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Abstract: The energy efficiency of a renewable energy system is inextricably linked to the energy
storage technologies used in conjunction with it. The most extensively utilized energy storage
technology for all purposes is electrochemical storage batteries, which have grown more popular
over time because of their extended life, high working voltage, and low self-discharge rate. However,
these batteries cannot withstand the very low temperatures encountered in cold regions, even with
these very promising technical characteristics. The cold northern temperatures affect the batteries’
electromotive force and thus decrease their storage capacity. In addition, they affect the conductivity
of the electrolyte and the kinetics of electrochemical reactions, thus influencing the capacity and speed
of electrons in the electrolyte. In this article, which is intended as a literature review, we first describe
the technical characteristics of charge—discharge rate of different electrochemical storage techniques
and their variations with temperature. Then, new approaches used to adapt these electrochemical
storage techniques to cold climates are presented. We also conduct a comparative study between
the different electrochemical storage techniques regarding their performance in the harsh climatic
conditions of the Canadian North.

Keywords: renewable energy; energy storage systems; batteries; cold northern temperatures; storage
capacity; kinetics; adaptation method; containerized solutions for batteries

1. Introduction

World energy consumption is still highly dependent on non-renewable energies, with
a rate of about 90% in 2017, as shown in Figure 1 [1]. Oil remains the most used, with an
estimated annual consumption of 4 Gt.

Quebec’s situation is much better, as 44% of Quebec’s energy balance comes from
renewable energies [2]—this is one of the world’s highest proportions, well above the
global average of 10% [1]. The electricity production from entirely renewable sources can
explain this performance (i.e., 200 TWh from hydroelectricity and wind power). Electricity
and biofuels meet 35% and 9% of Quebec’s energy needs, respectively (see Figure 2).

Despite this fact, the northern communities of Quebec and Canada face a cold climate
and remain heavily dependent on fossil fuels for their energy needs.

However, the combustion of fossil fuels generates high costs, financial vulnerability
to external elements, and greenhouse gas emissions. Moreover, fossil fuels are the origin
of the world’s accelerating climate crisis. Therefore, it is imperative to develop green
energy techniques around the globe, especially in the Canadian North. However, there
are technical, economic, and social barriers worldwide to renewable energy development.
In addition to these barriers, there are harsh weather conditions in the isolated regions of
Northern Canada.

In remote areas that cannot connect to electricity grids, electricity generation is more ex-
pensive due to the necessary power generation and the high cost of transporting diesel fuel.
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Indeed, electricity in northern regions is exclusively produced by diesel generators [3-6].
The cost of electricity produced under these conditions can be several times higher (up
to 9 times) than the Canadian norm. For example, in Kugaaruk, Nunavut, the residential
electricity rate, which is not subsidized, is over nine times higher ($1.14/kWh) than the
Canadian average ($0.12/kWh) [7]. The cost of producing electricity by diesel generators
operated by Hydro-Quebec, the provincial energy producer, is approximately $0.75/kWh
in Kuujjuagq.
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Figure 1. World energy consumption in 2017 (adapted from [1]).
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Figure 2. End-use demand by fuel in Quebec (2017) (adapted from [2]. “P]” means “petajoule”).

In comparison, the cost of producing hydroelectricity in the rest of Quebec is $0.03/kWh
on-grid and $0.40/kWh off-grid [5,8]. This dependence on fossil fuels does not spare
mining companies. Mining operations need to consume a large amount energy to ensure
stable and continuous operation. Conventional energy sources mostly meet this high
energy requirement. The cost of energy represents between 30 and 35% of the total cost of
mining operations [9-11]. Therefore, reducing energy costs is a primary objective for any
mining operator.

In addition, public pressure to improve environmental, social, and governance (ESG)
standards and the perpetual need to reduce energy costs have motivated northern commu-
nities in general and mining companies, in particular, to move towards renewable energy.

These factors encourage the search for alternatives to fossil fuels, such as wind energy,
solar energy, biomass, hydroelectric energy, marine energy, and geothermal energy.
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Small green power plants can be installed to provide electricity to supplement diesel
power plants. These plants are generally referred to as hybrid systems. The primary
functions of green power plants are to help reduce diesel fuel consumption, ensure energy
independence, and contribute to environmental protection.

However, wind and sun, the primary sources of electrical energy produced by small
green power plants, are random and intermittent. They are subject to regional, seasonal and
daily variations, resulting in an inconstancy of electrical power supply, high production un-
predictability, uncertain forecasts, and an imbalance between production and consumption.
Hybridization with other power generation sources and the combination of small green
power plants with energy storage systems are thus necessary to overcome this problem.
Chen et al. [12] argued that integrating energy storage is the most viable and promising
approach to mitigate the consequences of wind and solar intermittency.

The efficiency of green energy plants is thus effected by the efficiency of energy storage
that could make them more competitive than traditional fossil energy technologies [13,14].
Indeed, energy storage in northern areas, subject to cold climates, remains problematic. In
this context, the lithium battery (Li-ion) presents very promising technical characteristics
but does not resist the very low temperatures encountered in the northern regions of Canada
(sometimes down to —50 °C). Therefore, it would be necessary to adapt this technology to
these operating conditions, particularly reheating.

This review covers the impacts of extreme weather conditions on renewable energy
installations and penetration levels of renewable energy in northern regions and mines. It
also covers energy efficiency in northern communities, different means of energy storage,
and electrochemical batteries’ efficiency in extremely cold operating conditions.

2. Potential for Renewable Energy Use in Northern Communities

The overall objective of this study is to contribute to the increase in the penetration
rate of renewable energies in northern communities with cold climates. Therefore, it is
essential to discuss the potential for renewable energy in these communities. Indeed,
diesel power plants and stoves provide electricity, space heating, and hot water production
in all northern villages. Energy costs are high because of the need to import petroleum
products over long distances. In addition, the small and widely dispersed population, high
equipment operation and maintenance costs due to a lack of skilled labor, and necessary
parts and tools also influence prices.

In addition, each house in these northern villages has a diesel furnace that provides
hot water. The price of Arctic diesel was approximately $1.93/1in 2015 in Nunavik [5,8].
Figure 3 [15] depicts the significant price disparity between the northern territories and
other Canadian provinces. In addition to these high economic costs, the environmental
impact amounts to thousands of tons of CO, emitted each year, contributing to air pollution
and global warming in an Arctic environment already subject to permafrost degradation,
thus impacting both ecosystems and society [16].

Furthermore, as with all of Canada, petroleum is the form of energy that covers
almost all transportation energy needs in the northern areas. The Yukon example [17] in
Figures 4 and 5 shows that for end-use energy demand by fuel type in the Yukon in 2017,
refined petroleum products accounted for 6.1 PJ (77%) of demand, followed by electricity
at 1.6 PJ (20%) and natural gas at 0.2 (3%). Biofuels and other fuels, such as coal, coke, and
coke oven gas, were absent (0 PJ). In the same year, energy demand for end-use totaled
7.9 PJ. Transportation accounted for 58% of total demand, followed by the industrial sector
(20%), the commercial sector (13%), and the residential sector (9%).

However, developing new methods to provide electricity, space heating, and hot water
is crucial. Several research studies have concluded the need to use green energy in northern
communities isolated from the electrical grid.
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Figure 3. Representative electricity prices in Canadian provinces and territories in 2016 (adapted

from [15]).
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Figure 4. End-use energy demand by fuel in the Yukon in 2017 (adapted from [17]).
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Figure 5. End-use energy demand by sectors in the Yukon in 2017 (adapted from [17]).

For example, Longo et al. [7], using HOMER software, conducted a study that ad-
dressed the accessibility of green energy and alternatives to reduce the dependence on
petroleum derivatives for electricity generation in underserved communities and remote
northern populations. The adverse effects of climate change strongly influence these loca-
tions. The study site was “Red Lake Canada” in Ontario, part of Canada’s remote northern
areas. The conclusions drawn from this study emphasize the need for a combination of
renewable energy sources to achieve good results; wind power and solar photovoltaic
energy in this case.
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Thompson and Duggirala [18] also conducted a renewable energy feasibility study
in an off-grid community in Canada. Their research looked at biomass, wind, and solar
energy for a small off-grid research station that relied on diesel for electricity and propane
for heat. Although the electrical load was 115 kW, a demand-side management energy
audit identified 15-20% potential savings. Reducing the electrical demand to 100 kW
saved $27,000 in biomass, $49,500 in wind, and $136,500 in solar construction expenditures.
The RETScreen software analyzed the economic and environmental benefits of producing
100 kW of power from these three renewable energy sources to alternative-diesel equipment
($160/kW). Biomass-combined heat and power was the most competitive in any price
range from $0.80 to $2.00 per liter of fuel.

Majorowicz and Grasby [4] investigated the possibilities for geothermal energy de-
velopment to meet local energy demand in northern Canadian settlements. They found
enough geothermal energy in the Mackenzie and Yukon Corridor areas to heat northern
settlements at a competitive cost.

3. Energy Efficiency in Northern Communities

Northern Canadian communities are heavily dependent on fossil fuels. Renewable
energies are an interesting option to diversify the energy supply of these communities.
However, which technology is the best adapted and most interesting for these communities?
Are there other measures that could help these communities reduce their dependence on
petroleum products? These are questions that have been addressed in previous research.

For example, Belzile et al. [8] carried out a literature study with the primary goal of
identifying prospective energy efficiency and renewable energy solutions for the northern
energy setting. Several energy sources and technologies for heating buildings and industrial
processes were presented in this study to evaluate their implementation potential to reduce
fossil energy consumption in Northern Quebec. This literature review concluded that the
isolation and size of northern communities did not make it economically feasible to connect
to national grids. Therefore, electricity was produced from diesel generators, with about
33% efficiency. Space heating was conducted by burning diesel, accounting for about 50%
of the communities” energy needs.

The mining industries in the area are also heavily dependent on fossil fuels. Alternative
solutions have been explored with current policies to reduce greenhouse gas emissions.
In Alaska, trials on the economics of air source heat pumps have had dismal results.
When combined with a horizontal geothermal system, water-source heat pumps have
demonstrated promising results. Solar energy is becoming more and more competitive
as the price of photovoltaic panels continues to decrease. Solar collectors can be used to
heat water. However, storage is required because the sun is not present in high latitudes
for much of the year. Wind turbines need a heating system to de-ice the blades to make
them competitive. With an alternative energy source such as wind, electrical storage is
also required. Batteries can be used, but the capacity of most batteries decreases in cold
temperatures.

Serra [6] recommended facilitating and encouraging the development of alternatives
to fossil fuels in the northern regions of Canada. She analyzed different cases of renewable
energy implementation in Canada and other northern areas of the world, notably in Alaska
and the Yukon, to highlight the main barriers to developing these new technologies. These
recommendations are summarized in Table 1.

However, she concluded that wind energy technologies are, by far, the most suitable
solution for Arctic conditions. Despite all the barriers to green projects, renewable en-
ergy has an exciting future in northern Canada, and renewable energy will become more
competitive in the marketplace as the price of petroleum products increases.
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Table 1. Example of actions for an energy plan (adapted from [6]).

Steps Actions
1 Increase the efficiency of existing generators. Implement newer machines, use
cleaner petroleum products, and integrate better control systems.
2 Use the heat produced by the generators as waste heat.
Use low-consumption equipment to reduce the number of products consumed.
4 Consider creating heat and power by other means (e.g., wind, solar, and hydro).

4. Impact of Extreme Weather Conditions on Renewable Energy Installations

The massive development of renewable energy technologies is one of the essential
medium-term objectives to achieve the energy transition. These technologies transform a
renewable energy source into heat, cold, electricity, or mechanical energy, and an energy
source is considered renewable if its use does not affect its future availability. Therefore,
renewable energy is defined as energy that can be renewed quickly enough to be considered
as such on a human lifetime scale. However, the extreme climatic conditions in Canada’s
far north have hindered the development of these renewable energies, essentially wind
energy, solar energy, biomass, hydroelectric energy, marine energy, and geothermal energy.

The presence of extreme weather during the winter seasons affects renewable energy
installations [6]. In addition, the formation of frost during very long winters impacts the
operation of facilities.

These effects are summarized below:

- The high air density and wind speed of big cold regions are particularly helpful to
wind energy operations. On the other hand, wind turbine blades are generally subject
to icing throughout the winter. Blade icing can significantly reduce power output or
completely stop the wind turbines [6,19-21]. Unfortunately, this phenomenon can
also lead to blade failure.

- Icing also affects wind measurement equipment and transmission lines by increasing
the loads on the structures, creating a situation conducive to failure [19-21].

- In cold climates, snow and ice can accumulate on photovoltaic modules, blocking
sunlight, reducing power production, and (in rare cases) damaging the modules.

- Inthe case of storage systems using batteries, they suffer a significant loss of capacity
in cold weather.

- In the case of hydroelectric dams, the infrastructure must deal with ice and snow that
can cause damage or limit the operation of the structures. In addition, river levels are
low in winter when demand is at its highest.

- The presence of permafrost and its behavior during periods of global warming are
other aspects to consider. Climate change is affecting the soils of Canada’s far north.
Permafrost plays an important role in surface and subsurface hydrology, affecting
the water regime. This accelerated melting also affects the foundations of various
structures, including those of wind turbines [6].

- Regarding biomass, organic matter is scarce. It is therefore not the best energy alterna-
tive in the Canadian North.

5. Different Means of Storage

The primary idea behind energy storage is to move energy available during low-
demand periods to high-demand periods while utilizing a fraction of the fuel that a
conventional production machine would use.

Energy storage, along with other energy difficulties such as energy resource devel-
opment, energy conversion, and energy conservation, is one of the most globally critical
energy strategies [14]. Energy storage helps close the gap between supply and demand [22].
It also increases the performance and dependability of energy systems and plays an impor-
tant part in energy conservation. Energy storage is also necessary for renewable energy
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sources such as the sun, wind, and tides. Indeed, the latter have seasonal or daily variations
and are not always available.

Energy storage techniques can be categorized into the following categories based on
their technological types:

- Mechanical (flywheel).

- Thermal (sensitive or latent refractory).

- Potential (gravity hydraulics and pumping turbine).

- Pneumatic (compressed air in a cavern or bottles).

- Electrical (superconducting inductance and super-capacitors).

- Chemical (electrochemical batteries, redox batteries with electrolytic circulation, hy-
drogen, and fuel cells).

- The selection of a storage mode depends on several criteria, including [23]:

- The capital cost of the storage and power electronics.

- Cycling and calendar life.

- Energy efficiency (storage size, thermal management, and structure).

- Safety and the environment.

- Temperature, humidity and/or salinity constraints.

The concept of storing surplus energy is not new, and numerous researchers have
tried to improve and innovate storage technologies. These storage techniques have been
compared in the scientific literature, and the most suitable have been identified for differ-
ent applications.

Hossain et al. [24] covered all the basic concepts of energy storage systems, including
their evolution, elaborate classification, and comparison. They reported a huge rise in
power and energy units in 2018 compared to 2017 (Figure 6), as well as forecast of global
energy capacity (Figure 7). Their study covered a wide range of energy storage techniques.
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Figure 6. Capacity of global energy storage in 2017 and 2018 [24].
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Dimitriev et al. [14] addressed the essential concepts of solar energy storage for long-
term usage, and they concluded that electrochemical and redox-flow batteries had the best
energy storage efficiency. This energy efficiency goes up to 90% for lithium-ion batteries [14]
and 86% for redox-flow batteries [25]. Ibrahim et al. [26] described several storage systems,
some of which are already in use and others which are still in the development stage. They
saw storage as the weakest link in the energy chain but a crucial element for renewable
energy development. Storage is a technical solution for grid management, ensuring real-
time load leveling and a way to better use renewable resources by avoiding load shedding
in periods of underproduction.

6. Electrochemical Storage Techniques

Of all the existing energy storage techniques, the most widely used for all applications
is electrochemical storage with batteries. The considerable advantage of mobility can partly
explain batteries” success over other solutions [27]. However, mobility is not the only
advantage. Their cyclability, i.e., their capacity to store and discharge energy reversibly
over several hundred cycles, is also essential. This cyclability, accompanied by very high
energy efficiency (up to 97% for lithium-ion batteries), makes batteries extremely attractive
in stationary applications, such as the storage of electricity from primary renewable energy
sources to balance supply and demand in isolated power grids [27].

Electrochemical storage technology includes all rechargeable batteries and flow batter-
ies, which store electrical energy in the form of chemical energy. It is one of the most and
best established technologies available [22,24,28].

Batteries (or accumulators) are therefore electrochemical systems that store energy
in chemical form and release it in electrical form. These batteries have variable energy
densities, which are low for lead batteries at 20-30 Wh/Kg and much higher for lithium
technologies at between 150 and 2000 Wh/kg [22]. Figure 8 shows the distribution of
different electrochemical batteries based on their energy density and power [22,29].
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Figure 8. Distribution of different electrochemical batteries based on their energy densities and
power [22,29].

A battery’s operation is based on a reversible electrochemical system. The current is
produced by the circulation of electrons between two plates or electrodes:

- A positive electrode capable of yielding or capturing electrons.
- Anegative electrode capable of giving up or taking in electrons.

The current is generated by electrons moving from the positive electrode to the nega-
tive electrode via a metal wire in order to power a resistor. Ions formed as a result of this
electron transfer travel from the cathode to the anode via the electrolyte. This causes the
battery to discharge.
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Therefore, a battery is characterized first by two oxidizing-reducing couples (e.g.,
lead/lead oxide, carbon/lithium cobalt oxide, and carbon/lithium iron phosphate) that
exchange electrons. The fundamental entity of a battery is then formed by the combination
of two plates (or two insertion materials for the li-ion battery) [30].

The two electrodes are submerged in an electrolyte solution (or electrolyte), which can
be liquid or gel in consistency. The reaction between the solution and the electrodes causes
the movement of electrons and ions in the solution [31,32]. Thus, the electrolyte has the
functions of ensuring ionic conduction and, more generally, participating in the chemical
reaction. A porous insulator (or separator or ion-exchange membrane) separates the two
electrodes while allowing for the passage of ions.

Connecting a device to the battery causes electrons to move because of the potential
difference. Electrons go from the anode to the cathode through the external circuit. For ex-
ample, in a lithium-ion battery (see Figure 9), the positively charged lithium ions, attracted
by the negative charges of the electrons, leave the anode and return to the cathode [33].
The charging process causes electrons to return in the reverse direction, from the cathode to
the anode (Figure 10). For this purpose, an external charger is connected to the battery. As
a result, lithium ions move from the cathode to the anode to balance the electrical charge.
When all the ions have passed, the battery is fully charged. Lithium ions move back and
forth in the electrolyte throughout the battery’s life between the anode and the cathode.

DISCHARGING

Lithium ions can
move through (intercalate)
the cathode and anode

CATHODE

Figure 9. In-use lithium-ion battery operation [33].

CHARGING

CATHODE

Figure 10. Operation of a lithium-ion battery under load [33].
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The characteristic quantities of rechargeable energy storage batteries and flow batteries

are [23]:

- The voltage across an open circuit (the equilibrium voltage of the battery at rest).

- Storage capacity (characterizes the maximum quantity of electrical charges available
to discharge it completely).

- State of health (ratio between its total capacity at time t and its total capacity in
new condition).

- Internal resistance (depends on charge status, charge/discharge regime, temperature,
and health condition).

- Coulombic efficiency (ratio between the capacity that the battery can give back fully
charged and the capacity that must be given back to recharge it entirely).

- Charge/discharge state (the percentage of available capacity).

- Charge/discharge rate (a standardization convention based on battery capacity): a
20 A current must be applied for 0.5 h to a battery with a nominal capacity of 10 Ah.

Despite a standard operating principle, different battery technologies depend on the
materials used. Notable examples include lead batteries, lithium-ion batteries, lithium metal
batteries, lithium polymer batteries, sodium beta batteries, air metal batteries, nickel-based
batteries such as nickel-cadmium (Ni-Cd) and nickel-metal hydride (Ni-MH) technologies,
flow batteries, and electrochemical capacitors. Among these technologies, only some of the
more developed ones are the subject of this study. These include lead—-acid batteries, which
paved the way for accumulators as early as 1859 and are still present in each of our thermal
vehicles. They are also used to store the energy of photovoltaic and wind power systems.
Nickel-cadmium batteries appeared on the market in the mid-1960s, and nickel-metal
hydride batteries were introduced in 1990. Lithium-ion and lithium polymer batteries are
becoming more common [34,35].

6.1. Lead Batteries

The history of rechargeable batteries begins in 1859, when physicist Gaston Planté
developed the lead-acid battery (with a unit voltage of 2 volts) at the Conservatoire
National des Arts et Métiers in Paris [23,27]. This accumulator is made up of two lead
electrodes submerged in a sulfuric acid electrolyte in an aqueous solution and charged
with Daniel batteries. The anode is constructed of lead dioxide, whereas the cathode is
made of sponge lead. The lead—acid battery incorporates additional elements such as
wood, cardboard, cables and connectors, paper, steel, and polyethylene in addition to the
active materials such as the anode, cathode, and electrolyte [24]. This battery has rapidly
evolved since the end of the 19th century for multiple applications (such as lighting and the
storage of energy produced by a dynamo), including electric vehicles [23,27]. Lead—acid
batteries have been used for over 150 years and are a very reliable, mature, and universally
recognized technology [24,36]. They have a modest energy density of roughly 30 Wh/kg
(due to lead’s large molar mass, which exchanges 2 moles of electrons for 217 g per mole),
but their inexpensive cost makes them one of the most extensively used batteries today [27].
Lead is the metal that can be recycled the most efficiently. As a result, lead—acid batteries
are the only electrochemical energy storage technology that can be nearly entirely recycled.
More than 99.4% of lead-acid batteries are recycled in Europe and the United States [24,36].

Figure 11 depicts the overall chemical reactions and major components of a lead—
acid cell.

The lead from the negative electrode dissolves in the electrolyte when discharged and
then produces lead sulfate by releasing two electrons that pass to the positive anode via the
external circuit. The positive electrode’s lead also dissolves in the electrolyte in the form of
lead sulfate. If the discharge is complete, the electrolyte is only composed of distilled water,
losing much of its dissolved sulfuric acid.
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Figure 11. A lead—acid battery’s chemistry and major components [36].

When recharging, the two polarities disulfate and the electrolyte is regenerated. SO;~
ions are put into solution. The positive electrode is peroxidized with the formation of
lead dioxide (PbO;), and ions are released, thus increasing the concentration of H+ ions in
the electrolyte.

Different types of lead—acid batteries were addressed in [24], including flooded
lead—acid batteries, sealed lead—acid batteries, AGM (absorbed glass mat) batteries, and
gel batteries.

The characteristic elements of the lead—acid battery are [37]:

Charging capacity: The total quantity of electricity a battery can provide after being
fully charged is its capacity. It is expressed in ampere/hour (Ah).

Energy density: At an average voltage of 2 V, the theoretical energy density is
168 Wh/Kg. In practice, the best lead/acid batteries do not exceed 45 to 50 Wh/Kg.
This is due to the use of electro-chemically inert materials (enclosure, grid, etc.) and the
partial use of active materials (from 35 to 55%).

Efficiency: Lead-acid batteries have an energy efficiency of 70-75%. During the
electrochemical operations of charging, discharging, and self-discharging, 25% of the
electrical energy are wasted, primarily as heat.

Depth of discharge and life span: The depth is the ratio between the already discharged
capacity and the battery’s nominal capacity. It is expressed as a proportion of its total
capacity. A depth of discharge of 80% indicates a deep discharge. A battery should not
undergo deep discharges because its life span rapidly decreases with the average depth
of discharge. When a battery is deeply discharged, harmful phenomena such as sulfation,
freezing, and electrolyte stratification more quickly occur than when the depth of discharge
is shallower. During discharge, the voltage U across the battery is U = E — RI where E is
the open circuit electromotive force (i.e., 2.10 V), R is the battery’s internal resistance, and
Iis the discharge current. During discharge, the internal resistance increases because the
electrolyte concentration decrease in the electrodes’ pores. The higher the I, the faster the
voltage U falls. The faster the drain, the lesser the battery’s capacity.

As a result, the discharge current must not be very high. Moreover, a battery slowly
discharges even if it is not used: this is self-discharge. The self-discharge rate is mostly
determined by the alloy chosen for the grids: the discharge rate is particularly high for
Pb-Sb alloys (lead—antimony), where it reaches 5% per month for new batteries at 25 °C.
The rate of self-discharge significantly rises with temperature and time: it can reach 1% per
day for a Pb-Sb battery at the end of its life.

Charging a lead-acid battery: The charging speed of a battery is fast at the beginning
of the charge and then slows down. When the state of charge exceeds 80 to 90%, a voltage
and/or current regulation limits the charging speed. Indeed, any extra energy given
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to the battery would be wasted in the forms of the heat and electrolysis of the water
contained in the electrolyte. A battery should not be recharged too quickly with too
high a current or voltage. Generally, the charging current should not exceed 1/10 of the
discharge current in 10 h (C10). When the battery reaches its maximum state of charge
during charging, hydrogen and oxygen bubbles are detected at the negative and positive
electrodes, respectively. These gases are produced due to the electrolysis of the water in
the electrolyte. This is the degassing phenomenon, which depends on several parameters,
including the maximum voltage at the battery terminals allowed by the regulation (charge
controllers must cut or limit the current to avoid excessive degassing), the temperature
(the higher the temperature, the more degassing occurs at low voltages), and the discharge
speed (degassing begins at lower states of charge when the charge speed increases). An
equalization charge is necessary to fully charge each accumulator to avoid imbalances
between the different accumulators that make up the batteries. This equalization consists of
charging the batteries with a low current but at a voltage higher than the voltage generally
applied at the end of the charge [37].

6.1.1. Technical Characteristics of the Charge-Discharge Rate of Lead Batteries and Their
Variation According to the Temperature

Lead-acid batteries are very fragile. They are sensitive to overloads, partial charges,
deep discharges, rapid charging, and temperatures above 20 °C. Therefore, the operating
temperature of a battery is an essential factor that determines its life span. It should be
noted that the life of lead—acid batteries is generally between 2 and 5 years in typical
applications [38]. The optimum operating temperature for batteries is 20 °C. The life of a
battery decreases by 50% for every 10 °C above 20 °C. Thus, at 30 °C, the life span is reduced
by 50%. At 40 °C, it is reduced by an additional 50%; this would mean a life of a quarter of
what it would be at 20 °C [38]. Rapid discharge, rapid recharging, and a warm environment
are the main reasons for increasing battery temperature. High battery temperature leads
to the accelerated aging of the battery. The chemical reaction accelerates with increasing
temperature. The increase in temperature also increases the rate of self-discharge [39].

In addition, temperature plays a vital role in properly recharging a battery. This
is because the voltage of the battery varies according to its temperature. Cold batteries
have low voltages, and hot batteries have high voltages. Thus, a cold battery will not be
sufficiently charged at fixed recharging voltages, leading to probable sulfation. In contrast,
a hot battery will be overcharged. This can lead to overheating with the possibility of
thermal runaway and risk of explosion. It is therefore essential to reduce the charging
voltage when the temperature rises. Temperature compensation is necessary when the
temperature exceeds 30 °C or is below 10 °C for an extended period [38]. Increasing the
temperature enhances a battery’s capacity as well.

On the other hand, the capacity of a battery diminishes with cold. This decrease in
capacity is equal to 1% per degree Celsius below 20 °C. The lower the battery’s charge,
the lower the acid density and the less the battery is protected against freezing. Thus,
for batteries with liquid electrolyte, with the risk of their destruction by freezing, it is
essential at negative temperatures that they be well-charged and that an equalization
charge is carried out regularly to destratify the liquid electrolyte and avoid an over-density
of sulfuric acid in the lower strata and pure water in the upper strata [38,39].

6.1.2. Solutions for Adapting Lead—Acid Batteries to Cold Climates

Lead-acid batteries can fail in various ways, depending on the design, use mode,
and environment. Manufacturers usually provide information on how long their battery
designs will last in a specific application. However, several characteristics that can reduce
battery life apply to most designs and applications. The ambient temperature is one of
the most critical factors in forecasting battery life. Battery voltage and current are reduced
at low ambient temperatures, whereas battery life is reduced at hot temperatures. For
example, in the winter, automobile batteries frequently fail to start the engine for two



Energies 2022, 15, 1579

13 of 30

reasons. The first is that the power required to start a cold engine increases (voltage times
current). Second, the battery’s power is lowered because cold temperatures impair the
battery’s ability to supply both voltage and current. Conversely, high summer temperatures
reduce battery life because of increased grid corrosion and other side reactions that lead to
battery failure.

Battery life is further reduced when batteries are used in uncontrolled situations, such
as outdoor telecommunications cabinets, photovoltaic systems, and marine applications.
To prevent a battery from overheating in hot settings, manufacturers frequently propose
lowering the charging current or float voltage. For an extended period, storage on an open
circuit might also shorten battery life. Over a battery’s “shelf life,” chemical reactions will
gradually discharge it. Because heat speeds up these chemical reactions, storing a battery
at a somewhat cold temperature extends its shelf life. Atlow temperatures, the rates of
most battery breakdown mechanisms slow down. The electrolyte in a fully charged battery
does not freeze until it hits minus 40 °C. However, when a battery is drained, the freezing
temperature rises to minus 10-15 °C.

Variations in specific gravity as a charge state function affect the electrolyte’s freezing
temperature (Table 2) [40]. The specific gravity of the electrolyte is defined as the ratio of
the sulfuric acid solution’s specific gravity to that of distilled water. In cold climates, a
battery can freeze if discharged, and the expansion of volume due to freezing will destroy
the battery.

Table 2. Electrolyte freezing temperature of lead—acid batteries as a function of specific gravity
(adapted from [40]).

Specific Density Freezing Temperatures (°C)

1.0 0

1.5 -33
1. —-7.8
1.5 -15
1. -27
1.5 —52
1.0 —71

In cold climates, the density of the electrolyte in lead-acid batteries is increased to
avoid the risk of freezing, whereas it is decreased in tropical climates. Table 3 shows the
advantages and downsides of these acts [40].

Table 3. The benefits and drawbacks of raising the specific gravity of lead—acid battery electrolytes
(adapted from [40]).

Climate

Cold Climates Temperate Climates Tropical Climates

Specific Density

1.29-1.30 1.25-1.28 1.20-1.23

Positive effect

Reduction in the risk of freezing
Increased electrochemical activity

Less corrosive electrolyte

Increased capacity at low e Increased service life
temperature
e More corrosive electrolyte e  Decrease in capacity
Negative effect e Decreased service life (destruction X e  Decrease in performance for fast
of grids and separators) discharges

Wang et al. [41] propose the addition of carbon materials to the cathode to improve
the performance of lead-acid batteries operating at very low temperatures. By evaluating
the High-Rate Partial-State-of-Charge cycle and dynamic charging with various carbon
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contents, they concluded that the percentage of carbon between 0.3% and 0.9% provides a
good improvement in the performance of lead-acid batteries in cold climates.

Giess [42], on the other hand, evaluated the performance of VRLA-AGM stationary
lead-acid batteries under extremely cold conditions. The batteries retained up to 56% of
their capacity and could be recharged at —30 °C operation. A valve-regulated lead—acid
battery (VRLA) has a one-way discharge valve. AGM stands for “absorbed glass mat”
(electrolyte absorbed in glass fiber). The electrolyte in this type of battery is completely
absorbed into a highly absorbent material made of glass fibers, resulting in a device that
is spill- and acid-leak-proof. In addition, the glass fibers offer lower electrical resistance,
promoting current flow between the plates for more efficient electrical transfer [24,43,44].
The good performance of VRLA /AGM stationary batteries at extremely cold temperatures
supports the expansion of their application range, and Héring and Giess [45] affirmed that
application-oriented studies have corroborated the amazing performance of these batteries
at temperatures as low as —30 °C.

6.2. Nickel-Based Batteries

Like any electrochemical battery, nickel batteries are rechargeable. They are used in
various electronic devices, electric and hybrid vehicles, aerospace, energy storage, and
many other applications. They are very robust and tolerate abuse, including overcharging
and deep discharges [46]. They appeared just after lead—acid batteries over a hundred
years ago. They use nickel oxyhydroxide (NiOOH) as the positive electrode [24,47,48] and
operate over a wide temperature range, with a flat discharge curve.

These batteries consist of a negative electrode, a positive electrode, and a separator, as
shown in Figure 12 [49].

NiCD

Spring . - .
Nickelic hydroxide
loaded cap
electrode or plate
Vent hole

Cadmium hydroxide
electrode or plate

Porous
Nickel - plated Separator

Steel case

Insulating
washer

Figure 12. The nickel-cadmium battery’s fundamental structure [49].

There are several variants of nickel-based batteries: nickel-hydrogen (Ni-Hy), nickel—
iron (Ni-Fe), nickel-zinc (Ni-Zn), nickel-cadmium (Ni-Cd) and nickel-metal hydride (Ni-
MH) [24,47]. Only the latter two are popular in various applications, including emergency
and vehicle propulsion applications [24,47].

6.2.1. Technical Characteristics of Charge-Discharge Rate of Nickel-Cadmium (NiCd)
Batteries and Their Variation with Temperature

Nickel-cadmium batteries appeared in the middle of the 20th century and promoted
the dazzling success of nickel batteries [12,48,50]. They were small enough to power
portable devices such as radios. With versions ranging from the small to large, nickel—-
cadmium batteries emerged as the first popularized rechargeable batteries. These very
robust and stable batteries have been used in various fields, including aviation. However,
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they have a handicap in the toxicity of cadmium [51,52]. As a result, nickel-cadmium heaps
contain dangerous compounds whose distribution and disposal in developed countries
are rigorously restricted. Aside from their toxicity, nickel-cadmium batteries have a low
specific energy (around 80 Wh/kg) and a high self-discharge rate (10% per month) when
compared to other electrochemical batteries. The memory effect has been reported but is a
misconception that surrounds this technology [24,48,50].

However, these batteries have many advantages, including a high number of cycling
rate (up to 2000), vibration resistance, long life expectancy, and the ability to operate at
—40 °C [48,50].

6.2.2. Technical Characteristics of Charge-Discharge Rate of Nickel-Metal Hydride (NiMH)
Batteries and Their Variation with Temperature

Nickel technology matured in the early 1980s with the introduction of nickel metal
hydride batteries. These batteries have a higher self-discharge rate (20% in the first 24 h
and 10% per month thereafter), a longer life span, and higher specific energy. The NIMH
battery gets its name from its main components: nickel (noted Ni) and metal hydride (MH).
The first element serves as a positive electrode. The second is the compound that allows for
hydrogen storage. It is a mixture of potassium hydroxide and hydride alloy. The latter is
made from lanthanum (rare earth) and nickel [53].

A nickel metal hydride battery cell has a voltage of about 12 volts. As a result, this
technology uses less energy than alkaline or lithium batteries [48]. However, unlike nickel-
cadmium, this technology does not suffer from toxicity and it does not suffer much from
the memory effect.

These batteries are recyclable with an expensive nickel content that makes them viable.
Nickel-metal hydride technology saw a significant improvement in the mid-2010s; nickel-
metal hydride batteries now have a good specific energy of 140 Wh/kg. There are only
certain types of lithium-ion batteries that work better and a cost approximately equal
to nickel-cadmium [48,54]. These batteries are, admittedly, less enduring than alkaline
batteries, but they are enduring enough to compete with lithium technology with a life
cycle of up to 3000 charge/discharge cycles. In addition, they do not suffer from any
handling problems.

Thanks to a special electrolyte with improved ionic conductivity and very good
hydride conductivity, Ni-MH batteries, unlike Li-ion batteries, can withstand low tempera-
tures [55,56]. Thus, they keep their performance and reliability at sub-zero temperatures,
with an especially excellent discharge capacity [57,58].

6.2.3. Solutions for Adapting Nickel-Metal Hydride (NiMH) Batteries to Cold Climates

Commercially available Ni-MH batteries are designed to function above —20 °C. How-
ever, according to manufacturer’s manuals, they can only maintain less than 60% of their
initial capacity at that temperature, though some experiments have found higher values.
At =30 °C, the capacity of nickel-cadmium batteries drops to around 55%, while lead-acid
batteries only retain about 30% of their capacity. For many years, typical lithium-ion batter-
ies could only retain about 20% of their capacity at —30 °C, but recent improvements in
electrolyte composition have enabled Li-ion batteries to retain up to 60% of their capacity
at —30 °C, though for relatively low total capacities.

The rate of hydrogen migration from the bulk of the electrode to its surface, the
kinetics of charge transfer reaction, and the mechanical stability and chemical corrosion
of the negative electrode material determine the electrochemical performance of Ni-MH
batteries. However, at temperatures below —20 °C, other considerations such as decreased
conductivity, increased electrolyte viscosity, and the appearance of local concentration
gradients should be considered to explain the mechanism of Ni-MH battery performance
degradation. According to Karwowska et al. [59], the performance of an Ni-MH battery
employing an electrolyte that can keep 81.7% of its capacity at —20 C is attainable when
using a mixed binary NaOH/KOH 6 M electrolyte. Li et al. [60] designed a new HAS
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(La0.95 Y0.05 Ni4.5 Mn0.4 Al0.35) that, compared to ordinary electrodes, has better kinetics
and discharge performance at very low temperatures up to —45 °C. This can be explained by
the excellent high-rate dischargeability (HRD) and low-temperature dischargeability (LTD)
performances of the Co-free alloy attributed to the fast electrochemical reaction kinetics
caused by the transfer of electrons/ions and the diffusion of hydrogen. The improvement
and popularization of this new electrode may solve the problem of slow kinetics. Therefore,
the design and material used in the manufacturing of Ni-MH batteries play key roles in
their adaptation, i.e., maintaining their charging capacity, to cold climates with extremely
low temperatures (up to —45 °C).

6.3. Lithium-Ion Batteries

Lithium-ion batteries use a reversible chemical reaction to circulate electrons and thus
generate electrical energy [61]. Lithium is a metal whose atoms are composed of three
electrons and three protons, among other elements. It has the characteristic of easily giving
up an electron. It then becomes an ion, explaining the term lithium-ion. The battery has
one or more cells, each with two electrodes. Generally, the cathode is made of cobalt oxide
(Co0O2), with some lithium, and the anode is made of graphite. The electrolyte contains a
high concentration of lithium ions. The battery manufacturer carries out the first charge of
the cells because it initiates the process and causes lithium ions to accumulate in the anode,
thus creating a potential difference between the cathode and the anode [31,32,62,63].

The Li-ion battery has gained popularity due to its long-term viability, high working
voltage, and low self-discharge rate [64-66]. The life of an Li-ion battery is quite long. With
a very low self-discharge rate, high open-circuit voltage, and negligible memory effect, this
battery has a higher power capacity than any other rechargeable battery without being
bulky [67].

Today, the lithium-ion battery shares the market with nickel-cadmium and nickel-
metal-hydride batteries. Older lead—acid batteries are now a niche market for the automo-
tive industry and account for less than 2% of total sales in quantity [62].

However, with a higher voltage and better capacity-to-volume ratio, lithium-ion
technology was a significant advance over the NiMH and NiCd technologies that preceded
it [65]. Lithium-ions have made it possible to eliminate the memory effect that was a
problem with NiMH and NiCd. If these batteries were only partially charged, they could
no longer recover their full charge afterward [31].

In addition, research is underway to improve existing lithium-ion technology. First,
lithium is associated with another material, such as fluorine, in the cathode to increase
the voltage and power. Second, a few micrograms of graphene are added to the anode
and cathode to raise the energy density of the cells by a few percent [31]. Additionally, in
her thesis, Elise Nanini-Maury evaluated triethyl phosphate as an electrolyte solvent in
lithium-ion batteries to marginally boost the electrolyte’s oxidation potential [65].

6.3.1. Modeling and Optimization of Lithium-Ion Batteries According to the
Application Domain

As mentioned in the previous paragraph, research avenues have been explored and
others are underway to improve lithium-ion technology. This research concern the im-
provement of these technologies in different fields. For example, Patel [68] reported on
modifying electrode chemistry to optimize energy density and capacity to reduce the price
of Li-ion batteries in the automotive field. By changing the chemistry of the electrodes,
the energy density of the batteries could be increased. The cathode composition has a
significant impact on the ability of a battery. The current focus of research is on producing
high-capacity and high-voltage cathode materials.

In his analysis, Patel [68] mentioned the usefulness of cobalt-lithium oxide cathodes
and lithium-nickel-manganese—cobalt (NMC), which have energy densities of up to 190 and
180 Wh/kg, respectively. While cathodes occupy the focus of much of this research,
scientists are also investigating new anode chemistries. Major battery companies, for
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example, aim to replace graphite anodes with silicon anodes, which have 10 times the
charge storage capacity.

In contrast to Patel, who discussed research advances in electrode chemistry, Sarshar
et al. [69] emphasized the need to predict or simulate the battery operation to optimize per-
formance. Their work introduced two methodologies for the mathematical modeling and
simulation of lithium-ion batteries: semi-empirical and multi-physics models. To forecast
the capacity loss of the lithium-ion battery, they utilized an empirical model based on the
power law idea for temperature and the square root of the number of cycles [70-73]. Model
parameters were obtained based on the mean absolute square error of the experimental
capacity prediction using the Levenberg-Marquardt algorithm [74]. As a result, the model
could predict a commercial battery’s maximum charge/discharge cycles. Additionally,
the operation of a lithium-ion pocket cell was simulated using COMSOL multi-physics
software [75] using simultaneous calculations of heat, mass, transfer, and electrochemical
reactions. It follows from their study that empirical or semi-empirical equations are suitable
when the battery designer needs to evaluate important parameters such as the lifetime of a
battery. Moreover, the use of simulation tools reduces the cost of experiments for engineers
and researchers.

Modeling Li-ion batteries is critically important to study battery behavior and enable
power control in various applications [76]. There are many modeling approaches for
batteries. These span from molecular dynamics models (using Monte Carlo simulation)
through pseudo-dimensional, particle-scale physical, and multi-physics models to empirical
models. Each method is different depending on the computation time for a multi-physics
or empirical simulation.

Astaneh et al. [77] studied a methodology for the Li-ion battery simulations of an
electric vehicle. The electrochemical model was inspired by the work of Doyle et al. [78],
the mathematical formulation came from the work of Hosseinzadeh et al. [79], and the
discretization of the electrodes and the separator came from the work of Smith et al. [80].
The simulations were performed using GT-AutoLion. the authors concluded that the
methodology could provide a powerful tool for predicting and optimizing battery packs’
electrical and thermal performance.

Park et al. [81] noted that statistical approaches to predicting the state of electric vehicle
batteries generally depend on historical data measured by experiments and that approaches
based on experimental value statistics are still inapplicable in real-world settings. They
argued that an estimator that concomitantly estimates the state of charge (SOC) and the
state of health (SOH) could compensate for the experimental value deficit. Their model
combines the double extended Kalman filter (DEKF) with the autoregressive (AR) model to
predict the SOH of Li-ion batteries. Their study concluded that their model is advantageous
for estimating the battery state in real time.

Mao et al. [82] developed a method for accurately predicting the remaining service life
in Li-ion batteries based on empirical ensemble mode decomposition (EEMD). They used
a neural network with long- or short-term memory and a sliding time window (LSTM-
STW) on the one hand and a Gaussian or sinusoidal function with a Levenberg-Marquardt
algorithm (GS-LM) on the other. The main procedures of the proposed LSTM-STW-
GS-LM fusion prediction method for battery RUL prediction are shown in Figure 13,
divided into three steps. Two batteries of size 18,650 were used for the experimental results,
which confirmed a high prediction accuracy of the remaining useful life of Li-ion batteries
(Figure 14).

According to their findings, the suggested technique outperformed other common
prediction methods in forecasting the remaining usable life of lithium batteries.
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Figure 14. Degradation curves of the full charge capacity of two batteries (#5 and #6) [82].

6.3.2. Technical Characteristics of Charge-Discharge Rate of Li-lon Batteries and Their
Variation with Temperature

Among the known means of energy storage, the Li-ion battery has gained great pop-
ularity due to its longevity, high working voltage, and low self-discharge rate. However,
certain factors internal to this battery will inevitably lead to a decrease in the number
of lithium ions and an increase in the internal resistance of the battery. These include
electro-chemical reactions and the increasing number of charge/discharge cycles. The
direct consequence of all this will be the total loss of the battery [83]. Temperature vari-
ations also have a great influence on their autonomy. When the temperature falls below
0 °C, lithium-ion batteries lose significant capacity and power [84-89]. From —40 °C
onwards, conventional Li-ion batteries retain only about 12% of their capacity at room
temperature [90].

Piel and Bonenfant [91] experimented using an Li-ion battery at several temperatures to
show whether the temperature impacted the battery’s capacity. Their results, summarized
in the diagram in Figure 15 [92], showed the electrical voltage (in volts) of an Li-ion battery
as a function of its capacity (in milliampere hours) at several operating temperatures.
Extreme temperatures (high or low) were found to influence the battery’s ability to work
for more extended periods. When the temperature equaled —20 °C, the capacity was the
lowest. At —10 °C, the temperature played an important role in the electrical voltage, but
it varied less than at —20 °C. Very high temperatures such as 60 or 40 °C were found to
have less influence on the electrical voltage of the battery than temperatures below or equal
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to 0. The best electrical voltage was at 25 °C, as the battery’s capacity was the highest
at this temperature. They concluded by arguing that negative temperatures influence a
battery’s capacity more than very high temperatures. Furthermore, they reported that the
optimal temperature for use was about 25 °C. Extreme temperatures influence the capacity
(autonomy) of Li-ion batteries for the following reasons [91-96]:

- Cold affects the electromotive force of a battery (open circuit voltage). As a result, the
battery’s storage capacity is reduced.

- The conductivity of the electrolyte is effected by cold.

- Cold affects the kinetics of electrochemical reactions. It thus plays roles in capacity
and the speed of the electrons to move in the electrolyte.

1=-3.0A | — 40°C |
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Figure 15. An Li-ion battery’s electrical voltage based on its capability at various operating tempera-
tures [92].

Zhang et al. [87] confirmed the results obtained by Piel and Bonenfant. They inves-
tigated the performance of a symmetrical Li-ion battery cell at cold temperatures. To
reduce the complication of asymmetric cells, they investigated the temperature dependency
of Li-ion electrode impedance using cells with graphite/graphite and cathode/cathode
configurations. The processing of the cell impedance values identified the poor cycling
performance at very cold temperatures. These impedance values also allowed us to un-
derstand the significant difference in cycling performance between the charge/discharge
processes. A Tenney 942 series environmental oven provided a stable temperature environ-
ment for testing at different temperatures. Their results (shown in Figure 16) demonstrate a
continuous decrease in operating capacity and voltage as a function of temperature. The
discharge curves of an Li-ion cell at various temperatures are compared in this graphic.
They ascribed the drop in operating voltage to the cell’s higher electrical polarization, which
is related to a decrease in the ionic conductivity of the electrolyte and the solid/electrolyte
interface and a slowdown of the battery cell’s electrochemical operations.

To see how electrolyte conductivity affects cell performance, they plotted electrolyte
conductivity and relative capacitance against temperature (Figure 17). The electrolytic
conductivity was found to continuously drop with temperature. On the other hand, there
was a sharp drop in capacity when the temperature fell below the threshold of about
—15°C. This demonstrates that electrolytic conductivity is not the main constraint on
Li-ion batteries” low-temperature performance.
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Figure 16. An Li-ion cell’s discharge curves at various low temperatures [87].
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Figure 17. Temperature effects on the relative capacity of an Li-ion cell and the ionic conductivity of
the electrolyte [87].

6.3.3. Solutions for Adapting Li-Ion Batteries to Cold Climates

Advanced lithium-ion battery technology is now widely employed in various applica-
tions, including telecommunication, personal transportation (such as e-bikes and scooters),
automotive, aerospace, grid, and stationary applications. The fundamental and operational
constraints of Li-ion batteries can be divided into two categories: intrinsic and operation
restrictions. The intrinsic restrictions are due to inescapable material-related constraints
regardless of battery usage, e.g., the electrolyte’s transport properties and charge transfer
rates inside the electrode materials. Meanwhile, operational constraints are determined
by how actively a cell is cycled at a given SOC and temperature. As a result, it is well-
understood that the issues faced by Li-ion batteries in low-temperature environments
are related to operational constraints. Previous investigations have proven that the rapid
charging of Li-ion batteries at subzero temperatures could potentially affect the batteries
and contribute to their degradation [12]. For example, when Li-ion batteries are operated
at —10 °C rather than 20 °C, their capacity is reduced by up to 95%. When Li-ion battery
storage systems fail to fulfill load demand due to aging behavior associated with their
operation in extremely cold conditions, this capacity drop is unsatisfactory in many appli-
cations. Performance loss in cold temperatures is explained by a considerable increase in
internal resistance, which raises the cell’s internal temperature (warming cells) and may
eventually damage the Li-ion battery. As a result, enhanced thermal behavior studies,
updated electrode materials, improved charging/discharging arrangements, and complete
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battery thermal management are all suggested as ways to increase Li-ion performance in a
cold climate.

A battery’s performance mainly depends on its electrodes and electrolyte. At low
temperatures, the electrolyte becomes viscous and can freeze, greatly reducing its ability to
conduct lithium ions to the electrodes. Dong et al. [90] used an electrolyte made of ethyl
acetate, a solvent that freezes at a temperature of —84 °C and thus effectively retains its
ability to conduct charges when cold. The ethyl acetate electrolyte has the particularity
to keep a good ionic conductivity of about 0.2 mS.cm ™! (millisiemens per centimeter) at
a very low temperature of —70 °C. Additionally, to improve the design of the electrodes,
they used organic compounds that, unlike conventional electrodes made of metal oxide
and graphite, can collect lithium ions in their matrix at ultra-cold temperatures. Therefore,
the batteries are operable and effectively rechargeable down to —70 °C.

Figure 18A shows that resistance to ethyl acetate electrolyte grows, like any other
electrolyte, with decreasing temperature. Figure 18B shows that the ethyl acetate-based
electrolyte still has a good ionic conductivity below —30 °C while that of the commercial
electrolyte drops drastically.
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Figure 18. Electrochemical characterization of ethyl acetate-based electrolyte [90]. (A) Nyquist plot
obtained from electrochemical impedance spectroscopy investigation for the ethyl acetate-based
electrolyte at different temperatures. (B) Ion conductivity of the electrolyte calculated from a Nyquist
plot at different temperatures and comparison with commonly used electrolyte.

Other approaches have been developed to evaluate the characteristics of Li-ion batter-
ies operating in very cold climate conditions. These include the development of electrolyte
additives to improve performance in very cold climates or even to maintain batteries at
mild temperatures by heating [97,98], which seem to work well. However, recharging
batteries at very cold temperatures remains problematic [90].

6.4. Lithium Polymer Batteries

Lithium polymer (Li-Po) batteries, which first appeared in the late 1970s, are a variant
of lithium-ion technology. Originally, the electrolyte in these batteries was a dry solid
polymer. These batteries have an energy density and characteristics roughly similar to
lithium-ion batteries and are easy to produce. They are widely used in model making for
weight reasons. Despite its poor conductivity due to its high internal resistance, Li-Po
technology is slightly more stable than lithium-ion, but it is also more expensive. Not
only are Li-Po batteries more durable than other rechargeable batteries, but they also
have a relatively low self-discharge rate. Nowadays, the problem of poor conductivity
has been relatively solved with the addition of polymer gel electrolyte to dry polymer
electrolyte. This will make them less dangerous and suitable for high-current applications
with high discharge rates [24]. As a result, polymer gel electrolytes have potential for
high-performance lithium and non-lithium batteries [99].

Additionally, an Li-Po battery has the same morphology as any rechargeable battery
(Figure 19) [99].
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Figure 19. Diagram of an Li-Po battery based on gel polymer electrolyte [99].

6.4.1. Technical Characteristics of Charge-Discharge Rate of Lithium Polymer Batteries and
Their Variation with Temperature

Despite the many advantages of gelled Li-Po batteries that make them very practical
in portable electronics, they face the same challenge of good performance at very cold
temperatures and/or high-current pulses as other devices [100].

6.4.2. Solutions for Adapting Lithium Polymer Batteries to Cold Climates

Optimizing both the electrolyte compositions and techniques for creating gelled poly-
mer electrolytes and electrode coatings can improve the low-temperature performance of
gelled Li-Po batteries. This was demonstrated in the work of Xinga and Sugiyama [100],
who were able to increase Li-Po battery performance at temperatures as low as —20 °C.

Smart et al. [101] utilized this process to create prototypes of gelled Li-Po cells that
performed well at temperatures as low as —60 °C.

Other work has shown that multi-component electrolytes, particularly those low in
ethylene carbonate, have improved the performance of Li-Po batteries at very cold temper-
atures [102,103]. Aliphatic esters have also been found to be suitable solvents for enhancing
the properties of gelled polymer electrolytes at low temperatures [85,86,94,104-106].

7. Containerized Solutions for Batteries

Integrated containers are designed to facilitate energy storage using lithium-ion batter-
ies to cope with the harsh environmental conditions of Nordic countries (Figure 20 [107]).
Thus, Saft, a 100% Total subsidiary, plans to install a 103 MWh unit [108,109]. This storage
capacity will be divided into four units of about 25 MWh each, all of which were to be
commissioned by 2022. The first will be installed in Mardyck, on the premises of Total’s
Etablissement des Flandres, located in the port area of Dunkirk (Nord). It will be the largest
lithium-ion storage system in France and help secure its power grid. The Dunkirk installa-
tion will consist of 11 integrated containers, each with a capacity of 2.3 MWh, designed
and manufactured at Total’s subsidiary Saft’s production site in Bordeaux (Aquitaine). This
installation represents an investment of approximately 15 million euros.
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Figure 20. Integrated containerized solutions of 2.3 MWh each, presented by Saft (adapted from [107]).

Using the same technology, Saft has announced the supply of three containers called
Intensium Max 20 High Energy to TuuliWatti, a Finnish wind energy company [110,111].
This lithium-ion energy storage device will provide frequency-management services to
improve the integration of renewable energy produced by a 21 MW wind farm in Viinamaéki,
Northwest Finland, into the electricity grid. In addition, it will optimize wind energy while
providing the power needed for backup and cold start. The Nordic countries’ largest
lithium-ion storage system has a storage capacity of 6.6 MWh and a power output of
5.6 MW, allowing it to offer frequency control over a 15-year period. Three integrated
containers of 2.2 MWh each make up this system.

Megawatt-scale containerized systems for grids and renewable energy sources are very
flexible. These Li-ion containerized energy storage systems significantly reduce the effects
of intermittency of renewable energy sources such as solar and wind. The Intensium® Max
20 High Energy, which can conveniently operate without a pilot at temperatures ranging
from —35 to 55 °C, is the ideal solution for large-scale electrical energy storage for grids,
renewables, and industries [112].

In Canada, the Calgary-based company Eneon-ES, created by combining the two com-
panies Tundra Process Solutions and Canadian Energy, has also launched battery energy
storage systems [113], which have also been integrated into used, 20—40-foot maritime
containers that were refurbished under strict safety protocol and fire protection guidelines.
The combination of energy storage and renewable energy integration provides off-grid
electricity to hard-to-reach communities, reducing dependence on diesel consumption,
as well as storage and delivery costs. Eneon-ES activities have expanded across North
America, including Massachusetts, where a customer requested that 1.2 MWh of storage
be condensed into a 20-foot sea container while maximizing solar power production from
an oversized solar array to provide off-grid power to four semi-mobile solar-powered
research stations in the Arctic Circle. Hydro-Québec, through its subsidiary EVLO, has also
launched containerized energy storage systems for the power generation, transmission, and
distribution sectors [114]. EVLO modules are huge batteries installed in containers using a
lithium iron phosphate chemical composition. More secure than traditional batteries, they
are also 99% recyclable. Energy storage containers are gradually becoming the norm for
Canadian companies, giving them a head start in the field.

8. Discussion

Electrical energy storage using lead—acid batteries is very mature and widely used to
store public services energy. Lead-acid battery technological advancements have extended
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cycle life in both deep and shallow cycle applications. Furthermore, lead—acid batteries
have a longer lifespan than other battery types and no memory effect [36]. However,
inexpensive lead—acid batteries suffer from a high weight, short runtime, cold sensitivity
and transportation difficulty due to their liquid acid. To optimize these batteries, it is
necessary to avoid completely discharging them and storing them charged [115].

Nickel-cadmium (Ni-Cad) batteries are lighter than lead—acid batteries and relatively
cheap. They have a medium autonomy. Nickel-cadmium batteries are suitable for very low
temperatures. However, their extremely poisonous cadmium is known to be less suited for
disposal, particularly in landfills, and this environmental concern has remained a significant
disadvantage. Nickel-cadmium batteries thus contain toxic materials whose distribution
and disposal are highly regulated in many countries. In addition, they have a low specific
energy (up to 80 Wh/kg), compared to more contemporary alternatives based on nickel
metal hydride and lithium, and a high self-discharge rate (10% per month), compared to
lithium, alkaline, and lead-acid batteries. There is also the myth of the memory effect that
hangs over this technology. To optimize these batteries, they must be stored discharged.

Ni-MH batteries are similar to Ni-Cad batteries. They do not suffer much from the
memory effect and have better autonomy. They are more expensive but are subject to the
phenomenon of self-discharge.

Lithium batteries (Li-ion or Li-Po) are light and have good autonomy. They do not
suffer from memory effects and have various shapes. To optimize these batteries, they
should be stored lightly charged at a temperature of about 20 °C.

The selection criteria are entirely different in stationary applications, such as the mass
storage of electricity from renewable energies or the electrification of residential areas.
Indeed, the notions of Wh/kg or Wh/L lose importance due to the absence of mass or
volume constraints in these stationary applications. Therefore, in addition to safety, the
selection criteria are cyclability (durability) and cost [27].

Li-ion batteries are well-suited for energy storage for renewable energy installations
because of their unmatched performance (see Table 4 for comparisons of technical parame-
ters of different electrochemical energy storage systems). Their inability to withstand very
low temperatures can be solved by developing containerized battery solutions.

Table 4. Comparison of technical characteristics of accumulators (adapted from [116]).

Lead Ni/Cd Ni/MH Li Ion Li Polymer
Specific energy
30-50 45-80 60-110 150-190 150-190
(Wh/kg)
Energy density . . . . .
(Wh/liter) 75-120 80-150 220-330 220-330 220-330
Peak power (W/kg) Up to 700 — Up to 900 Up to 1500 Up to 250
Number of cycles 400-1200 2000 1500 500-1000 200-300
(charge/discharge)
Self-discharge per 5% 20% 30% 10% 10%
month
Nominal voltage of oV 12V 12V 36V 37V
an element ’ ’ ' ’
Operating ~20t0 60° C ~40t0 60 °C ~20to 60 °C ~20t0 60 °C 0to 60 °C
temperature range
Reliability . Excellent energy and Thin batteries
Advantages Low cost Cold performance Very good energy density power possible
Disadvant Low energy Relatively low energy Cost of basic materials Safety of large elements ~ Cold performance
sadvantages Sudden death Toxicity Behavior in temperature Cost Cost
Indicative Costs 200 to 250 600 1500 to 2000 2000 1500 to 2000

(€/KWh)
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9. Conclusions

The use of storage systems can significantly reduce the constraints imposed on renew-
able energy in off-grid installations. The use of energy storage has increased renewable
energy integration in Canada’s North. Storage systems allow for the storage of the en-
ergy produced at the output of renewable energy installations, making it available for
subsequent use when the renewable resource is no longer sufficient.

Rechargeable batteries play an important role in allowing for the greater penetration of
intermittent renewable energy sources in distant areas where they are the principal energy
storage mode. However, the very cold climate of remote areas represents a barrier to the
optimal operation of these batteries.

Electrochemical energy storage is a major strategic issue on a global scale. Considerable
research and development efforts are currently being conducted in many countries to
develop more efficient batteries, with multiple objectives including improvements of the
autonomy of portable systems, electric vehicles, and hybrid vehicles and large-scale storage
for electrical grids. Lithium-ion technology has been the most important advance among
the developed and widespread electrochemical technologies such as lead—acid, Ni-Cd, Ni-
MH, Li-ion, and Li-Po batteries. The Li-ion battery has grown in popularity because of its
longevity, high working voltage, and low self-discharge rate. It has a higher charge density
and lower weight than similar rechargeable batteries. As a result, it features a large power
capacity while being compact and having a low self-discharge rate and little memory effect.
In addition, it has a greater open-circuit voltage than lead—acid, nickel-metal hydride, and
nickel-cadmium aqueous batteries. Typically, an Li-ion battery can withstand hundreds of
charge—discharge cycles.

There is now research being conducted to change the electrodes’ chemistry to enhance
the energy capacity and lower the cost of these batteries. Several Li-ion battery models
have been created to research battery behavior and enable power regulation in various
applications. However, researchers are facing some difficulties. For example, it is uncertain
which lithium-ion battery chemistry will enhance energy capacity while decreasing prices.

Although some researchers have attempted to increase low-temperature performance
through advances in power battery materials, it is difficult, and no definite answer has been
found thus far. The development of containerized battery solutions, on the other hand,
may make it easier to use Li-ion batteries in challenging environments such as extremely
cold climes.

While traditional Li-ion batteries (for their stored energy density) and supercapacitors
(for their power density) can already cover the majority of the electricity storage markets,
alternative systems, such as lithium-sulfur, metal-air, and sodium—ion batteries, are being
developed [27].
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Abbreviations

The following abbreviations are used in this manuscript:
P] Petajoule

YT  Yukon

NT  Northwest Territories
NU Nunavut

QC  Quebec

MB Manitoba

AB  Alerta

BC  British Columbia

NL Newfoundland and Labrador
NB  New Brunswick

SK  Saskatchewan

NS  Nova Scotia

PE Prince Edward Island

ON  Ontario
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