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Energy storage system (ESS) plays a prominent role in renewable energy (RE)
to overcome the intermittent of RE energy condition and improve energy
utilization in the power system. However, ESS for residential applications
requires specific and different configuration. Hence, this review paper aims to
provide information for system builders to decide the best setup configuration
of ESS for residential application. In this paper, the aim is to provide an insight
into the critical elements of the energy storage technology for residential
application. The update on ESS technology, battery chemistry, battery
charging, and monitoring system and power inverter technology are reviewed.
Then, the operation, the pro, and cons of each variant of these technologies are
comprehensively studied. This paper suggested that the ESS for residential
ESS requires NMC battery chemistry because it delivers an all-rounded
performance as compared to other battery chemistries. The four-stages
constant current (FCC) charging technique is recommended because of the fast
charging capability and safer than other charging techniques reviewed. Next,
the battery management system (BMS) is recommended to adapt in advance
machine learning method to estimate the state of charge (SOC), state of health
(SOH) and internal temperature (IT) to increase the safety and prolong the

lifespan of the batteries. Finally, these recommendations and solutions aimed
to improve the utilization of RE energy in power system, especially in
residential ESS application and offer the best option that is available on the
shelf for the residential ESS application in the future.
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1. INTRODUCTION

Developed countries with tremendous economic growth require a massive amount of electrical
energy. The energy demand of these countries increase exponentially with time, which 70% of this demand is
supplied using fossil fuel and the remaining 30% is from renewable sources [1]. The real threat of fossil fuel-
based energy depletion raises a serious concern in the power system community. Therefore, it is necessary to
shift the dependencies of energy supplies to renewable energy (RE) in order to secure the continuity of the
energy resources in the future. Prior to 2010, the development of RE in Malaysia is relatively slow due to
insufficient enforcement from the government [2]. However, the Malaysian government implements the Feed-in-
Tariff (FiT) policy in 2010 to accelerate the development. Consequently, the market share of the electricity generated
from RE is 4.5% in 2009 increased to 5.5% in 2015 despite the increment of total energy demand. Unfortunately,
the growth of RE in Malaysia does not depend only on the introduction of the new policy. Technical demand and the
stochastic nature of the RE itself play a vital role in making this future a reality. These challenges limit the real
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potential of free and clean energy utilization in Malaysia. According to the Malaysia main electricity provider,
Tenaga Nasional Berhad (TNB) 2017 Annual Report [3], the residential customer comprises 82.21% of their
customers. The same strategy has been successfully implemented in Germany since 2004 [4] as they have
managed to have 40% of energy share for RE in 2018. It is well known that the RE sources are stochastic and
it is almost impossible to depend on the RE only without compromising the continuity of the electricity to the
user. The ESS operates as a reservoir of electrical energy to overcome the uncertainty of RE. Thus, ESS for
residential customer plays a vital role to ensure the successfulness to shift the dependency of the fossil-fuel to
the RE-based energy resources in the near future.

In the literature, there are several manuscripts that review the latest ESS technologies and
development on various applications and diverse focuses. In [2], the researchers discuss the present status of
lithium-ion battery technology. The discussion focuses on the electrochemical aspect and potential material to
achieve the improvement of the lithium-ion battery’s energy and power contents. On the other hand, the studies
in [5] and [6] review the technology development of the energy storage system for transport and grid main
applications. They focus on the power converter and power storage technologies for various applications. The
researchers in [7] discuss the ESS architectures utilized in practice, focusing on the development of the control
algorithms to optimize the ESS utilization. The study reported in [8] reviews the maturity of storage energy
technologies in order to facilitate the load demand for daily consumption. On the other hand, researchers in [9]
review the energy storage system for hybrid electrical vehicles (HEV) application. The report focuses on the
evaluation of the technology readiness of the distinct compartment of the vehicles, especially on the electrical
propulsion system.

This paper aims to provide an insight into the critical elements of the energy storage technology for
the residential application. It is not just providing an update on the ESS technology, this paper discusses in
detail about the battery chemistry, battery charging system, battery monitoring system, and power converter
system that are vital for the ESS application. This paper discusses the operation, the pro and cons of each
variant of these technologies and recommends the best option that is available on the shelf for the residential
ESS. To these authors knowledge, this paper provides a fresh perspective of reviewing the available technology
for RES as compared to the literature discussed in [10]. Following this introductory section, Section 2 discusses
the RE system for the residential customer. Next, Section 3 explains about the battery storage system.
Following Section 3, the battery charging and management system for residential utilization is discussed in
Section 4. Subsequently, Section 5 discusses the power converter system required for residential utilization.
Finally, Section 6 discusses and concludes this study with the remarks of future research opportunities in
residential energy storage.

2. THE RESIDENTIAL RE SYSTEM

Energy storage technology has a tremendous impact on electrical system utility development
especially in the RE integration with the conventional power network. Figure 1 shows the typical block diagram
of the residential RE system integration with the electrical grid system.
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Figure 1. The typical residential RE system
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The residential RE system is slightly different from the solar plant. The system consists of several
sub-systems that are vital to ensure the continuity of electricity supply to the residential customer [11]. The
renewable energy sources are converted into direct currents to charge the EES when the energy is available. It
is well noted that the RE is not always available to the customer. Thus, the EES also could charge itself by
converting the energy from the electrical grid system by using a battery charging and monitoring system. The
energy gathered in the ESS is utilized by the user via power inverter technology. The inverter is required
because most of the loads in the residential sectors need alternating current (AC) supply, while the ESS supply
electricity in direct current (DC). This system is also beneficial for the customers in the countries that utilize
variable tariff to their customer, where the customer could charge its EES when the price is low and utilize the
energy when the price is high [12]. In this paper, the three vital sub-systems: 1) the battery storage system, 2)
the battery charging, monitoring, and charging system in the typical ESS for the residential renewable energy
system are discussed in detail in the following section.

3. THEBATTERY STORAGE SYSTEM

This section elaborates one of the most important parts of the energy storage system, the battery
storage system. There are various options that are available to the ESS system builder. Each type of battery has
a different performance from one another. While one type may be suitable for one application, it may not be
suitable for another type of application. For example, the lead-acid battery has served the automotive industry
for over a decade. However, it is not suitable for unmanned aerial vehicle application [13]. Thus, the technical
terms that characterized the performance of a battery system are discussed in this section first. Next, this section
discusses and compares the performance of all types of battery chemistry. Consequently, the most advanced
and currently under rapid development battery chemistry, the lithium-based battery is discussed. All available
lithium-based battery chemistries are reviewed, and their performance is compared. Finally, this section
discusses the suitability of the battery chemistry available in the market for the RE application for the
residential customer.

3.1. The Characteristic of the Battery Performance

In practice, there are no one-battery-fits-all for any application. Thus, the system engineer needs to
identify the battery that has the characteristic that suits their application the most. There are several important
terms that are used to characterize the performance of the battery. Usually, their performance is differentiated
in terms of their specific energy, specific power, safety, discharge performance, lifespan, and cost.

Specific energy is defined as the capacity of the energy storage in energy content per unit mass
(Wh/kg) [14]. The value of specific energy strongly influences the total weight of the energy storage system. On the
other hand, specific power is defined as the loading capability of the energy storage in a unit of (W/kg) [14]. This
characteristic requires critical consideration in high powered and fast discharge applications. Next, safety is described
as the ability of the energy storage to operate in good condition without causing any harmful damages such as an
explosion or health risk to the user [15]. Consequently, discharge performance is described as the characteristics and
responses of a battery during its application [16]. The discharge performance of a battery cell is measured by its
discharge curve, temperature characteristic, self-discharge characteristic, and discharge rate. Nevertheless, the
lifespan of a battery cell is defined as the number of charge and discharge cycle of a battery can maintain before
its performance degraded and it becomes no longer suitable any applications. Finally, the cost of a battery cell
mainly depends on the active materials used to manufacture the battery. Therefore, it is necessary to optimize
the performance of the energy storage system to suit the application during the design process to ensure the
cost of the system is optimized.

3.2. The Performance of Different Types of Battery Chemistry

Figure 2 depicts the performance of the lead-acid, Nickel Cadmium (NiCd), Nickel Metal Hydrate
(NiMH), and Lithium-ion battery chemistries that are available easily in the market. This information is
obtained based on the study reported in [17]. The performance of these batteries is compared based on the
characteristic discussed prior to this subsection. Rating 0 represents the worst, and rating 10 represents the best
performance of the battery chemistry.

Figure 2 shows that the lithium-ion battery outperforms the other battery chemistry in terms of specific
energy, specific power, discharge performance, and cost. The figure also shows that the lead acid, NiCd, and
NiMH battery are superior as compared to the lithium-ion battery. On the other hand, NiCd has the best battery
lifespan as compared to others. However, the difference in terms of the battery lifespan is not significant as
compared to the lead acid, NiMH, and lithium-ion battery.
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Figure 2. The performance of different types of battery chemistry

This comparative analysis shows that the lithium-ion battery is superior to other battery chemistries.
This superiority is one of the reasons that the researchers are concentrated in the development of a lithium-ion
battery for the future. Recently, two technology giants, Tesla and Panasonic have formed a strategic
collaboration effort to speed up the development of the lithium-ion battery to further improve its specific energy
and specific power [18]. As for its predicament in terms of safety, researchers have developed the battery
management system (BMS) to ensure the lithium-ion battery operation is within its safety limit.

3.3. The Performance of Different Types of Lithium-ion Battery Chemistry

There are several types of lithium-ion based batteries, which are segregated based on the active
materials that are combined with the lithium-ion to store the energy. Common active materials used are cobalt,
aluminum, manganese, nickel, and titanite [19]. This combination dictates the characteristics and performance
of the battery. There are many combinations of battery chemistries that are available. However, only five of
the most common battery chemistries are discussed in this paper about its suitability for residential energy
storage system application. Lithium Cobalt Oxide (LCO) battery is considered as one of the matured lithium-ion
battery technology. As discussed in [13], the development of this battery in term its specific energy and lifespan are
considerably saturated. LCO have high specific energy as compared to other lithium-ion battery chemistries. This
battery is the most common energy storage technology applied in mobile electronic devices. However, this battery
chemistry suffers from low thermal stability, short lifespan and limited specific power.

Lithium Manganese Oxide (LMO) battery have a higher cell voltage compared to the LCO-based battery
which is 3.8V to 4V. Therefore, it is suitable for the application that requires high voltage such as power tools, as
well as hybrid and electric vehicles. Furthermore, LMO superior to LCO in terms of thermal stability, safety, and
production cost. However, the specific energy, lifespan, and discharge performance of LMO are slightly less than
LCO. Next, Lithium Titanite Oxide (LTO) battery promotes the highest safety, discharge performance, and lifespan
as compared to other battery chemistries discussed in this paper [20]. This characteristic is because the volume
expansion of the battery electrodes during the intercalation of lithium is below 0.2% [20]. This active material
configuration leads to an advantage of LTO over other materials for high power application. Unfortunately, the
drawback of this battery chemistry is its low specific energy due to the titanite composition that consists of small
voltage hysteresis for the charge-discharge profile. Therefore, this battery chemistry is not suitable for the application
that requires high specific energy battery such as for an aerial vehicle, and mobile communication device.

Lithium Nickel Cobalt Aluminum Oxide (NCA) battery has higher specific energy, higher specific power
and longer lifespan as compared to LCO, LMO, and LTO batteries. Due to its high specific energy, NCA has been
the center of attention and commercialized by many manufacturers such as Panasonic, Gaia and Nissan [21].
However, NCA lacks in terms of safety because of its low thermal stability that makes this battery is not very popular
for specific application such as in aviation, residential and mobile devices. Moreover, it is relatively expensive to
produce as compared to other battery technologies. Lithium Nickle Manganese Cobalt Oxide (NMC) is another
successful lithium-ion battery technology. This battery combines four elements (lithium, nickel, manganese,
and cobalt) to the battery. The ratio between nickel, manganese, and cobalt are 3:1:1, respectively [22].
Combination of nickel and manganese reduce the needs for cobalt in the manufacturing process. Cobalt is
hazardous to the environment. Over the past six years, the collaboration between Tesla and Panasonic has
successfully reduced the dependency on cobalt in the development of the NMC battery by 60% [23].
Consequently, the production cost and the safety of the NMC battery cell are less than NCA. Although it is
cheaper and safer, it has relatively similar discharge performance, specific energy, specific power, and lifespan
as compared with NCA.
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3.4, Suitability of the Battery Chemistry for the Residential RE System

Figure 3 summarizes the performance of lithium-ion battery chemistries discussed in this paper. The
figure shows the performance comparison between the LCO, LMO, LTO, NCA, and NMC. From the figure,
the performance of the batteries is categorized based on their characteristics, respectively. In this system, rating
0 represents the worst, and rating 10 represents the best performance of the battery chemistry.

From the figure, it shows that the LTO battery outclasses other battery technologies in term of safety,
discharge performance and lifespan. However, LTO shares the same level of specific power with LMO, NCA,
and NMC. In terms of specific energy characteristic, LCO, NCA, and NMC share the same level of performance.
It is noticed from the figure that the cost of production for LCO, LMO, and LMC are cheaper as compared to NCA.
On the contrary, LTO is the most expensive lithium-based battery technology to be produced. Although all
characteristics are crucial for the residential RE system, the system engineer is more concerned with the specific
energy and the specific power of the battery [24]. This is because the predicament of other battery characteristics,
especially safety, discharge performance, and lifespan, can be compensated with an additional controller that
manages the charging and the discharging process of the battery. NMC fits the bill as its specific energy, specific
power and cost are excellent (rated at 10), while its safety, discharge performance, and lifespan are good (rated
at 8). Conclusively, NMC delivers an all-rounded performance as compared to other battery chemistries. Thus,
in the author's knowledge, it is the most suitable type of battery chemistry for the ESS of the residential RE
system application to date.
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Performance

Figure 3. The performance level of different lithium battery types

4. THEBATTERY CHARGING AND MANAGEMENT SYSTEM
4.1. Charging Technique

Battery charging system restores energy through electrochemistry reaction process in the lithium-ion
based battery cell. The battery cell requires a reliable charging technique to ensure the process is safe and fast
while preventing battery overheating [25]. There are lots of charging technique reported in the literature. The
main of this field of study is to minimize the time to charge the battery system while ensuring safety and maximizing
the lifespan of the battery during the process. Several charging techniques such as the constant current-constant
voltage (CC-CV), the varying current (VC), the multistage charge (MC), and four-stages constant current (FCC) are
discussed in this paper.

The CC-CV charging technique is the most common charging technique applied in practice. It is considered
in various application because of its simplicity as compared to other techniques. Subsequently, the methods provide
a steady voltage to the battery in the constant voltage phase with a constant voltage to avoid overcharging occurs.
However, the researchers in [26] found that this method may cause metallic lithium plating at the end of the constant-
current charging phase. The metallic lithium plating may lead to a short circuit and consequently degrading the
battery’s lifespan. The VC charging method is developed to charge the degraded lithium-ion battery. The degraded
battery has developed higher overpotential resistance over time and change the predefined energy bound of the
battery due to the permanent chemical reaction inside the battery. Therefore, the CC-CV method is not suitable to
charge this battery because it is unable to determine a new predefine energy bound that been consumed by equivalent
overpotential resistance [27]. Consequently, the high equivalent overpotential resistance causes energy loss during
the charging process. The VC technique adapts the energy bound during the charging process and provides the
charging current accordingly by calculating the equivalent overpotential resistance of the battery. Then, the charging
current is updated to match the estimated energy-bound time consumption and end-of-charge time. In short, the VC
technique limits the energy-bound loss and increase efficiency during the charging process. Although the degraded
battery may no longer suitable for its initial purpose, it may be suitable for other application [28].
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The MC charging method is designed to improve the CC-CV method for its poor charging performance at
the low-temperature condition. At this condition, the battery chemical reaction is decreased, while the internal
resistance of the battery is increased. The increment of the battery internal resistance causes the CC-CV method
to detect the cut-off voltage limit earlier than the charging process during normal charging condition. This will
terminate the charging process before the battery is fully charged [29]. The MC method addresses this
limitation by decreasing the charging rate when the voltage terminal almost reached the cut-off voltage limit.
This process is realized by systematically reduce the charging current until it reaches the lowest charging
current limit. Due to this process, the MC method requires longer charging time as compared to the CC-CV method
[30]. The FCC charging technique improves the charging performance of the MCM method by minimizing the time
and increasing the efficiency of the charging process. The method is based on the integration of the Taguchi method
and the state estimation of battery SOC. The method operates by determining the optimal charging current and the
predefined cut-off voltage and adapt the charging process accordingly at each charging stage [31]. The FCC
technique provides a higher and safer constant current rate in different charging stage to reduce the charging time
without damaging the battery cell from overcharging. Therefore, FCC is an excellent option for the ESS system
for the residential RE application due to its superior performance as compared to other charging methods.

4.2. Battery Management System

As discussed in Section 3, the lithium battery is not a perfect energy storage system. However, due to
its superior specific energy, specific power, discharge performance, and cost, it is preferred as the battery of choice
for the future ESS. It is also discussed that the lithium battery is not the best options in terms of the safety and the
lifespan of the battery. However, these issues could be addressed with proper management of battery charging and
discharging processes by considering the BMS. A basic responsibility of a BMS is to ensure that the energy stored
in the battery is used optimally and the risk of damage to the battery is prevented by controlling the battery’s charging
and discharging process. Figure 4 shows the typical BMS configuration. The system discussed in this paper is based
on the fundamental working principle of the BMS. There are lots of more advanced system with different
configuration available in practice [32-34]. However, the working principle is relatively the same. From the figure,
it is shown that the BMS consists of four critical sub-systems: monitoring, state-estimator, cell balancing, and
temperature.

Battery Management System
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Figure 4. Typical BMS configuration

The monitoring system gathers the vital information system from the battery pack, which are the
voltage across each cell, the voltage across the battery pack, the current, and the temperature of the battery
pack. For a simpler BMS, these measured data are directly used to provide the information for the cell balancer,
the temperature regulator and the field effect transistor (FET) controller to control the charging and discharging
processes of the battery pack. However, this simple BMS is only enough for the battery application under a
static operating environment. A smarter or advanced BMS is required for the system operating under dynamic
operating environment [35]. In an advanced BMS, the measured data from the monitoring system are sent to
the state-estimator in order to provide an adaptive control on the battery utilization based on its real-time state.
This is realized by using a proper state estimation technique to provide appropriate control that suits the current
battery condition. In order to provide such control, the real-time state of charge (SOC), state of health (SOH),
and internal temperature (IT) of the battery should be first estimated [36].

All these estimations and information are transfer either to the cell balancer, temperature regulator, or
FET controller. The cell balancer is important to ensure that each cell is charged with the same SOC. Usually, there
are 1% or 2% mismatch of the cell’s internal resistance when a pack is constructed [37]. Thus, if a cell has a higher
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SOC relative to its neighbors, resistors in parallel with each cell are switched on to dissipate energy unnecessarily.
The temperature regulator requires IT estimation to regulate the temperature. Heating the battery pack up is as
important as cooling it down especially during the charging process. Charging the lithium battery at low temperature
may cause the lithium to plate instead of to intercalate with the anode [38]. This unwanted process causes specific
energy reduction and the internal resistance increment of the battery. On the other hand, the FET controller
acts as the gateway to control the utilization of the energy in the battery pack based on the input from the
estimator and the monitoring system.

5. DISCUSSION AND CONCLUDING REMARK

The research on the residential RE system depends on the advancement of the ESS. In this paper, the latest
update on the practical options and the advancement of the crucial technologies for the ESS are discussed in
detail. The suitability of these technologies depends on various factors such as the operating situation, the tariff
system used, and the geo-location of the system. These factors affect the frequency of charging-discharging cycles
of residential RE. Thus, the ESS system equipped with the RE system needs to be able to allow such operation
safely. The critical characteristics to look for in battery chemistry that suits this application are the battery
lifespan and safety. From the discussion, LTO is the most suitable battery chemistry for the residential RE
application. However, from the business perspective, the cost to produce LTO battery is the highest compared
to other battery. LTO also has the lowest specific energy, which implies that the total cost of the system is
higher for the same size of storage. Alternatively, one could consider NMC as the preferred battery chemistry
for the residential RE application. Although it is not as best as LTO in terms of lifespan and safety (LTO rated
10, while NMC rated 8 for both characteristics, respectively), the cost and specific energy of NMC are far
superior. As discussed in Section 4, an advanced battery charging, and management system can prolong the
lifespan and ensure the safety of the NMC battery operation. The size of the battery system for the RE system
is relatively huge as compared to the mobile application. Thus, as the cost required to replace the battery is
linearly dependent to the size, it is necessary to consider an advanced battery’s charging and management
system to maximize the lifespan and the safety of the battery. One could consider the FSCC charging method
because it can adapt the charging current according to the battery’s SOC.

Extensive efforts have already been in place to address the difficulty of increasing the techno-socio-
economical readiness levels of the ESS for the residential RE system. Research for the battery storage system,
and the battery management system is very active. For instance, new battery chemistry and design are being
developed to achieve higher performance. The new state-estimation algorithm to estimate the real-time condition of
the battery is also an active research field, which is crucial to the performance of the BMS. The advanced machine
learning such as deep-learning method and reinforcement learning should be considered in the development of the
future intelligent BMS to improve the performance of the ESS. The development of the intelligent BMS system
should also facilitate the integration of supercapacitor in the future ESS to allow instantaneous charging capability.
The literature in the ESS is very rich and are continuous and rapidly changing. The advancement of the ESS is crucial
to the penetration of RE into the electricity market share. The increase in market penetration and the increase in
process learning curves are coming into effect will progressively decrease the dependency on the fossil-fuel
for electricity in the future
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