a-
priori state estimate 𝒙̂𝒙(𝑘𝑘|𝑘𝑘 − 1), which is 
subsequently corrected via battery voltage 
measurement resulting in the final (a-posteriori) state 
estimate 𝒙̂𝒙(𝑘𝑘|𝑘𝑘). For that purpose, the estimation 
algorithm needs to calculate the estimator correction 
gains based on the so-called Ricatti equation [54]. This 
process requires the calculation of the following 
Jacobian matrices, which are related to partial 
derivatives of all battery model parameters with 
respect to battery state-of-charge and polarization 
voltage (battery system states): 

𝑭𝑭(𝑘𝑘) = 𝜕𝜕𝒇𝒇(𝒙̂𝒙,𝑖𝑖𝑏𝑏)
𝜕𝜕𝒙̂𝒙 |𝒙̂𝒙(𝑘𝑘−1|𝑘𝑘−1)

𝑖𝑖𝑏𝑏(𝑘𝑘−1)
,    (6) 

𝑯𝑯(𝑘𝑘) = 𝜕𝜕𝒉𝒉(𝒙̂𝒙,𝑖𝑖𝑏𝑏)
𝜕𝜕𝒙̂𝒙 |𝒙̂𝒙(𝑘𝑘|𝑘𝑘−1)

𝑖𝑖𝑏𝑏(𝑘𝑘)
,    (7) 

which are required to estimate the error covariance 
matrix P within the estimator by using the assumed 
variances of state perturbations  (characterized by the 

perturbation covariance matrix Q whose elements are 
chosen as a trade-off between estimator noise 
sensitivity and tracking ability) and the noise e variance 
r in the battery terminal voltage (measurement) ub [55]. 
 
4. Simulation results 

 
 

Fig. 7. Membership functions of fuzzy controller with 
respect to SoC control error signal (b) and battery 
terminal voltage signal (b), and output rule values (c). 
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where ubm and ibm are battery voltage and current meas-
urements, respectively (see Figs. 5 and 6), while the state 
variable vector x(k), the state perturbation covariance ma-
trix Q and stochastic perturbation scaling matrix Ω are 
defined as follows:
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The block diagram representation of the EKF-based es-
timator is shown in Fig 8, with the nonlinear state-space 
model used within it to calculate the so-called a-priori 
state estimate 
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4.	 Simulation results
Figure 9 shows the results of the EKF-based SoC esti-
mator subjected to the constant-current battery charg-
ing simulation scenario with battery current equal to 
24 A. The results show rather good agreement between 
the state-of-charge obtained from the simulation model 
and the estimator in the estimator steady state (Fig. 9a), 
which points to favorable estimator tracking ability. Fig. 
9b shows that the estimator is characterized by fast con-
vergence towards the actual battery state-of-charge from 
the mismatched state, i.e. it can be tuned for rather fast 
and well-damped response. The state-of-charge estimator 
steady-state tracking error absolute value does not exceed 
0.05%.

The proposed fuzzy logic-based battery charging control 
system has been verified against the voltage PI control-
ler-based conventional charging control strategy [31] by 
means of simulations using the model of the LTO battery 
cell and the DC/DC (buck) power converter implemented 
within MATLAB/Simulink software environment, with 
power converter inductor modeled with inductance Lc = 
0.7 mH, and series resistance Rc = 50 mΩ [31]. Since the 
fuzzy logic-based control strategy has different structure 
(i.e. it does not include the inner current control loop and 
associated charging current limit at the controller out-
put) compared to the conventional voltage PI controller, 
it does not yield the constant-current/constant-voltage 
(CCCV) charging profile characterized by a rather long 

Fig. 6. Block diagram representation of fuzzy logic-based controller for battery charging utilizing SoC estimator  
and battery terminal voltage feedback.
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constant-current (CC) charging interval followed by a 
relatively short constant-voltage (CV) charging interval 
as the voltage PI controller does [31]. Therefore, to com-
pare these controllers in a straightforward way, the fuzzy 
logic-based control strategy is simulated first. The charg-
ing simulation scenario then utilizes the conventional (PI 
controller-based) control strategy whose charging current 
limit (which determines the constant current charging 
phase) is set to the average value of the charging current 
obtained by the fuzzy logic-based charging system. In this 
way, the charging current commanded by the PI controller 
during the CC charging interval would result in a simi-
lar amount of charge being stored within the battery as 
in the case of fuzzy logic-based charging controller with 
variable charging current profile. In both cases, the end 
of charging is indicated when the charging current drops 
below the minimum current value Imin, set in simulations 
to Imin = 10 mA.

Figure 10 shows the comparative results of the proposed 
fuzzy logic-based and conventional control strategy. 
The fuzzy logic-based control strategy initiates battery 
charging with relatively large currents by means of com-
manding the corresponding voltage reference to the volt-
age-controlled DC/DC power converter (see red traces 
in Figs. 10b and 10d), which is progressively increased 
until it reaches the recommended charging current value 
of 30 A which corresponds to the so-called 1C charging 
rate [50]. Large current rates are maintained in the mid-
dle of the SoC region corresponding to low values of bat-
tery series and polarization resistances (cf. traces in Figs. 
10a and 10b). As the SoC increases towards the fully 
charged battery state, the charging current is progres-
sively decreased by means of DC/DC power converter. 
Namely, throughout the charging process, the battery 
voltage steadily increases (Fig. 10c), and the fuzzy logic 
algorithm adjusts the DC/DC converter voltage command 
to decrease the current when the estimated SoC provided 
by the EKF-based estimator approaches the fully charged 
state, as well as to keep the battery terminal voltage within 
the prescribed limits [50]. The fuzzy logic-based control 
strategy has resulted in the total charging time of 5701 
s, and the average changing current of about 20 A. The 
latter value has been used as the charging current limit 
(Imax = 20 A in the block diagram in Fig. 7) within the 

Fig. 7. Membership functions of fuzzy controller with 
respect to SoC control error signal (b) and battery terminal 

voltage signal (b), and output rule values (c).

Fig. 8. Principal block diagram representation of extended Kalman filter for battery state-of-charge estimation.
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conventional PI controller-based CCCV control strategy. 
The results in Fig. 10 show that the conventional CCCV 
control strategy is predominated by the constant-current 
regime throughout the charging process, with the constant 
voltage charging regime being only briefly active near the 
end of charging. This results in battery SoC increasing 
with constant slope, in contrast to the fuzzy logic-based 
strategy, wherein the SoC slope is variable, and adjusted 
with respect to the SoC operating point (Fig. 10a). The 
estimated SoC from the EKF estimator used as the fuzzy 
logic controller feedback is again very well matched with 

the actual battery SoC (see results in Fig. 9) which points 
to fast convergence and good tracking ability of the EKF-
based estimator (cf. red solid trace and blue dashed trace 
in Fig. 10a). The conventional CCCV strategy results 
in the charging time of 6297 s. Consequently, the fuzzy 
logic-based control strategy has in fact achieved a 17.7% 
speedup compared to the conventional PI controller-based 
CCCV control strategy, while achieving nearly identical 
end-of-charging SoC value under these test conditions 
(Table 1).

Fig. 9. Comparative EKF vs. battery simulation model responses during constant-current charging: overall results (a),  
and initial (transient) part of response from mismatched state (b).

Fig. 10. Comparative simulation results of fuzzy controller-based and voltage PI controller-based battery charging systems: 
state-of-charge responses (a), charging current responses (b), battery terminal voltage trace (c)  

and DC/DC power converter output voltage traces (d).
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As indicated in Fig. 10b, the CCCV charging strategy will 
try to maintain the constant charging rate practically un-
til the battery terminal voltage reaches the target value, 
whereas the fuzzy controller (after the initial “boost” of the 
charging current) tends to gradually decrease the charg-
ing current before the end of charging occurs. The current 
profile effectively determines the battery heat losses due 
to series and polarization resistance (Pt = ib

2Rs + up
2/Rp), 

whose values tend to increase at higher SoC values (see 
Fig. 3). Figure 11 shows the profiles of battery model se-
ries and polarization resistance parameters Rb and Rp (Fig. 
11a and 11b), heat dissipation losses Pt (Fig. 11c) and total 
generated heat Wt = ∫Ptdt (Fig. 11d). Simulation results 
show that the fuzzy controller resulting in higher battery 
charging currents indeed causes higher heat losses dur-
ing the initial “boost” of battery current, but subsequently 
decreases the heat dissipation in the second part of the 
charging process, whereas the PI controller-based CCCV 
charging strategy tends to increase the heat losses towards 
the end of charging (Fig. 11c). Consequently, both charg-
ing strategies result in similar total generated heat at the 
end of charging, with the fuzzy controller-based charging 
generating only 7.1% larger amount of total waste heat 
compared with PI controller-based charging strategy (Fig. 
11d). This points to similar performance of these control 
strategies with respect to battery heat losses, whereas the 
fuzzy controller-based charging strategy has been shown 
to be more effective with respect to battery charging time 
(see discussion related to Fig. 10). Thus, it may be inferred 
that utilization of fuzzy controller-based charging strategy 

may indeed be well suited for faster battery recharging, 
while also being characterized by similar end-of-charging 
battery temperature, which is directly related to the total 
waste heat generated during charging. In conclusion, the 
fuzzy logic-based charging strategy, even though being 
characterized by 17.7% shorter recharge time and higher 
charging rates, would have the same effect on heat losses-
related battery aging effects and battery state-of-health, 
and would likely result in similar battery lifetime when 
compared to the conventional CCCV strategy which is 
typically used in practical applications.

The sampling time of the PI controller, fuzzy logic charg-
ing controller and the EKF-based state-of-charge estima-
tor in the above simulation scenario have been set to T = 1 
s (sampling frequency is 1 Hz), which is justified because 
the charging process and the dominant dynamics of the 
process model are rather slow. Since the sampling time is 
rather large, the target microcontroller operating at stand-
ard clock speeds should be able to perform the numerical 
calculations associated with the EKF estimator and the 
fuzzy logic-based controller algorithms, provided that it 
also possesses embedded floating point arithmetic func-
tionality. One such example would be the ARM Cortex-
M4 and Arm Cortex-M7 architectures [56], which also 
feature analog interfaces needed for battery measurement 
signals acquisition. An example of a development board 
that could be used for prototyping and testing such solu-
tions within the open-source software environment would 
be the Arduino GIGA R1 [57].

Fig. 11. Comparative simulation traces of battery series resistance (a), battery polarization resistance (b), resistive heat 
losses (c) and overall generated heat (d) during charging by means of conventional PI control and fuzzy logic control.
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Table 1. Comparative results of conventional vs.  
fuzzy logic-based charging control strategy.

Fuzzy 
controller

PI voltage 
controller

Charging time [s] 5701 6927

Final battery voltage [V] 2.6280 2.6283

Final battery SoC [%] 0.9950 0.9956

5.	 Conclusion
The paper has presented the results of simulation verifica-
tion and benchmarking of the fuzzy logic-based charging 
control system with respect to the battery voltage PI con-
troller-based conventional constant-current/constant volt-
age (CCCV) control strategy for a state-of-the-art lithium 
titanate (LTO) 30 Ah/2.4 V battery cell. For simulation 
verification of both control strategies, a dedicated equiva-
lent electrical circuit simulation model of the LTO battery 
cell has been built based on the previously obtained ex-
perimental data. The results have indicated that the fuzzy 
logic-based charging controller can recharge the battery 
in a much shorter time compared to the conventional 
CCCV charging, while achieving approximately the same 
average charging current value.

The charging control system benchmark, i.e. the conven-
tional battery terminal voltage PI controller-based system 
has been arranged in the co-called cascade control struc-
ture, with the superimposed PI controller commanding 
the current target to the DC/DC power converter with 
straightforward limitation of the battery charging cur-
rent. In the case of fuzzy logic-based charging control, 
the fuzzy logic controller commands an appropriate volt-
age reference to the DC/DC power converter. The DC/
DC converter voltage reference is determined based on 
the finite set of linguistic rules in the input (premise) part 
of the fuzzy control law, which determine the membership 
levels of battery state-of-charge tracking error and termi-
nal voltage to corresponding input sets. Based on those 
membership levels, the output (inference) part of the 
fuzzy control law calculates the so-called “crisp” output 
value which corresponds to the DC/DC power converter 
voltage reference. In order to implement the fuzzy control 
law, a suitable battery state-of-charge estimator has been 
designed using the battery cell equivalent electrical cir-
cuit model and the extended Kalman filter (EKF) design 
methodology.

The proposed charging control strategies have been veri-
fied and compared within the MATLAB/Simulink soft-
ware environment. The EKF-based estimator has been 
capable of accurately tracking the battery state-of-charge 
(SoC), while also being characterized by fast conver-
gence. The fuzzy logic-based charging control system 
utilizing the additional estimated battery SoC feedback in 
combination with the battery terminal voltage feedback 
has shown distinct advantages over the conventional PI 
controller-based CCCV control strategy based on battery 
terminal voltage feedback. In particular, the fuzzy log-

ic-based charging control system has achieved a 17.7% 
speedup of the charging process while honoring the bat-
tery terminal voltage and current limitations, which is 
primarily due to the additional degree of freedom with 
respect to battery charging current in the low-to-middle 
battery SoC operating regime, which the conventional 
CCCV charging strategy cannot take advantage of.

Future work is going to be directed towards further re-
finement of the fuzzy logic-based charging control system 
and its adaptation for the more general case of current-
controlled DC/DC power converter, and state-of-health 
(SoH) aware adaptation aimed at minimizing battery 
stresses during charging. Further developments of suit-
able battery SoC/SoH estimators are also foreseen along 
with the experimental verification of the proposed fuzzy 
logic-based charging control system.
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Abstract
Although countries around the world have increased the utilization of renewable and clean energy, the consumption of 
fossil fuels is still increasing, leading to an increasing emission of greenhouse gases, especially CO2, into the atmos-
phere. The fundamental problem with this phenomenon is that most renewable energy sources are characterized by 
instability, low energy density, and difficulty in storage. The existing energy conversion technologies convert these pri-
mary energy sources into power energy, which is not a carrier and is not easy to transport and store. However, turning 
renewable energy resource into energy carriers, such as hydrogen, can solve the fundamental problem. This paper takes 
China as an example to deeply explore the current situation and shortcomings of the energy supply system, as well as 
the important tasks of energy development. The green, efficient, and low-cost production of sufficient hydrogen/power 
is the prerequisite and core, and low-cost long-term storage and transportation of sufficient hydrogen/power is the 
key. After years of research, State Key Laboratory of Multiphase Flow in Power Engineering has developed emerging 
technologies for preparing energy carriers based on renewable and fossil fuels. The development of these efficient and 
low-cost large-scale hydrogen/power generation technologies, as well as low-cost long-term hydrogen/energy storage 
and transportation technologies, can provide reliable core support for large-scale reduction of CO2 emissions and suf-
ficient and inexpensive green hydrogen/power supply, and strategic technical support for building a new green energy 
supply system and ensuring national energy security. 

Keywords: H2 production, Power generation, CO2 reduction, Net zero, Poly-generation.

1.	 Introduction
Energy is a necessity of human civilization and plays an 
irreplaceable role in various aspects of social develop-
ment [1-3]. From the data released in the “World Energy 
Statistical Yearbook” from 2005 to 2020, it is evident that 
global consumption of oil and natural gas is on the rise. 
However, traditional consumption methods of fossil fuels 
such as oil, coal, and natural gas have always been the di-
rect cause of serious climate and environmental problems. 
Greenhouse gas emissions, particularly CO2, from the 
combustion and conversion of fossil fuels significantly 
hinder efforts to achieve the net-zero CO2 emissions goal 
for global energy systems [4-7]. The significant amount 
of CO2 and other greenhouse gases added to the atmos-
phere through the burning of fossil fuels is the main cause 
of extreme global climate change (El Niño, La Niña phe-
nomena), which is irreversible on a time scale of several 
centuries to several thousands of years [8].

There is data indicating that global warming has been as-
sociated with the concentration of greenhouse gases in 
the atmosphere for a long time. In the past half century, 
the global average temperature has risen sharply, by about 
1 °. The continuous increase in the concentration of free 
CO2 in the atmosphere is currently a direct factor affect-
ing global climate extremes, and until the mid-20th cen-
tury, the annual net emissions of CO2 have been growing 
slowly. However, the global emissions of CO2 increased 
to 6 billion tons in 1950, and exceeded 22 billion tons by 
1990. With the continuous growth of carbon emissions, 
the annual CO2 emissions in recent years have exceeded 
34 billion tons. Although the growth of carbon emissions 
has slowed down with the increase in the proportion of 
renewable energy utilization in recent years, it has not yet 
reached its peak. In addition, greenhouse gas emissions 

and air pollutants are usually generated from the same 
emission source. In 2021, PM2.5 levels in 96% or more 
of regional capital cities severely exceeded the upper limit 
values announced by the World Health Organization for 
air pollutants. The rapidly expanding cities are causing 
serious deterioration accidents in urban and surrounding 
air quality, and if no intervention is taken, the concentra-
tion of pollutants will continue to rise. Therefore, targeted 
policies must be introduced to stabilize and reduce air 
pollution levels. Air pollution within the biosphere will 
directly endanger human health, leading to approximately 
4.2 million premature deaths worldwide each year. Ac-
cording to the research data of environmental epidemi-
ology, the deterioration of air quality will increase the 
incidence rate of cardiovascular and respiratory related 
diseases, and further increase the mortality in serious cas-
es. In this regard, the world urgently needs to achieve the 
net-zero goal as soon as possible to prevent the sustained 
increase in greenhouse gas and air pollutant concentra-
tions from disrupting climate stability and endangering 
human health [9-10]. 

At present, in various fields, the energy conversion pro-
cess based on fossil fuel mainly consists of two sub pro-
cesses. Fossil fuel first converts chemical energy into 
thermal energy through violent oxidation reactions, and 
then converts internal energy into other forms of energy 
such as mechanical energy or internal energy which is 
directly used. However, the first process will generate a 
large amount of greenhouse gases mainly composed of 
CO2 and harmful gases, composed of NOx and SOx. Nu-
merous studies and technologies have been developed to 
reduce the emissions of these gases, such as carbon cap-
ture and storage technology, catalytic reduction and ad-
sorption technology of NOx and SOx, IGCC (Integrated 
Gasification Combined Cycle) technology, etc. [11-15]. 
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Nonetheless, the above-mentioned technologies have 
not yet been industrialized and applied on a large scale. 
The thermal power conversion in the second process is 
mainly used for power generation, and this process is 
mainly limited by the combustion efficiency of the fuel 
and the thermal efficiency. The thermal power generation 
device currently capable of achieving the highest over-
all plant thermal efficiency, with supercritical and ultra-
supercritical devices capable of achieving approximately 
46-47% and 50% plant thermal efficiency, respectively 
[16]. As to renewable energy, the energy conversion pro-
cess is relatively simple. The most widely used renewable 
energy currently are wind energy, hydraulic energy, and 
solar energy. The utilization of wind energy and hydrau-
lic is mainly aimed at converting mechanical energy into 
electrical energy, while solar energy is mainly directly 
converted into electrical energy through the photoelectric 
effect or directly converted into thermal energy through 
concentrated solar energy devices. Although wind power 
generation technology has advantages such as renew-
ability and sustainability, environmental protection, and 
low operating costs, it can only generate electricity when 
wind drives wind turbines within a specific speed range. 
This fatal intermittent drawback means that wind energy 
cannot provide continuous and reliable power supply, and 
usually requires energy storage systems or backup power 
sources to solve this problem [17]. For hydraulic energy, 
it does not consume fossil fuels, does not emit harmful 
gases, and provides a continuous supply of clean energy. 
Hydroelectric power generation has almost no downtime 
because the water flow is only interrupted during regu-
lar maintenance and upgrades, which makes it more sta-
ble. However, the impact of hydroelectric power on the 
environment is its most significant drawback. The con-
struction of dams requires the construction of additional 
roads and power lines, resulting in environmental dam-
age. Dams often form reservoirs, flooding large areas and 
replacing natural habitats. Dams can create stagnant wa-
ter areas, kill plant communities, and emit pollutants and 
greenhouse gases [18-19]. In comparison to wind power 
and hydropower, solar photovoltaic power generation is 
a relatively straight forward process, with no mechanical 
rotating parts. It does not consume fuel, nor does it emit 
any substances, including greenhouse gases. Further-
more, solar energy resources are widely distributed and 
inexhaustible, and the process is entirely noise-free and 
pollution-free. However, it has low energy density, large 
footprint, low conversion efficiency, poor stability, and 
also has fatal intermittent drawbacks [20-21].

For fossil fuels, the CO2 emissions from the production 
of electricity, H2, and materials mainly come from coal, 
oil, natural gas, and other sources [22-24]. With the trans-
formation of the global energy supply structure system, 
the contribution of different fuel sources to CO2 emissions 
has changed. Furthermore, as to renewable energy, a sin-
gle utilization model is the main reason restricting its de-
velopment towards larger scale. It is urgent to build a new 
type of green and low-carbon energy supply system in this 
regard [25-27]. The development of composite and mul-
tifunctional green H2/electricity production technologies 
to achieve complementary advantages and disadvantages 
is a major trend in the future. The main structure of this 

article is as follows. The second part introduces the prin-
ciples of energy conversion and utilization under tradi-
tional methods, summarizes the current status of China’s 
energy supply structure system, and analyzes its existing 
problems. The third part provides a detailed introduction 
to the research and current status of green, efficient, and 
low-carbon H2 production/power generation technologies 
in China. The fourth part proposes some policy recom-
mendations for China’s national strategy of achieving the 
“Dual Carbon” goal as soon as possible.

2.	Development status of traditional energy 
conversion and utilization technology, 
industry, and supply system

Currently, traditional energy can be divided into process 
energy and carrier energy based on their storage capacity. 
The current energy supply system in our country mainly 
rely on renewable energy and fossil fuels converting into 
power energy through certain conditions to meet con-
sumption terminals. Considering the process endowment 
of power energy, it has the defect of being difficult to 
store, which leads to the phenomenon of overproduction 
and large-scale abandonment of power energy in China. 
In this regard, the first part of this section introduces the 
principles and current development status of China’s main 
power generation/ H2 production technologies, while the 
second part analyzes the problems existing in related 
technologies, industries, and their supply systems.

2.1	The principles and current development status 
of the main power generation/ H2 production 
technologies in China

2.1.1 Coal-fired power generation

Due to the richness of coal and the low cost of mining, 
China’s energy relies on coal. Coal is the safest and most 
stable energy source in China. On a global scale, China 
ranks first in coal consumption. Coal accounts for ap-
proximately 65% of its energy structure, and in addition, 
China’s coal production areas are almost ubiquitous in 
every region of China [28-29]. The global available coal 
reserves are sufficient to meet the coal production demand 
for 153 years. From a regional perspective, the Asia Pa-
cific region has the highest proven reserves (46.5%). As 
of 2016, China’s coal reserves were approximately 11.45 
billion tons, accounting for 21.4% of the world’s total re-
serves, reaching the highest level in the world, followed 
by India and the United States. China’s coal production 
increased rapidly from 1981 to 2013, and then gradually 
declined from 2013 to 2016. Despite a decrease in pro-
duction, China’s total coal production in 2016 was 341 
million tons, still accounting for about half of the world’s 
total production [30]. China’s household electricity and 
heating are mainly composed of coal, and small coal-
fired boilers and stoves can meet the energy needs of 
rural households, accounting for about 22% of the total 
energy consumption. And the total energy demand of ur-
ban house-holds accounts for about 50% [31-32]. It can 
be seen that coal-fired power generation accounts for a 
significant proportion in China’s energy supply system.
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The process of coal-fired power generation in China main-
ly consists of the following parts: block coal is first sent 
to the coal mill for pulverization into coal powder, and 
the ground coal powder is sent to the separator through 
the hot air blown by the air preheater. The separator sends 
qualified coal powder to the powder bin, and finally the 
coal powder is fed into the burner by the powder feeder 
and sent to the boiler for combustion. Next, the heat re-
leased during the combustion of coal powder is used to 
convert liquid water into superheated steam. This process 
converts the chemical energy of the fuel into thermal en-
ergy. The high-temperature and high-pressure superheated 
steam drives the turbine to rotate, which is then converted 
into mechanical energy. The turbine then drives the gen-
erator to rotate, ultimately converting mechanical energy 
into electrical energy. The pollutant containing flue gas 
generated after coal powder combustion is transformed 
into clean flue gas through desulfurization and denitrifica-
tion devices and finally discharged into the atmosphere. 
The schematic diagram is shown in the Figure 1.

In the context of the current national strategy of “dual car-
bon”, China is striving to find ways to raise the threshold 
for new coal-fired units. For example, the average coal 
consumption for the power supply of newly built coal-
fired units should be less than 300 gce/kWh; Newly 
built units of 600 MW and above should be suitable for 
ultra-supercritical steam conditions; 300 MW and above 
cogeneration and circulating fluidized bed (CFB) units 
should adopt supercritical steam conditions; In addition, 
new coal-fired units should be equipped with advanced 
and efficient desulfurization, denitrification, and dust re-
moval facilities. At present, China is steadily promoting 
the transformation of existing thermal power generation 
facilities towards ultra-low emissions in the eastern, cen-
tral, and western regions. China is striving to build an ef-
ficient, sustainable, and relatively low emission intensity 
coal-fired power industry [33].

Fig. 1 Schematic diagram of coal-fired power generation

2.1.2 Renewable energy based power generation

Currently, China mainly relies on renewable energy gen-
eration technologies such as wind power, hydropower, and 
photovoltaic power generation. Based on publicly avail-
able data, In the first half of 2023, China’s renewable en-
ergy generation, mainly consisting of photovoltaic, wind, 
and hydroelectric power, reached 1.34 trillion kilowatt 
hours, accounting for 36.2% of the country’s total power 
generation; Among them, wind and photovoltaic power 
generation reached 729.1 billion kilowatt hours, account-

ing for 54.4%, and hydropower power generation reached 
516.6 billion kilowatt hours, accounting for 38.6%. As of 
the first half of 2023, the installed capacity of renewable 
energy in China has exceeded 1.3 billion kilowatts, reach-
ing 1.322 billion kilowatts, a year-on-year increase of 
18.2%, historically surpassing coal-fired power, account-
ing for approximately 48.8% of the total installed capacity 
in China. Among them, the installed capacity of hydro-
power is 418 million kilowatts, wind power is 389 million 
kilowatts, photovoltaic power is 470 million kilowatts, 
and biomass power is 43 million kilowatts [34-36]. Un-
like the principle of coal-fired power generation technol-
ogy, the principle of energy conversion in the process of 
renewable energy generation is relatively simple. Taking 
wind power generation as an example, wind power is used 
to drive the rotation of wind turbine blades, and then the 
speed of rotation is increased by a booster engine to pro-
mote generator power generation. According to windmill 
technology, a gentle wind speed of approximately three 
meters per second (the degree of gentle wind) can start 
generating electricity, as shown in the Figure 2.

Fig. 2 Schematic diagram of wind power generation

Wind power generation is forming a trend around the 
world because it does not require the use of fuel, nor does 
it generate radiation or air pollution. Due to the unstable 
air volume, the output of wind turbines is alternating cur-
rent ranging from 13 to 25V, so the electricity generated 
by wind turbines cannot be directly used. This requires 
rectification by the charger, followed by charging the stor-
age battery, to convert the electrical energy generated by 
the wind turbine into chemical energy. Then, using an in-
verter power supply containing a protective circuit, the 
chemical energy in the battery can be converted into AC 
220V mains power to ensure stable use [37-38].

The basic principle of Hydropower is to use the water 
level drop and cooperate with a hydroelectric generator to 
generate electricity, that is, to use the gravitational poten-
tial energy of water to convert it into the kinetic energy of 
a hydraulic turbine. The kinetic energy of a hydraulic tur-
bine is converted into electrical energy through the gen-
erator, and then electricity is obtained, as shown in Figure 
3. Scientists use the natural conditions of the water level 
drop to effectively utilize mechanical energy conversion 
devices and carefully combine them to achieve the high-
est power generation, providing people with cheap and 
pollution-free electricity. At the same time, low-level 
water circulates and distributes throughout the Earth by 
absorbing sunlight, thereby returning to high-level water 
sources. Despite the numerous irreplaceable advantages 
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of hydropower, its impact on the ecological environment 
is enormous. It requires the submergence of dams in a 
wide range of upstream areas, which can damage produc-
tive lowlands, forests, wetlands, and grasslands along riv-
er valleys, greatly affecting biodiversity. Reservoirs built 
for hydropower can also cause habitat fragmentation in 
surrounding areas and lead to soil erosion deterioration 
[39-40].

Fig. 3 Schematic diagram of hydroelectric power generation

The main principle of photovoltaic power generation is 
the photoelectric effect of semiconductors. Silicon atoms 
have four outer electrons. If an atom with five outer elec-
trons, such as phosphorus, is doped into pure silicon, it 
becomes an N-type semiconductor. If atoms with three 
outer electrons, such as boron atoms, are doped into pure 
silicon, a P-type semiconductor is formed. When P-type 
semiconductors and N-type semiconductors are com-
bined, the contact surface will form a potential difference, 
becoming a solar cell. When sunlight shines on the P-N 
junction, the energy absorbed by electrons is large enough 
to overcome the internal attraction of the atomic nucleus 
and do work, and escape to become photoelectrons. Elec-
trons move from the N pole region to the P pole region, 
while holes move from the P pole region to the N pole 
region, forming an electric current. Based on this princi-
ple, the device that completes the photovoltaic conversion 
in the photovoltaic power generation system is called the 
Solar Module Array. Considering that the voltage of the 
solar cell module is affected by unstable radiation, it is 
necessary to connect a battery pack to store the energy 
emitted by the solar cell array when exposed to light and 
provide power to the load at any time. In addition, the 
number of cycles of charging and discharging and the 
depth of discharging are important factors that determine 
the service life of the battery. In order to prevent over-
charging and discharging of the battery, a charging and 
discharging controller that controls overcharging or dis-
charging of the battery pack is also an essential equip-
ment. The schematic diagram of photovoltaic power gen-
eration is shown in Figure 4.

Solar energy, as an inexhaustible source of energy, is the 
most ideal new energy in the field of power generation. 
However, the cost of equipment used for power genera-
tion is high, the utilization rate of solar energy is low, and 
it is largely affected by the short service life of photovol-
taics.

Fig. 4 Schematic diagram photovoltaic power generation

2.1.3 Industrial H2 production technology

Hydrogen energy is the most promising new energy 
source in the 21st century, and its prospects have attracted 
great attention worldwide [41]. China has already laid out 
a relatively complete hydrogen energy industry chain. At 
present, China’s H2 production technology is relatively 
mature and has a certain industrialization foundation. 
China has become the world’s largest producer of H2, with 
a total H2 production capacity exceeding 20 million tons 
per year [42].

China is a country with extensive coal resources, but 
lacks oil and natural gas. From the perspective of energy 
consumption structure, China still relies mainly on coal 
consumption. According to data from the National Bu-
reau of Statistics, coal consumption in China accounted 
for 57.7% of the total energy consumption in 2019. By 
2050, coal consumption will still account for about 50% 
of China’s energy consumption [43]. The main H2 pro-
duction industry relies on two methods to produce H2 by 
utilizing coal: coal coking and coal gasification. As to the 
coal coking H2 production technology, it is produced by 
reacting coal with water, air, or oxygen under high tem-
perature and pressure to produce syngas, which is mainly 
composed of CO and H2. Subsequently, CO in the synthe-
sis gas further reacts with steam to generate H2 and CO2. 
Finally, CO2 and other impurities in the H2 containing 
flow are removed by a pressure swing adsorption device, 
resulting in high-purity H2 gas [44]. However, natural gas 
is also a good raw material for H2 production [45]. There 
are five main H2 production technologies using natural 
gas as raw material: methane steam reforming, methane 
catalytic partial oxidation, methane self-thermal reform-
ing, methane dry reforming, and methane pyrolysis [46]. 
For petroleum, the H2 produced by the petroleum indus-
try comes from by-products such as naphtha, heavy oil, 
petroleum coke, and refinery dry gas. The technology of 
producing H2 from naphtha is similar to methane steam 
reforming technology. In recent years, due to the tight in-
ternational supply of naphtha, which results the price ris-
ing sharply and increasing the cost of H2 production from 
naphtha [47]. Therefore, China does not use naphtha to 
produce H2 in industrial production. The H2 production 
technology from petroleum coke is similar to the H2 pro-
duction technology from coal gasification. In recent years, 
the production of high sulfur petroleum coke in China has 
been continuously increasing, facing the problems of low 
utilization rate and excess production [48]. Producing H2 
from petroleum coke has become an ideal way to utilize 
petroleum coke. It can not only achieve effective utiliza-
tion of high sulfur petroleum coke, but also reduce the 
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cost of H2 production. This technology has good develop-
ment prospects in China [49-50].

Electrolysis of water for H2 production is also a common-
ly used method. According to different electrolytes, water 
electrolysis can be divided into three categories: alkaline 
(ALK) water electrolysis, proton exchange membrane 
(PEM) water electrolysis, and solid oxide water electrol-
ysis (SOEC) [51]. In addition to traditional water elec-
trolysis for H2 production, renewable energy can also be 
used for power generation, and then H2 can be produced 
through water electrolysis. This process can convert the 
remaining electricity generated by renewable energy into 
hydrogen energy, achieving efficient utilization of renew-
able energy [52-53].

In addition to power generation, renewable energy can 
also directly produce H2. Biomass is not only widely dis-
tributed, but also has a very large total amount. It is one of 
the main energy sources that replace fossil fuels such as 
coal, natural gas, and oil. Biomass H2 production technol-
ogy is mainly divided into thermochemical method and 
microbial method. There are three main types of biomass 
thermochemical H2 production technologies: biomass 
gasification H2 production, biomass pyrolysis H2 produc-
tion, and biomass supercritical conversion H2 production 
[54]. Biomass gasification for H2 production uses air, oxy-
gen, or steam as gasification agents to gasify biomass into 
H2 rich gas under high temperature conditions. Biomass 
pyrolysis for H2 production involves drying heated bio-
mass under air isolation, converting it into H2 rich gas, 
bio-char, and bio-tar. Biomass supercritical conversion 
for H2 production involves a series of reactions such as 
pyrolysis, hydrolysis, condensation, and dehydrogenation 
between biomass and water under supercritical condi-
tions, resulting in H2 rich gas and residual carbon.

2.2	 Issues in the current main power generation/ H2 
production technologies, industries, and supply 
systems

2.2.1 Power generation technology and industrial issues

For coal-fired power generation, an important feature of 
building a new power system is the cleanliness of electric-
ity. Further promoting the cleanliness of coal-fired power 
has become a trend. Coal power enterprises in various re-
gions have completed a round of ultra-low emission and 
energy-saving technology transformation, but they still 
face many difficulties in further investing in deep clean-
ing transformation. At present, there are still many tech-
nological bottlenecks in the clean utilization of coal-fired 
power. Coal fired power generation technology is at the 
international advanced level in many indicators such as 
coal-fired power efficiency, emission level, and power 
generation performance. However, breakthroughs are still 
needed in technologies such as supercritical CO2 power 
generation, carbon capture, utilization, and storage, coal 
gasification fuel cell power generation, and coal-fired cou-
pled biomass power generation. At present, the difficulty 
and cost of technology research and development are high, 
and it is difficult for coal-fired power enterprises alone to 

achieve greater breakthroughs. Many coal-fired power 
companies have reported that the relevant support policies 
for promoting clean utilization are not yet perfect, and the 
transformation motivation and enthusiasm of power gen-
eration enterprises are insufficient. Coal power enterprises 
are constantly undergoing technological transformation to 
adapt to new development requirements, but the increase 
in power generation costs puts a heavy burden on the en-
terprise. Relevant departments have problems in promot-
ing clean utilization of coal power, lacking top-level de-
sign and collaborative cooperation, making it difficult to 
implement supporting policies, and sometimes not timely 
and discounted. Due to various factors, coal-fired power 
enterprises are currently facing widespread difficulties, 
and their willingness to undergo clean transformation is 
not high. Affected by multiple factors such as coal sup-
ply shortage, high coal prices, and inverted coal electricity 
prices, coal-fired power enterprises have been losing mon-
ey for years and generally face certain operational difficul-
ties. The clean utilization of coal-fired power requires a 
large amount of technology and capital investment, which 
puts great pressure on enterprises [55-57].

For renewable energy generation, China has made signifi-
cant achievements in the development of renewable en-
ergy, and the policy system to encourage and support the 
development of renewable energy is becoming increas-
ingly rich. However, energy planning and policies have 
not been fully sorted and adjusted according to the logic 
of energy transformation. Many policies following the 
Beaten Track still continue or strengthen in the name of 
promoting low-carbon energy transformation and renew-
able energy development. In the name of promoting the 
development of renewable energy, some policies that are 
not conducive to improving the operational efficiency of 
the power system still prevail. While the central and east-
ern regions vigorously promote the construction of pho-
tovoltaic power generation and offshore wind power, the 
western region still continues to invest in the construction 
of large-scale wind and photovoltaic power generation 
bases, as well as supporting policies for ultra-high voltage 
long-distance power transmission. However, optimizing 
regional power interconnection, distribution networks, 
and improving load side response technology capabilities 
are conducive to improving the flexibility of the power 
system, which is conducive to improving the volatil-
ity of power consumption capacity. Investment has not 
been prioritized; The policy of shutting down coal-fired 
power units below 300000 kilowatts to improve energy 
efficiency and reduce emissions, as well as the policy of 
requiring flexible retrofitting of units of 600000 kilowatts 
and above, did not take into account the significant de-
crease in operating hours of thermal power units and fur-
ther increase in peak valley load differences as the share 
of volatile renewable energy electricity increases. This 
means that although energy transformation and energy 
revolution have become widely accepted concepts, many 
policies have not truly conducted systematic research and 
formulation from the logic of energy transformation, and 
still only formulate and implement renewable energy de-
velopment policies from the technical level or a single 
indicator [58-59].
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2.2.2 H2 production technology and industrial issues

According to data provided by Maggio et al and Moliner 
et al [60-61]. It can be seen that the main technologies for 
H2 production abroad are natural gas H2 production and 
petroleum H2 production, accounting for approximately 
78% of the total. However, due to the resource character-
istics of “coal rich, oil poor, and gas scarce” in China, the 
main raw material for H2 production is still coal, account-
ing for about 62% of the total. In the short term, there 
are still many technological bottlenecks in the electroly-
sis of water for H2 production technology. For renewable 
energy H2 production technology, taking photovoltaic 
H2 production as an example, the power generation ef-
ficiency of commercial photovoltaic panels is between 
15% and 25%, and the commercial electrolysis water H2 
production efficiency is between 60% and 90%. There-
fore, the theoretical efficiency of photovoltaic electrolysis 
water H2 production is 9% to 22.5%. In actual solar pow-
er generation, the loss of substation grid connection and 
grid power downloading to the electrolysis tank device 
will further reduce the efficiency by about ten percentage 
points. Therefore, the actual efficiency of solar H2 is often 
about 6% to 8%, which is too low [62-63]. Furthermore, 
the average energy consumption of current commercial 
electrolysis water H2 production technology is higher than 
4 kWh / standard cubic feet, and besides equipment costs, 
the operating energy consumption cost is also very ex-
pensive. Calculated at an average electricity price of 0.1 
USD / kWh, the cost is 0.4 USD / standard square feet; 
Even if the current costs of solar power generation, wind 
power, and hydropower are 0.04 USD / kWh, 0.0756 
USD / kWh, and 0.046 USD / kWh, respectively, the H2 
production costs are as high as 0.157 USD, 0.3 USD, and 
0.184 USD per standard cubic feet, making it difficult to 
afford [64]. Therefore, the effective utilization efficiency 
of renewable energy needs to be further developed. 

In the next 5-10 years, China’s H2 production raw materi-
als will still be mainly fossil fuels. In addition, through 
the comparison of various fossil fuel H2 production tech-
nologies, traditional H2 production processes using coal, 
natural gas, and oil as raw materials have the following 
problems: (1) Traditional H2 production technologies 
have high carbon emissions and poor environmental ben-
efits. (2) Traditional H2 production technology not only 
has high raw material costs, but also requires complex 
post-processing, resulting in poor economic benefits. (3) 
Traditional H2 production technology requires high reac-
tion temperature. It has a high energy consumption and 
resources have not been fully utilized. The development 
of low-carbon and green H2 production technology has 
become the key to the development of hydrogen energy 
in China. Therefore, China should further develop low-
cost carbon capture, storage, and utilization technolo-
gies based on its own resource characteristics, in order 
to reduce production costs. Finally, achieving green and 
efficient development of fossil fuel H2 production tech-
nology.

At present, coal-based H2 production technology holds 
an important position in China. It has the advantages of 

large H2 production capacity and low cost. However, it 
has drawbacks such as high carbon emissions and incom-
plete pollutant removal. The H2 produced by electrolysis 
water H2 production technology has high purity, but it 
also has drawbacks such as high energy consumption and 
high cost, and the proportion of this technology adopted 
globally is very low. Although solar energy and biomass 
are pollution-free and renewable, their application in the 
field of H2 production still has drawbacks such as low H2 
production efficiency and high cost. Currently, they are 
still in the laboratory research stage. If renewable energy, 
especially wind energy, solar energy, and hydraulic ener-
gy, can be reasonably and effectively utilized, the produc-
tion cost of electrolytic water for H2 production will be 
greatly reduced. According to the data provided by [65], it 
can be found that the electricity potential of “wind, solar, 
and water” in China can reach 51.5 billion kWh. If China 
can make more rational use of renewable energy, it will 
greatly promote the development of hydrogen production 
through electrolysis of water.

2.2.3 Energy supply system issues

Power energy and hydrogen energy are both secondary 
energy sources, both of which are artificially produced 
from primary energy sources. But power energy is a pro-
cess energy that is hard to store while hydrogen energy 
belongs to the category of energy carriers and can conven-
iently store and transport. The main technology of the cur-
rent global energy supply system is to convert all primary 
energy (including fossil fuels and renewable energy) into 
power energy, and then rely on the transmission and dis-
tribution of power energy to meet the needs of user termi-
nals. When humans rely on fossil fuels as the main source 
of primary energy source, we rely on the easy storage and 
transportation characteristics of fossil fuels as energy car-
riers. We adopt manual allocation at the source of primary 
energy to overcome the mismatch between user terminals 
and energy supply systems in time, space, and geogra-
phy in social production and life. However, the current 
power generation is mainly based on fuel combustion and 
thermal power cycle, emitting huge amounts of harmful 
substances and greenhouse gases, causing environmental 
pollution and ecological damage. When the supply struc-
ture of energy is transitioned into using process energy 
such as solar, wind energy and hydraulic energy as the 
main source of primary energy, it is no longer possible to 
adopt manual allocation at the source of traditional pri-
mary energy. The process endowment of power energy 
makes it hard to achieve low-cost, sufficient, and long-
term storage. This is the fundamental flaw in traditional 
energy conversion and utilization technologies, indus-
tries, and their supply systems. At present, the amount of 
abandoned power energy produced by renewable energy 
such as wind and solar power that has been over 100 bil-
lion kilowatt hours per year [66]. The fundamental reason 
for large-scale power energy abandonment is that the ex-
isting energy supply system only has a sole power genera-
tion unit, and the produced power energy is still process 
energy, which is difficult to store even when not in use.
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3.	The new renewable and fossil energy 
conversion technologies

Based on the current shortcomings of H2 production 
from renewable and fossil energy sources, the State Key 
Laboratory of Multiphase Flow in Power Engineering 
(SKLMFPE) has developed clean and efficient H2 pro-
duction and power generation technologies based on solar 
energy and coal, respectively, after years of research. This 
section will focus on introducing the principles, advantag-
es, and applications of the above-mentioned technologies, 
including new forms of renewable energy conversion and 
utilization, as well as green, low-carbon, efficient, and 
pollution-free fossil energy conversion and utilization 
methods.

3.1 Poly-generation from full-spectrum solar energy

3.1.1	 Principles of poly-generation from full-spectrum 
solar energy

Photocatalytic H2 production is a process that utilizes 
photocatalysts to absorb light energy and produce H2 
through the water photolysis. It is a renewable and envi-
ronmentally friendly method for preparing H2 as an ener-
gy resource [67]. Photocatalytic materials utilize photons 
from the sun, such as visible or ultraviolet light, to excite 
electrons in the valence band of the material. This causes 
the electrons to jump into the conduction band, creating a 
band gap. The excess electrons in the valence band are re-
ferred to as excited state electrons. The excited state elec-
trons subsequently move through the semiconductor and 
undergo a reduction reaction with water present in solu-
tion on the semiconductor surface [68], producing H2. In 
solar energy, UV and some visible light with wavelengths 
between 250 nm and 600 nm can ionize and excite water 
when absorbed.

Light with a wavelength ranging from 600 nm to 1100 nm 
is commonly used in photoelectric conversion due to its 
low energy. This energy is insufficient to directly stimu-
late the photolytic reaction of water, but it can be absorbed 
by solar cells. The photoelectric conversion devices are 
typically made of semiconductor materials that contain 
energy bands and Fermi energy levels. When light strikes 
the semiconductor material, it excites the free electrons in 
the semiconductor band, causing them to move into the 
conduction band and leaving behind holes. The move-
ment of electrons and holes creates structures such as het-
erojunctions and PN junctions within the semiconductor 
material, generating an electric field in the semiconductor. 
The photocurrent is then driven through the electric field, 
producing electrical power that is output through an exter-
nal circuit. Light with wavelengths ranging from 1100 nm 
to 2500 nm, commonly known as near-infrared light, has 
low energy levels that are insufficient to directly excite 
most substances into high-energy states. However, near-
infrared-responsive photocatalysts materials can absorb 
this energy to produce a photothermal effect [68]. This 
effect relies on both photocatalytic and thermocatalytic 
processes to increase the rate of H2 production.

The system of poly-generation from full-spectrum solar 
energy combines photocatalytic H2 production, photo-
thermal catalysis, and photoelectric conversion (Fig. 5.) 
to provide stable electricity and heat, and to produce high-
quality H2 as a clean energy reserve. The integration of 
solar photoelectric technology with poly-generation rep-
resents a new form of renewable energy, which can com-
plement local power generation units and H2 production, 
and enable flexible and intelligent coupling and decou-
pling with the power grid. By utilizing this technology, 
we can transform existing energy systems and build new, 
stable energy supply systems with renewable energy as 
the primary source.

Fig. 5 Ways of utilizing light energy at different wavelengths.

3.1.2 Novel photocatalyst

Catalysts play a crucial role in photo-hydrogen conver-
sion. However, catalysts used for photocatalytic H2 pro-
duction often lack high photocatalytic performance due 
to their composition of a single material. Therefore, opti-
mization of catalysts through modification, hydrothermal 
treatment, and other methods is necessary to enhance their 
light absorption, photogenerated carrier separation, and 
surface reactive sites.

Common catalysts can be divided into sulfide catalysts, 
oxide catalysts, and organic polymer graphite phase car-
bon nitride (Fig. 6.). Sulfide catalysts, such as CdS [69, 70] 
and ZnS [71, 72], are mainly composed of metal sulfides 
with high catalytic activity and stability. Composite cata-
lysts formed by multiple sulfides [73, 74] have higher H2 
production efficiency. Oxide catalysts are mainly based 
on TiO2 [75, 76, 77, 78] due to their high efficiency, non-
polluting nature, and renewability. It can be compounded 
with other oxides or metal sulfides to form highly efficient 
composite catalysts [79, 80]. The composite catalysts can 
enhance photocatalytic H2 production through the photo-
thermal effect by absorbing both UV and near-infrared 
light. Catalysts for H2 production based on graphitic-
phase carbon nitride (g-C3N4) are often doped or modified 
to enhance their catalytic activity. ZnCr layered double 
hydroxide (ZnCr LDH) [81], α-FeOOH [82] and MoO3 
[83, 84] have been found to be excellent modifiers of g-
C3N4. The majority of the modified composite catalysts 
have the morphology and electronic structure of a Z-type 
heterojunction, which further contributes to promote the 



22 Engineering Power

rate of the H2 production. Moreover, it can be modified 
with Cu-Ni bimetallic nanoparticles to broaden the range 
of absorbable spectral for photothermal-assisted photoca-
talysis [85]. Additionally, the H2 production efficiency of 
the catalyst can be enhanced by attaching quantum dots 
(QDs) such as Co3O4 [86], Ti3C2 [87], or Zn-In-Se col-
loids [88] to g-C3N4.

Fig. 6 photocatalysts for H2 production from full-spectrum  
solar energy

3.1.3 Reactor design

With the further enhancement of reactor functions, the 
traditional photocatalytic H2 production reactor cannot 
meet the demand of poly-generation anymore. The new 
reactor is designed with a multi-functional suspended 
fluid collector, which is able to play three roles simul-
taneously as liquid lens, crossover filter and photother-
mal reactor device, significantly increasing irradiation 
uniformity and improving the power output of the solar 
photovoltaic module. Under typical daytime solar irradi-
ance and ambient temperature, the system’s average elec-
trical, thermal and total energy efficiencies are increased 
to 11.39%, 64.72% and 76.11%, respectively [89]. The 
liquid spherical lenses (Fig. 7.) act as secondary optics 
that concentrate and filter infrared light, simultaneously 
intensifying solar panel heat dissipation and increasing 
the operating temperature of the electrolyser. The reactor 
has achieved solar power and H2 production efficiencies 
of 31.7% and 22.1% [90], respectively. The study presents 
the theory of efficient synergistic regulation of field flow. 
It demonstrates a non-linear acceleration of the rate of H2 
production with increasing light intensity concentration. 
Additionally, it explains the influence of photoexcitation 
and thermal excitation on the photo-thermal coupling ef-
fect. The photocatalytic and thermocatalytic reactions are 
accelerated by thermal acceleration and photo-regulation, 
which effectively reduce energy barriers. Zeng et al. [91] 
have developed a poly-generation system for full-spec-
trum solar energy utilization. The system’s performance 
and the ratio of H2 and electricity production can be reg-
ulated by adjusting the parameters of the spectral beam 
splitter (LSBS) and the photocatalytic loading.

Fig. 7 Flow schematic of poly-generation from full-spectrum 
solar energy [90]

3.2	 Poly-generation based on supercritical water 
gasification of coal

3.2.1	Principles and advantages on supercritical water 
gasification of coal

Supercritical water (SCW) is liquid water that forms under 
high temperature and pressure, after undergoing processes 
such as compression or heating. It is often considered an 
ideal medium for the reaction of non-polar organics due to 
its high density, high solubility, high chemical activity and 
low viscosity. The process of SCWG of coal consists of 
two main steps: pyrolysis reaction and gasification reac-
tion. The SCW is used as a reaction medium at high tem-
perature and pressure to convert coal into H2 (Eq. (1)). It 
also oxidizes a portion of hazardous substances, such as 
CO2 and H2S, into harmless gases. The gas produced is 
dissolved in the SCW and exits the gasification reactor as 
a homogeneous supercritical mixed fluid (Fig. 8.) [92, 93]. 
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Fig. 8 Flow schematic of the Poly-generation based on 
supercritical water gasification of coal [94]
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Compared to traditional coal-fired power generation, this 
technology has the following advantages [94]: (1) The 
power generation process does not emit harmful gases 
such as SOx, NOx, waste liquids, dust particles, or other 
pollutants. Additionally, it naturally enriches CO2, achiev-
ing carbon-neutral emissions without any additional in-
crease in energy consumption. (2) The efficiency of power 
generation from coal is greater than 50%. H2 and CO2 as 
well as high-value carbon-containing chemicals can be co-
produced during the generation of electricity and heat. (3) 
The coal consumption is less than 250 g/kWh, and there is 
no water consumption during power generation. The water 
consumption of H2 production is limited to the theoretical 
water consumption of water electrolysis for H2 production.

3.2.2 Catalysts for the SCWG of coal

The efficiency of SCWG is always influenced by the 
catalyst. Alkaline catalysts, such as K2CO3 and KOH [95, 
96, 97, 98], increase the rate of the H2 production from 
SCWG of coal by breaking up the coal matrix and form-
ing formate [99]. Increasing the loading of these catalysts 
further promotes the rate of carbon gasification and H2 
production. Sun et al [96] compared the catalytic effect 
of K2CO3 in SCWG experiments of Zhundong coal in a 
batch reactor. The results indicated that K2CO3 signifi-
cantly enhances the decomposition of aromatic structures 
during supercritical coal gasification. It greatly accelerates 
the process of hydrolysis, steam reforming, and water-gas 
shift reactions, greatly improving the efficiency of carbon 
gasification and the rate of H2 production. Furthermore, 
alkali metals, including Na, K, and Mg, can enhance 
the SCWG reaction process by inhibiting the growth of 
graphite-like structures and promoting the strong chem-
isorption of H2O on carbon structures [98]. Alkaline waste 
black liquor from pulping, an industrial waste liquid, can 
be used as an efficient and inexpensive additive for the 
SCWG of coal due to its alkali and lignin content [100].

3.2.3 Solar-powered CO2 reduction

CO2 reduction reaction (CO2RR) powered by renewable 
energy can use catalytic technologies such as photo-ca-
talysis to convert CO2 and renewable energy into energy 
carriers, where the energy is easy to transport and storage 
(Fig. 9.). Several technologies, including photo-cataly-
sis and photo-electrochemistry, have been developed to 
achieve solar-driven CO2 reduction for the production of 
hydrocarbon fuels so as to achieve the reuse and sustain-
ability of energy. In the whole process, CO2 emission re-
duction and chemical production can be seamlessly con-
nected, forming an efficient energy cycle system. 

Photocatalysis drives electron leaps within the catalyst by 
absorbing solar energy. The electron-hole pairs resulting 
from this process will participate in the CO2RR. Photo-
electrochemistry generates electron-hole pairs in a pho-
toelectrode to form an electric current in a closed circuit, 
while oxygen evolution reaction (OER) [101] and CO2RR 
respectively occurs on the (photo) anode and (photo) cath-

ode surfaces. Photovoltaic electrochemistry (PV-EC) is a 
technique that combines solar photovoltaic power genera-
tion and electrochemistry. The PV convert solar energy 
into electrical energy, which is then used to convert CO2 
into organic compounds in a reaction cell under specific 
potential and electrolyte conditions. Nowadays, the tech-
niques mentioned above has been successfully used by 
scholars to reduce CO2 and prepare various products, such 
as HCOOH [102], CH4, CH3OH, and CH3COOH.

Fig. 9 CO2RR powered by renewable energy in the production  
of chemicals [103].

4.	 Conclusion
Currently, the traditional ways of energy conversion and 
utilization are mainly by converting primary energy into 
power, which is a process energy that is difficult to store. 
Hydrogen energy is also a secondary energy source, but 
it is also an energy carrier. It can solve the problem of in-
termittency and consumption of renewable energy as well 
as the problem of energy storage. Increasing the propor-
tion of primary energy converted to H2 contributes to the 
increased renewable energy utilization. However, the cur-
rent H2 generation technologies based on renewable and 
fossil energy sources have many limitations, and there is 
an urgent need to develop new technologies that can gen-
erate H2 on a large-scale and at low-cost. 

After years of research, the SKLMFPE in Power Engi-
neering has researched and developed H2 and power poly-
generation technology based on full-spectrum solar en-
ergy and poly-generation based on SCWG of coal:

(1) The technology for poly-generation based on full-
spectrum solar energy utilizes different wavelengths of 
light in frequency division. By combining photothermal, 
photoelectric, and photocatalytic technologies, the effi-
ciency of power generation and H2 production can reach 
up to 31.7% and 22.1%, respectively. 

(2) The poly-generation based on SCWG of coal enables the 
green, clean, efficient, and low-carbon use of fossil energy. 
These two technologies can form the basis for developing 
high-efficiency, low-cost, and large-scale poly-generation 
methods, constructing new types of renewable and fossil 
energy units, and transforming existing generating units.
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5.	 Perspective
In the future, efforts should be paid to build a new energy 
system that integrates multiple energy sources. Multi-
energy source complementarity and integration, as an 
advanced method of energy conversion and utilization, 
organically combines fossil energy and renewable energy 
through “energy complementarity and energy grade cou-
pling”, achieving complementary and efficient integration 
of different grades of energy. It will effectively overcome 
the bottleneck of the current rigid chain development 
model of large-scale renewable energy, tap into the active 
regulation potential of multi-energy complementarity sys-
tems, effectively alleviate regional and temporal supply-
demand contradictions, ensure the continuous stability 
of energy production, and achieve energy matching and 
coordination between supply and demand sides. Multi-
energy complementarity and integration will also form a 
low-carbon conversion method based on a system con-
cept through the joint complementarity of various types of 
technology routes such as renewable energy conversion 
and utilization, fossil energy conversion and utilization, 
energy storage, and carbon capture，utilization and stor-
age, breaking through the bottleneck of traditional inef-
ficient utilization methods of the combustion on fossil 
energy and helping to achieve efficient and low-carbon 
energy conversion.
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Abstract
The new technology of electric vehicles (EVs) is a promising alternative to deal with energy crisis, environmental 
pollution, global warming and climate change problems, as they are more environmentally friendly and efficient than 
internal combustion engine vehicles. Lithium-ion batteries, considered to be the heart of EVs, require specific operating 
conditions in terms of temperature. The most efficient operating temperature range for lithium-ion battery technology is 
between 25°C and 40°C, and the peak temperature difference between cells should be less than 5°C. The performance of 
battery decreases at values outside of the efficient operating temperature range. Therefore, an effective battery thermal 
management system (BTMS) is essential to improve the performance of the vehicle in safe and economic conditions. 
In this review, the methods of effectively dissipating the heat produced in the battery due to fast charging/discharging 
processes, controlling the undesired temperature rise in the battery, the BTMS and working principles necessary for 
ensuring EV safety and performance are addressed. In this regard, air-based cooling, phase change material based 
cooling, heat pipe based cooling, liquid-based cooling, and hybrid cooling methods have been thoroughly investigated. 
The advantages, drawbacks, application strategies and superior features of each method compared to the other are 
discussed and recommendations are given for future works.

Keywords: Battery thermal management system, Cooling, Electric vehicle, Charging/Discharging.
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1.	 Introduction

Diesel and gasoline vehicles release large amounts of CO, 
CO2, SO2, NOx, HC, and particulate matter into the atmos-
phere [1,2]. Exhaust gases and particulate matter emitted 
from internal combustion engine vehicles bring with them 
problems that threaten the whole world, such as environ-
mental pollution, global warming and climate change. 
191 countries signed the Paris Climate Agreement to alle-
viate these problems, which are getting worse on a global 
scale [3]. With the depletion of fossil resources and the 
increasing importance of renewable energy sources, sci-
entists have developed electric vehicles (EVs) and hybrid 
electric vehicles (HEVs) that are more efficient and less 
harmful to the environment than internal combustion en-
gine vehicles. In addition to promising zero emissions, to 
create a cleaner environment and a greener future, EVs 
have also become an attractive vehicle that requires less 
energy cost per km than gasoline and diesel vehicles [4]. 
The energy for EVs is supplied by batteries which are one 
of the most vital components of the electric vehicle. The 
chemical properties of the battery and the type of battery 
determine the life of the battery, operating temperature, 
self-discharge rate, energy density, power capacity, and 
charge/discharge rate [5]. Although many types of batter-
ies such as nickel-cadmium, lead-acid, solid-state, hybrid-
nickel metal and lithium-ion have been used in electric 
vehicles from past to present, lithium-ion batteries stand 
out with their high energy density, high output voltage, 
being more environmentally friendly, no memory effect, 
less affected by temperature compared to other batteries, 
and low self-discharge rate [6,7]. However, lithium-ion 
batteries are very demanding on operating temperatures. 
The most suitable operating temperature for lithium-ion 
batteries is between 25°C and 40°C, and the temperature 
inequality between the battery cells should not exceed 5°C 
[8]. As the temperature inhomogeneity increases, the bat-
tery life decreases [9]. At higher temperatures above these 
conditions, battery capacity, performance characteristics, 
life, and chemical structure are adversely affected [10]. At 
extreme temperatures of 80°C and above, safety dangers 
such as thermal runaway, electrolytic explosion, and the 
release of hazardous gases may occur in the battery [11]. 
Thermal runaway is an undesirable situation that leads to 
the battery cells to heat up too much, thus shortening the 
service life of the battery [12]. Since the lithium-ion bat-
tery cell is limited to 2.4 - 4.2 V values, battery packs are 
created by connecting the cells in series and parallel to 
provide the desired voltage values and required perfor-
mance [13]. Due to space and weight constraints, battery 
cells in contact positioned so closely affect each other 
thermally and may trigger an explosion [14]. In addi-
tion, the efforts to charge the EV in a shorter time and the 
applications to increase the power density to get a more 
effective performance from the battery also increase the 
heat generated in the battery, consequently, leading to a 
rise in the temperature of the battery pack. Considering all 
these, the battery thermal management system (BTMS) 
is necessary to ensure the safety of the vehicle, improve 
driving conditions and increase its performance. BTMSs 
perform heating and cooling as needed to keep the battery 
cells operating within the optimum operating temperature 

[15]. Considering the fact that the vehicle is constantly in 
motion and the ambient temperature changes depending 
on the climatic conditions, determining the appropriate 
BTMS strategy and developing and optimizing the BTMS 
design is an important research topic. At this point, the 
cooling load required by the battery, the battery type (cy-
lindrical, prismatic and pouch type), the vehicle type and 
the ambient temperature are critical in managing the ther-
mal problems of the battery [16].

2.	 Review Methodology

Currently, there are numerous studies on BTMS. This re-
view paper was compiled based on the studies between 
2018 and 2023, especially including recent articles. Dur-
ing these years, the demand for EVs has boosted due to 
the support of the country’s administrations and various 
environmental concerns. In view of this situation, ef-
forts in this field have accelerated in order to cope with 
the challenges. Numerous reports and research articles 
on BTMS in the past and present have attempted to find 
solutions to the challenges of heat management in elec-
tric vehicles. This article primarily focuses on the clas-
sification of BTMS, the advantages and disadvantages 
of each method, and the developments in battery cooling 
strategies in recent years. Therefore, articles published 
in distinguished journals by leading scientists working 
on BTMS were specifically investigated and included 
in the current study. Research and review articles fallen 
within the scope of this study were analyzed in detail. In 
addition, internationally recognized journals and studies 
written only in English were included in the review and 
discussion process. In order to determine the most rele-
vant paper for the study, some keywords such as BTMS, 
BTMS types, air-cooled BTMS, PCM-based BTMS, liq-
uid-cooled BTMS, HP-based BTMS, and Hybrid BTMS 
were searched. The research, which specifically focused 
on issues related to thermal management strategies, con-
straints and applicability of EV batteries, resulted in 94 
articles deemed suitable for inclusion in the study. BTMS 
types are addressed respectively, and their advantages, 
disadvantages, cooling efficiency, and cost analysis are 
discussed. Finally, research gaps of BTMSs, possible sce-
narios, and future studies are presented.

3.	 Types of BTMS

The BTMS of an electric vehicle must ensure that the bat-
tery remains within the effective temperature range by 
performing heating and cooling in the battery when   nec-
essary, so that the vehicle performs within safe limits [17]. 
Ambient temperature is one of the important parameters 
affecting the performance of electric vehicles. When the 
ambient temperature drops below 0°C, the performance 
of the battery declines significantly, due to fact that, at 
these low temperatures, a lithium coating can suddenly 
form in the battery pack [18]. Therefore, BTMS performs 
heating to maintain the performance and chemistry of the 
battery. It also performs cooling at temperatures exceed-
ing the limits of battery health and vehicle safety. In addi-
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tion to the battery pack, software and hardware equipment 
are used in BTMS to provide thermal safety [15]. Electric 
vehicle developers are optimizing the use of high energy 
density battery packs to increase vehicle range. However, 
this requires BTMS to work more effectively. Techniques 
used for BTMS can be divided into 5 groups; liquid-based 
cooling, air-based cooling, heat pipe (HP) based cooling, 
phase change material (PCM) based cooling, and combi-
nation of at least two aforementioned methods, i.e. hybrid 
cooling [19]. The advantages, disadvantages, and system 
component of these systems are presented in Table 1. 
Literature survey regarding each BTMS technique men-
tioned above is discussed in separate subsections. The key 
findings in literature for each technique are summarized 
in the form of table.  

Although the equipment, materials and design parameters 
used in each of these systems are different, their intended 
use and cooling performance also differ. Apart from this, 
BTMSs are also classified according to the amount of en-
ergy consumption, active and passive method [20]. The 
classification of these methods into subtitles is summa-
rized in Figure 1. Passive methods do not require external 
cooling or heating equipment. The use of fins, HP, and 
PCM is among the most common passive methods. In the 
active method, unlike the passive method, an extra energy 
source such as a pump or fan is needed. Although this im-
proves cooling performance, it is also considered a costly 
approach [21].

3.1. Air based BTMS

Air-based BTMS is one of the considerable methods that 
can be used to keep the battery at effective operating tem-
perature [22]. Air-based BTMS continues to be preferred 
in light-duty EVs thanks to its uncomplicated structure, no 
risk of leakage, lightness, long life, and low cost [25-25]. 
However, as liquid-based BTMSs are developed and pro-
vide higher cooling performance, air-based BTMSs are 
falling into the background. Air-based BTMS has disad-
vantages compared to liquid-based BTMS, such as lower 
cooling performance, noise problems caused by the fan, 
and higher energy consumption [26]. The specific heat 
capacity of air is considerably lower compared to liquids, 
requiring higher airflow rate to reach the desired results 
[27]. Additionally, compared to other cooling methods, 
air cooling can cause high temperature differences be-
tween cells. Thus, the battery may not achieve the expect-
ed performance, which adversely affects the chemistry 
and service life of the battery. To prevent these problems, 
more air flow can be directed to the battery pack within 
acceptable pressure loss and cost limits or different chan-
nel geometries can be considered. However, in conditions 
where cooling is insufficient, it should be combined with 
liquid cooling or hybrid cooling methods [28]. 

In air-based BTMSs, the air flow rate entering the system, 
the ventilation channel and its structure, the battery pack, 
and the geometry of the battery used are of great impor-
tance [29]. In air-based BTMSs, it is possible to change 
the battery cell arrangement, adjust the air flow, use dif-
ferent geometry batteries, and change the inlet and outlet 
geometry to enhance the cooling performance [30].

Table 1. Features of BTMS used in EVs to date.

BTMS Advantages Disadvantages System Components

Air based BTMS Uncomplicated structure, long life, 
low cost, electrical safety, no risk 
of leakage as in liquid-based and 
PCM-based BTMS

Low cooling performance, high en-
ergy consumption

Fans, ventilation channel

Liquid based BTMS High cooling efficiency, more uni-
form cell temperature distribution

High energy consumption, risk of 
leakage and complex structure

Cold plate, heat pipe, 
jacket, pump

Heat pipe based BTMS Flexible geometry, less noise com-
pared to air cooling and high cool-
ing

Not sufficient when reaching high 
discharge rates, risk of leakage and 
high cost

Heat pipe

PCM based BTMS More uniform temperature distribu-
tion, fast thermal response, no need 
for extra energy, effective cooling 
performance when integrated with 
other systems

Risk of leakage, lower thermal con-
ductivity compared to liquid-based 
BTMS

Phase Change Material
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Fig. 1. BTMS classification [21].

Singh et al. [31] suggested air-based BTMS to protect the 
battery from temperature exposure, ensuring its durability 
and sustained performance. They utilized 15 cylindrical 
battery cells, included a straight wall and a wall with dif-
ferent undulation numbers, and compared the results quite 
comprehensively. It is clear that increasing the air inlet 
velocity considerably enhances the cooling performance, 
and the use of undulating walls compared to straight walls 
leads to a non-negligible temperature drop in the battery 
temperature. They also discussed the cooling efficiency 
by altering the number of battery cells. Yang et al. [32] de-
veloped a new study to improve temperature uniformity 
using air-based BTMS. The effect of valve opening and 
air flow parameters in the valve on temperature changes 
in the battery was investigated. It was concluded that the 
valve opening parameter improved the temperature uni-
formity in the battery and that the valve opening and pres-
sure difference were inversely proportional. 

Air-based BTMSs are basically divided into active and 
passive systems according to the way they use the air.  
While air intake to passive systems is provided from the 
atmosphere, auxiliary equipment such as fans are used in 
active systems [33]. Akbarzadeh et al. [34] compared a 
48V battery pack built with 12 prismatic battery cells, air-
based and liquid-based BTMS using computational fluid 
dynamics. Coolant flow rate, coolant temperature, power 
consumption were the parameters changed. In both sys-
tems, it was found that increasing the coolant throughput 
led to a decrease in the maximum cell temperature. In ad-
dition, the increase in coolant throughput had a greater 
impact compared to the liquid-based BTMS. Table 2 lists 
studies on air-based cooling methods and highlights the 
key details of the study.      

3.2. PCM based BTMS

Compared to air-based and liquid-based BTMS, PCM are 
promising materials that allow large amounts of heat to be 
stored and released during phase change and have become 
the focus of attention by researchers [35]. The classifica-
tion of PCM is presented in Figure 2. PCMs have fast 
thermal responses [36]. PCM provides more uniform tem-
perature distributions in the battery compared to air-based 

and liquid-based BTMS, but may not be as effective as 
liquid cooling at high discharge rates [37,38]. In addition, 
PCMs have good cooling performance without the need 
for extra energy consumption [39]. But, PCMs are eas-
ily and frequently integrated with PCM-liquid cooled or 
PCM-air cooled BTMSs to rapidly dissipate heat stored in 
the battery, forming a crucial component of hybrid cool-
ing [10, 40]. However, besides these features, PCM has 
low thermal conductivity and leaks problem [41]. PCM’s 
low thermal conductivity makes it harder for heat to build 
up in the battery and to conduct heat out of the battery 
pack. Therefore, combining PCM and other cooling meth-
ods becomes inevitable to improve cooling performance 
and efficiency. PCM-based BTMSs are more vulnerable 
to ambient temperatures than air-based and liquid-based 
BTMSs, therefore their adoption is constrained [16]. Con-
sidering all these features, PCMs are not yet widely used 
in commercial EVs [42]. Numerous studies have been 
conducted on the temperature behavior, cooling perfor-
mance and cost effectiveness of using PCM in BTMS. 
Studies on this topic, which has moved to the centre of 
scientific attention, continue unabated. Patel and Rathod 
[43] added fins to improve the multiple cycle cooling 
performance of PCM-based BTMS. And when the rest 
time is taken into account in the analysis, it was seen 
that the fins and 20 minutes rest time for multiple cycles 
were close to the expected results. Deng et al. [44] used 
composite phase change material (CPCM) to improve the 
leakage and poor thermal conductivity problem of PCM. 
As a result, it was concluded that the optimization of the 
use of CPCM in EVs and HEVs would yield broadly ef-
fective and beneficial results. Bais et al. [45] surrounded 
a 1.2 Ah, 3.7V single battery cell with 4 mm PCM layer. 
They performed discharge experiments in the presence 
and absence of PCM. As a result of the study, they meas-
ured temperature behavior and electrical changes sepa-
rately for 1200 seconds in both cases. It was revealed that 
when PCM was integrated into the system, the battery cell 
thermal behavior was provided more perfectly and was 
more durable compared to the one without PCM in the 
same experimental environment. Li et al. [46] proposed 
a BTMS design using PCM. The aim of the research was 
to reduce the weight of the PCM by keeping it within 
reliable working temperature under favorable operating 
conditions. The study with a variable number of battery 
cells was compared and discussed experimentally and nu-
merically. It is clearly seen that as the PCM radius and 
the heat generation rate of the battery grow, the peak tem-
perature difference and the battery temperature increase, 
respectively. Zhang et al. [47] presented BTMS with vari-
ous fin configurations depending on the PCM to reinforce 
heat transfer, which is a major phenomenon. The number 
of fins, thickness, angle, length, area and variable heat 
transfer coefficient were the parameters investigated. The 
computational fluid dynamics analysis results were vali-
dated by experimental studies. Finally, the novel fins de-
signed possessed outstanding performance characteristics 
compared to the traditional flat fins. Huo et al. [48] intro-
duced a PCM-based BTMS method to study temperature 
uniformity, which is a crucial point in the research and 
improvement of battery technologies. Table 3 presents 
recent studies on PCM-based cooling methods, discusses 
the working method and purpose of the study, and clas-
sifies the conditions under which the study is conducted. 
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Fig. 2. Classification of PCM [49].

3.3. Liquid-based BTMS

Liquid-based BTMS is one of the most frequently used 
methods to secure the safe operation of batteries in EVs. 
Although it requires a more complex structure and more 
energy consumption compared to air-based BTMS, it pro-
vides a very effective cooling performance thanks to the 
high specific heat capacity of the liquid [50]. However, 
liquid-based cooling is costly and increases the mass of 
the battery system considerably [51]. This technique is 
commonly utilized in leading EVs such as the BMW i3 
and Tesla due to its superior cooling ability [38]. Water 
and glycol are frequently used in these systems. A mix-
ture of water and glycol can also be used according to 
cost analysis and ambient conditions [59]. Vikram et al. 
[60] used a mixture of water and different concentrations 
of Ethylene Glycol and Propylene Glycol as coolant in 

Table 2. Summary of studies on air-based BTMS.

Author Method Battery Tmax Remarks
Type Number

Wang et al. [26] Sim. Cylindrical 24 304.27K Channel distance and air inlet velocity optimization

Yu et al. [52] Sim. Cylindrical 16 NA Investigation of the effects of air inlet and outlet cross sec-
tion on the temperature of the battery pack

Li et al. [53] Sim. Cylindrical 
2230 mAh

32 41.07 °C Economic optimization of BTMS, investigation of the rela-
tionship between battery temperature and cycle life, deter-
mining the relationship between BTMS thermal efficiency 
increase and cycle cost

Mao-Sung Wu 
[54]

Sim. Prismatic 12 NA Effect of air cooling type on battery thermal performance 
and energy efficiency, optimization study

Table 3. Summary of studies on PCM-based BTMS.

Author Method
Type

Battery
Number Load

Tmax Remarks

El Idi et al. 
[55]

Exp. +Sim. Cylindrical 
2500 mAh

1 NA NA Investigation of cell temperature during charge/
discharge cycles

Wu et al. 
[56]

Exp. Prismatic 5 1C
3C
5C

53.47 ◦C at 
3C

Design criteria of shape memory composite phase 
change material and testing its applicability on 
BTMS, investigation of performance characteris-
tics, temperature distribution and heat dissipation 
capacity of BTMS at different charge/discharge 
rates

Verma et 
al. [57]

Sim. Pouch 1 2C 305 K at the 
end of 1200 
s at 3 mm 
thickness

Comparison of the effects of capric acid and 
commonly used paraffin on BTMS at different 
thicknesses and different ambient temperatures, 
observing the effect of PCM on BTMS at high 
discharge rate

Kadam and 
Kongi [58]

Exp.+
Sim.

Cylindrical 12 1C
2C
3C

NA Discussing the effect of PCM thickness on battery 
temperature distribution, cooling performance 
and weight at different charge/discharge rates.
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BTMS. Temperature change, energy need, and ambient 
temperature were the analyzed parameters. The battery 
pack is set to operate at a constant temperature of 25°C. 
Considering the conditions of India, where the study was 
conducted, the ambient temperature was started from 
30°C and increased by 5°C, up to 50°C. The load on 
BTMS, cumulative energy consumption value, and tem-
perature profile results were evaluated together. It has 
been revealed that it takes more time and requires more 
cumulative energy to reduce the fluid entering the sys-
tem to 25°C at high ambient temperatures. When water 
and other fluid concentrations were examined, it was ob-
served that adding 25% propylene glycol and 50% ethyl-
ene glycol to the coolant provided effective results.

Liquid-based BTMS is divided into two groups: indirect 
contact and direct contact. In direct contact cooling, the 
battery pack has a more effective cooling performance 
than the indirect cooling because it is in direct contact 
with the dielectric liquid surrounding its surface [61]. In 
this way, more heat is removed from the battery pack, but 
since the dielectric liquid used has a high viscosity, more 
energy is required to circulate the liquid in the system [61, 
62]. 

In indirect liquid-cooled systems, a cold plate, jacket, and 
heat pipes are used to remove the heat from the battery 
pack and keep the vehicle running in safe conditions [62]. 
Although it provides a more uniform temperature distribu-
tion and significantly reduces the temperature difference, 
the direct contact cooling method is not preferred except 
for fast charging [63]. While the indirect liquid cooling 
method is utilized in vehicles such as the Mercedes EQS, 
Tesla Model Y, Porsche Taycan, the direct liquid cooling 
method continues to be applied in the McLaren Speedtail 
model [64]. In Table 4, current studies on liquid-based 
cooling methods are presented, the key points of the study 
are highlighted, and the conditions under which the study 
was conducted are reported.

3.4. Heat pipe based BTMS

The heat pipe is one of the effective methods used to re-
move the heat generated in the battery. It can significantly 
reduce the thermal imbalance between battery cells [65]. 
Heat pipes with a compact structure, flexible geometry, 
and high cooling performance working with the phase 
change principle have been developed and studied by 
scholars recently [66, 67]. Heat pipes possess low ther-
mal resistance, and act as heat exchangers that transmit 
heat from high temperature to low temperature by using 
phase changes [68]. They are outstanding components ca-
pable of transferring heat despite relatively low tempera-
ture differences [69]. Guo et al. [70] developed BTMS 
with heat pipe and micro heat pipe to enable efficient and 
high performance operation of batteries. In this way, they 
compared battery aging, the electrochemical structure of 
the battery, its service life, and the heat production in the 
battery. As a result, although a few cycles gave effective 
results, they could not obtain a satisfactory thermal man-
agement result after 1250 cycles owing to the formation 
of solid electrolyte interphase in the battery. In addition, 

micro heat pipes offered better results than heat pipes 
in the management of the peak temperature in the bat-
tery pack and the peak temperature difference in the bat-
tery cells. Jouhara et al. [71] experimentally studied the 
effects of a heat mat, which can be easily incorporated 
into the system, on the peak temperature and temperature 
uniformity of the battery on prismatic battery cells, us-
ing heat pipe-based BTMS. The results were very impres-
sive and at the same time a useful approach model. The 
heat mat provided a very high performance in absorbing 
and removing the heat produced in the battery cells, thus 
reducing the energy requirement from the pump. Ren et 
al. [72] experimentally studied a BTMS with a preheated 
U-shaped micro heat pipe to prevent the battery from be-
ing affected by low ambient temperature. Variable energy 
input to the system, the presence or absence of heat pipes 
surrounded by an insulating material were the parameters 
tested. The results indicate that heat pipes surrounded by 
insulating material subjected to preheating undergo a re-
markable temperature increase and enable a satisfactory 
preheating process. It is also concluded that cooling and 
heating processes can be carried out together. In addition 
to these studies, research on HP-based cooling methods is 
presented in Table 5.

3.5. Hybrid cooling

Although researchers are constantly developing battery 
systems, the proposed systems may be inadequate if used 
alone. When a single method is insufficient for cooling in 
battery systems and efficient and desired results cannot 
be achieved, more than one method is used together, and 
higher cooling performances are achieved by emphasiz-
ing the superior features of these methods. Thus, hybrid 
BTMSs have been proposed and have become the focus 
of researchers. Hybrid BTMSs are used for different pur-
poses depending on the application area and expectations 
[73]. 

Active systems require excessive energy and cause tem-
perature inequalities and require the support of passive 
systems. By using these two cooling strategies together, 
energy consumption decreases and battery temperature is 
distributed more evenly [74]. Ahmad et al. [75] enhanced 
a hybrid BTMS design with PCM and air cooling. They 
added fins to their system to improve heat transfer and 
comprehensively analyzed its contribution to cooling per-
formance with and without PCM. It was observed that the 
wings added to the developed hybrid BTMS facilitated 
the air flow and yielded excellent results compared to the 
other analysis conditions tested. While the highest tem-
perature value was obtained for Fin-Air BTMS, PCM-
Fin-Air BTMS remained at a more controllable and rea-
sonable level. There was a temperature improvement of 
18.6% between PCM-Fin-Air BTMS and Fin-Air BTMS. 
The study offered a fresh outlook, particularly in the con-
text of high charge and discharge environments, and was 
highly encouraging for the future of green energy initia-
tives. Mousavi et al. [85] designed a cooling system that 
combined PCM and liquid-based BTMS using prismatic 
battery cells to improve cooling performance.
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Table 4. Summary of studies on liquid-based BTMS.

Author Method
Type

Battery
Number Load

Tmax ΔT Remarks

Li et al. 
[76]

Exp. 
+Sim.

Prismatic 
64 Ah

12 1C
1.5C
2C
2.5C
3C

313 K 5 K at  <3C Analysis of the effects of operating 
conditions and battery pack design 
on the pressure drop, temperature and 
cooling performance of the BTMS, ef-
fect of coolant flow direction on tem-
perature gradient

Wang et 
al. [77]

Sim. Pouch 
battery 50 
Ah

9 0.8C 311.2592 
K

13.1092 K Investigation of cooling performance 
of coolant flow rate and direction on 
BTMS

Wang et 
al. [78]

Exp. 
+Sim

Cylindrical 20 3C 53.48 °C 18.72°C (flow 
rate is 40 ml/
min, serial 
cooling mode)

Improving pressure drop, energy con-
sumption and temperature uniformity 
discussing the effects of coolant flow 
rate and serial or parallel design of the 
cooling system on BTMS.

Tousi et 
al. [79]

Sim. Cylindrical 12 3C
5C
7C

305.59 K 1.07 K Analyzing the effects of the inlet speed 
and amount of nanofluid-added liquid 
cooling at different discharge rates on 
BTMS performance and efficiency.

Chen et 
al. [80]

Exp. Prismatic 8 0.5C 1C
1.5C
2C  2.5C

33.35°C NA Development of the regression model 
of the most effective and efficient 
BTMS in the fast charge-discharge 

Table 5. Summary of studies on HP-based BTMS.

Author Method
Type

Battery
Number Load

Tmax Remarks

Zhang and 
Wei [81]

Exp.+ Sim. Prismatic 5 4C
6C
8C

54.3 °C Discussion of experimental and analysis results 
of flat heat pipe design and temperature distribu-
tion, cost and performance at different discharge 
rates.

Behi et al. 
[82]

Exp.+
Sim.

Prismatic 15 8C 43.8 °C at 
0.2 m/s

Experimental and numerical discussion of differ-
ent types of cooling, Investigation of battery pack 
temperature change by changing input speed

Liang et al. 
[83]

Exp. Prismatic 2 NA    NA Experimental discussion of the effects of coolant 
flow rate, coolant temperature, ambient tempera-
ture, heat generation per cell and BTMS start-up 
time on battery health and thermal performance.

Wang et al. 
[84]

Exp.+
Sim.

Cylindrical 12 3C
5C

31.55 °C Comparing and discussing the analysis and ex-
perimental results of the effects of the design 
parameters of the conductive structural element 
in contact with the battery on the temperature dis-
tribution.
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They carried out the analysis with the help of ANSYS 
FLUENT at 1C, 2C, and 3C variable discharge rates. 
They concluded that the PCM plates integrated into the 
battery system provide a more significant cooling effect 
as the discharge rate increases. They discussed the cool-
ing performance when 1 and 3 PCM plates were added to 
the system without using PCM by changing the speed of 
the refrigerant entering the mini-channel cooling plates at 
3C discharge rate. When the refrigerant velocity was 0.01 
m/s and a 100% increase in flow rate was made, a sig-
nificant temperature drop of 9 K and 15 K occurred in the 
battery. Faizan et al. [86] developed a new cooling design 
by combining PCM and cooling plate with 3 mm diameter 
in different channel structures.

Isfahani et al. [88] proposed a new approach by com-
bining PCM and microchannels to alleviate the extreme 
temperature and temperature inequality that pose a major 
threat to the battery. As a result, PCM/metal foam shows 
the highest temperature, although it is more excellent in 
terms of temperature uniformity and temperature standard 
deviation. In contrast, microchannels exhibit the opposite 
behavior. Therefore, the utilization of these two tech-
niques together ensures that the battery operates within 
the desired operating temperatures. Additionally, an anal-
ysis of the response characteristics of battery cells and 
packs has been conducted, highlighting that the effect of 
surrounding battery cells is substantial and should not be 
underestimated. Zhao et al. [89] created a hybrid system 

Table 6. Summary of studies on hybrid BTMS.

Author Method BTMS Type
Type

Battery
Number Load

Remarks Tmax ΔT

Wang et 
al. [87]

Exp.+ 
Sim.

PCM+Liquid 
cooling

Cylindrical 12 1C
2C

coolant flow and inlet tempera-
ture optimization, control of 
energy consumption

57.6 °C,
44.8 °C

4.1 °C,
<2 °C

Liu et al. 
[88]

Exp.+ 
Sim.

PCM+Liquid 
cooling

Cylindrical 16 1C
2C
3C
4C
5C

ambient temperature, coolant 
inlet temperature, flow direc-
tion optimization

46.2 °C 4.2 °C

Peng et 
al. [89]

Exp.+ 
Sim.

PCM+Heat 
pipe

Cylindrical 40 0.5 C 1C
2C

investigation of the effect of 
PCMs with different properties 
on the thermal performance of 
the battery

47.7 °C 
at 2C

NA

Chen et 
al. [90]

Sim. Air cooling+ 
PCM

Cylindrical 16 1C
2C
4C
8C

investigation of ambient tem-
perature, inlet velocity and 
melting and solidification tem-
perature of PCM

NA NA

Li et al. 
[91]

Exp.+ 
Sim.

Air cooling + 
Liquid cooling

Pouch 
battery 
16  Ah

1 and 5 1C
3C
5C

effects of air velocity, air inlet 
location, different number of 
fans, cold plate thickness on 
BTMS

64.3 °C 
at 5C

NA

Yuan et 
al. [92]

Exp. Heat pipe + 
Liquid cooling

Prismatic
50Ah

1 0.5–2C coolant flow rate, evaporation 
section and condensing section 
length of HP-CP, ambient and 
inlet coolant temperature, bat-
tery discharge rate

34.1 °C 1 °C

Wang et 
al. [93]

Exp. Heat pipe + 
PCM

Cylindrical 40 2C effect of PCM tube and HP hy-
brid system on BTMS

47.7 °C 2.5 °C

Jang et 
al. [94]

Exp. + 
Sim.

Heat pipe + 
Liquid cooling

Prismatic 
40Ah

10 0.5–2C determination of the effects of 
discharge rate, liquid mass flow 
rate, liquid temperature and 
ambient temperature on BTMS
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by integrating air-based BTMS with liquid-based BTMS 
to improve the cooling effect. Coolant flow rate, number 
of pipes used in the system, fan position, and distance be-
tween coolant and battery were studied on COMSOL soft-
ware and results were discussed. As a result of the analy-
sis, it was seen that the change in the number of pipes did 
not have much effect on the maximum temperature in the 
battery.  Additionally, it was concluded that there was an 
improvement in the temperature uniformity of the bat-
tery pack when the liquid flow rate entering the system 
was increased. In terms of cooling performance and en-
ergy efficiency, it is recommended that the air entering 
the system must not exceed 0.4 m/s. Zhou et al. [90] cre-
ated a novel approach by combining an air jet and a heli-
cal flow coil into the battery system. The results revealed 
that this innovative hybrid system achieved a lower peak 
temperature difference than the liquid-based one when air 
cooling is applied at the positive and negative ends of the 
battery cell. Air inlet velocity and temperature were the 
parameters investigated and it was observed that varying 
them did not cause a major improvement in cooling per-
formance. Wang et al. [91] proposed a novel BTMS with 
different flow orientations by combining PCM and liquid 
cooling with wavy microchannel structure. Increasing the 
number of liquid microchannels utilized in the improved 
hybrid system and different oriented flow enhanced the 
cooling efficiency. In addition, by switching from a mi-
crochannel cooling plate system to a hybrid system, there 
has been a substantial decrease in weight, which is also 
very advantageous in terms of cost and energy savings. 
Zhao et al. [92] conducted an experimental and numeri-
cal study on ANSYS FLUENT by combining composite 
phase change material and liquid cooling using 20 cylin-
drical type batteries. The study was carried out separately 
with pure PCM and hybrid cooling method under differ-
ent experimental conditions. They inferred that with the 
liquid cooling included in the system in addition to PCM, 
the heat produced in the battery is transferred more effec-
tively, but as a result, the temperature difference and the 
required energy increase. In the study conducted under 
0.5C, 1C, and 2C discharge rates and variable discharge 
depth, when the discharge rate was 2C, the change in 
Reynolds number from 0 to 112 caused a 6 K decrease in 
the peak temperature, 59W power requirement and tem-
perature differences. Table 6 presents a summary of the 
comprehensive report, organized and ranked based on re-
cent research findings. 

          
4.	 Conclusions
In this review, BTMSs of electric vehicles developed to 
cope with the increasing energy crisis, environmental pol-
lution and global warming and to alleviate these problems 
are discussed and systematically addressed. Electric vehi-
cles are designed to be more efficient than those powered 
by internal combustion engines, and they do not contrib-
ute to greenhouse gas emissions in the environment. To 
ensure that these vehicles operate within safe limits and 
with high performance, the battery must be kept in effi-
cient operating conditions. Batteries are very sensitive to 
temperature, so they can be kept within safe temperature 
limits one of air-based cooling, liquid-based cooling, heat 

pipe-based cooling, PCM-based cooling or hybrid cool-
ing methods. This also maintains battery health and chem-
istry and increases cycle life. The following conclusions 
have been formulated based on a thorough examination of 
the relevant literature:
•	 Air-based cooling is one of the most preferred basic 

methods with its uncomplicated structure, no risk 
of leakage, lightness and low cost. However, since 
the specific heat capacity of air is lower than that of 
liquid, the cooling performance is lower than liquid 
cooling. Additionally, due to the application strategy 
of this method and the thermophysical properties of 
air, significant temperature differences can occur be-
tween the cells in the battery pack. This can degrade 
the performance and lifespan of batteries. To enhance 
the cooling efficiency of air-based cooling, the air flow 
rate, ventilation channel and structure, battery type 
and arrangement can be improved. Yet, when all these 
adjustments are insufficient, air-based cooling should 
be applied with other types of cooling techniques to 
maintain the battery within the range.

•	 Liquid-based cooling is one of the methods widely 
used in electric vehicles today to keep the battery in the 
optimum temperature range and provides high cooling 
performance. However, since liquid-based cooling has 
a complex system structure, energy consumption and 
cost can be relatively high. Today, many automotive 
manufacturers such as Mercedes, Tesla, Porsche, and 
McLaren have applied liquid-based BTMS instead of 
air-based BTMS due to its effective thermal manage-
ment performance.

•	 PCM-based cooling is one of the BTMSs that is in-
creasingly becoming the focus of researchers’ atten-
tion and is constantly being developed. PCMs can 
absorb and dissipate large amounts of energy without 
needing extra energy. They have fast response times 
and a structure that can be easily integrated with other 
systems. However, PCMs have low thermal conduc-
tivity and leakage problems. Although various re-
search studies have been conducted on the cooling 
performance, system compatibility and cost optimiza-
tion of PCM, it has not yet been fully utilized com-
mercially in EVs.

•	 Heat pipe-based cooling is one of the methods studied 
with great interest by researchers. Heat pipes with a 
compact structure and flexible geometry can remove 
the heat produced in the battery without needing extra 
energy. These systems, which work on the phase trans-
formation principle, are sensitive to even low tempera-
ture differences and can operate efficiently.

•	 When a solely battery management system alone is in-
sufficient for securing efficient run of batteries, more 
than one method can be employed simultaneously. In 
this way, systems that provide superior cooling perfor-
mance can be created with hybrid cooling. Excess en-
ergy demanded by active systems can be compensated 
by the inclusion of passive systems. Furthermore, the 
control of the maximum temperature of the battery 
pack and the distribution of the cell temperature can 
be substantially improved.
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5.	 Recommendation and future work

The numerical analysis of the battery is a complicated and 
extensive process in itself, and it is very essential that the 
results are consistent with the actual driving cycle. De-
viation levels must be within acceptable limits and can 
be further improved. Although a variety of studies have 
been carried out regarding BTMS, several critical aspects 
still need to be examined. The majority of the weight of 
existing EVs consists of battery systems. This also leads 
to higher transportation costs. A key aspect of ongoing 
studies involves the replacement of the existing battery 
with a higher energy density variant to minimize weight. 
However, this creates certain problems, such as, under 
fast charge/discharge cycles, the higher energy density 
battery generates more heat. To dissipate this heat gener-
ated in the battery pack, a BTMS is necessary to main-
tain effective and safe conditions for continuous cycling. 
For variable battery types, cost analysis, weight, volume, 
and energy consumption values should be evaluated all 
together to reach optimum operating temperature range 
conditions. Although several parameters such as battery 
geometry and arrangement, ambient temperature, fluid in-
let velocity, channel structures, number of channels, fluid 
type, and additives have been investigated for different 
BTMS types, it has been observed that there is a gap in 
cost effectiveness and energy efficiency studies. There-
fore, it is thought to be beneficial for future studies to shift 
to this area, which is a key factor for BTMS. In addition, 
when the methods used in BTMSs are discussed sepa-
rately, the following approaches may be valuable for po-
tential research and can be focused on these issues.

•	 BTMSs for safe driving conditions: Advanced tech-
nology EV batteries have a higher energy density com-
pressed into the battery and operate under continuous 
fast charge/discharge cycles. Without an appropriate 
control mechanism, this situation may adversely af-
fect the battery, resulting in considerable destruction. 
In case of crash or collision, it may cause the release 
of poisonous gas, fire, explosion or even loss of life. 
BTMS is required to eliminate all these negativities 
and ensure the operation of the battery within a con-
trolled temperature range. However, it is necessary 
to study in depth for different battery technologies to 
prevent the risk of thermal runaway, fire and explo-
sion. Additionally, it is essential to consider the entire 
battery system, rather than just individual battery cells, 
when developing effective cooling strategies and ther-
mal management solutions. 

•	 During fast charge/discharge cycles, the cooling ca-
pacity required by the battery and the recommended 
cooling system must match each other. In order to 
choose the most appropriate cooling method, battery 
type and geometry, energy density of the battery, and 
discharge/charge conditions must be determined cor-
rectly. This approach is essential for preventing the 
battery from overheating.

•	 Air-based BTMSs: Air-based BTMS has significant 
restrictions that can lead to some problems. This 
method, in terms of its structure and applicability, 

may cause unequal temperature distribution between 
the cells in the battery pack, and it may produce un-
desirable levels of noise when operated at high levels. 
In terms of cooling efficiency, it is more suitable for 
use in light commercial vehicles. In order to enhance 
the cooling performance of air-based BTMS under 
safe and economic conditions, it is recommended to 
integrate air-based BTMS with other cooling strate-
gies and to conduct deeper studies in this field in fu-
ture studies. In addition, the distance between battery 
cells can be regulated within the allowed dimensions 
in order to control the battery temperature and ensure 
safe driving conditions. Moreover, this method can be 
further improved with the help of differently directed 
air flow and air duct with different geometry.

•	 PCM-based BTMSs: PCM-based cooling, which 
promises great potential, has not yet been fully com-
mercialized. More research and development work 
are needed on these materials, to be utilized in EVs. 
System feasibility and material characteristics can be 
further enhanced by incorporating composite PCMs 
into BTMS. It is expected that the improvement of the 
flammability issue of PCMs, optimization of system 
size, and advancement of weight and thermal per-
formance values will facilitate the inclusion of PCM 
in the EV market. The problem of decreasing PCM 
latent heat in continuous cycle should be addressed, 
and studies should be carried out to prevent the risk of 
leakage. In addition, by integrating PCM and liquid-
based BTMS under appropriate operating conditions 
to meet the requirements of the system, more effec-
tive thermal control can be achieved than using these 
methods alone.

•	 Liquid-based BTMSs: Liquid-based BTMS is capable 
of effectively managing battery temperature in sys-
tems where high cooling performance is demanded. 
However, if not designed properly, it can result in a 
high temperature difference between cells. When this 
situation repeats in a continuous cycle, the service life 
of the battery is shortened and battery chemistry may 
deteriorate. In liquid-based BTMS, the selection of 
the coolant that corresponds to the cooling capacity 
required by the battery and its compatibility with the 
system is crucial. Especially in liquid-based BTMSs, 
additives utilized to improve cooling performance and 
conductivity coefficients cause heterogeneity prob-
lems in the closed loop. In the long term, efforts to 
ensure the flow of liquid cooling in homogeneous and 
appropriate conditions should continue. Additionally, 
studies should be developed to increase heat transfer 
by increasing the contact area of ​​the battery compo-
nent and the cooling interface. A major drawback for 
liquid-based BTMS is the leakage problems and the 
risks associated with it. This challenge can be miti-
gated by the development of a design that works in 
harmony with the requirements of the system and the 
inclusion of suitable sealing components. When all 
these complicated constraints and challenges are fully 
investigated and addressed with innovative solutions, 
liquid-based BTMS can be transformed into a safe and 
secure system.
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•	 HP-based BTMSs: For thermal management, enhanc-
ing the heat transfer properties of the HP is the primary 
focus, considering that the battery is in constant op-
eration. It is preferable to start research by developing 
heat pipe design, battery-heat pipe layout and mate-
rial properties. Aluminum HPs are expected to be pre-
ferred to provide an advantage when weight is taken 
into account.

•	 Hybrid cooling: Hybrid cooling systems are created 
by integrating these methods together when air-based 
BTMS, PCM-based BTMS, liquid-based BTMS, 
and HP-based BTMS are insufficient alone. Hybrid 
method, which includes advanced and new technolo-
gies, requires more space, and increases weight as 
it involves different cooling methods. Additionally, 
the real-time thermal performance of this method on 
lithium-ion batteries needs to be improved. Especially 
by combining HP and PCM, various thermal manage-
ment combinations can be designed that provide supe-
rior cooling compared to other approaches. However, 
studies should be carried out to determine the most 
optimal strategy considering different aspects such as 
cost, volume, weight, and time management. In addi-
tion, when the current researches in the literature are 
investigated, it is noticed that initially the cooling per-
formance of the battery is aimed to be improved. How-
ever, there are very limited efforts on the response and 
sustainability of all these management technologies in 
the long term. This is a huge gap in the literature and 
the focus of future studies should be concentrated on 
this field. The hybrid cooling method is considered a 
very promising approach for the EV market and future 
studies that transition to high-performance and fast 
charging conditions. However, since it incorporates 
versatile cooling strategies, design configurations and 
cooling equipment must be selected harmoniously. 
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1.	 Introduction
In 2022, the worldwide urban population was roughly an-
ticipated to be about 4.5 billion, accounting for 56.9% of 
the overall population. Urban regions record continuous 
growth, and by 2050, more than 70% of the global is an-
ticipated to be located in urban centers, mostly driven by 
Less Developed Regions (LDR) or emerging economies 
[1],  where five out of six people live in social and eco-
nomic inequities and lack of regulation. In this context, 
Latin America is projected to have substantial urban ex-
pansion, which might result in an additional 53 million 
people living in metropolitan areas by 2035 [2]. 

The majority of urban land development is expected to 
take place in low-income nations. If not properly planned, 
urban sprawl might become a pressing worldwide con-
cern. Small cities and towns with a population of 250,000 
people play a crucial role in creating sustainable urban 
futures in low-income nations. Therefore, it is necessary 
to improve planning capacity, particularly for emerging 
cities facing challenges such as high population density, 
lack of access to energy, and inequality. These issues are 
urgent global aspects that need immediate attention. Ac-
cording to the UN World City report, “A multidimensional 
approach is key to an inclusive urban future” [3]. 

Urbanization affects attempts to mitigate climate change 
by contributing to land cover degradation via extensive 
deforestation. At the same time, urban atmospheric air 

quality is affected by the modification of land through 
construction materials. This modification alters the nor-
mal thermal storage, radiative, and turbulent heat transfer, 
as well as the sensible heat flux [4]. These changes result 
from the thermal and optical properties of the materials 
used and from the lower evaporative cooling of infra-
structures with low emissivity [5]. These factors contrib-
ute to increased human exposure to the negative effects of 
global warming at the local scale [6]. The higher albedo 
and Land Surface Temperature (LST) of urban areas com-
pared to their natural surroundings, along with the impact 
of urban geometry, anthropogenic heat, and the region's 
geographical and microclimatic conditions, influence the 
thermal balance of the urban environment. The multivari-
able phenomenon is the main cause of the exacerbation of 
the Urban Heat Island Intensity (UHII) [7], [8]. 

In the climate change context, science-based urban plan-
ning is undeniably advantageous for reducing urban over-
heating and its effects on human vulnerability caused by 
global warming [9], thus the spatiotemporal evolution in 
urban microclimate has a serious effect on environmental 
heterogeneity, and urban policies to address this urgent 
topic must be developed [10]. Satellite remote sensing is 
a valuable method for sustainable urban planning, par-
ticularly in addressing the Urban Heat Island (UHI) phe-
nomenon through the analysis of multiple indices, and 
socio-demographic, and environmental approaches such 
as Local Climate Zones (LCZ), which allow associating 
the characteristics of the urban environment with Land 
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Surface Temperature and identifying patterns during the 
day, enabling urban planners to classify metropolitan ar-
eas by examining building geometry and land cover using 
satellite data from numerous sources [11]. Multiple stud-
ies have shown the existence of temperature changes dur-
ing the day, which may be accurately observed by analyz-
ing data from Landsat and ASTER satellites. Moreover, 
the configuration and composition of Land Use and Land 
Cover (LULC), and cover materials have a significant im-
pact on LST, such as the findings found by Ejiagha [12] 
where it was identified that residential and industrial ar-
eas were the largest contributors to LST during 2015 and 
2018, increasing LST by up to 6.95 °C. In addition, the 
combination of remote sensing and spatial network analy-
sis can provide useful insights into the impact of various 
urban areas such as the findings presented by Mohamed 
[13]. Governments around are implementing green city 
strategies to transform obstacles into possibilities. Saudi 
Vision 2030 advocates for intelligent development to en-
hance the economy while safeguarding natural resources. 
The urban heat island (UHI) - who performed a compari-
son of LST between two districts in Saudi Arabia, finding 
that the Al-Shrashef district whose main spatial character-
istic is the compact urban fabric presents a lower LST up 
to 1 °C compared to the Al Eskan district which presents 
large tracts of open space. On the other hand, Jato-Espi-
no [14] developed ArcUHI, a Geographic Information 
System (GIS) attributes the increase in UHI to building 
height and albedo, so they developed ArcUHI, a tool that 
combine GIS and machine learning algorithms, to model 
Surface UHI and predict LST with high accuracy, to adopt 
mitigation strategies that can be used to guide strategic 
actions, such as the adoption of green roofs and walls, 
reflecting coatings, or cool pavements/roofs, to reduce the 
heat absorption capacity of built surfaces as reviewed by 
others [15]. By incorporating these elements, planners can 
create cities that are both environmentally sustainable and 
favorable to human-well-being, while also considering 
socio-demographic factors.

In Mexico, the National Projects for Research and Inci-
dence (PRONAII) managed by the National Council of 
Humanities, Sciences, and Technologies (abbreviated 
CONAHCyT) integrates scientific-technical expertise to 
facilitate cooperation between academic and private or 
public entities [16]. This research initiative include met-
ropolitan institutes of research and planning, enhancing 
the use of official data resources to tackle urban climate 
change and reach the UN Sustainable Development Goals 
for sustainable cities and communities, and fostering Na-
tional Development Plans, addressing social, environ-
mental, and demographic issues by suggesting multicrite-
ria studies to mitigate the Urban Heat Island effects. 

The present work addresses the constraints of climatic 
information provided by traditional meteorological sta-
tions in the national meteorological system of Mexican 
cities. The climatological data mentioned above are of-
ten standardized to examine heat exposure in urban areas. 
However, unlike remote sensing instruments, they lack 
the ability to offer a comparative geospatial resolution 
for conducting temporal analysis to assess the intensity 

of urban heat islands and the changes in land surface tem-
perature within urban areas. The primary objective of this 
study derived from PRONAII was to use spectral images 
from the Landsat 8 satellite to compare and assess the ur-
ban land cover and Surface Urban Heat Island effects of 
the City of Ensenada, Baja California. Specifically, the 
study focused on comparing average typical summer days 
in 2019 and 2023.

2.	 Method 
This research was conducted in the sparsely populated 
city of Ensenada, Mexico. The coastal city is located at 
latitude 32° 12’ 10” N and longitude 116° 53’ 03” W, bor-
dering the Pacific Ocean. It covers an area of 71.446 km2, 
has 119,796 inhabited dwellings, and an average occu-
pancy rate of 3.16 inhabitants per urban dwelling. The av-
erage population density is 9 residents per square kilom-
eter (residents/sq.km) [17] that can reach 58.46 residents/
sq.km in the northeast sector of the city [18]. The popula-
tion is projected to grow by 66,226 more people by 2030 
compared to 2020, with an annual growth rate of 0.98% 
according to the State Development Planning Committee 
(COPLADE) [19]. The maximum housing land use inten-
sity allowed in the 2034 urban strategic plan is 182 inhab-
itants per hectare (people/ha) for single-family dwellings 
and 500 people/ha for multi-family dwellings [20]. The 
lack of an adequate regulation plan will result in signifi-
cant social and environmental impacts, including the deg-
radation and disappearance of green infrastructure. Ad-
ditionally, the disorderly growth of the city in peripheral 
areas will lead to an increase in informal housing [21]. 
The climate in Ensenada is classified as BSk (cold semi-
arid climate) according to the Köppen-Geiger climate 
classification system. This classification refers to a cold 
semi-arid climate, which is characterized by wet, rainy, 
and cold winters, as well as hot and dry summers [22].

For the land cover analysis, three primary climatic indi-
cators were chosen: NDVI, LST, and SUHI. NDVI is a 
numerical indicator that represents the amount of vegeta-
tion on the surface; it is measured on a scale from -1 to 1, 
where negative values imply high reflectivity and positive 
values indicate the presence of vegetation [23-24]. On 
the other hand, the LST is influenced by factors such as 
time, day, ground cover, and meteorological conditions, 
causing its readings to fluctuate, high LST readings sug-
gest the presence of warm surfaces, whereas low values 
are typically linked with vegetated areas, water bodies or 
cool spots in the city [25]. The SUHI phenomenon per-
tains to the variation in LST caused by the absorption and 
emission of heat by urban surfaces [26]. It is employed 
through different methodologies to extract and refine lev-
eraged satellite data in order to assess the heat island in-
tensity [27]. 

Remote sensing techniques were utilized to estimate the 
intensity of NDVI, LST, and SUHI. This estimation was 
carried out through a 6-stage process, as seen in Figure 1. 
The first stage of the research aimed to identify the typical 
extreme summer day for 2019 and 2023. This was done 
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by analyzing ambient temperature oscillation and mean 
temperature, which involved calculating the monthly total 
of the absolute differences between the daily average dry 
bulb temperature (DBTd-avg) and the daily average oscil-
lation (OSCd-avg). The Landsat 8 satellite spectral im-
agery from the United States Geological Survey (USGS) 
earth explorer database [28] of September 05, 2019, and 
August 22, 2023, were selected based on the usual harsh 
weather conditions, cloud cover, and precipitation. The 
Operational Land Imager (OLI) and relevant Band 4 
(Red): 0.64 – 0.67 micrometers (μm) and Band 5 (Near-
Infrared, NIR): 0.85 – 0.88 micrometers (μm), were uti-
lized to capture multispectral imagery in different wave-
length bands and estimate NDVI. At the same time, Band 
10: 10.60 – 11.19 micrometers (µm) employ the Thermal 
Infrared Sensor (TIRS) to capture earth´s surface infrared 
radiation.  

In order to conduct the SUHI evaluation (See Eq.7), it was 
previously necessary to calculate the Lλ: spectral radiance 
(See Eq. 1), and LST (See Eq. 6), which was derived 
from the spectral indices of emissivity (ε) (See Eq.5) and 
brightness temperature (TB) (See Eq.2). The value of ε 
was determined by using Equation 5, which is dependent 
on the NDVI. Equation 4 was used to calculate the NDVI 
by measuring the reflectance of the RED and NIR bands. 
The estimation of TB was performed using spectral radi-
ance, as shown in Eq. 2. The approach mentioned above 
was computed using the GIS software ArcGIS v10.8.2 by 
analyzing the spectral imagery, ArcGIS is considered as a 
decision support tool, widely used for its spatial data inte-
gration and multi-criteria decision-making enhancement 
[29] the process of determining these national responsi-
bilities and conservation priorities is time intensive when 
considering many species across geographic scales. 

Fig. 1. Methodological workflow for calculating  
LST and SUHI.

Table 1. Different spectral indices used for calculation. 
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additive scaling factor, 𝐷𝐷𝑁𝑁𝑏𝑏𝑎𝑎𝑛𝑛𝑑𝑑: raw band digital numbers, 𝛼𝛼: surfaces 
radiation constant adjustment, 𝜀𝜀𝑠𝑠: emissivity bare soil (NDVI<0.2), 𝜀𝜀𝑣𝑣: 
emissivity vegetation (NDVI>0.5), 𝜀𝜀𝑚𝑚: emissivity mixed areas 
(NDVI>0.2 & NDVI<0.5), *Spectral range dependent index, being Red 
Reflectance: ρred and NIR Reflectance: ρNIR. 

After normalizing the skewed SUHI data, the current 
approach utilized Jenks' natural breaks data classification 
technique to assess the intensity of the phenomena. This 
optimization method allows for the grouping of data into 
clusters and optimizes the distinction between groups 
minimizing the variance between them to facilitate 
normalization across multiple dimensions.  In order to 
achieve this objective and provide natural data groupings, 
a 5-class scale was employed, utilizing the categories 
suggested by Zhang [36]. 
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is a numerical indicator that represents the amount of 
vegetation on the surface; it is measured on a scale from 
-1 to 1, where negative values imply high reflectivity 
and positive values indicate the presence of vegetation 
[23], [24]. On the other hand, the LST is influenced by 
factors such as time, day, ground cover, and 
meteorological conditions, causing its readings to 
fluctuate, high LST readings suggest the presence of 
warm surfaces, whereas low values are typically linked 
with vegetated areas, water bodies or cool spots in the 
city [25]. The SUHI phenomenon pertains to the 
variation in LST caused by the absorption and emission 
of heat by urban surfaces [26]. It is employed through 
different methodologies to extract and refine leveraged 
satellite data in order to assess the heat island intensity 
[27].  
Remote sensing techniques were utilized to estimate the 
intensity of NDVI, LST, and SUHI. This estimation was 
carried out through a 6-stage process, as seen in Figure 
1. The first stage of the research aimed to identify the 
typical extreme summer day for 2019 and 2023. This 
was done by analyzing ambient temperature oscillation 
and mean temperature, which involved calculating the 
monthly total of the absolute differences between the 
daily average dry bulb temperature (DBTd-avg) and the 
daily average oscillation (OSCd-avg). The Landsat 8 
satellite spectral imagery from the United States 
Geological Survey (USGS) earth explorer database [28] 
of September 05, 2019, and August 22, 2023, were 
selected based on the usual harsh weather conditions, 
cloud cover, and precipitation. The Operational Land 
Imager (OLI) and relevant Band 4 (Red): 0.64 – 0.67 
micrometers (μm) and Band 5 (Near-Infrared, NIR): 
0.85 – 0.88 micrometers (μm), were utilized to capture 
multispectral imagery in different wavelength bands and 
estimate NDVI. At the same time, Band 10: 10.60 – 
11.19 micrometers (µm) employ the Thermal Infrared 
Sensor (TIRS) to capture earth´s surface infrared 
radiation.   

In order to conduct the SUHI evaluation (See Eq.7), it 
was previously necessary to calculate the 𝐿𝐿𝜆𝜆: spectral 
radiance (See Eq. 1), and LST (See Eq. 6), which was 
derived from the spectral indices of emissivity (ε) (See 
Eq.5) and brightness temperature (TB) (See Eq.2). The 
value of ε was determined by using Equation 5, which is 
dependent on the NDVI. Equation 4 was used to 
calculate the NDVI by measuring the reflectance of the 
RED and NIR bands. The estimation of TB was 
performed using spectral radiance, as shown in Eq. 2. 
The approach mentioned above was computed using the 
GIS software ArcGIS v10.8.2 by analyzing the spectral 
imagery, ArcGIS is considered as a decision support 
tool, widely used for its spatial data integration and 
multi-criteria decision-making enhancement [29]. 

 
 Fig. 1. Methodological workflow for calculating LST and SUHI. 

 Table 1. Different spectral indices used for calculation.  

Index Equation  Ref 

𝐿𝐿λ ML × DNband + AL (1) [30] 
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 (2) [31] 

ρλ  𝜌𝜌
𝑠𝑠𝑖𝑖𝑖𝑖(𝜃𝜃𝜃𝜃 ⁄ 180) (3) [30] 

NDVI (𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 − 𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟) 
(𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟 ) 

(4) [32] 

ελ {𝜀𝜀𝑠𝑠 𝜀𝜀𝑠𝑠 𝜀𝜀𝑠𝑠 } = {𝜀𝜀𝑠𝑠′ 𝜀𝜀𝑚𝑚, 𝜀𝜀𝑣𝑣 (5) [33] 
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) − 273.15 
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 (7) [35] 

Note: Where: 𝑀𝑀𝐿𝐿: radiance multiplicative scaling factor, 𝐴𝐴𝐿𝐿: radiance 
additive scaling factor, 𝐷𝐷𝑁𝑁𝑏𝑏𝑎𝑎𝑛𝑛𝑑𝑑: raw band digital numbers, 𝛼𝛼: surfaces 
radiation constant adjustment, 𝜀𝜀𝑠𝑠: emissivity bare soil (NDVI<0.2), 𝜀𝜀𝑣𝑣: 
emissivity vegetation (NDVI>0.5), 𝜀𝜀𝑚𝑚: emissivity mixed areas 
(NDVI>0.2 & NDVI<0.5), *Spectral range dependent index, being Red 
Reflectance: ρred and NIR Reflectance: ρNIR. 

After normalizing the skewed SUHI data, the current 
approach utilized Jenks' natural breaks data classification 
technique to assess the intensity of the phenomena. This 
optimization method allows for the grouping of data into 
clusters and optimizes the distinction between groups 
minimizing the variance between them to facilitate 
normalization across multiple dimensions.  In order to 
achieve this objective and provide natural data groupings, 
a 5-class scale was employed, utilizing the categories 
suggested by Zhang [36]. 
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11.19 micrometers (µm) employ the Thermal Infrared 
Sensor (TIRS) to capture earth´s surface infrared 
radiation.   

In order to conduct the SUHI evaluation (See Eq.7), it 
was previously necessary to calculate the 𝐿𝐿𝜆𝜆: spectral 
radiance (See Eq. 1), and LST (See Eq. 6), which was 
derived from the spectral indices of emissivity (ε) (See 
Eq.5) and brightness temperature (TB) (See Eq.2). The 
value of ε was determined by using Equation 5, which is 
dependent on the NDVI. Equation 4 was used to 
calculate the NDVI by measuring the reflectance of the 
RED and NIR bands. The estimation of TB was 
performed using spectral radiance, as shown in Eq. 2. 
The approach mentioned above was computed using the 
GIS software ArcGIS v10.8.2 by analyzing the spectral 
imagery, ArcGIS is considered as a decision support 
tool, widely used for its spatial data integration and 
multi-criteria decision-making enhancement [29]. 

 
 Fig. 1. Methodological workflow for calculating LST and SUHI. 
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𝛼𝛼 )  𝑙𝑙𝑙𝑙 𝜀𝜀 

) − 273.15 
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Note: Where: 𝑀𝑀𝐿𝐿: radiance multiplicative scaling factor, 𝐴𝐴𝐿𝐿: radiance 
additive scaling factor, 𝐷𝐷𝑁𝑁𝑏𝑏𝑎𝑎𝑛𝑛𝑑𝑑: raw band digital numbers, 𝛼𝛼: surfaces 
radiation constant adjustment, 𝜀𝜀𝑠𝑠: emissivity bare soil (NDVI<0.2), 𝜀𝜀𝑣𝑣: 
emissivity vegetation (NDVI>0.5), 𝜀𝜀𝑚𝑚: emissivity mixed areas 
(NDVI>0.2 & NDVI<0.5), *Spectral range dependent index, being Red 
Reflectance: ρred and NIR Reflectance: ρNIR. 

After normalizing the skewed SUHI data, the current 
approach utilized Jenks' natural breaks data classification 
technique to assess the intensity of the phenomena. This 
optimization method allows for the grouping of data into 
clusters and optimizes the distinction between groups 
minimizing the variance between them to facilitate 
normalization across multiple dimensions.  In order to 
achieve this objective and provide natural data groupings, 
a 5-class scale was employed, utilizing the categories 
suggested by Zhang [36]. 
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LSTi – LSTmin

LSTmax + LSTmin
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Note: Where: ML: radiance multiplicative scaling factor, AL: radiance addi-
tive scaling factor, DNband: raw band digital numbers, α: surfaces radiation 
constant adjustment, εs: emissivity bare soil (NDVI<0.2), εv: emissivity veg-
etation (NDVI>0.5), εm: emissivity mixed areas (NDVI>0.2 & NDVI<0.5), 
*Spectral range dependent index (adapted), being Red Reflectance: ρred and 

NIR Reflectance: ρNIR.

After normalizing the skewed SUHI data, the current 
approach utilized Jenks’ natural breaks data classifica-
tion technique to assess the intensity of the phenomena. 
This optimization method allows for the grouping of 
data into clusters and optimizes the distinction between 
groups minimizing the variance between them to facili-
tate normalization across multiple dimensions.  In order to 
achieve this objective and provide natural data groupings, 
a 5-class scale was employed, utilizing the categories sug-
gested by Zhang [36].

3.	 Results and discussion

In order to analyze the distribution pattern of the Surface 
Urban Heat Island in Ensenada, we obtained a series of 
maps showing the LST and SUHI on a typical extreme 
summer day in 2019 and 2023. These maps were gen-
erated using data from the Landsat 8 satellite, technical 
assumptions regarding the urban overheating in rela-
tion to typical physical properties, such as emissivity (ε) 
variations across the urban surface -comprising different 
building materials (0.85 – 0.95), asphalt pavements (0.90 
– 0.95), and vegetation (0.7 – 0.95)- were appropriately 
calculated to ensure stability and reliability. Atmospheric 
conditions, including clear-sky conditions with normal 
atmospheric transmissivity, and Aerosol Optical Depth 
(AOD) values were also accounted for to maintain con-
sistency and accuracy in processing the city’s heterogene-
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ity [37]. In terms of satellite thermal bands, the radiance 
multiplicative scaling factor for Band 10 (0.000342) and 
the radiance additive scaling factor (0.1) were consid-
ered. Additionally, the reflectance multiplicative scaling 
factor (0.00002) and the reflectance additive scaling fac-
tor (0.1) for Bands 4 and 5 were also taken into account. 
There are notable disparities in the spatial arrangement of 
LST in the designated region between the years 2019 and 
2023. According to the data presented in Figure 2a, the 
LST trend in 2019 exhibits a greater accumulation of high 
temperatures in the northern and northeastern regions of 
the city. These temperatures can reach values as high as 
38.65 °C. The eastern urban edge of the city is undergoing 
rapid and uncontrolled expansion, leading to the forma-
tion of densely populated areas with limited water bodies 
and vegetation. In contrast, the western section of the city 
exhibits LST values of 23.64 °C as a result of its close 
proximity to the water.

Conversely, the year 2023 had a rise in the distribution of 
maximum temperatures, primarily centered in the central 
and northeastern areas of the city, reaching a peak of 40.23 
°C. Similarly, it was noted that in 2023, the regions with 
the lowest LST are situated in the northwest. These areas 
have a minimum LST value of 22.89 °C, which can be at-
tributed to their closeness to bodies of water and the cool-
ing effect of wind as a convective mechanism (Fig. 2b).

The classification of SUHI intensity grade was defined 
by correlating these pixel values with land surface tem-
peratures, to classify SUHI intensity based on the distri-
bution and concentration of temperature anomalies across 
the urban landscape from 2019 and 2023, taking into ac-
count the distribution of temperature data for each year 
observed. This resulted in a five-category scale, as shown 
in Table 2. 

Table 2. Classification of the degree of intensity of SUHI

SUHI 2019 SUHI 2023 SUHI Intensity
<0.40 <0.37 I. Cool Island

0.41-0.55 0.38-0.50 II. Weak SUHI
0.56-0.66 0.51-0.60 III. Moderate SUHI
0.67-0.75 0.61-0.70 IV. Strong SUHI

>0.75 >0.71 V. Extreme SUHI

The SUHI intensity estimation findings can be seen in 
Fig. 2c. In 2019, there was an extreme SUHI (V) in the 
northeast and southeast regions of the city, with an inten-
sity ranging from 0.70 to 1. In contrast, the southeastern 
region exhibited a significant SUHI effect, with intensities 
ranging from 0.56 to 0.66 and 0.67 to 0.75, respectively. 
On the other hand, this investigation also discovered a 
Cool island located in the southwest area, characterized 
by an intensity ranging from 0 to 0.40. 

In 2023, the intensity of the urban heat island (V) is high-
est in the center and northern areas of the city, with values 

exceeding 0.71. In contrast, the southern zone of the city 
experiences mostly significant urban heat island effects 
(IV), with values ranging from 0.61 to 0.70. The primary 
fluctuations in SUHI intensity are observed in the north-
eastern and southeastern regions. These changes can be 
attributed to disruptions on the Earth’s surface, resulting 
in variations in NDVI of up to 0.02 (See Fig. 2d).

 
Fig. 2. LST - SUHI 2019-2023 spatial distribution.

Fig. 3a displays the results of the relative differences in 
the extreme temperatures of LST between the years 2019 
and 2023. The National Institute of Statistics and Ge-
ography (INEGI) defined the Basic Geostatistical Area 
(AGEB) as the spatial unit of analysis for the census in 
Mexico. The urban area of Ensenada encompasses a total 
of 269 AGEBs.

According to the map, 42.37% of the AGEBs (114 
AGEBs) experience a rise in surface temperature. The 
temperature fluctuates between 0.06 to 4.35 °C in the cen-
tral and southern parts of the city. In 2023, there is an 
average increase of 1.5 °C in severe temperatures com-
pared to 2019 in the city. The rise is due to a reduction in 
the NDVI index by 24.16%, impacting 65 out of the 269 
AGEBs that were examined. In contrast, the northeastern 
region observed a decline in temperature, ranging from 1 
to 6 °C.
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Fig. 3. AGEB LST 2019-2023 comparative analysis.

Similarly, AGEB 9602 characterized by a mixed land use 
(commercial and services), presents the typical features 
of an LCZ-3 (compact low rise), in the eastern part of the 
AGEB, characterized by the presence of residential build-
ings, and an LCZ-7 (lightweight low rise), in the western 
part of the AGEB, attributable to the commercial zone. 
This region also presents a large extension of impervious 
surfaces, traffic affluence, and lack of green infrastructure, 
which led to a greater increase in temperature, coinciding 
with the findings presented by Ejiagha [12], who attrib-
utes the LST increase in residential zones to the exten-
sive impervious surfaces, and the high construction den-
sity. In 2019, the maximum recorded LST was 38.65 °C, 
while in 2023, it reached 40.23 °C, indicating a tempera-
ture increase of 4.35 °C. The rise in temperature can lead 
to heat stress episodes, which have varying impacts on 
health depending on age and pre-existing illnesses. These 
effects are particularly pronounced in individuals with 
heart disease, children, and adults over the age of 60, 
and the female population [38]. The heat-sensitive popu-
lation in this AGEB is spread among the following age 
groups: The female population accounts for 52.9% of the 
total population of 2,857 inhabitants. Among this group, 
19.42% are aged 0 to 14 years and 8.64% are adults older 
than 60 years. Based on the information provided in Fig-
ure 3b, AGEB 9602 displays isotherms corresponding to 
different temperature increments. These isotherms have 
a mostly west-northwest orientation and cover an area of 
0.02 square kilometers. The isotherm exhibits a steady 
variability, characterized by a gradual rise in temperature 
from the northwest and a subsequent decrease towards the 
east of the AGEB. On the other hand, Fig. 3a displays 

isotherms that are oriented in a northwest-southwest di-
rection, indicating that the isotherm surface expanded by 
0.13 km² towards the southwest area.

Based on the information provided in Figure 3b, AGEB 
9602 displays isotherms corresponding to different tem-
perature increments. These isotherms have a mostly west-
northwest orientation and cover an area of 0.02 square 
kilometers. The isotherm exhibits a steady variability, 
characterized by a gradual rise in temperature from the 
northwest and a subsequent decrease towards the east of 
the AGEB. On the other hand, Fig. 3a displays isotherms 
that are oriented in a northwest-southwest direction, in-
dicating that the isotherm surface expanded by 0.13 km² 
towards the southwest area.

Fig. 4. Street-level view and satellite overview. Google Earth

The aforementioned phenomenon can be linked to the de-
cline in green infrastructure, as indicated by a 0.06 fall 
in NDVI caused by the expansion of urban areas. As de-
picted in Figure 4, this AGEB exhibits compact and low-
rise structures, which are indicative of LCZ - 3 (Compact 
low-rise). Similarly, in the hottest temperature zone, there 
is a significant presence of extensive pavements and ma-
terials like steel and concrete, which are characteristic of 
LCZ - 8 (Large Low-rise). The urban plan in this area 
follows a north-south orientation for main highways and 
an east-west orientation for subsidiary and local roads. 
According to Manni [39], the east-west orientation is re-
garded as undesirable since it results in a longer exposure 
to sun radiation and, consequently, a rise in the mean radi-
ant temperature. In addition, the flow of vehicles on roads 
significantly impacts the increase in LST, influenced by 
factors such as heat and pollutant emissions, and interac-
tions with paved surfaces. These effects intensify the ur-
ban heat island phenomenon, especially in areas with high 
traffic density. In the case of AGEB 9602, it is observed 
that the area is bordered by main and secondary roads 
with vehicular traffic volumes reaching up to 2,600 and 
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839 vehicles per hour [40], respectively. This exacerbates 
the urban heat island effect due to the high concentration 
of vehicles and their influence on heat transfer in the ur-
ban environment.

4.	 Conclusions and Recommendations
This study utilized remote sensing techniques to evaluate 
the magnitude of the SUHI in Ensenada, Mexico, from 
2019 to 2023 as a relevant spatial tool for smart urban 
planning. The main findings are summarized below:

•	 Elevated LST: The analysis indicated an increase in 
LST over a substantial area (42.37%) of Ensenada 
from 2019 to 2023. The mean temperature rise was 
1.5 degrees Celsius.

•	 Changing the intensity of the SUHI: The study docu-
mented a change in the intensity of the SUHI that oc-
curred in different locations. The northeastern region 
had a decline in temperature, but the central and south-
ern zones of the city observed an increase that must be 
addressed under a LCZ typological analysis, due to its 
density aspects.

•	 AGEB 9602 had the highest temperature rise, with a 
substantial increase of 4.35 °C. This region exhibits 
a significant concentration of population groups that 
are particularly vulnerable to heat (such as children, 
elderly individuals, and females) and is deficient in 
terms of green infrastructure, failing to provide ade-
quate evapotranspiration, a higher albedo effect, shad-
ed areas to reduce the overall heat, and the reduction 
of heat-absorbing surfaces.

•	 The urban morphology of AGEB 9602 is a contrib-
uting factor to the increasing temperatures. The pres-
ence of compact low-rise buildings and broad asphalt 
pavements exacerbates the urban heat island effect by 
trapping heat due to the high solar exposure during the 
day, which can reach an annual total solar radiation 
that exceeds 2,000 kWh/m2/year in the 25-35° tilt an-
gle for street surfaces in the region [41].

•	 The decline in NDVI values, which indicates a loss 
in vegetation, is consistent with regions facing rising 
temperatures. This emphasizes the vital need for green 
infrastructure in moderating the urban heat island ef-
fect in urban configurations with scarce vegetation.

These findings allow for the following recommendations 
to be made for urban planners and architects, local and na-
tional government authorities, and public health officials, 
as well as for key participants in the private sector such as 
real estate developers, Non-Governmental Organizations 
(NGOs), and academic and research institutions:

•	 The development and implementation of green infra-
structure as territorial reserves in strategic districts 
with critical microclimatic conditions. A robust inte-
grated urban policy to enhance the presence of envi-
ronmentally friendly areas within the urban landscape, 
including the distribution of parks, gardens, and green 

roofs. This will aid in the regulation of temperatures 
and deliver a cooling impact known as cooling islands.

•	 Urban Design Modifications: Consider updating urban 
design plans to include elements that reduce heat ab-
sorption. This may entail integrating additional shade 
from trees and buildings, using lighter-colored re-
flective pavements, and advocating for a north-south 
building orientation.

•	 Perform a sensitivity assessment to determine places 
with a high likelihood of experiencing heat stress and 
identify the populations that are most vulnerable to 
its impacts. This will enable precise interventions and 
public health initiatives, including cardioprotective 
spaces that must be strategically distributed in specific 
urban districts with high exposure, like in the case of 
AGEB 9602. 

•	 Surveillance and assessment: Utilize remote sensing 
techniques to consistently monitor the intensity of 
LST and SUHI. This will provide an ongoing assess-
ment of the efficacy of adopted strategies.

•	 Geographical Information System analysis using re-
mote sensing enables the smooth integration of data, 
predictive analytics, and improved decision-making. 
In the future, IoT-based ecosystems will provide in-
teroperability with Urban Building Energy Models 
(UBEM) and digital twins (DTs) to evaluate important 
aspects of preventing the increasing heat-related mor-
tality rate and energy poverty.

•	 In future technological applications, the Internet of 
Things (IoT) can be integrated into the evaluation of 
the spatio-temporal distribution of urban overheat-
ing in real time for multi-criteria decision-making 
(MCDM) in GIS-based smart urban planning. Remote 
sensing techniques can be used to estimate the urban 
centrality of residential areas in relation to tourist clus-
ters, industrial zones, cultural heritage districts, multi-
modal mobility hubs, traffic hubs, and short-term ter-
ritorial reserves. This allows for the implementation 
of strategic actions and local smart grids to promote 
efficient governance, public safety and security, waste 
management, water security, epidemiological preven-
tion, and e-services for urban ecosystems.

Finally, it is crucial to include a demographic analysis of 
AGEB in urban planning schemes that consider the en-
vironmental factors of vulnerability and exposure when 
designing urban areas. This should include the establish-
ment of Enhanced Urban Green places, often known as 
urban forests, as well as Cooling Centers that provide 
refuge for vulnerable people during periods of high heat. 
Moreover, it is important to promote Public Awareness 
Campaigns and solutions for prevention. Furthermore, it 
is essential to take into account heat health warning sys-
tems, water delivery, accessible healthcare, and transpor-
tation services.
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Croatian Academy of Engineering was presiding over International Council of Academies of 
Engineering and Technical Sciences (CAETS), world alliance of 31 academies, during year 2023, and its 
presidency culminated in organisation of CAETS 2023 conference e2-mobility - Solutions and 
Opportunities, held in Zagreb, on October 9-11, 2023. The conference was attended by 85 registered 
participants from academies and industry. 
Abstract 
Decarbonisation of transport will bring significant changes to the way humanity moves people and 
goods around. While electrification may help with both greenhouse and local emissions, it will also 
convey huge change to car production and servicing chains. Electrification of transport makes car more 
of IT product, having battery management software at the core. Such informatisation then brings also 
changes to interaction between driver and vehicle, slowly removing the driver from the steering 
wheel. Will that free more time, or result in more mobility? What will happen to car ownership? Will 
it persist, or transport will move towards being a mobility service? Will the service then be personal, 
or more like public transport today? In the end, what we need are passenger-km and ton-km, how we 
will supply them? Will the batteries cover all our needs, or the energy density will be a limitation to 
heavy transport and hydrogen and/or electrofuels will help? What about e-roads, would they be 
preferred option to hydrogen? Will new technologies develop in the same regions where old car 
industry is, or will the cards be shuffled again? Shall we have enough resources? What about recycling 
batteries? How will e-mobility be integrated to the power grids, will it help to the integration of 
variable renewables, or will it bust the grids? These and many other questions related to the transition 
of transport systems will have to be answered and we see CAETS as an excellent forum to debate it.  
  
Programme 
Main topics were covered by sessions, introduced by invited speaker, and then discussed by 4-5 
panellists. 

 
The first panel „Electrification of transport 
and integration with energy systems” on 
the topic of connecting electrified 
transport and the power system, including 
issues such as: S curve adoption of EVs, 
smart charging and smart grids, the role of 
V2G in balancing, fast charging, potential 
of e-roads, and more on integration of 
electric vehicles with power system; was 
moderated by prof. Neven Duić from the 
Faculty of Mechanical Engineering and 
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The panel consisted of prof. Henrik Lund (in absence ), prof. Katherine Woodthorpe (Australian 
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The conference also included e2-Mobility Working Group meeting on the first day (9th of October), 
where the internal draft of the CAETS 2023 e-mobility report on the decarbonization of transport was 
presented to the working group. 
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was closed with the Communication Prize Award Ceremony. 
On the second day of the conference, 10th of October, the CAETS Council Meeting took place in the 
afternoon. 
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