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Abstract: This study aims to review the potential benefits of peak load shaving in a microgrid system.
The relevance of peak shaving for a microgrid system is presented in this research review at the
outset to justify the peak load shaving efficacy. The prospective benefits of peak shaving in microgrid
systems, including technological, economic, and environmental advantages, are thoroughly examined.
This review study also presents a cost-benefit numerical analysis to illustrate the economic viability
of peak load shaving for a microgrid system. Different peak shaving approaches are briefly discussed,
as well as the obstacles of putting them into practice. Finally, this review study reveals some potential
future trends and possible directions for peak shaving research in microgrid systems. This review
paper lays a strong foundation for identifying the potential benefits of peak shaving in microgrid
systems and establishing suitable projects for practical effectuation.
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Rural electrification is a critical issue around the world. It is widely acknowledged
that distributing electrical power to rural areas has always been a significant challenge
due to the nature of rural communities, which are separated and located far from power
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ficient in remote locations. As a result, rural communities with little or no connection to
primary grids can only rely on microgrids or independent smaller power networks for
power [3-5]. Traditionally, these microgrids used diesel generators and backup systems

Published: 21 March 2022 (peaking generator) because of the low initial cost and simplicity [6]. Similarly, industries
that are far away from the power grid, such as oil platforms in the sea, have the same issue.
These industries rely on the expensive gas turbine generators (both as primary genera-
tors and peaking generators) [7]. In recent years, the advancements in grid technologies
have allowed microgrid technologies to reach a more mature state where wind and solar
renewable energies are the commonly integrated sources in a microgrid [8-10]. Despite
the advantage of renewable sources, these microgrids, if isolated from the main grid, can
be easily affected by power fluctuations, which will subsequently lead to unbalances in
the power demand and supply system [11-13]. This undesirable event is mainly caused
by the intermittent nature of the sources of renewable energy as well as the dynamic load
profile, particularly during peak load [14,15]. Peak load is a particularly sensitive issue
for microgrids as it happens occasionally for a small percentage of the time in a day [16].
Peak load increases the risk of microgrid failure and also leads to power quality issues. To
maintain grid stability and improve power quality, the microgrids must solve the peak
loading problem.
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In the past, the peak load problem is often solved by capacity additions [17]. Com-
monly, a percentage of total installed capacity must be reserved for managing peak loads,
where the rest of the capacity is dedicated to the base-load. However, the solution leads
to inefficient use of generators, where it is economically not feasible for utilities to main-
tain generation capacity that will be used only for a very few hours in a day. It has also
several disadvantages, such as it consumes more fuel, creates higher wear and tear on
equipment [18,19], increases maintenance cost, and leads to higher carbon emission [20,21].
Thus, peak load shaving is a more desirable method to face the challenges of peak load
demand. Potential peak shaving strategies identified in the literature are: implementation
of demand-side management (DSM), incorporation of electric vehicle (EV), incorporation
of energy storage system (ESS) and integration of hybrid photovoltaic (PV)/ESS. However,
the integration of ESS is the most appealing prospective peak load shaving options [22].
This technique can be applied in microgrids, grid, industries and residential buildings
to achieve “peak shaving”. With this strategy, peak shaving (PS) can be performed by
charging the ESS when demand is low (off-peak period) and discharging it when demand
is high (peak time) [23]. The functions of storage-based peak shaving are illustrated in
Figure 1. This operation of the ESS can provide economic benefits as it mitigates the need
to use high-priced peak electricity generation. The real benefit of ESS-based peak shav-
ing is that it allows a microgrid utility to cut peak demand while maintaining customer
comfort [24]. To address the intermittent nature of renewable energy sources, appropriate
energy storage solutions for the power grid must be developed. Electrochemical energy
conversion and storage (EECS) systems are particularly promising in this area due to high
turnover efficiencies, quick response times, ease of scalability, and lack of geographical
limits [25].
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Figure 1. Illustrative example of storage based-peak shaving.

Peak shaving offers several benefits to the customer, as well as microgrids utilities,
including technical, economic, and environmental benefits. However, the information
on the benefits of microgrid peak shaving is scattered in the current literature. Thus, it
might be challenging for practitioners and policymakers to pinpoint the important aspects
that will lead to global developments in microgrid projects. Therefore, this study has
been undertaken to review the potential benefits of peak load shaving in microgrids for
mobilizing this sector globally for a sustainable future. To the authors’ best knowledge, a
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review of potential benefits of peak shaving in microgrid contexts is still unreported in any
other studies and hence it implies the main contribution of this study.

¢ Impact of peak load demand in microgrid are discussed. Then, peak load shaving in
microgrids are demonstrated (Section 2).

e  Potential benefits of microgrid peak shaving are reviewed and discussed in detail
(Section 3).

* In order to examine the economic viability of peak load shaving in microgrids, a
simple mathematical model is developed (Section 4)

*  Several challenges of microgrid peak shaving are identified after performing an in-
depth analysis of the state-of-the-art peak shaving strategies (Section 5).

¢  Future work and possible research areas worth exploring for microgrid peak shaving
are directed (Section 6).

2. Peak Demand and Peak Shaving in Microgrid

In this section, the impact of peak load demand in a microgrid system is presented.
In addition, the importance of minimizing the peak demand for economical and realistic
operation is discussed.

Microgrids, particularly those in isolated operations, have a lot of volatility in demand
across time, which causes peaks in load profile [26,27]. Peaks in electrical demand introduce
many perplexities in microgrid operation. Generators in fuel-based islanded microgrids
typically perform inefficiently due to peaks in demand, with some even experiencing low
load operation. A microgrid utility faces a significant challenge in managing time-varying
demand during peak periods [18,28-33]. If the generation system fails to perfectly match the
electricity demand, several issues arise, including instability [34], voltage fluctuation [35],
and reliability [34,36,37], all of which have an impact on the entire electrical system [38,39].
These issues can manifest themselves as wear and tear on generation equipment as well
as poor power quality [18]. Meanwhile, to reduce peak load, the supply current must
be greatly increased. On the other hand, increasing supply current will reduce system
efficiency as current is nonlinearly related to power loss [40,41]. Furthermore, the microgrid
system’s components are all oversized to meet peak demand, although peak demand
appears infrequently. As a result, when running at part load, some system components,
such as transformers, are less efficient [42]. This has an impact on the system’s total losses.

As microgrids are small, they do not usually include a peaking generator, such as a
primary grid system, to deal with peak demand. As a result, microgrids are designed to
accommodate both base and peak loads. However, generators mostly operate inefficiently
(during periods of light loads) as peaks only last a few hours in a day. Increased power
consumption at peak periods necessitates an increase in the supply of raw materials (gas,
fuel, and so on) to the generators. Thus, stress on microgrids keeps increasing, which has an
impact on efficiency. In some cases, microgrids set aside a percentage of their total capacity
(at least 10%) to mitigate peak demands. This backup capacity is primarily supplied by
small diesel and gas generators. This type of power plant, however, has high operation and
maintenance (O&M) costs [43-45]. As these generators are only operated during peak load
hours, outdated and inefficient plants are employed to meet peak demand. These plants
have a cheap capital cost, but a high operating and maintenance cost. To recover capital
expenses, as well as operating and maintenance costs, within their lifetimes, these plants’
electricity becomes more expensive than that of any base-load facility [46].

Furthermore, they use more fuel, cause more wear and tear, and result in substantial
carbon emissions [42]. As a result, peak load shaving is becoming a topic of interest in
academia [33]. It enables microgrid utilities to drive down the cost of energy production
while prolonging investment in generation and distribution assets [47].
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3. Potential Benefits of Peak Load Shaving

This section reviews the potential benefits of peak shaving in microgrids. Peak shaving
benefits may be divided into three broad categories (in general): (i) Technical benefits,
(ii)) Economic benefits, and (iii) Environmental benefits.

3.1. Technical Benefits

The subsections cover a few things that may be greatly improved by implementing
peak load shaving in the system.

3.1.1. Improved Power Quality

Various peak load shaving approaches have been presented in previous studies to
address the generation-demand mismatch. These methods are aimed at establishing a
more efficient demand profile, which will result in better power quality [48].

3.1.2. Efficient Energy Utilization

The load factor is a simple metric that shows how much of the installed plant capacity
is being used. It determines the efficiency with which power is used. The load factor (LF) is

defined as follows: [49-52]:

Pager.
gae
Fload = P
peak

)

where Pyyerage represents the average power demand and P, represents the peak load for
a specified time period. The value of load factor may be significantly improved by reducing
peak load demand [53]. A high load factor enables a higher average load by maximising
the use of the full plant capacity for the longest possible time [54].

3.1.3. Reduced Energy Loss

Peak load shaving reduces supply current, which reduces energy loss since current is
nonlinearly related to power loss [40,41]. Furthermore, the reduced energy loss will aid in
the reduction of system losses.

3.1.4. Renewable Energy Integration

With rising awareness of environmental concerns, the adoption of renewable energy
sources (RESs) is increasing to reduce CO, emissions [55]. As a result, future power genera-
tion will become less reliant on fossil fuels [18,56]. However, as most RESs are intermittent
in nature, maintaining the grid’s stability and reliability has become a challenge [57].

The net load Py, is significant for analyzing the penetration level and effect of large-
scale wind, solar, and other renewable sources. The properties of Py, differ substantially
from those of traditional load Pj,,;;, which must be taken into account while planning mi-
crogrid operations. The conventional load (P;,,;) is subtracted from the non-dispatchable
generation, Py(,on—gispatchable), t0 Obtain the net load (Pret) [41]. The dispatchable gen-
erator must supply this net amount of load. The net load may be estimated using the
following formula:

Pret = Ploga — Pg(non-disputchable) @)

The net load patterns vary dramatically with large-scale integration of wind and solar
electricity, as seen in Figure 2. Increases in non-dispatchable generation in the microgrid
increase net load variability, which must be considered in the design and functioning of the
electric plant [58]. When solar and wind energy are incorporated into the microgrid, net
load demand is reduced throughout the day and the largest peak is shifted to the evening.



Energies 2022, 15, 2278

50f17

0 24 6 8 10 12 14 16 18 20 22 24
Hour
= Load ==--* Solar = *Wind =——Net Load

Figure 2. Illustrative example of net load profile with solar and wind supply.

3.1.5. Power Reliability of Microgrid

The high experience of peak load poses a threat to grid reliability [36]. As a result,
introducing an ESS for peak demand shaving can also assist with power reliability [59].

3.1.6. Support for Reactive Power (VAR)

By injecting or absorbing reactive power, an ESS for peak shaving helps to keep the
grid voltage stable [60-62].

3.1.7. Efficient Use of T&D Infrastructure

Peak shaving will also guarantee that the transmission and distribution (T&D) infras-
tructure is used efficiently. As a consequence, system upgrades will be postponed, and the
equipment used in T&D systems will have a longer lifespan [63].

3.2. Economic Benefits

Peak electrical demand in microgrids influences the operation expenses by (i) re-
quiring the utility to operate a high-cost and inefficient “peaking” generator to meet the
demand [49], (ii) contributing to higher transmission charges, which are set based on peak
demand, (iii) pushing base generators to be operated with part load for most of the opera-
tional time, and (iv) forcing the utility to offset supply shortages by purchasing electricity
in the wholesale market at an inopportune time, i.e., when it is the most expensive. Thus,
reducing peak demand and its impact on capital expenses is an important part of the
ongoing smart grid research efforts [20]. The following sub-sections discuss the economic
benefits of microgrid peak shaving in detail.

3.2.1. Replacing Expensive Generators

In order to satisfy the time-varying peak demand, less efficient (in terms of the eco-
nomics and the environment) generators (also known as peaking generators) are occa-
sionally used. As a result, the cost of electricity generation per kWh rises during peak
hours [64,65]. Therefore, peak shaving is also important for end users. In some cases,
microgrids set aside a portion of their entire capacity (at least 10%) to deal with peak
demands. This backup capacity is often supplied by small diesel and gas generators [31,66].
This sort of power plant, on the other hand, has high operation and maintenance (O&M)
expenses [43,45,53]. These plants” power becomes more expensive than that of any base-
load plant to recover capital and O&M expenses during their lifetimes [46]. Furthermore,
they require more fuel, experience more wear and tear, and emit more CO, [42,67]. As a
result, peak load shaving is becoming a popular study topic [33,68,69]. It enables microgrid
utilities to lower the cost of energy production while deferring investments in generating
and distribution infrastructure [47,65].
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3.2.2. Reduced Cost of Reserve Capacity

The microgrid system’s components are sized to provide a reserve margin of around
20% over the maximum load. This reserve margin ensures that peak demand load can
be fulfilled even if certain generators are out for maintenance [42]. However, the load is
usually significantly lower than the peak load, and the surplus capacity is underused. As a
result, the capital investment of this surplus capacity will not be recouped at an acceptable
pace. Peak shaving can reduce capital investment by reducing reserve margin.

3.2.3. Reduced the Expense of Wear and Tear

The lifespan of equipment (e.g., generators, transformers, lines, distribution systems,
and so on) is reduced as a result of microgrid operation during peak electrical demand.
This raises the microgrid’s wear and tear costs [42,67]. Peak shaving helps to reduce the
expense of wear and tear.

3.2.4. Reduced Cost for Additional Fuel

Due to the multiple start-stops and greater losses, additional fuel is wasted when
power plants are dispatched to meet the variable demand load. The cost of gasoline rises
as a result of the increased use. Peak shaving reduces fuel costs by preventing excessive
consumption from many starts and stops.

3.2.5. System Upgrade Deferral

Peak electricity usage in a microgrid shortens the life of lines and distribution systems.
As aresult, costly improvements to existing line cables and distribution systems are required
in a short period; however, these costs can be deferred by offering peak shaving [70-72].

3.3. Environmental Benefits

Peak shaving has various environmental benefits, the most important of which is the
capacity to replace inefficient and polluting generators [73]. The use of diesel generators
to meet peak demand is usual. These generators emit carbon dioxide (CO;), nitrogen
oxide (NOx), and particulate matter, all of which have a significant impact on air quality
in the surrounding areas [74-76]. In addition, microgrids use more fuels to meet peak
demand (due to the operational mode of peaking generators with numerous start-stops).
Carbon emissions rise when more fuels are consumed. Peak load shaving will allow power
plants to operate more efficiently and minimize load fluctuation. Carbon emissions will be
reduced as a result [42,77]. In addition, storage-based peak shaving units help to penetrate
more renewable energy sources. It will result in reduced carbon emission from per kWh
energy production [78,79].

4. Cost-Benefits of Peak Shaving

This section presents a numerical analysis of the cost-effectiveness of the peak shaving
application for microgrid systems to demonstrate economic feasibility. The cost-benefits
of peak shaving for the perspective microgrid utility can be determined considering three
indicators, namely annual cost savings, return on invested capital, and net profit.

4.1. Annual Cost Saving

Yearly cost savings from the peak shaving projects can be determined using Equation (3).

Csity) = Cs(f) T Csteay) T Cstsuy) + Csiry) T Cs(reey) ®)

where, Cy(f ) = annual saving from reduced fuel consumption.

CS(m,y) = saving from the economic arbitrage.
Cs(suy) = saving from system upgrade.

C(1ry) = savings from reduced losses.

Cs(rce,y)= saving from reduced carbon emission.
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(@) Cost Saving from Reduced Fuel Consumption

The annual cost savings from lower fuel use due to peak shaving can be calculated
as follows:

Cstfy) = By X By 4)

where F; ;, is the yearly fuel-saving and F, is the price of the fuel per m? unit. Equation (5)
can be used to calculate annual fuel savings:

Ep'y
Cs(ry) = Kfim Cry ()

where Cy( ) represents annual savings of consumption in m?, k rim indicates the improve-
ment of fuel efficiency, Ep,, represent the annual production of energy, and Cy,, represent
annual consumption of fuel.

(b) Saving from Economic Arbitrage

Microgrid utility operators can use ESS-based peak shaving to take advantage of
electricity price differences. They can store energy during off-peak hours when prices are
lower and then sell it to customers when demand and prices are higher. The following
formula can be used to compute the savings through economic arbitrage:

Sc(ea),y = (Ce,op - Ce,p) X hp,d x 365 (6)

where C, oy is cost of energy (kWh) during the off-peak hours, C, ;, is cost of energy (kWh)
during the peak hours, and &, 4 is average peak hours (h) in a day.
Equation (7) can be used to compute net yearly savings/income through arbitrage:

Sc(eu),y,net = Sc(ea),y - (Sess,kW X Com,y) (7)

Sessw = actual size of the ESS in kW and Coy,y = annual operational and maintenance cost
of the ESS (USD/kW).

(c) Saving from System Upgrade

The ESS decreases the impact of peak demand on microgrid assets and allows them to
be utilized for extended periods. As a result, the need for expensive upgrades to microgrid
assets is postponed [70-72]. Based on the previous yearly marginal investment, the saved
system upgrade cost values may be determined.

(d) Saving from Reduced Losses

Some loss is involved in energy flow from generation to consumption. Wire resistance
and others equipments such as transfers are the main reasons for this loss. It is 2.5-5% of
peak load for transmission lines and 5-8% for distribution systems [47]. Thus, peak shaving
can reduce losses due to the square of current relationship with losses. Aside from the
square current relationship, two other variables contribute to peak shaving loss reduction:
(i) during the peak times, the resistance of T&D wires and transformers is high due to
the high temperature and (ii) during peak periods, the cost of energy losses is often high.
Therefore, peak shaving can save a substantial amount by reducing losses. Equation (8)
may be used to calculate annual savings from reduced loss:

Se(ir)y = Ery X POEgwn 8
where E, , represents energy loss reduction in a year and POE;y, represent price of energy
per kWh [$].

(e) Saving from Reduced Carbon Emission

Many carbon emissions trading systems have recently been implemented across the
world in order to mitigate climate change [80]. The price of carbon emissions varies
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depending on the program. The Swedish carbon tax is the highest, at USD 168/ton CO5,
while the Mexican carbon tax is the lowest at USD 1/ton CO;. Emission trading system
prices are clustered under USD 12/ton CO, [29]. Equation (9) may be used to describe the
cost savings from reduced carbon emissions.

Seree)y = Rey % Te )

ree),y

where R, indicates yearly reduction of CO; in tons and T, is tax [USD/tons CO;].

4.2. Return of the Capital
The following equation can be used to determine the capital investment recovery time.

Ci,net

rlv) T g (10)

c(tot)y

where C; . indicates the net capital investment. It can be calculated using following
Equation:
Ci,net - Ci,ess + Ci,conv (11)

where C; .5 = capital investment for ESS and C; (,,, = capital investment for converter/inverter.

4.3. Net Profit

Net profit, also known as net income, is the key indicator of economic feasibility
analysis for peak shaving projects. It can be obtained from the following equation:

Pret = (Cs(tot),y X PLtime) - Ci,net (12)
where PL;jy, is the project lifetime.

5. Peak Shaving Strategies and Challenges

This section aims to discuss the peak shaving methods briefly and outline the main
issues and challenges encountered during their deployment. There is a growing number of
techniques have been proposed for peak shaving. Proposed methods may be divided into
several groups: (a) DSM, (b) integration of EVs, (c) integration of ESS, and (d) integration
of hybrid PV /ESS system. The advantages and limitations of each method are summarized
in Table 1.

Table 1. A summary of advantages and limitations of different peak shaving strategies.

Technique Advantages Limitations

(i) Allows a more efficient use of sys-
tem assets [81].

(i) Allows a more efficient use of re-
sources [82].

(iii) Reduces the capacity require-
ments of the system.

(iv) Enhances system reliability [83].

(i) Requires ICT infrastructure [84,85].

(i) Increases system complexity [81].

(iii) Depends on customer. willing-
ness [84-86]

DSM-based

(i) Facilitates a higher penetra-
tion of RESs [83].

(ii) Shaves peak demand with-
out affecting customer com-

ESS-based fort level [24].

(iii) Defers the investment on
generation and distribution
assets [47,65].

(iv) Provides reactive power
support.

(i) Requires high capital cost [83].

(ii) Difficult to schedule ESS [87-90].

(iii) Difficult to integrate large-scale
ESS [91].
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Table 1. Cont.

Technique Advantages Limitations

(i) Requires large number of

EVs [93].
(i)  Allows efficient use of EV batter- (ii) Depends on the availability
ies to their full potential [92]. of EVs. [94]
EV-based (i) EV owners can enjoy economic (iii) Synchronized charging is
benefit from energy arbitrage challenging for large num-
[93]. ber of EVs [36].

(iv) Necessary infrastructure
and control system need to
be ready for EVs.

(i) Facilitates a higher penetra-

. tion of PV [95,96]. ) (i)  ESS requires efficient con-
PV /ESS- (ii) Reduces fuel consumption. trol technique [37].
based (iii) Reduces carbon emission. (i) Coordination of ESS, load,

(iv) Small-scale ESS can partic-
ipate in peak shaving ser-

vice [97].

and PV is challenging [37].

The details of challenges associated with each peak shaving technique are broadly
discussed in the following sub-sections.

5.1. Peak Shaving Using DSM

Demand-side management, in the context of electric utilities, refers to programs that
may persuade customers to balance their electricity use with the generation capacity of the
power supply system [98-100]. The DSM is divided into two sections: (i) demand response
(DR) and (ii) energy efficiency. DR is mainly used to reduce peak height. It is described
as deviations from normal consumption patterns by demand-side resources in reaction to
variations in electricity prices over time or to incentive payments aimed to induce lower
energy use at times of high wholesale market prices or when system dependability is
compromised. The implementation of DR programs is more difficult. A novel peak shaving
approach was proposed using DR in [101]. The results show that the grid-tied peak line’s
power is significantly reduced while achieving optimal energy management.

The following are some challenges encountered during deployment of the DR-based
peak shaving strategy:

*  The installation of demand response solutions may have an impact on customers’
comfort levels.

¢ Customers may be unwilling to move their activity from peak to off-peak times. This
is especially true in countries where the peak demand price has yet to be implemented.

e Implementing demand response strategies will enhance the complexity of the overall
system operation.

e Advanced metering, control methods, communications systems, and information
technologies are not fully available in the existing power systems. These information
and communication technology (ICT) infrastructures need to be introduced which
require multi-million dollar investment.

5.2. Peak Shaving Using ESS

The most promising peak-shaving option is to connect energy storage systems to the
grid [102-104]. This method can be employed in residential structures, industries, and grids
to accomplish “peak-shaving”. Peak shaving is accomplished with this strategy by charging
ESS when demand is low (off-peak period) and discharging when demand is high [8,31,105].
Electrochemical technology-based battery energy storage systems (BESSs) are most com-
monly used for peak load shaving, among other energy storage technologies [40,106-108].
Applications of various batteries for peak shaving are reported in literature, such as lithium
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battery [109], sodium sulfur (NaS) battery [110], and redox flow battery [111]. The benefit
of BESS-based peak shaving in microgrids is well documented in [112]. It is found that
overall revenue from the proposed system is 1.84 times that of the capital investment of
the battery.

Despite the potential benefits of ESS for peak shaving, some important hurdles in ESS
deployment must be overcome:

¢ A fundamental challenge for such a system’s implementation is determining the ideal
ESS size. The installing ESS at a random or non-optimal size can result in higher
system losses and increased capital investment for storage.

¢ Itis also difficult to schedule ESS for optimal performance.

*  Storage-based peak shaving is more practical for grid application. However, it requires
large-scale ESS installation which is a real concern. It is challenging to operate and
maintain the large-scale ESSs in the grid.

*  The high capital cost of ESS makes this peak shaving strategy impractical to employ.

5.3. Peak Shaving Using EVs

Electric vehicles (EVs) are not commonly used at the moment. However, given the
growing worry over energy depletion, they are projected to become more popular globally
in the future years [113]. Since electric vehicles’ storage energy is rarely fully utilized each
day, this technology has the potential to provide peak shaving services [114,115]. Padhi
et al. has examined EV-based peak shaving in microgrids [116]. The author proposed
an optimal recharging strategy for EVs using quadratic programming (QP) to flatten the
peak demand. This study concluded that the end user can enjoy substantial savings using
the proposed technique. Alam et al. [117] presented a viable technique for using plug-in
electric vehicle (PEV) batteries for both travel and peak shaving. A dynamic discharge
rate was introduced to make the best use of PEV batteries for peak shaving. Finally, the
proposed technique was tested in Australia using real-world PEV data. Other research
using EVs to provide peak shaving service can be found in [118-121].

The following are some of the potential obstacles to using EVs for peak shaving:

*  Multiple EVs are required to provide peak shaving service as a single EV is unable
to meet the peak demand. Thus, the discharge operation of a large number of EVs
must be coordinated. However, owners’ may not be willing to hand over the control
of their vehicles to a third party. Therefore, willingness of car owners’ is a real barrier
for implementing this strategy.

*  AsEVscan only deliver electricity while parked, the key problem of this technique is
the availability of EVs. Furthermore, electric vehicles are yet to be generally adopted.

*  Aselectric vehicles have yet to be extensively adopted, parking spaces for them are
plentiful. Furthermore, the require control system and necessary infrastructure for EV
grid integration is not universally available. These could be the biggest obstacles to
EV adoption in densely populated places.

e It is difficult to synchronize the charging and discharging of a large number of
electric vehicles.

5.4. Peak Shaving Using Hybrid PV/ESS System

Photovoltaic (PV) units with BESSs can significantly lower system operating costs.
BESSs can store electrical energy generated by solar panels and/or generators [122]. The
primary requirement for a BESS in a PV-connected power system is charge—discharge
operation. The BESS charge-discharge process has a direct impact on the price of electricity
per unit. During off-peak periods, the BESS unit can absorb electrical energy and deliver the
stored energy during peak periods. In general, the price of power per unit is lower during
off-peak periods than during peak periods. The charge-discharge operation of BESS in a
PV-connected microgrid system should be the first priority for economic operation in order
to reduce total electricity consumption costs. Rana et al. [37] investigated PV /BESS-based
peak shaving opportunities for the microgrid. The findings of this study shed new light
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on peak shaving with a hybrid PV /BESS system. This study concluded that the proposed
technique could mitigate the available power issues for hybrid PV-BESS connected systems
and minimize the operating cost by optimally dispatching the generation units.

The possible challenges for implementing this technique are highlighted below:

The output of PV is constrained by its fluctuating nature.

Energy storages are used to improve the availability and quality of microgrid supply.
However, they require an efficient control strategy to manage the charge/discharge cycles.
Coordination of renewable sources, storage system, and load are not straightfor-
ward /trivial.

6. Future Trends in Microgrid Peak Shaving

Various approaches have been used to study microgrid peak shaving. Validating

the reliability of these techniques will require a significant amount of effort. However,
further research and investigation are imperative for implementing these peak shaving
approaches. The following are some suggestions for future study in the subject of microgrid
peak shaving on this review:

Scheduling of ESS—Recently, there has been a growing interest in ESS-based peak
shaving. Many attempts have been made to ensure optimal operation ESS. However,
these approaches have significant flaws. Therefore, ESS is still require a robust and
fully functional scheduling strategy for providing peak shaving service [87-90].
Sizing of ESS—Economic benefit of storage-based peak shaving technique is directly
impacted by the size of ESS. Also, size of ESS has major effect on peak shaving ability.
Further research is required to determine optimum size of ESS for peak shaving
application [112].

Economic feasibility—The high capital cost of ESS makes this peak shaving strategy
impractical to employ. To offset the high capital cost, an investigation is needed on the
economic feasibility of the ESS. This can also be extended to developing high-efficiency,
low-cost physical storage technologies.

Distributed ESS—Application of ESS is more effective for grid peak shaving. However,
installation of large-scale ESS is a practical issue. Also, operation and maintenance of
large-scale ESSs in grid is challenging. Therefore, it will be interesting for reader to
investigate the opportunity of distributed ESSs for providing peak shaving service
in grid.

Validity—Feasibility study for ESS-based peak shaving technique is crucial before
implementing in real-world microgrid projects. To validate this technique, further
studies need to be carried out for the perspective of small grids in rural locations with
limited or no access to the primary grid.

Assessing EV-based PS—As EVs can only deliver electricity while parked, the key
problem of this technique is the availability of EVs [36,94]. Furthermore, electric
vehicles are yet to be generally adopted [123,124]. Thus, EVs-based peak shaving will
be more realistic for small isolated electric system such as an island or a remote area
that is not connected to the main grid. Therefore, future study on EVs-based peak
shaving can be conducted for the perspective of a remote isolated area to determine
the maximum benefits of it.

Synchronize EVs—It is difficult to synchronize the charge and discharge operations
of multiple electric vehicles. Further research could also be conducted to develop an
algorithm that will allow the charging and discharging of a large number of EVs to be
synchronized [36,94,124].

Smart home energy management system—For DSM-based peak shaving strategies, cus-
tomers need to move their activities from peak to off-peak times. However, customers
or end-users may not be willing to move their activities. This is especially true in
countries where the peak demand price has yet to be implemented [84,85]. Future
studies on this technique could concentrate on the use of DR in conjunction with a
smart home energy management system (which includes improved metering infras-
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tructure, sensing devices, enabling information and communication technology, and
smart appliances, among other things) [82,125]. This reduces the need of customers’
willingness to follow the DSM peak shaving technique. However, technical assistant
education is required to maximize the efficiency of DR.

*  Application of DSM with ESS system—The implementation of demand response solu-
tions may have an impact on customers’ comfort levels. In this particular, application
of an ESS can help customers’ to perform regular activities while reducing their peak
demand [82,125]. Therefore, future research should focus exclusively on how to
employ DSM in coupled with the ESS system for peak shaving.

*  Requirements of ICT infrastructures—The implementation of DR programme requires
information and communication technology (ICT) infrastructures such as communica-
tions systems, advanced metering and control methods. However, these infrastruc-
tures are not fully available in today’s power systems [83]. Therefore, require ICT
infrastructures need to be ready before implementing DR.

*  Energy mix—Utilize of hybrid energy (PV, wind, hydropower, etc.) is another possible
method to perform peak shaving. However, this technique has not much been deliber-
ated in the existing literature. Therefore, readers should think about that possibility as
well [96].

7. Conclusions

This paper reveal the technical, economic, and environmental benefits of peak load
shaving for a limited capacity power system such as a microgrid system. Power system
efficiency, reliability, reduction of operational risks, environmental sustainability, economic
feasibility, etc., are directly and indirectly correlated to the peak demand reduction, which
is the main theme of this article. This review article presents the key features as follows:

e  This review article discusses the consequences of peak load shaving application, the
recent popular topic for a microgrid system based on the latest literature.

¢  The significance of peak load in a microgrid system and the importance of minimizing
the peak demand for economical and realistic operation are discussed.

e  Theadvantages and positive influences of peak demand shaving for microgrid systems
are presented after an extensive analysis.

* A numerical analysis of the cost-effectiveness of the peak shaving application for
microgrid systems is discussed broadly to demonstrate the economic feasibility.

¢  Possible constraints of peak shaving applications for microgrid systems are identified
after an in-depth investigation of the existing literature.

*  The existing trends and prospective approaches for exploring other branches of micro-
grid applications with peak load shaving are well demonstrated.

*  This review article has established a strong benchmark for future research into peak
load shaving application in microgrid systems.

In this work, however, a comparative analysis of cost-benefit for different peak shaving
strategies is not examined. Hence, there is insufficient information to verify the better
economic performance of the techniques. It is reasonable to expect different results for the
different techniques. Therefore, it will be interesting to conduct a comparative cost-benefit
analysis for different PS strategies as the future extension of this study.
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Abbreviations

The following abbreviations are used in this manuscript:

O&M  Operation and maintenance

LF Load factor

ESS Energy storage system

T&D  Transmission and distribution

DSM  Demand-side management

EV Electric vehicle

EVs Electric vehicles

1% Photovoltaic

RESs  Renewable Energy Sources

DR Demand response

ICT Information and communication technology
Qpr Quadratic programming

PEV  Plug-in electric vehicle

BESS  Battery energy storage system

PS Peak shaving

EECS Electrochemical energy conversion and storage
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