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Abstract: Most of the research in distributed generation focuses on power flow optimization and
control algorithm development and related fields. However, microgrids are evolving on multiple
levels with respect to the chemical processes used to manufacture the underlying technologies,
deployment strategies, physical architecture (which is important to the economic factor) as well as
environmental impact mitigation of microgrids. Special use cases and paradigms of deploying
Distributed Generation (DG) in harmony with agricultural or decorative purposes for existing spaces
are emerging, propelled by research in frontiers that the DG engineer would benefit from being
aware of. Also, offshore photovoltaic (PV) has emerged as an increasingly important research area.
Many nascent technologies and concepts have not been techno-economically analyzed to determine
and optimize their benefits. These provide ample research opportunities from a big-picture
perspective regarding microgrid development. This also provides the avenue for research in
distributed generation from a physical integration and space use perspective. This study reviews a
selection of developments in microgrid technology with the themes of manufacturing technology,
optimal deployment techniques in physical spaces, and impact mitigation approaches to the
deployment of renewable energy from a qualitative perspective.

Keywords: microgrid; solar tree; Agrophotovoltaics; distributed generation; mitigation strategies;
renewable energy resources

1. Introduction

Due to growing environmental concerns and economic interests, renewable energy continues to
gain ground globally compared to fossil fuel-based energy resources [1-7]. The penetration of
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renewable resources on the grid has introduced significant changes to the structure, topologies, and
architecture of power systems [8—11]. This is compounded by the growing energy demands in step
with the increased ubiquity of electronic technology in the world [12], as well as the
rapidly-increasing global population [13,14], and disruptive phenomena such as the COVID-19
pandemic [15-18]. The implication of this is that modern grids are highly-stressed and more complex
to design and operate than ever before [19].

The stability of power systems is largely an electromechanical matter when power systems are
dominated by large fossil-fuel-fired electrical generators [20]. These also tend to be easily
dispatchable, and the fuel supply can easily be used to control the mechanical variables in these
systems, thereby maintaining and changing the electrical variables as desired [21]. However, in
power systems that are highly penetrated by renewable energy resources, dispatchability and
governor-based control become less easily applied to maintaining the stability of the system [22].
The fact that many renewable sources of energy (such as wind, solar, and biomass) are intermittent
and/or not easily predicted is yet another constraint to power system stability design [23,24].

The grids of the modern age tend increasingly towards operating at unprecedented levels of
interconnectednesss [25]. Generation installations have become more varied in technological
construction and operating principles, which all introduce their implications for the functioning of
the power systems [11]. Also, they are now found in larger numbers and smaller capacities than
would be possible without the relatively-lower environmental impact of renewable energy
infrastructures compared to traditional generation methods [26]. This emergent decentralized
paradigm of power systems means that their analyses and operations have grown more complex in
recent times [27]. Figure 1 shows the extent of generation decentralization in Denmark (a world
leader in renewable energy) between 1990 and 2014, and it can be seen that there are many smaller
power plants and wind turbines in the country now compared to a few large power stations in 1990.

With advances in semiconductor electronics and their consumer applications, the proportion of
nonlinear loads on the world’s electricity grids has increased to significant levels [28]. On the
generation side, alternative energy sources, that are not based on the mechanical-to-electrical energy
conversion, such as photovoltaic arrays and fuel cells, can be considered nonlinear generators, with
the propensity for introducing undesired harmonics and distortion into the system [12]. This
proliferation of nonlinearity in the grid is a major factor impacting the stability of power systems in
the age of renewables [28].
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Figure 1. Power generation decentralization in Denmark from 1990 to 2014 [29].

Another important factor to consider in the stability of power systems with renewable
penetration is that, in many cases, the existing transmission systems are designed to wheel power
stably at lower levels of loading and to transmit power whose generation is centralized between a
few large traditional power stations [30]. However, the nature of renewable energy sources, whose
capacities usually make them more amenable to implementation in smaller units, usually favours a
relatively-large number of relatively-small power plants on the grid [26]. The contrapuntal challenge
of harmonizing the centralized, mostly unidirectional-power-flow nature of the existing grid with the
decentralized, multidirectional-power-flow nature of distributed energy resources arises in places
where the power grids have not been designed with substantial future modifications and expansions
in mind [31].

The design and operational challenges, as well as the constraints presented by the recent trends
in power system development, are quite different from the well-known ones posed by traditional
power systems that are mainly fed by massive impounded-hydropower and thermal power plants [32].
As a result of these factors and other localized reasons in various locations, traditional approaches to
power system operation are becoming less suited to serve the complexities of modern evolving
power systems with these increased quantitative and qualitative source, transmission, and load
requirements being added to the grid over time [33,34]. Figure 2 shows the growth of renewable
energy usage in electricity generation in the world in five-year periods from 2015 up to 2020 and
gives projections up to 2035. It is evident from Figure 2 that solar photovoltaic (PV) and other
power-electronics-based technologies for generating electricity are becoming more important over
time.

AIMS Energy Volume 10, Issue 4, 776-800.
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Figure 2. Incremental global renewable-based electricity generation relative to 2009 [28].

In addition to Section 1, which is concluded in this paragraph, Section 2 of this paper discusses
renewable energy, distributed generation, and establishes the concept of microgrids in the light of the
attention it receives in recent energy research. Section 3 explores microgrid applications by
classification. Section 4 examines recent developments, topological innovations, and evolution of
physical (spatial) paradigms in the electricity generation technology used in DG systems, while
Section 5 presents recommendations of the authors and concludes this article.

2. Renewable energy and distributed generation

Renewable energy is the energy that is harnessed from resources that are perennial enough to be
considered practically inexhaustible [35]. Solar, wind, hydropower, biomass, and tidal energy are
examples of renewable energy because no matter how intensely they are used, they are replenished
by the forces of nature [36]. Renewable energy is usually clean energy and green energy, and the
definitions of those terms usually overlap significantly. In the light of global warming, there have
been concerted efforts to reduce carbon footprints by stepping down the combustion of fossil fuels
for electricity generation and transportation [37]. As a result of this, renewable energy has gained
more research, investment and development priority over non-renewable energy in the past few
decades.

Renewable technologies such as solar PV, solar thermal, and small hydropower have low
pollution contributions in their deployment locations [38]. Due to this, they are frequently installed in
close proximity to the electricity consumers. This creates a scenario that differs from the traditional
setting in which power generation happens in separate locations from its consumption and features a
mix of loads and sources in the distribution networks. This kind of grid structure is known as a
Distributed Generation and the decentralized energy resources as Distributed Energy Resources [39].

AIMS Energy Volume 10, Issue 4, 776-800.
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2.1. Microgrid

A microgrid is a power system that contains its sources and loads within a small area, with the
ability to operate in standalone mode, or while connected to the larger power system or macro-grid [40].
Microgrids usually integrate multiple alternative energy sources such as solar photovoltaic, wind
turbines, and energy storage systems, sometimes with conventional sources such as diesel generators,
to serve local loads [41,42]. They also sometimes exchange power with the macro-grid or other
microgrids.

The sources that are connected to a microgrid are known as Distributed Generation Units
(DGUs) [32]. Decentralization of electricity generation, when properly designed, can enhance system
overall reliability because the power system has more generators, and the failure of a DGU is, in
theory, not as catastrophic as the failure of a big generator in a traditional system. Figure 3 shows the
differences between the traditional and distributed generation paradigms.
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Figure 3. Centralized versus Distributed Generation [43].

However, in practice, the interactions of the many various sources and loads in the system are
more likely to lead to some destabilizing event in the microgrid, potentially hurting the quality of
service [44]. Thus, the presence of many generation nodes (powered by intermittent resources) on a
grid, with the potential for disconnection and reconnection to other power systems presents a
complex grid structure in which special care must be taken to ensure stability of the system. This
engineering problem has been widely identified in research as requiring the design of novel control
strategies and power dispatch methods to allow for seamless integration and utilization of energy storage
systems, especially when the renewable penetration level in the microgrid is very high [28,45-50].

In most microgrids, the primary source of energy is not one massive synchronous generator, but
usually asynchronous machines and semiconductor-based electricity generation technologies. As

AIMS Energy Volume 10, Issue 4, 776-800.



781

such, traditional droop control used for machine-only power systems is mostly found to be
inadequate [51-53]. The control strategies that are developed to operate these kinds of hybrid power
systems frequently contribute to stability issues faced in microgrids, which has attracted significant
research investigations into their effects on power system stability [54,55].

It is important to note that microgrids can be AC-based like traditional power systems [56], or
they can be DC-based depending on the known nature of the loads to be used on them [57,58]. This
is possible because long-distance transmission which wusually calls for voltage level
transformation (which is the main advantage of AC) is not always needed in microgrids. Also, where
DC voltage transformation is needed, due to the smaller scale of the grid, power electronic converters
of sufficient capacity are likely to be furnishable as opposed to when the volume of power to be
handled is very large, such as a national grid. Figure 4 shows the typical structure of an AC
microgrid.
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Figure 4. Typical AC microgrid structure [59].

Furthermore, a single microgrid can have both AC and DC buses and sections [60,61]. The
choice of any of these configurations tends to depend on local requirements, constraints, and existing
infrastructure. However, it is worth noting that distributed generation is not always the optimal way
of deploying renewable resources, as there are cases in which the abundance of the renewable
resource to be harnessed is found at significantly long distances from the load centres [62]. For
example, offshore renewable energy such as that captured by offshore wind turbines needs to be
transmitted to the load centres, possibly over long distances. Figure 5 shows the typical structure of a
DC microgrid while Figure 6 shows the typical components and load distribution on an AC-DC
hybrid microgrid.

In addition to this, the variety of settings and locations in which microgrids may be found tend
to present special performance requirements and special opportunities for enhanced operation [63].
For example, for commercial microgrids having only photovoltaic generation and chemical storage,
the operation of the microgrid is likely to prominently feature a DC link, whereby much of the controls
and power processing are implemented before the DC-AC conversion stage in the microgrid [64].
Furthermore, if the users of such a microgrid have a pool of electric vehicles and have a predictable
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schedule of both electric vehicle usage and building energy consumption, the energy usage patterns
can be anticipated and microgrid operation can be optimized with a dispatch strategy that leverages
the presence of the vehicles [65].

On the other hand, in a larger industrial microgrid that contains multiple rotating generators and
heavy-duty motors, droop control and active-vs-reactive power allocation [56], and mechanical
energy storage [66] may feature prominently in the operation of the system, and most of the
important dynamics in the system will be found on its AC side [67]. Also, the role of big data in
microgrid operation has gained research attention in tandem with demand-side management, both of
which have emerged due to the development of wide-area monitoring and automation technology
such as phasor measurement units (PMUs) [68-70]. Decentralized control methodologies for
microgrids, as well as optimal energy management [71], including specialized digital architectures
for intelligent “smart” microgrids [72], are also the subjects of research efforts.

3. Microgrid applications

Microgrids emerged as autonomous integrated power systems with load, distributed
generation, and the often-critical element of energy storage [73]. The presence of distributed
generation units (generation close to the load) is what majorly sets microgrids apart from traditional
grids. Energy storage is important for reducing the impact of the fact that renewable resources, on
which many DGUs are usually based, are mostly intermittent [74]. For example, solar energy is only
available in useful quantities during the daytime but not at night. Therefore, a microgrid which serves
a community and is largely composed of photovoltaic generators is likely to experience power
shortages at night unless the excess energy harnessed during the day can be stored for nocturnal
utilization.
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Figure 5. Typical DC microgrid structure [75].
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Figure 6. Typical AC/DC (Hybrid) microgrid structure [76].
3.1. Evolution of microgrid classifications

The purposes for which microgrids are developed vary. Military microgrids are built to cater to
the requirements of military bases, boost energy supply for power-intensive military operations and
eliminate dependence on the grid [77]. Military microgrids are also made to be physically and
digitally immune to attacks that may put down the civilian grids [78]. Renewable-based military
microgrids eliminate the reliance on external fuel supply which could be a vulnerable link in the
chain of operations. This is because transportation equipment could be attacked at any point on a
long supply route, and fuel transport is always inherently risky [79].

Commercial microgrids, on the other hand, are developed to help in optimizing the financial
profitability of an enterprise and usually operate in grid-connected mode [80]. The establishment of
this kind of microgrid is to optimize demand and costs. For example, the microgrid may be designed
to use external power when energy is cheap while optimally switching to low-cost internal
generation as the price of energy rises [81]. Commercial microgrids also alleviate the risks that could
be incurred due to power outages from the large-scale utilities. An advantage of commercial
microgrids is that they can be constructed faster than new power plants in situations where grid
access is not yet well-established or problematic [82].

Community microgrids are different from commercial microgrids in that they are established to
shore up the quality of service and complement the functioning of electric utility companies in
already-existing localities [40]. A community microgrid may be an aggregation of houses, some of
which have solar photovoltaic arrays installed on their roofs, using the energy for individual purposes,
and sending the excess to the grid to be used by other houses, or to the utility [36]. The excess energy
could also be stored for the night. There may also be electric vehicle charging functions in the
microgrid [83]. This kind of microgrid is a community enterprise and thus can be very complex to
optimize in any particular way. Determination of the optimum mix of storage and generation
infrastructure in community microgrids is highly location-specific [84,85].

Campus microgrids are developed in institutions such as universities, industries, medical
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establishments, and technology hubs [80]. They are usually established due to elevated requirements
for uninterruptible power supply and special loads [40]. Unlike community microgrids, these can be
designed with fewer uncertainties to consider and a centralized layer of control is also easier to
implement on campus microgrids [86]. They help the institutions to optimize their energy costs [63].
Also, campus microgrids provide good study and test locations for novel designs and academic
research on power systems to any educational institution that has them.

Remote microgrids are mostly operated off-grid (in standalone/islanded mode) in locations
where utility access is unavailable or unprofitable for local reasons (such as a disproportionately high
cost of building and maintaining the transmission lines) [87]. Usually, where remote microgrids are
found, the alternatives are diesel and propane generators [88]. Establishing microgrids in these areas
enables the incorporation of renewable resources as opposed to relying totally on fossil-fuel
generators. This not only aims to reduce the carbon footprint of such power systems but also cut
down on fuel-related running costs.

Usually, there is a choice of relying completely on renewable energy in an islanded microgrid,
but this will require a considerable amount of energy storage capacity for there to be any
dispatchability of power on the microgrid. However, this kind of system would have no running costs
associated with fueling. It would also be lacking in rotational inertia (except for hydropower) and its
stability could be more complex to design for, especially given a high proportion of inverter-sourced
power [89].

On the other hand, a system with a high proportion of dispatchable fossil-fuel generators
running on diesel or propane would need less or no energy storage but would have significant fuel
costs and emissions. Such a system is also likely to be more robust than a purely renewable-based
system without needing complex arrangements for its stability [90]. This presents a common
optimization problem that project financiers and engineers face in standalone microgrid development.
The optimal solution to this kind of problem depends on factors such as renewable energy resources,
environmental impact, local regulations, financial constraints, project scale, and government policies.
Also, it is usually more costly to develop and operate a self-sufficient standalone system than a
grid-reliant system [91].

3.2. Management of load uncertainty in microgrids

Due to the desired independence of microgrids from the grid, which is partial in grid-connected
microgrids and total in standalone microgrids, a microgrid needs to be able to supply its own energy
needs. Hence, load uncertainties must be accounted for in the design and operation of the microgrid,
especially in systems that are not grid-tied, as such systems have no external reserves to draw on in
case of a local shortage [92]. The most direct way of managing load uncertainty is by the addition of
energy storage facilities such as Battery Energy Storage Systems (BESS) and Flywheel Energy
Storage Systems (FESS) to the microgrid [93,94]. These have the purpose of storing excess energy
when there is a surplus of generation and ideally supplying the deficit when there is a power shortage
in the system [81]. Energy Storage Systems (ESSs) are very important for the continuity of power
supply in microgrids that rely solely on intermittent resources, especially solar energy, for generation.

In AC microgrids, a number of techniques have been investigated in managing the load
uncertainty of microgrid networks. Optimal control algorithms have been investigated such as a
combination of Fractional Order Proportional-Integral-Derivative (FOPID) control with the
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Sine-Cosine Algorithm (SCA) [95]. In this technique, thermal loads such as heat pumps, as well as
electric vehicles, are selected for their relative ease of control and for their contribution to load
frequency control. Load tends to impact frequency in sensitive networks such as microgrids [35], and
sometimes, this is also regulated using a strategy based on virtual frequency control that emulates the
dynamic behaviour of large synchronous generators [96]. Online distributed algorithms that use the
on-load tap changers to pre-empt voltage violations based on renewable resource prediction have
also been developed [97].

Load coordination involves cooperative management of the system participants, in which
participants seek to optimize microgrid dynamics to favour all parties in certain respects [98], while
negotiation involves the resolution of conflicting situations in which system participants may not
have the same objectives (such as a situation in which the utility wants to maximize generation and
the consumers want to minimize consumption) [99]. Both demand negotiation coordination and
demand negotiation are techniques for achieving demand-side flexibility.

In DC microgrids, numerous techniques for load and generation coordination have been
investigated [100]. Because solar PV naturally generates power in DC form, it is particularly
amenable to use in DC microgrids. However, the reliance on ESSs to maintain smooth operation can
involve exceeding the charge and limits of the storage especially when more than one ESS is used.
To mitigate this, fuzzy-logic-based control has been used [101]. This, however, did not solve the
issue of sudden charging and discharging degrading the system components more rapidly than
expected, and so, ultracapacitors have been incorporated into such fuzzy-logic controlled systems
with promising levels of success, especially in battery-ultracapacitor DC microgrids [102]. Another
method which is used in DC microgrids is the bus signalling method in which the states of charge of
the ESSs and their high and low thresholds are communicated across the DC bus utilizing each
converter’s threshold voltage [103,104]. This method reduces transient disturbances in multi-mode
microgrids during the transitions from one mode to another [105]. Droop control is also adapted to
islanded DC microgrids combined with maximum power point tracking (MPPT) that is regulated by
DC bus voltage to achieve generator-storage coordination which helps in meeting load requirements
under uncertainty [105].

In hybrid (AC-DC) microgrids, many of the techniques from the other microgrid topologies are
adapted. Furthermore, separate strategies are used in the AC and DC sub-microgrids that make up the
hybrid microgrid. Sometimes, in a master-slave control setting, a source whose power can be
adjusted is selected as the master control power supply while real and reactive power control is used
together with voltage-frequency control to maintain stable operation of the microgrid under varying
load conditions [106]. In other cases, a peer-to-peer control is implemented, such that the system
participants have the same status and plug-and-play functioning is achieved. Sometimes, the two
approaches are implemented in different parts or on different levels in a microgrid [107]. Price-based
demand response has been used on microgrids of different topologies [108].

4. Recent developments in generation in microgrids
Microgrids are small-scale, localized power systems. As such, they are not physically
constrained to have only renewable generation connected. Rather, purely fossil-fuel-based microgrids

also exist. Coal-based generation is largely unacceptable for development in populated areas due to
its high and visible impact on its immediate environment, as well as the fact that it is less
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resource-efficient on the scales likely to be found in a microgrid [109]. However, diesel and natural
gas are less obtrusive in their application, and microgrids based on them exist [110]. However, the
microgrid concept is to localize not only power distribution but also its generation and transmission [81].

For the most part, fuels such as diesel and natural gas have to be transported from locations far
away from the microgrid [77]. In many cases, these fuels need to be imported from other countries.
In examples like this, even if generation is done within a defined area, there are long distances in the
energy supply chain that transcend the area serviced by the power system. This can be said to defeat
one of the main purposes of microgrids: shortening the energy supply chain. However, when
renewable sources are used on a microgrid system, such a system relies on local natural energy
resources which are self-replenishing (i.e., free of cost and transportation) and also mostly
nonpolluting [77]. This is why the benefits of the microgrid are most effectively expressed in a
system that integrates renewable generation, and why research on microgrids has mostly explored
this kind of system.

The installed capacity of a microgrid can be a few kilowatts, up to a few megawatts [111]. Apart
from providing dispatchability of power, the combustion-based generators provide mechanical inertia
in concert with any hydropower generators in the system which boosts its stability [42]. For the
reason of the complexity of control and stability concerns, it is not always desired to have a system
completely composed of inverter-based sources [112]. As a result of this, it is quite common to find
diesel and natural gas generators incorporated as DGUs in otherwise renewable-based microgrids.
However, solar PV and wind energy conversion systems (WECS) are the predominant renewable
technologies used for generation in microgrids [74].

4.1. Evolution of chemical manufacturing processes in solar cells

Solar PV arrays harness the energy of the sun during the day and work best in clear skies and
cool temperatures [36]. Preliminary research into moonlight utilization for photovoltaics has shown
the moon does not have enough luminous intensity to produce practical amounts of solar power using
existing technologies [113]. Since the development of monocrystalline and polycrystalline silicon
crystals for PV cells, other technologies have been developed and some are still in the research and
development pipeline [114]. Thus, PV cell technology has become more diverse and manufacturers
have furnished a variety of options over time.

Hybrid photovoltaic cells are formed by combining crystalline and non-crystalline silicon and
are quite complex to manufacture as a result [115]. However, they have high performance-to-cost
ratios and are competitively efficient at high temperatures and with reduced light incidence. Carbon
nanotube cells are formed using hexagonal lattice carbon in conjunction with silicon to create
transparent conductors that can source high currents [115]. Competitive efficiencies have been
reported, and it has been suggested that their efficiency has the potential to eventually surpass that of
the state-of-the-art silicon PV modules, which would increase the output of PV arrays and DGUs.

Dye-sensitised solar cells and multi-junction solar cells have been explored [116]. These
technologies use the band gaps of different semiconductor materials in different composite
topologies to increase the amount of energy that can be extracted by a single module [116]. The use
of organic dyes and stacking of multiple solar cells is being researched. In addition to this, organic
solar cells that are made out of organic polymers have been demonstrated [114]. However, their
efficiencies have not been competitive and alternative research directions such as the use of liquid
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crystal semiconductors in these organic cells. Also, it has been found that the cells are degraded by
prolonged exposure to sunlight [114].

4.2. Evolution of optimal deployment strategies

By their nature, PV arrays depend on covering areas of the earth’s surface to capture incident
light. This sometimes leads to land-use issues especially in microgrid applications because land is
very valuable and finite [114]. For this reason, many approaches have been developed to optimize
land use in solar PV schemes.

4.2.1. Bifacial solar cells

Bifacial solar cells have been the subject of research and development due to their ability to
absorb photonic energy from both sides [117]. The performance of bifacial PV arrays depends on
factors such as orientation, spacing, elevation, soiling, and shading. Also, the efficiency depends on
the reflectiveness of the ground [118]. The use of bifacial panels, as opposed to monofacial ones, can
increase PV array output [119]. However, outside the laboratories and academia, the pricing of true
bifacial modules and the misleading trademarking of back-to-back monofacial modules as true
bifacial modules has occasionally proved to be detrimental to massive adoption in developing
countries. Figure 7 shows the difference in construction between monofacial and bifacial PV
modules, with glass and anti-reflective coating being applied on both sides of the module.

Mono-facial solar cell Mono-facial PV module

‘Sun light
¥ EVA
Glass T
Anti reflection
oating [— [ ]

Mono-facial solar cells
Bifacial solar cell Bifacial PV module

Sun light
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Bifacial solar cells
Bifacial solar cell structure Sun light

Figure 7. Difference between monofacial and bifacial modules [120].
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4.2.2. Floating photovoltaic

Floating/off-shore photovoltaic applications use the area over water bodies as opposed to the
area over land. This can be on rivers, lakes, or the seas [121]. Offshore PV is considered inherently
risky compared to land-based PV systems, and fuzzy logic and analytic network process methods
have been used by researchers for the risk analysis of such projects [122,123]. A model-based
simulation of floating PV systems showed that, at sea, the relative output can be significantly higher
than that of equivalent land-based systems, providing an additional incentive for siting PV systems
offshore [124]. Other researchers have found that bifacial PV modules employed in floating
applications can harness reflected energy regardless of the presence of waves on the water and that
the orientation of the PV modules matters [118]. The prospect of improvement by the inclusion of
axis tracking on the efficiency of such systems looks promising. However, cost analysis has not been
conducted for such an arrangement. Figure 8 shows how a floating photovoltaic system can use
bifacial modules to harvest both direct incident and reflected light for electricity generation while
floating on water.

SUN
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y Front PV pipe
/ panel
Solar radiation . \ Back PV
from the sun on panel
the front surface of -

the PV panels 4

Solar radiation
reflected on the

Sea Surface

Figure 8. Depiction of operation of floating PV [118].
4.2.3. Cable pooling

Cable pooling is the combination of offshore wind and solar resources for optimal cable
utilization. The cables that are used to transmit power onshore from the generation points are
frequently underutilized when the generation from one source is low [125]. For example, solar
energy is unavailable at night, meaning that the duty cycle of a PV-only offshore transmission cable
will be limited to daylight hours. On the other hand, wind power varies throughout the day and can
be low at times. Thus, solar PV can be deployed alongside wind in offshore installations so that more

AIMS Energy Volume 10, Issue 4, 776-800.



789

value can be gotten out of a single cable system. This makes the installations more profitable per unit
capital, provided that the optimization is properly done.

The higher efficiencies associated with offshore photovoltaics are largely due to the cooling
environment of the ocean, the reduced presence of dust for soiling, and the virtual absence of
obstacles for panel shading [126]. Considering that many population centres are situated close to the
world’s coasts, it is promising to consider a microgrid paradigm in which floating generation
resources supply densely-populated coastal cities with electricity. However, many factors will have
to be considered, such as the impact on the marine ecosystems and other purposes of use of the water
bodies.

4.2.4. Solar trees

Solar PV trees also provide a way of improving the use of land for PV by taking advantage of
the third dimension, height [127]. The panels are mounted on an erect structure on branches
analogous to the leaves on plants. The optimal spacing of the PV modules and panels is derived by
mimicking phyllotaxy, which is the biological process by which plants optimize their leaf placement
for efficient light-harvesting and photosynthesis [127,128]. It has also been demonstrated that this
kind of arrangement is useful for harvesting wind power by the provision of mobility to allow parts
of it to function as a wind turbine [129]. Due to its customizable aesthetics, the solar PV tree is promising
as an unobtrusive way of deploying photovoltaic panels to also serve decorative purposes [130]. Figure 9
shows an example of a solar tree deployed in an urban space, showing how the generation of
electricity may be achieved using unobtrusively designed solar arrays in form of trees.

Figure 9. Solar tree [128].
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4.2.5. Agrophotovoltaics

Agrophotovoltaic is the use of the same area of land for agriculture and solar PV generation
purposes. This directly mitigates the conflict between solar PV and the most critical application of
land, which is agriculture [131]. Some plants are known to benefit from having shelter from direct
sunlight or reduced exposure to sunlight [132]. On farms with these kinds of shade-resistant plants,
crop yields can be increased by the strategic mounting of photovoltaic arrays such that the
temperature and lighting conditions favourable for crop yield are achieved in addition to generating
electricity [133].

The choice to go with agrophotovoltaic arrangements is largely dependent on financial factors,
as it is usually used to retrofit existing farms and must be considered profitable to the farmer [134].
Agrophotovoltaics are found to be promising in desert agriculture where the water lost by plants is
reduced due to shelter provided by solar panels so that irrigation becomes more efficient [133]. In
agrophotovoltaic sites, there is the need to optimize the balance between the amount of light that is
used for crop growth and the amount that is used for the generation of electricity. Applications of
solar tracking in such systems have shown that it improves both the PV yield and the light
available to crops as compared to fixed-module arrangements [133]. It has also been found that the
density (spacing) of the panels plays a major role in controlling the light-sharing on the site even
with solar-axis tracking implemented [132]. Figure 10 shows the agrophotovoltaic paradigm.

Figure 10. Representative rendering of an Agrophotovoltaic setup showing overhead PV
modules and crops [131].

4.3. Hydrogen in microgrids

Hydrogen is traditionally used in industries for the production of important materials such as
steel, ammonia, and methanol [135]. In addition to this, it has gained prominence as a major material
used in the operation of fuel cells, and hydrogen-based fuels are emerging as a promising low-carbon
alternative to fossil fuels in the long-distance transportation industry [41]. In power generation, in
particular, hydrogen is an important energy carrier as it can store renewable-generated electricity,
especially from solar PV, which has made it gain an increasing presence in microgrids [136].

Hydrogen is generated mainly by thermal processes (for natural gas), or by electrolysis (from
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water). Traditionally, the thermal process is preferred and responsible for almost all of the global
hydrogen production [135]. However, in recent times, with the production of surplus electricity by
some renewable energy installations, the electrolytic production of hydrogen as an energy carrier is
increasingly promising. In this use case, water is hydrolyzed by using the energy from, say,
photovoltaic arrays, and then the hydrogen can be consumed in a fuel cell to produce electrical
energy at a later time. This use case is referred to as “green hydrogen” and research is ongoing on
ways to optimize hydrogen utilization in microgrids [137].

5. Conclusions

Apart from power flow optimization and control algorithms, which are usually completely
dependent on grid structure and heavily involved in terms of mathematics for the engineer, several
novel applications and concepts are emerging in DG which are important for the engineer to know
about. It is beneficial to have a solid grounding in the trends that concern the physical
implementation of DG hardware/infrastructure to inform the directions of research with a perspective
that seeks to improve the real-life microgrid. A selection of these recent design paradigms in multiple
levels of the microgrid (from device to system level) provides insight into promising future trends in
the qualitative aspects of the physical implementation of microgrids, especially concerning the use of
spatial resources. Also, this article has seemingly focused more on photovoltaics, not by design, but
because there is less variety in the implementation of wind energy in DG systems beyond the
stereotypical wind farms and standalone turbines, because wind energy infrastructure is not as easily
fitted near humans and livestock compared to solar energy, and requires more dedicated mechanical
supports than solar panels which can be mounted on existing structures. This presents a wide
research opportunity for the future. The use of distributed algorithms allowing for plug-and-play
operation of the microgrid in more scenarios should also be investigated for further refinement. In
addition, the protection of components in hybrid microgrids is an area of research which could prove
critical going forward.

Acknowledgement

The authors want to thank the management of Landmark University Omu-Aran in Kwara state
for the provision of enabling environment to carry out the work and for the provision of funds.

Conflict of interest
There is no conflict of interest from all the authors.

References

1. Akorede M, Ibrahim O, Amuda S, et al. (2016) Current status and outlook of renewable energy
development in Nigeria. Niger J Technol, 36. https://doi.org/10.4314/njt.v3611.25

2. Elum ZA, Momodu AS (2017) Climate change mitigation and renewable energy for sustainable

development in Nigeria: A discourse approach. Renewable Sustainable Energy Rev 76: 72—80.
http://dx.doi.org/10.1016/j.rser.2017.03.040

AIMS Energy Volume 10, Issue 4, 776-800.



792

10.

11.

12.

13.

14.

15.

16.

17.

Adewuyi A (2020) Challenges and prospects of renewable energy in Nigeria: A case of
bioethanol and biodiesel production. Energy Reports 6: 77-88.
https://doi.org/10.1016/j.egyr.2019.10.005

Olujobi OJ, Ufua DE, Olokundun M, et al. (2021) Conversion of organic wastes to electricity in
Nigeria: legal perspective on the challenges and prospects. Int J Environ Sci Technol
https://doi.org/10.1007/s13762-020-03059-3

Adelaja AO (2020) Barriers to national renewable energy policy adoption: Insights from a case
study of Nigeria. Energy Strateg Rev 30: 100519. https://doi.org/10.1016/j.esr.2020.100519
Emodi NV, Boo KJ (2015) Sustainable energy development in Nigeria: Current status and policy
options. Renewable Sustainable Energy Rev 51: 356-381.
https://doi.org/10.1016/j.rser.2015.06.016

Aliyu AK, Modu B, Tan CW (2018) A review of renewable energy development in Africa: A
focus in South Africa, Egypt and Nigeria. Renewable Sustainable Energy Rev 81: 2502-2518.
http://dx.doi.org/10.1016/j.rser.2017.06.055

Chathurangi D, Jayatunga U, Rathnayake M, et al. (2018) Potential power quality impacts on
LV distribution networks with high penetration levels of solar PV. Proc Int Conf Harmon Qual
Power, ICHQP 2018: 1-6. https://doi.org/10.1109/ICHQP.2018.8378890

Adetokun BB, Ojo JO, Muriithi CM (2020) Reactive Power-Voltage-Based voltage instability
sensitivity indices for power grid with increasing renewable energy penetration. [EEE Access 8:
85401-85410. https://doi.org/10.1109/ACCESS.2020.2992194

Laugs GAH, Benders RMJ, Moll HC (2020) Balancing responsibilities: Effects of growth of
variable renewable energy, storage, and undue grid interaction. Energy Policy 139: 111203.
https://doi.org/10.1016/j.enpol.2019.111203

Impram S, Varbak Nese S, Oral B (2020) Challenges of renewable energy penetration on power
system flexibility: A survey. Energy Strategy Rev 31: 100539.
https://doi.org/10.1016/j.esr.2020.100539

Adineh B, Keypour R, Davari P, et al. (2021) Review of Harmonic Mitigation methods in
microgrid: From a hierarchical control perspective. IEEE J Emerg Sel Top Power Electron 9:
3044-3060. https://doi.org/10.1109/JESTPE.2020.3001971

Jain S, Sawle Y (2021) Optimization and comparative economic analysis of standalone and
grid-connected hybrid renewable energy system for remote location. Front Energy Res 9: 518.
https://doi.org/10.3389/fenrg.2021.724162

Mamun MAA, Hasanuzzaman M (2019) Energy economics. Energy Sustainable Dev 2020:
167—178. https://doi.org/10.1016/B978-0-12-814645-3.00007-9

Edomah N, Ndulue G (2020) Energy transition in a lockdown: An analysis of the impact of
COVID-19 on changes in electricity demand in Lagos Nigeria. Glob Transitions 2: 127-137.
https://doi.org/10.1016/;.g1t.2020.07.002

Steffen B, Egli F, Pahle M, et al. (2020) Navigating the clean energy transition in the COVID-19
crisis. Joule 4: 1137-1141. https://doi.org/10.1016/.joule.2020.04.011

Santiago I, Moreno-Munoz A, Quintero-Jiménez P, et al. (2021) Electricity demand during
pandemic times: The case of the COVID-19 in Spain. Energy Policy 148: 111964.
https://doi.org/10.1016/j.enpol.2020.111964

AIMS Energy Volume 10, Issue 4, 776-800.



793

18.

19.

20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Jiang P, Fan Y Van, Klemes JJ (2021) Impacts of COVID-19 on energy demand and
consumption: Challenges, lessons and emerging opportunities. Appl Energy 285: 116441.
https://doi.org/10.1016/j.apenergy.2021.116441

Hossain J, Pota HR (2014) Power system voltage stability and models of devices. Robust
Control for Grid Voltage Stability: High Penetration of Renewable Energy, Springer, Singapore,
19-59. https://doi.org/10.1007/978-981-287-116-9 2

Kimbark E (1995) Power system stability. ISBN-13: 978-0780311350.

Freris L, Infield D (2008) Renewable energy in power systems. ISBN: 978-0-470-98894-7.

Shen W, Chen X, Qiu J, et al. (2020) A comprehensive review of variable renewable energy
levelized cost of electricity. Renewable Sustainable Energy Rev 133: 110301.
https://doi.org/10.1016/j.rser.2020.110301

Johnson J, Schenkman B, Ellis A, et al. (2012) Initial operating experience of the 1.2-MW la Ola
photovoltaic ~ system.  Conf Rec IEEE  Photovolt Spec  Conf 2012: 1-6.
https://doi.org/10.1109/PVSC-Vo012.2013.6656701

Dovichi Filho FB, Castillo Santiago Y, Silva Lora EE, et al. (2021) Evaluation of the maturity
level of biomass electricity generation technologies using the technology readiness level criteria.
J Clean Prod 295: 126426. https://doi.org/10.1016/j.jclepro.2021.126426

Hossain J, Pota HR (2014) Robust control for grid voltage stability: High penetration of
renewable energy. Robust Control for Grid Voltage Stability: High Penetration of Renewable
Energy, Singapore, Springer Singapore, 19-59. https://doi.org/10.1007/978-981-287-116-9.
Bollen M, Hassan F (2011) Integration of distributed generation in the power system.
https://doi.org/10.1002/9781118029039

Hasankhani A, Hakimi SM (2021) Stochastic energy management of smart microgrid with
intermittent renewable energy resources in electricity market. Energy 219: 119668. Available
from: https://www.sciencedirect.com/science/article/pii/S0360544220327754.

Bajaj M, Singh AK (2020) Grid integrated renewable DG systems: A review of power quality
challenges and state-of-the-art mitigation techniques. Int J FEnergy Res 44: 26—69.
https://doi.org/10.1002/er.4847

Roberts D (2016) Vox, Got Denmark envy? Wait until you hear about its energy policies, 2016.
Available from: https://www.vox.com/2016/3/12/11210818/denmark-energy-policies.

Bulut M, Ozcan E (2021) Optimization of electricity transmission by Ford—Fulkerson algorithm.
Sustain Energy, Grids Networks 28: 100544. https://doi.org/10.1016/j.segan.2021.100544
Jekayinfa SO, Orisaleye JI, Pecenka R (2020) An assessment of potential resources for biomass
energy in Nigeria. Resources 9: 92. https://doi.org/10.1016/j.segan.2021.100544

De Souza ACZ, Castilla M (2019) Microgrids design and implementation.
https://doi.org/10.1007/978-3-319-98687-6_4

Okoye CU, Omolola SA (2019) A study and evaluation of power outages on 132 kv
transmission network in Nigeria for grid security. Int J Eng Sci 8: 53-57.

Cheng Y, Huang SH, Rose J, et al. (2019) Subsynchronous resonance assessment for a large
system with multiple series compensated transmission circuits. /ET Renew Power Gener 13: 27—
32. https://doi.org/10.1049/iet-rpg.2018.5254

Badal FR, Das P, Sarker SK, et al. (2019) A survey on control issues in renewable energy
integration and microgrid. Prot Control Mod Power Syst, 4.
https://doi.org/10.1186/s41601-019-0122-8

AIMS Energy Volume 10, Issue 4, 776-800.



794

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Masters GM (2013) Renewable and efficient electric power systems, John Wiley & Sons. ISBN:
978-1-118-63350-2.

Adetokun BB, Muriithi CM, Ojo JO (2020) Voltage stability analysis and improvement of
power system with increased SCIG-based wind system integration. 2020 IEEE PES/IAS
PowerAfrica, PowerAfrica 2020. https://doi.org/10.1109/PowerAfrica49420.2020.9219803
Ozoegwu CG, Akpan PU (2021) A review and appraisal of Nigeria’s solar energy policy
objectives and strategies against the backdrop of the renewable energy policy of the economic
community of West African States. Renewable Sustainable FEnergy Rev 143: 110887.
https://doi.org/10.1016/j.rser.2021.110887

Zhu J, Huang S, Liu Y, et al. (2021) Optimal energy management for grid-connected microgrids
via expected-scenario-oriented robust optimization. Energy 216: 119224.
https://doi.org/10.1016/j.energy.2020.119224

Shayeghi H, Younesi A (2020) Microgrid architectures, control and protection methods.
Available from: http://link.springer.com/10.1007/978-3-030-23723-3 24.

Akinyele D, Olabode E, Amole A (2020) Review of fuel cell technologies and applications for
sustainable microgrid systems. Inventions S: 1-35. Available from:
http://link.springer.com/10.1007/978-3-030-23723-3 24.

Hirsch A, Parag Y, Guerrero J (2018) Microgrids: A review of technologies, key drivers, and
outstanding issues. Renewable Sustainable Energy Rev 90: 402—411.

Ehsan A, Yang Q (2018) Optimal integration and planning of renewable distributed generation
in the power distribution networks: A review of analytical techniques. App! Energy 210: 44-59.
Available from: https://www.sciencedirect.com/science/article/pii/S0306261917315519.

Xie X, Zhang X, Liu H, et al. (2017) Characteristic analysis of subsynchronous resonance in
practical wind farms connected to series-compensated transmissions. [EEE Trans Energy
Convers 32: 1117-1126. https://doi.org/10.1109/TEC.2017.2676024

Youssef E, Sharaf A, Amin A, et al. (2018) Wind Energy FACTS applications and stabilization
schemes, Elsevier Inc. http://dx.doi.org/10.1016/B978-0-12-812959-3.00014-9

Chettibi N, Massi Pavan A, Mellit A, et al. (2021) Real-time prediction of grid voltage and
frequency using artificial neural networks: An experimental validation. Sustainable Energy,
Grids Networks 27: 100502. https://doi.org/10.1016/j.segan.2021.100502

Aziz T, Ketjoy N (2017) PV penetration limits in low voltage networks and voltage variations.
IEEFE Access 5: 16784—16792. https://doi.org/10.1109/ACCESS.2017.2747086

Bansal R (2017) Handbook of distributed generation.
https://doi.org/10.1007/978-3-319-51343-0

Zhang G, Hu W, Cao D, et al. (2021) Data-driven optimal energy management for a
wind-solar-diesel-battery-reverse osmosis hybrid energy system using a deep reinforcement
learning  approach. Energy  Convers Manage 227: 113608. Available from:
https://www.sciencedirect.com/science/article/pii/S0196890420311365.

Wen Y, Chung CY, Liu X, et al. (2019) Microgrid dispatch with frequency-aware islanding
constraints. IEEE Trans Power Syst 34: 2465-2468.
https://doi.org/10.1109/TPWRS.2019.2895573

Naderipour A, Abdul-Malek Z, Abohamzeh E, et al. (2018) Control strategy of Grid-Connected
PV inverters in microgrid with nonlinear operating conditions. 2018 IEEE 7th Int Conf Power
Energy, PECon 2018: 45-49. https://doi.org/10.1109/PECON.2018.8684119

AIMS Energy Volume 10, Issue 4, 776-800.



795

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Rawat GS, Sathans (2018) Survey on DC microgrid architecture, power quality issues and
control strategies. Proc 2nd Int Conf Inven Syst Control ICISC 2018: 500-505.
https://doi.org/10.1109/ICISC.2018.8399123

De Carne G, Buticchi G, Zou Z, et al. (2018) Reverse power flow control in a ST-Fed
distribution grid. IEEE Trans Smart Grid 9: 3811-3819.
https://doi.org/10.1109/TSG.2017.2651147

Londono JEV, Mazza A, Pons E, et al. (2021) Modelling and control of a grid-connected
RES-hydrogen hybrid microgrid. Energies 14: 1-25. https://doi.org/10.3390/en14061540
Taghavifar H (2021) Adaptive robust control-based energy management of hybrid PV-Battery
systems with improved transient performance. Int J Hydrogen Energy 46: 7442—7453. Available
from: https://www.sciencedirect.com/science/article/pii/S0360319920344943.

Roy NB, Das D (2021) Optimal allocation of active and reactive power of dispatchable
distributed generators in a droop controlled islanded microgrid considering renewable
generation and load demand uncertainties. Sustainable Energy, Grids Networks 27: 100482.
https://doi.org/10.1016/j.segan.2021.100482

Ardriani T, Sastya PD, Husnan Arofat A, et al. (2018) A novel power conditioner system for
isolated DC microgrid system. 4th IEEE Conf Power Eng Renew Energy, ICPERE 2018-Proc,
1-5. https://doi.org/10.1109/ICPERE.2018.8739686

Ardriani T, Dahono PA, Rizgiawan A, et al. (2021) A dc microgrid system for powering remote
areas. Energies 14. https://doi.org/10.3390/en14020493

Semenov D, Mirzaeva G, Townsend CD, et al. (2018) Recent development in AC microgrid
control-A survey. 2017 Australas Univ Power Eng Conf AUPEC 2017 2017: 1-6.
https://doi.org/10.1109/AUPEC.2017.8282457

Li S, LiY, Chen X, et al. (2020) A novel flexible power support control with voltage fluctuation
suppression for islanded hybrid AC/DC microgrid involving distributed energy storage units. /nt
J Electr Power Energy Syst 123: 106265. https://doi.org/10.1016/j.1jepes.2020.106265

Wen Y, Chung CY, Ye X (2018) Enhancing frequency stability of asynchronous grids
interconnected with HVDC links. [EEE Trans Power Syst 33: 1800-1810.
https://doi.org/10.1109/TPWRS.2017.2726444

Sun J, Li M, Zhang Z, et al. (2017) Renewable energy transmission by HVDC across the
continent : system challenges and opportunities. 3: 353-364.
https://doi.org/10.17775/CSEEJPES.2017.01200

Husein M, Chung IY (2018) Optimal design and financial feasibility of a university campus
microgrid considering renewable energy incentives. Appl Energy 225: 273-289.
https://doi.org/10.1016/j.apenergy.2018.05.036

Torres-Moreno JL, Gimenez-Fernandez A, Perez-Garcia M, et al. (2018) Energy management
strategy for Micro-Grids with PV-Battery systems and electric vehicles. Energies 11: 522.
https://doi.org/10.3390/en11030522

Chen Z, Zhang H, Xiong R, et al. (2021) Energy management strategy of connected hybrid
electric vehicles considering electricity and oil price fluctuations: A case study of ten typical
cities in China. J Energy Storage 36: 102347. https://doi.org/10.1016/j.est.2021.102347
Manzoor S, Bakhsh FI, Mufti M (2021) Coordinated control of VFT and fuzzy based FESS for
frequency stabilisation of wind penetrated multi-area power system. Wind Eng 46: 413—428.
https://doi.org/10.1177/0309524X211030846

AIMS Energy Volume 10, Issue 4, 776-800.



796

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Susetyo ME, Rizqiawan A, Hariyanto N, et al. (2017) Droop control implementation on hybrid
microgrid PV-diesel-battery. Int Conf High Volt Eng Power Syst ICHVEPS 2017-Proceeding
2017: 295-300. https://doi.org/10.1109/ICHVEPS.2017.8225960

Meegahapola LG, Bu S, Wadduwage DP, et al. (2021) Review on oscillatory stability in power
grids with renewable energy sources: Monitoring, analysis, and control using synchrophasor
technology. IEEE Trans Ind Electron 68: 519-531.
https://doi.org/10.1109/ICHVEPS.2017.8225960

LiuY, Wu L, LiJ (2020) D-PMU based applications for emerging active distribution systems: A
review. Electr Power Syst Res 179: 106063. https://doi.org/10.1016/j.epsr.2019.106063

Xu LD, Duan L (2018) Big data for cyber physical systems in industry 4.0: A survey. 13: 148—
169. https://doi.org/101080/1751757520181442934

Odetoye OA, Afolabi AS, Akinola OA (2020) Development and scaled-up simulation of an
automated electrical energy management system for passageway illumination. Int J Emerg
Electr Power Syst 21: 1-13. https://doi.org/10.1515/ijeeps-2020-0124

Gonzéalez I, Calderon AlJ, Portalo JM (2021) Innovative Multi-Layered architecture for
heterogeneous automation and monitoring systems: Application case of a photovoltaic smart
microgrid. Sustainability 13: 2234. https://doi.org/10.3390/sul13042234

Samu R, Calais M, Shafiullah GM, et al. (2021) Applications for solar irradiance nowcasting in
the control of microgrids: A review. Renewable Sustainable Energy Rev 147: 111187.
https://doi.org/10.1016/j.rser.2021.111187

LiJ, Chen S, Wu Y, et al. (2021) How to make better use of intermittent and variable energy? A
review of wind and photovoltaic power consumption in China. Renewable Sustainable Energy
Rev 137: 110626. https://doi.org/10.1016/j.rser.2020.110626

Kumar D, Zare F, Ghosh A (2017) DC microgrid technology: System architectures, AC Grid
interfaces, grounding schemes, power quality, communication networks, applications, and
standardizations aspects. IEEE Access 5: 12230-12256.
https://doi.org/10.1109/ACCESS.2017.2705914

Pan H, Ding M, Chen A, et al. (2018) Research on distributed power capacity and site
optimization planning of AC/DC hybrid micrograms considering line factors. Energies 11: 1930.
https://doi.org/10.3390/EN11081930

Kashem SBA, De Souza S, Igbal A, et al. (2018) Microgrid in military applications. Proc-2018
IEEE 12th Int Conf Compat Power Electron Power Eng CPE-POWERENG 2018: 1-5.
https://doi.org/10.1109/CPE.2018.8372506

Jiang P, Huang S, Zhang T (2020) Asymmetric information in military microgrid
confrontations-evaluation metric and influence analysis. Energies 13.
https://doi.org/10.3390/en13081954

Shabshab SC, Lindahl PA, Nowocin JK, et al. (2020) Demand smoothing in military microgrids
through coordinated direct load control. [EEE Trans Smart Grid 11: 1917-1927.
https://doi.org/10.1109/TSG.2019.2945278

Kinnon M, Razeghi G, Samuelsen S (2021) The role of fuel cells in port microgrids to support
sustainable goods movement. Renewable Sustainable Energy Rev 147: 111226.
https://doi.org/10.1016/j.rser.2021.111226

AIMS Energy Volume 10, Issue 4, 776-800.



797

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Zachar M, Daoutidis P (2018) Energy management and load shaping for commercial microgrids
coupled with flexible building environment control. J Energy Storage 16: 61-75.
https://doi.org/10.1016/J.EST.2017.12.017

Tavakoli M, Shokridehaki F, Akorede M, et al. (2018) CVaR-based energy management scheme
for optimal resilience and operational cost in commercial building microgrids. Int J Electr
Power Energy Syst 100: 1-9. https://doi.org/10.1016/J.1JEPES.2018.02.022

Warneryd M, Hakansson M, Karltorp K (2020) Unpacking the complexity of community
microgrids: A review of institutions’ roles for development of microgrids. Renewable
Sustainable Energy Rev 121: 109690. https://doi.org/10.1016/J.RSER.2019.109690

Liu G, Jiang T, Ollis TB, et al. (2019) Distributed energy management for community
microgrids considering network operational constraints and building thermal dynamics. 4pp!
Energy 239: 83-95. https://doi.org/10.1016/J. APENERGY.2019.01.210

Hossain MA, Pota HR, Squartini S, et al. (2019) Energy management of community microgrids
considering  degradation cost of  battery. J Energy Storage 22: 257-269.
https://doi.org/10.1016/J.EST.2018.12.021

Liang W, Lin S, Lei S, et al. (2022) Distributionally robust optimal dispatch of CCHP campus
microgrids considering the time-delay of pipelines and the uncertainty of renewable energy.
Energy 239: 122200. https://doi.org/10.1016/J. ENERGY.2021.122200

Lu X, Wang J (2017) A game changer: Electrifying remote communities by using isolated
microgrids. IEEE Electrif Mag 5: 56—63. https://doi.org/10.1109/MELE.2017.2685958
Almeshgab F, Ustun TS (2019) Lessons learned from rural electrification initiatives in
developing countries: Insights for technical, social, financial and public policy aspects.
Renewable Sustainable Energy Rev 102: 35-53. https://doi.org/10.1016/j.rser.2018.11.035
Lasseter RH, Chen Z, Pattabiraman D (2020) Grid-Forming inverters: A critical asset for the
power grid. [EEE J Emerg Sel Top  Power  Electron 8. 925-935.
https://doi.org/10.1109/JESTPE.2019.2959271

Denholm P, Mai T, Kenyon RW, et al. (2020) Inertia and the power grid : A guide without the
spin. Natl Renewable Energy Lab 48. Available from:
https://www.nrel.gov/docs/fy200sti/73856.pdf.

Khalilpour KR, Vassallo A (2016) Community energy networks with storage. Available from:
http://link.springer.com/10.1007/978-981-287-652-2.

Prevedello G, Werth A (2021) The benefits of sharing in off-grid microgrids: A case study in the
Philippines. Appl Energy 303: 117605. https://doi.org/10.1016/J.APENERGY.2021.117605
Montoya OD, Gil-Gonzalez W, Grisales-Norena L, et al. (2019) Economic dispatch of BESS
and renewable generators in DC microgrids using voltage-dependent load models. Energies 12.
https://doi.org/10.3390/en12234494

Mahmoud M, Ramadan M, Olabi AG, et al. (2020) A review of mechanical energy storage
systems combined with wind and solar applications. Energy Convers Manage 210: 112670.
https://doi.org/10.3390/en14082159

Khezri R, Oshnoei A, Hagh MT, et al. (2018) Coordination of heat pumps, electric vehicles and
AGC for efficient LFC in a smart hybrid power system via SCA-Based optimized FOPID
controllers. Energies 11: 420. https://doi.org/10.3390/EN11020420

AIMS Energy Volume 10, Issue 4, 776-800.



798

96. Magdy G, Shabib G, Elbaset AA, et al. (2019) Renewable power systems dynamic security
using a new coordination of frequency control strategy based on virtual synchronous generator
and digital frequency protection. Int J Electr Power Energy Syst 109: 351-368.
https://doi.org/10.1016/J.1JEPES.2019.02.007

97. Tang Z, Hill DJ, Liu T (2021) Distributed coordinated reactive power control for voltage
regulation in  distribution networks. [EEE Trans Smart Grid 12: 312-323.
https://doi.org/10.1109/TSG.2020.3018633

98. Lei X, Huang T, Yang Y, et al. (2019) A bi-layer multi-time coordination method for optimal
generation and reserve schedule and dispatch of a grid-connected microgrid. IEEE Access 7:
44010-44020. https://doi.org/10.1109/ACCESS.2019.2899915

99. Hu M, Xiao F, Wang S (2021) Neighborhood-level coordination and negotiation techniques for
managing demand-side flexibility in residential microgrids. Renewable Sustainable Energy Rev
135: 110248. https://doi.org/10.1016/J.RSER.2020.110248

100. Kumar J, Agarwal A, Agarwal V (2019) A review on overall control of DC microgrids. J Energy
Storage 21: 113—138. https://doi.org/10.1016/J.EST.2018.11.013

101. Diaz NL, Dragicevi¢ T, Vasquez JC, et al. (2014) Fuzzy-logic-based gain-scheduling control for
state-of-charge balance of distributed energy storage systems for DC microgrids. Conf
Proc-IEEE Appl Power Electron Conf Expo-APEC, 2171-2176.
https://doi.org/10.1109/APEC.2014.6803606

102. Bhosale R, Agarwal V (2019) Fuzzy logic control of the ultracapacitor interface for enhanced
transient response and voltage stability of a dc microgrid. /EEE Trans Ind Appl 55: 712-720.
https://doi.org/10.1109/T1A.2018.2870349

103.Zhang L, Wu T, Xing Y, et al. (2011) Power control of DC microgrid using DC bus signaling.
Conf  Proc-IEEE  Appl  Power  Electron Conf  Expo-APEC, 1926-1932.
https://doi.org/10.1109/APEC.2011.5744859

104. Papadimitriou CN, Kleftakis VA, Rigas A, et al. (2014) A DC-microgrid control strategy using
DC-bus signaling, IET Conference Publications, Institution of Engineering and Technology.
https://doi.org/10.1049/CP.2014.1667

105.Xia Y, Yu M, Yang P, et al. (2019) Generation-Storage Coordination for Islanded DC microgrids
dominated by PV generators. [EEE Trans Energy Convers 34: 130-138.
https://doi.org/10.1109/TEC.2018.2860247

106. Wang T, Cheng X, Wang J, et al. (2018) Review of coordinated control strategy for AC/DC
hybrid microgrid. 2nd IEEE Conf Energy Internet Energy Syst Integr EI2 2018-Proc.
https://doi.org/10.1109/E12.2018.8581990

107.Wang C, Li X, Guo L, et al. (2014) A nonlinear-disturbance-observer-based DC-Bus voltage
control for a hybrid AC/DC microgrid. [EEE Trans Power Electron 29: 6162-6177.
https://doi.org/10.1109/TPEL.2013.2297376

108.Zhang C, Xu Y, Li Z, et al. (2019) Robustly coordinated operation of a Multi-Energy microgrid
with flexible electric and thermal loads. [EEE Trans Smart Grid 10: 2765-2775.
https://doi.org/10.1109/TSG.2018.2810247

109. Molyneaux L, Wagner L, Foster J (2016) Rural electrification in India: Galilee Basin coal versus
decentralised renewable energy micro grids. Remewable Energy 89: 422-436.
https://doi.org/10.1016/J.RENENE.2015.12.002

AIMS Energy Volume 10, Issue 4, 776-800.



799

110. Wang R, Hsu SC, Zheng S, et al. (2020) Renewable energy microgrids: Economic evaluation
and decision making for government policies to contribute to affordable and clean energy. Appl
Energy 274: 115287. https://doi.org/10.1016/J. APENERGY.2020.115287

111. Sechilariu M, Locment F (2016) Connecting and integrating variable renewable electricity in
utility grid. Urban DC Microgrid: Intelligent Control and Power Flow Optimization,
Butterworth-Heinemann, 1-33. https://doi.org/10.1016/B978-0-12-803736-2.00001-3

112. Kenyon RW, Bossart M, Markovi¢ M, et al. (2020) Stability and control of power systems with
high penetrations of inverter-based resources: An accessible review of current knowledge and
open questions. Sol Energy 210: 149—168. https://doi.org/10.1016/j.solener.2020.05.053

113. McNutt P, Sekulic WR, Dreifuerst G (2018) Solar/Photovoltaic DC systems: Basics and safety,
IEEE IAS Electrical Safety Workshop, IEEE Computer Society.
https://doi.org/10.1109/ESW41044.2018.9063869

114. Dambhare MV, Butey B, Moharil SV (2021) Solar photovoltaic technology: A review of
different types of solar cells and its future trends. J Phys Conf Ser 1913.
https://doi.org/10.1088/1742-6596/1913/1/012053

115. Gul M, Kotak Y, Muneer T (2016) Review on recent trend of solar photovoltaic technology.
https://doi.org/10.1177/0144598716650552

116. Pulli E, Rozzi E, Bella F (2020) Transparent photovoltaic technologies: Current trends towards
upscaling. Energy Convers Manag 219: 112982.
https://doi.org/10.1016/j.enconman.2020.112982

117. Khan MR, Patel MT, Asadpour R, et al. (2021) A review of next generation bifacial solar farms:
predictive modeling of energy yield, economics, and reliability. J Phys D Appl Phys 54: 323001.
Available from: https://iopscience.iop.org/article/10.1088/1361-6463/abfces.

118. Hasan A, Dincer I (2020) A new performance assessment methodology of bifacial photovoltaic
solar panels for offshore applications. Energy Convers Manage 220: 112972.
https://doi.org/10.1016/J. ENCONMAN.2020.112972

119.Gu W, Ma T, Ahmed S, et al. (2020) A comprehensive review and outlook of bifacial
photovoltaic (bPV)  technology.  Energy Convers  Manage  223: 113283.
https://doi.org/10.1016/j.enconman.2020.113283

120. Guo S, Walsh TM, Peters M (2013) Vertically mounted bifacial photovoltaic modules: A global
analysis. Energy 61: 447-454. https://doi.org/10.1016/J.ENERGY.2013.08.040

121. Odetoye OA, Ibikunle FA, Olulope PK, et al. (2022) Large-Scale solar power in Nigeria: The
case for floating photovoltaics, 2022 IEEE Nigeria 4th International Conference on Disruptive
Technologies for Sustainable Development (NIGERCON), Lagos, IEEE, 520-524.
https://doi.org/10.1109/NIGERCON54645.2022.9803156

122.Wu Y, Li L, Song Z, et al. (2019) Risk assessment on offshore photovoltaic power generation
projects in China based on a fuzzy analysis framework. J Clean Prod 215: 46-62.
https://doi.org/10.1016/J.JCLEPRO.2019.01.024

123.Zhou J, Su X, Qian H (2020) Risk assessment on offshore photovoltaic power generation
projects in china wusing D Numbers and ANP. [EEE Access 8: 144704-144717.
https://doi.org/10.1109/ACCESS.2020.3014405

124. Golroodbari SZ, van Sark W (2020) Simulation of performance differences between offshore
and land-based photovoltaic systems. Prog Photovoltaics Res Appl 28: 873—886. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1002/pip.3276

AIMS Energy Volume 10, Issue 4, 776-800.



800

125. Golroodbari SZM, Vaartjes DF, Meit JBL, et al. (2021) Pooling the cable: A techno-economic
feasibility study of integrating offshore floating photovoltaic solar technology within an offshore
wind park. Sol Energy 219: 65-74. https://doi.org/10.1016/J.SOLENER.2020.12.062

126. Verma NN, Mazumder S (2015) An investigation of solar trees for effective sunlight capture
using monte carlo simulations of solar radiation transport. ASME 2014 International Mechanical
Engineering Congress and Exposition. https://doi.org/10.1115/IMECE2014-36085

127. Gangwar P, Kumar NM, Singh AK, et al. (2019) Solar photovoltaic tree and its end-of-life
management using thermal and chemical treatments for material recovery. Case Stud Therm Eng
14: 100474. https://doi.org/10.1016/J.CSITE.2019.100474

128. Mostafaeipour A, Rezaei M, Jahangiri M, et al. (2019) Feasibility analysis of a new tree-shaped
wind  turbine  for urban  application:. A  case study. 31: 1230-1256.
https://doi.org/101177/0958305X 19888878

129.Berny S, Blouin N, Distler A, et al. (2016) Solar trees: First large-scale demonstration of fully
solution coated, semitransparent, flexible organic photovoltaic modules. Adv Sci 3: 1500342.
https://doi.org/10.1016/J.CSITE.2019.100474

130.Perna A, Grubbs EK, Agrawal R, et al. (2019) Design considerations for Agrophotovoltaic
systems: Maintaining PV area with increased crop yield. Conference Record of the IEEE
Photovoltaic Specialists Conference Institute of Electrical and Electronics Engineers Inc., 668—
672. https://doi.org/10.1109/PVSC40753.2019.8981324

131. Amaducci S, Yin X, Colauzzi M (2018) Agrivoltaic systems to optimise land use for electric
energy production. Appl Energy 220: 545-561. https://doi.org/10.1016/j.apenergy.2018.03.081

132. Weselek A, Ehmann A, Zikeli S, et al. (2019) Agrophotovoltaic systems: applications,
challenges, and opportunities. A review. Agron Sustainable Dev 39: 1-20. Available from:
https://link.springer.com/article/10.1007/s13593-019-0581-3.

133.Schindele S, Trommsdorff M, Schlaak A, et al. (2020) Implementation of agrophotovoltaics:
Techno-economic analysis of the price-performance ratio and its policy implications. Appl
Energy 265: 114737. https://doi.org/10.1016/J. APENERGY.2020.114737

134.1EA (2019) The future of hydrogen, Paris. Available from:
https://www.iea.org/reports/the-future-of-hydrogen#.

135.Han Y, Pu Y, Li Q, et al. (2019) Coordinated power control with virtual inertia for fuel
cell-based DC microgrids cluster. Int J Hydrogen FEnergy 44: 25207-25220.
https://doi.org/10.1016/J.IJHYDENE.2019.06.128

136. Tostado-Véliz M, Kamel S, Hasanien HM, et al. (2022) A mixed-integer-linear-logical
programming interval-based model for optimal scheduling of isolated microgrids with green
hydrogen-based storage considering demand response. J Energy Storage 48: 104028.
https://doi.org/10.1016/J.EST.2022.104028

. © 2022 the Author(s), licensee AIMS Press. This is an open access
S AIMS Press article distributed under the terms of the Creative Commons
~ Attribution License (http://creativecommons.org/licenses/by/4.0)

AIT

4D
\%§

AIMS Energy Volume 10, Issue 4, 776-800.



