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Abstract: There is a growing research interest in studying microgrids as a way to overcome the lack
of access to energy. These microgrids could be the key to global energy access because of their many
advantages related to flexibility, efficiency, and reliability. Despite all these qualities, microgrids
remain challenging to implement in a sustainable and resilient way without a clear consensus on what
causes these failures. To this end, this work proposes a new paradigm to make a multidisciplinary
and comprehensive review of the operation of microgrids. By reconciling the different fields inherent
to microgrids, this review enables the study of microgrids within a unified framework. Microgrids
will be presented through energy, information, financial, and social fields to provide the necessary
elements for their systemic understanding. Each field will be presented with its internal elements,
architecture, and significant issues. By elaborating on this new vision of microgrids, this article
hopes to open the way to a deeper understanding of their systemic operation and diagnose their
long-term sustainability.

Keywords: microgrid; community microgrid; microgrid architecture; information system; business
model; social acceptance; rural electrification; systemic approach; sustainability; resilience

1. Introduction

According to the United Nations, 789 million people are living with no access to
electricity [1], and without a more engaged action, 650 million people will remain without
energy access in 2030 [2]. The investment required for universal energy access by 2030 is
estimated to cost more than $48 billion each year. In contrast, the renewable-energy-based
technologies that can provide safe and clean electricity are now cheaper and more accessible
than ever to the population [3]. Despite these encouraging developments, sustainable and
affordable rural electrification remains a complex and risky endeavor [4].

There are essentially two solutions to provide electricity to a new location: extending
the main grid or creating a local installation. Depending on the context, one solution will
be preferable to the other [5]. However, a large part of the population that does not yet
have access to energy does not have a reliable central electricity grid to connect to [6].

The decentralized approach seems to be more reliable and efficient for rural electrifica-
tion because of its high versatility and lower cost [7]. Experts seem to be in consensus that
decentralized electricity networks will have the capacity to power entire cities or medium-
sized regions by 2040 [8]. However, despite all the qualities of microgrids, the uptake of
this type of system in rural communities remains extremely low. The lack of economic and
business consideration [9], the gap in strategic planning approach [10], the neglect of social
issues [11], and the deficiency of an apparent global consideration on overall microgrid
sustainability [4] make the implementation of microgrids even more difficult. The social
development of a population is strongly linked to its access to energy which increases,
at the same time, the quality of life of the community [12]. As the population grows, its
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needs will change, and so will the way it consumes energy, often creating the need for more
energy [13]. The microgrid must therefore be able to evolve with its community.

In this article, we conduct a review seeking to lay the foundations of bringing more
understanding on microgrid sustainability and how to reach it. We use a systemic approach
to understand the literature linking microgrids and their evolution over time to adapt to the
development of the population to which it provides power. Because microgrids are such
a vast and complex topic, this systemic review will cover various topics, from technical
to social.

Microgrids and their sustainability have been studied extensively in the literature,
with a growing interest in the past ten years, as shown in Figure 1. This figure shows the
annual publications related to sustainability or resilience for microgrids since 2007. The
data were extracted from the search engine webofscience for the publishers IEEE, Elsevier,
and MDPI. As a result, 837 publications were identified as relevant because they include the
notions of sustainability and resilience in their study. We can see that the interest in these
notions in microgrids has dramatically increased, showing the interest in finding solutions
for the weaknesses of microgrids systems. The concept of sustainable energy development
has evolved to become central in energy and microgrid creation and operation and is now
a key factor for its study [14].
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Figure 1. Evolution of sustainability and resilient microgrids in the literature.

The literature tends to focus on identifying limiting actions or promising practices
to be followed to optimize the microgrid [15], often using case studies to flesh out the
recommendations [16]. However, the literature tends to overlook non-technical actions,
which are also crucial to guaranteeing the long-term sustainability of the microgrid. A
disproportionate focus on the technical or economic aspect of the microgrid overlooking
other characteristics tends to increase the probability of failure [17]. The notion of the
virtuous circle [18] illustrates the impact of non-technical elements on microgrid sustain-
ability. It includes fair tariffs, proper maintenance, and the availability of well-trained
human resources among the essential factors that trigger a virtuous cycle of growth of
the microgrid [19]. For rural areas, microgrid sustainability is paramount because these
populations cannot afford a grid failure [20].

This review aims to provide a framework for understanding the vast literature sur-
rounding sustainability in microgrids, both in technical and social fields. The framework
proposed in this work will be based on four different fields, namely: energy, information,
finance, and social. The fields will be introduced in Section 2. Each field will be described
in detail in Sections 3-6. An overall discussion of the main findings from this literature
review will be given in Section 7.
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2. Overview of Existing Microgrid Literature

There is still no consensus on the concept of microgrids in the literature. All existing
definitions can be broadly regrouped in two categories: “energy microgrid” and “commu-
nity microgrid”. These two categories and their relations to the fields proposed in this work
are shown in Figure 2.

Energy microgrids, shown in red in Figure 2, gather the energy and information field.
An example of a definition falling into this category is the one given by the European
Microgrids project [21]. It states that microgrids are “Low Voltage distribution networks
comprising various distributed generators, storage devices and controllable loads that can operate
either interconnected or isolated from the main distribution grid as a controlled entity”.

Community microgrids, shown in blue in Figure 2, gather the social and financial
fields. An example of a definition is given by Gui [22]. It states that “A community microgrid
is connected with its community through physical placement and can be partially or fully owned by
said community. [...] Considering the social dimension, a ‘community microgrid’ can be viewed
as a microgrid with the key objectives of achieving economic, social and environmental benefits in
community electricity supply and distribution”.

ENERGY
MICROGRID

’ MICROGRID

SYSTEM

COMMUNITY
MICROGRID

Figure 2. The two definitions of microgrids and their fields.

This review seeks to reconcile these two definitions of microgrids as a basis for analysis
of their sustainability. Figure 2 depicts this approach as the gray and purple areas at the
intersection of these definitions. The gray areas show microgrid models and visions that
partially integrate these definitions. The purple zone represents the objective of this review.
While there are many highly detailed recent reviews on microgrids’ operations and different
architectures, there is still a gap in the global view. These tend to focus on either energy
microgrid [23-26] or community microgrid [27-29], but rarely both, or only in brief.

The reconciliation of the energy and community microgrids views is not straightfor-
ward. Many articles in the literature addressing microgrid sustainability through systemic
analysis tend to rely on qualitative approaches based on study cases or common sense
inference [30]. These systemic analyses tend not to get into the technical details of the
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microgrid and its operation, given its multidisciplinary nature. In contrast, analytic arti-
cles addressing microgrids then deduce laws from mathematical models, which naturally
require assumptions for simplification [31]. As with all multidisciplinary scientific work, in-
ference and deduction combined with systemic and analytic approaches lead to conflicting
views of the same problem.

As our approach tries to reconcile a systemic inference while keeping the precision of
the analytical deduction, we will tie the concept of microgrid sustainability to the issues
it faces. The issues of microgrids will be described based on its four fields, as shown in
Table 1.

Table 1. List of the issues of microgrid sustainability.

Component Issues Description Reference
Sizing Proper sizing of the electrical infrastructure [32-34]
Energy Quality High quality and efficiency of the electrical infrastructure [35-37]
Protection High safety for the infrastructure and the users [38-41]
Control High quality of energy control [24,42,43]
Information Data High transcription of the data for the other components [44-48]
Communication Fast and reliable communication [49,50]
Design Right economic design of the microgrid [51-56]
Finance Management Good management of capital and employees [57-62]
Planning Good long-term vision for the evolution of the microgrid [7,63-67]
Knowledge Good knowledge of microgrid operation and usage [68-70]
Social Rules Rules adapted to the community and the microgrid [71-73]
Perception High confidence in the community and the microgrid operator [74-76]

In this work, the definition of a sustainable microgrid is capable of addressing all
the issues of its fields in a satisfactory manner at the time of analysis. The purpose of
what is sufficient for each field depends on each case, leaving the possibility of qualitative
analysis. However, it must be translated in thresholds, compatible with analytic tools such
as classification.

Other reviews of microgrids take into account a maximum of parameters for a trans-
disciplinary study of microgrids. These microgrid reviews make a clear and complete
state of the art of the microgrid operation [77], provide a functional layer-based review of
microgrids [78], describe sustainable business model solutions for the development of a
microgrid [79], show all the difficulties which can appear in various fields of microgrid
development [30], provide global performance indicators for the proper functioning of a
microgrid [80,81], make a systemic diagnosis of the microgrid state of health [82], or make
a complete criticism of the limits of the microgrids [71].

A bibliographical study of the various reviews on the subject of microgrids is presented
in Table 2. This table shows the different themes addressed in each review, as well as the
type of study that has been conducted. In our view, no publication on microgrids has
addressed all of the topics listed in the table. This is the added value of this review.

Figure 3 shows the distribution from the 900 publications according to the field(s) they
study, highlighting how they are positioned in terms of the intersection shown in Figure 2.
Most of these articles focus on analytical work and technical descriptions but often lack the
systemic vision. Purely financial and social articles are less common. Most financial and
social analyses are conducted in parallel with energy and information studies. As we can
see, multidisciplinary studies of the four components simultaneously are considerably less
present in the literature.

The added value of this work proposes a single framework to review all four fields
used to reconcile the energy and community visions of microgrids. All of them are consid-
ered to have associated elements, architectures, and issues. Their different aspects will be
presented in a systemic approach while allowing for the setting of thresholds compatible
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with analytical approaches. Each field has a single “unit”, meaning energy is expressed
in Watts, information in Bits, financial in Currency, and social in Acceptance. Regarding
this structure of the review, Figure 4 comprehensively illustrates all the topics that will be
discussed in the following sections, in the order in which they are presented.

Table 2. Recent literature review on microgrids relating to the topics addressed in this review.
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©n 7 Ty =3 %)
e §2RRBRIEEELEEEEFEEYEFTIEEEE E S
8§ 5 & 2 O g = 8 & § R g § & 5§ & %
= = = o o ] = = o s ® 15} 3
g 5 * B e g & & 5 s & i L 2 ¥ 2 o7 % g 2
2 5 g =& 3 7 5 §F &5 & 2 o ¢ ° A
o] =1 =3 o 2. ® = ® A 3 1
@ 8 a 2 a N a B ®
- (=4 g‘
5
=1
[78] x X X X X X X X X X X X X X X X X
71] x X X X X X X X X X X
84 X X X X X X X X X
85 X X X X X X X X X

54
E+I+F E+F+S

E+I+F+S PIEE .

Figure 3. Sustainability and resilience microgrid publications related to the field they study.
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Figure 4. Structure of the review.

It is important to note that rural electrification is a specific case of microgrids [97].
This work will refer to rural microgrids as base examples in each field and the discussion
section. What is of particular interest in rural microgrids is the enormous technical and
social challenges they face. Challenges in rural electrification are focused on low electricity
demand, poor payment rate, overrated community needs and the choice of the business
model [6]. Rural microgrids are a stand-alone application of microgrids where both the
energy and community visions are very close to one another. This reduced scale makes them
a perfect study case for a single-framework field-based sustainability analysis proposed in
this work [98].

3. Energy Field

The energy field represents all the electrical and energy aspects of microgrids and
their interconnections. In other words, it represents all the energy fluxes of the microgrid.
The energy field is expressed by assembling energy elements through energy architectures
to answer energy issues. In energy terms, microgrids are mainly seen as the assembly of
electrical blocks that can be operated in island mode, grid-connected mode, or both [94].

3.1. Energy Elements

In this work, the energy component is composed of four types of elements: sources,
storage, loads, and power electronics converters [99].

There is a wide variety of sources that can be connected to microgrids [100], which
are mainly separated into two main types: conventional generators (diesel generator,
gas turbine) and non-conventional generators (fuel cells, photovoltaic, hydro turbine
biomass, wind, geothermal, and solar thermal) [101]. Most microgrids work with renewable
energy-based sources such as photovoltaics and wind turbines usually associated with
diesel generators. Diesel generators are top-rated in microgrid applications due to their
flexibility, low-cost and ease of implementation, despite their known stability and low
inertia issues [102].
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Storage systems provide stability, allowing them to face energy production intermit-
tency and downtime, both typical of distributed generation [103]. Storage systems can
be divided into electrical storage (magnetic storage, supercapacitor), mechanical storage
(flywheel, potential storage), electrochemical batteries, and fuel cells [104].

All of the energy produced and stored is to be consumed by the users through loads
that are commonly categorized into two types: fixed and variable loads [105]. A fixed load
requires a constant flow of energy, while a variable load turns on and off according to a
random control signal. Taken together, these types of loads make up a load profile used to
design and manage modern microgrids [106].

Power electronics converters are used as an interface between sources, storage, and
loads [107]. Power converters have two main functions: a power flow management
function that controls the current and/or the voltage ratings between two elements and a
passive filter function that eliminates harmonic contents created by the active fields whose
switching is responsible for the power flow management [108].

3.2. Energy Architectures

Energy architectures assemble energy elements in ways that suit the specific need of
the microgrid. There are three main architectures available in the literature represented
in Figure 5 and summarized in Table 3: the AC architecture, the DC architecture, and the
hybrid architecture [83,109].

Hybrid Architecture

AC Architecture DC Architecture !

Power Converter

- —
L

—: _ :% Load Battery

+ Vbusz -

: ,\/: % Load

PV Panel
gAY Bat
Load | Load
+ Vousac - + Vpuspe - :
Wind Turbine

Figure 5. Representation of the different energy architectures.

The AC architecture has been the most common choice for energy distribution through
utilities due to its ease of transformation in different voltages and reduced loss in trans-
port [110].

The DC architecture is the most used in microgrids because of its high concentration
of DC sources and loads, resulting in easier management of the microgrid energy [111].

The hybrid architecture can be seen in many different microgrids and has more variety
than classic AC or DC architectures. The classical way to build this architecture is to connect
DC sources and load to DC busses, and AC sources and load to AC busses [112]. However,
the architecture can be a bit more optimized and, for example, connect all the sources and
loads to an AC bus and all the storage to a DC bus to simplify their management [113]. The
DC zonal architecture connects all the loads to DC buses and uses AC buses to connect all
the DC buses together [114]. The solid state transformer based microgrid centralizes all the
buses in this high-frequency transformer that can manage AC and DC feeders as well as
power flow between the main grid and the microgrid [115,116].
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In between these three main types of architectures, many different solutions are more
subtle to solve a specific need with a mix of their benefits and downsides [117].

In the literature, classic microgrids are mainly seen as assembling electrical blocks that
can be operated in island mode, grid-connected mode, or both [94]. A clustered microgrid
can also be seen as an assembly of smaller grids that are interconnected to form a much
bigger entity [118]. Swarm microgrids are another concept where the microgrid evolves
in an “organic” way resulting in a swarm architecture capable of stability due to energy
production decentralization [119].

In the rural electrification context, DC architectures are the most used since energy
sources are easy to implement (solar PV and batteries), and basic loads such as light or
electronic device recharge can easily accommodate DC [120].

Table 3. Classification of microgrid power architecture.

Architecture Type Advantages and Drawbacks Articles
AC AC microgrid AC microgrid is really easy to implement and reconfigure but.requlres a [40,110]
complex power electronic interface and a generally poor quality energy
DC microgrids are relatively simple to control with a relatively good
DC DC microgrid quality of energy but tend to be limited in terms of expansion and their lack [39,111]
of reliability with a distribution grid connection
AC-DC microgrid Combines the advantages of AC and DC architecture but cannot be suited [112]
for all applications
. Sy More reliable storage devices and has similar performance to the hybrid
AC microgrid with DC storage AC-DC, but the energy storage must be centralized (113]
. . . Allows different busses voltage and management technique but increases ,
Hybrid DC-zonal microgrid . [114]
the complexity of the control
. . . Very high quality of energy and high compatibility with AC or DC devices,
Solid state transformer based microgrid but the entire grid is dependent on the solid state transformer (115,116]
Swarm architecture Easy development and high overall reliability and flexibility, but requires a [119]

complex power electronic interface

3.3. Energy Issues

Based on the literature, this work considers the energy field to have three main issues:
appropriate system sizing, quality of the components, and protection [121-124].

Appropriate system sizing refers to the correct balance of the different electrical
elements [32] and the conformity of the microgrid to the needs [33] and earnings of its
final users [34]. The microgrid sizing must balance being large enough to avoid any
outages and small enough to remain as affordable as possible for final users [125,126]. This
sizing problem can be broken down into a multitude of critical factors ranging from the
optimization of the sizing of storage systems [127] to the understanding of local energy
needs [128] or the balance of different energy sources [129], but also by addressing more
specific issues such as the optimization of the integration of hydrogen fuel cells [130].

The quality of components describes the microgrid equipment in terms of robustness
and maintainability [35]. The current literature points out that higher quality of the electrical
grid components as a whole avoids blackouts and dysfunctions [36], which is a crucial
element, especially in rural areas [37]. For this, important knowledge of the technologies
available for the implementation of microgrids is required [96,100,131]. However, it is
essential to keep in mind that these systems change and evolve rapidly, and the quality
of the grid also requires regular upgrades and maintenance [97,123] which have been
summarized in terms of robustness, resourcefulness against disasters, rapid recovery, and
adaptability [132].

Protection of the microgrid refers to the equipment and techniques used to protect
the elements of the energy system from any malfunction, whether internal or external to
the element [38]. An extensive review has been conducted to present all the protection
possibilities in AC [39] and DC [40] grids and different standards [41].
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In the energy field, sustainability translates as defining clear thresholds for the issues
of sizing, quality, and protection. Sizing should provide a compromise between power pro-
duction capacity and foreseeable load. Quality is the cost-benefit analysis of the equipment
used to build the microgrid. Protection is the number of protection elements for different
faults and the overall cost linked to their presence or absence from the microgrid. These
thresholds will then be used to monitor the evolution of the microgrid over time to detect
any issues in the energy field.

4. Information Field

The information field is built on two aspects of a microgrid: data and control. Control
is used to regulate the power flow within the microgrid, handling voltage stability, power
quality, and other issues to keep the electricity flowing. Data are related to the generation,
transport, and aggregation of data from sensors and other sources spread throughout the
microgrid [90,133,134].

Modern microgrids deploy a complex link between control and data [50]. Ultimately,
separate scientific communities crystallize these with the concept of a smart grid, linking
them together [135]. In this work, the complex link between data and control is the
cornerstone for analyzing the information field.

4.1. Information Elements

The information layer has two elements: the information node and communication
links. An information node is composed of a control part and a data part. These parts
vary significantly depending on the microgrid, its information architecture, and how the
information issues are handled. Communication links connect the different information
nodes of the architecture together [136]. The literature on communication links divides
them into different types of networks, namely Wide-Area Network (WAN), Field Area
Network (FAN), Neighborhood Area Network (NAN), Building Area Network (BAN),
Industrial Area Network (IAN), and Home Area Network (HAN) [78,137].

4.2. Information Architecture

The information field architecture comprises information nodes connected through
communication links forming layers. These layers define the relationship between control
and data on given information architecture. In this work, all microgrids are considered to
have three layers [24,49,86]. Figure 6 shows the relationship between information layers,
control, and data.

CONTROL DATA

High Layer Offline
Intermediate Layer Online
Low Layer Real Time

Figure 6. Relationship between data and control for different layers.
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Lower layers are very control intensive, usually operating in real time or with stringent
timing constraints. Their data intensity is low, requiring small volumes of data to operate.
Their communication links tend to be very fast and embedded into devices. Intermediary
layers are less control intensive, usually setting the reference points or tracking reference to
the lower layers. They are more data-intense, requiring averaged and more robust data to
calculate these operating points. Their communication links are slower with more commu-
nication overhead and use means such as wires or the air to exchange information. Higher
layers have very little control intensity, usually calculating parameters in asynchronous or
very slow frequency. Their data intensity is very high, aggregating averaged values and
many different data sources together. Their communication links are even slower and have
significant overheads for redundancy reasons; they tend to use existing networks [24].

The architecture of the information field connects nodes through communication
links organized in layers depending on the type of power control, data management, and
communication links needed by the microgrid. A review of the literature shows that
control, data, and communication have the same types of architecture, namely centralized,
hierarchical, distributed, and decentralized [32,86,138].

Depending on the architecture, the power control, data management, and communica-
tion approaches change, and so does the layer deployment, as shown in Table 4. Figure 7
shows how the nodes connect together to form the different architectures.

pm =,

° [ )
[ ] [ )

[ ]

) o °

[ ]
[ ] [ X ]

[ ] [ ]

~..- -"’ *
Hierarchical Distributed Decentralized

Figure 7. Representation of the different information architectures.

4.3. Information Issues

To be sustainable, the information field must address simultaneously the issues from
control, data, and communication. This section explains these issues in detail and analyzes
them within the framework of the elements and architectures explained above.

4.3.1. Control Issues

A review of the literature on microgrid control has highlighted six issues that must be
addressed for a sustainable, reliable, and stable microgrid operation. These are voltage and
frequency regulation, power quality, transition between two modes of operation, microgrid
protection, power flow management, and optimization [24,42,43]. These issues are related
to the layers and architectures presented previously, as shown in Table 5.
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Table 4. Information component architectures and their layers, adapted from [24].

Centralized [21]

Hierarchical [49,139]

Distributed [140,141]

Decentralized [142]

All nodes connected to a

Nodes are connected in

Nodes are connected

Nodes are not

Layer Node part central node a pyramid peer-to-peer connaerclg:ti;) one
Control Source/Load controller Source/Load controller S%lérrfgéﬁgid Soctél;steré{ig?d
Low Laver Data Source/Load Source/Load Source/Load Source/Load
y measurement measurement measurement measurement
Communication HAN IAN HAN IAN HAN IAN HANIAN
Control Source/Load balancing Local source/Load Source/Load droop Source/Load droop
balancing control control
. Only connected
Intermediate Layer Data ﬁé;:xigngsr meAafjgyr;liits lower layer nodes No datle‘aloféc;? other
measurements
Communication FAN NAN BAN WAN FAN NAN BAN FAN NAN BAN HAN, IAN
Long-term dispatch for Long-term dipatch for Long-term dispatch Long-term disptach
Control .
all sources area-wide sources for local source for local source
All lower layer
. All lower layer All intermediary layer connected nodes Only the local data
High Layer Data measurements and measurements and measurements and available
outside measurements outside measurements outside
measurements
Communication FAN NAN BAN WAN WAN FAN NAN BAN -
Compromise between
Advantages Easy to implement implementation and Easy to expand Easy to expand
expansion
Complex Communication L
Drawbacks Hard to expand communication system overhead No communication

Table 5. The information architectures and their relationship with control issues.

Control Architectures V/I Regulation Power Quality  Transitions Protection = Power Flow Optimization

Low X X X

Centralized Intermediate X X X X
High X X X X
Low X X X X

Hierarchical Intermediate X X X
High X X X
Low X X X X

Decentralized Intermediate X X X
High
Low X X X X

Distributed Intermediate X X X
High X X
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Table 6. Description and implementation of the different architectures.

A rc(lj:i)tnetcrto J res V/I Regulation Power Quality Transitions Protection Power Flow Optimization
. . Operation of the S
Regulation on a Secondary loop Operation of the microerid Coordination and Entire microerid
Description small time frame regulation of the microgrid through %ailure improvement of im roveEg
p and a specific voltage and through nota%ly short ’ the energy merl?t [146]
location [143] frequency [144] disturbances [42] circuits [41] fluxes [145]
Droop, PID, . Over/under1/V, Economic
model predictive, P/Q control, Islapdmg . fault detection, Storage dispatch, optimal
. fuzzy, parallel BIC detection, grid ground leakage coordination, V/f 1559 dispatch or
Implementation neuro-fuzzy, Opﬁzi;%?lind Syﬁf;ﬁggeﬁgrﬁlc black start [40], lerlrrll%rg‘gnn;ir:’ prediction, and
learning, virtual mitigation [148] [149,150] cybersecurity, and response [152] forecasting algo-

generator [147]

other [103,151]

rithms [153-156]

Table 6 shows system dynamics (fast vs. slow) and geographic range (near vs. far)
tendencies in the literature [43].

Voltage and frequency regulation and power quality are focused on electric regulation
through a limited time frame and location linked to the electric command, being near
and fast. Transition operations and protection are focused on the process and protection
through varying time frames and can operate in various geographic ranges. They can fit the
not so fast and not so near middle range. Power flow management and optimization focus
on energy management at a larger scale and time frame, with the purpose of correction,
anticipation, and improvement of the quick command. They fit the far and slow category.

These issues and their time frames must be thoroughly taken into account in designing
and maintaining the microgrid. By deciding on satisfactory thresholds for their operation,
it is possible to reach the sustainability of the information field from a control perspective.

4.3.2. Data Issues

A review of the literature on microgrid data has yielded two main issues, namely col-
lecting and processing data [44,45]. Data collection is broken down into more minor issues,
namely acquisition, managing and storing, and analyzing and disclosing the data [46,47].
Data processing seeks to aggregate value to the collected data and is composed of six more
minor issues, namely volume, variety, velocity, validity, veracity, and volatility. [48]. Table 7
summarizes the cross-analysis between these more minor issues treated in the literature.

Data issues are key to the sustainability of the microgrid as data can be used to
guarantee the payment of the consumed energy [157], to better understand the microgrid
community [158], to make the legislation and rules internal to the microgrid [159], to
improve the power conversion within the microgrid [160], and many other applications [44].

These minor issues must be considered when designing and operating a microgrid.
Providing objective thresholds for their performance is paramount for achieving informa-
tion sustainability within the microgrid from a data perspective.

Table 7. 7Vs management in the different data layers.

Collecti;)sr;y;ls'ocessing Volume Variety Validity Volatility Veracity Velocity Value
- Diversity of Accuracy of Quality of Acquisition Final
Description All the Data Sources the Raw Data  Data Storage the Data Speed Aggregation
Acquisition [161] X X X
Management and
Storage [107,162] X X X
Analysis [163] X X
Disclosing [164,165] X
Protection [166,167] X X X X

4.3.3. Communication Issues

The literature on communication link protocols highlights three issues: data rate,
geographic coverage area, and latency [49,50]. The data rate is the capacity of a protocol to
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send out data quickly. The coverage area is the area that can be covered using a specific
protocol with an acceptable cost. Latency is the time necessary for the protocol to transmit
all the required data.

Figure 8 shows the communication protocols according to these issues. Numerous
reviews on the subject have made it possible to represent a maximum of the protocols
used with their own characteristics [168-171]. It can be seen that communication link
protocols provide the lowest latency on the lowest layers, typically at the information node
scale [172]. As more nodes are connected, the coverage area becomes more significant, thus
sacrificing latency. Notable exceptions are optical fiber and the 5G and NB-PLC, which are
all expensive and difficult to deploy.
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Figure 8. Classification of communication technology for microgrid, inspired by [93].

A microgrid will invariably deploy a mix of different communication links. These
links must be chosen wisely, and objective thresholds must be set for their operation to
track the sustainability of the information field from the communication perspective.

5. Financial Field

The financial field of a microgrid is built on two aspects: governance and owner-
ship [22]. Put together, they provide the business model of the microgrid [173] and material-
ize the strategic objectives [174]. This business model can incur in a more or less centralized
ownership [175], and the strategy can be implemented via a more or less centralized gov-
ernance [176]. Elements, architectures, and issues, by consequence, will also be proposed
around these two aspects throughout this section.

5.1. Financial Elements

Microgrids are complex economic systems that integrate multiple classes of assets.
These assets can have one or several owners, including the community, utilities, private
stakeholders or public companies. All these owners have different roles in the microgrid,
various sorts of economic interactions with each other and somehow fund the operation
and maintenance of the microgrid in the long term [177].

The elements of the financial field regroup the different owners of the microgrid into
four groups: consumers, producers, maintainers, and prosumers. Consumers use the
microgrid, producers own energy assets, maintainers operate the microgrid, and prosumers
own energy assets and use and maintain a part of the microgrid.

Each has a different ownership and governance role according to the business model
of the microgrid.
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5.2. Financial Architecture

In this work, the business model of a microgrid is the equivalent of its financial
architecture. It is the tool through which the choices in ownership and governance are
made and the strategic objectives of the microgrid are set. From the literature, three
main microgrid business models or financial architectures can be pointed out: gathered
business model, federated business model, and networked business model [84,178]. These
architectures are illustrated in Figure 9 and detailed in Table 8.

-

o= ’.'_'\ & Consumer
/ |\
sl sle & procucer
N/ AR VAR
= TR £ ariane
/N
¥ F ¥ & rosumer
Gathered Federated Networked
Figure 9. Representation of the different financial architectures.
Table 8. Classification of microgrid business model architecture.
Architecture Type Description Articles
. . The microgrid is owned by a public entity
Government utility ownership which takes care of its entire operation (1791
y . The microgrid is owned by a private entity
Third-party ownership which takes care of its operation (58]
Gathered—One main owner The owner cooperates with a large
and maintainer of the Anchor customer business model infrastructure to ensure a minimum energy [180]
microgrid [22] consumption
Productive use of energy The miciogrid is linked with small businesses [181]
0 ensure minimum revenues
The community has more flexibility with its
Pay as you go consumption of energy, paying just what they [182]
consume
Mixed ownership Customers own a part of the microgrid [183]
Community-owned microgrid The community owns the mlcrogrld and takes [184]
care of its operation
Dinutedmodel  omliedenty v mirgridtut g
Federated—Multiple owners & y
and maintainers of the . The business model focuses on the best energy =
microgrid [175] Energy as a service quality possible to develop the community [186-188]
Integrated community energy system where
ICES the community participates in optimizing [189]
production
Virtual power plant Prosumers can be assembled in a bigger entity [190,191]

that faciliates the operation of the microgrid

Networked—Community owns
and operates the microgrid [192]

The combination of a distributed energy
Standalone systems resource and a storage system allowing [129,193]
anybody to create their own microgrid

Prosumers are connected together in a
decentralized way, and each actor takes care of
its own sources, exchanging energy with a
peer-to-peer market

Decentralized prosumers [118,194,195]

A decentralized peer-to-peer market where the
Blockchain-based energy market price of energy fluctuates depending on the [118,196-198]
demand with some blockchains applications

The community is connected through a
Energy internet model decentralized online tool for a network [199]
organization
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It is essential to notice some similarities between the financial and the information
architectures. The level of centralization of the control, the data, and the communication of
the microgrid information nodes will be impacted or driven by the level of centralization
of governance and ownership built into the financial architecture. An example from
the literature is that a microgrid with a hierarchical information architecture will have
a federated business model with different owners in different parts of the information
pyramid [194,195].

5.3. Financial Issues

The literature points to three critical financial issues that must be addressed to ensure
the economic sustainability of a microgrid: techno-economic design, management, and
long-term planning [10,18,179,200].

Techno-economic design is based on the calculation of the Levelized Cost of Energy
(LCOE) of the microgrid based on the sum of its costs (Capital Expenditure (CAPEX), Main-
tenance and Operational Expenditure (OPEX)) and the forecast of produced energy [51].
The challenge of techno-economic design is that there are assumptions regarding inflation,
discount rates, downtime, and consumer payment default among others, which can alter
the analysis of the feasibility of a microgrid. Many studies address the problem of rightly es-
timating the LCOE of a microgrid by highlighting the importance of a preliminary feasibility
study of the microgrid [52,53], providing a rigorous framework [54], estimating the correct
business model [56], and evaluating the different constraints [55] to better understand the
local context and user needs. The same goes for taking into account good practices that
have been identified in different case studies to make better assumptions when estimating
the chances of success of new microgrid projects [69,201]. Finally, some studies go a little
deeper by providing complete models for microgrid deployment [202], systemic methods
for microgrid design [51,203], or techno-economic optimization frameworks [204,205].

Management handles the day-to-day cash flow of the microgrid [57-60], and it can
be summarized as maintenance and collection of payments [61,62]. Maintenance costs
money but is imperative for the operation of the microgrid. It requires trained and qualified
personnel together with the proper equipment [10,62]. The collection of payments provides
money to the microgrid but requires a particular organization and staff to ensure its
correct execution [19,206,207]. More intelligent microgrids have automated and optimized
payments, which greatly facilitate collection [208,209].

Long-term planning is at the same time forward-looking and backwards-looking in
nature [63].

Forward-looking planning tries to anticipate and smooth transitions, especially if
the acquisition of new equipment and expansion is involved [64,65]. Backwards-looking
planning inventories are recurring problems that must be addressed when new investments
become necessary [7,66,67]. The literature has proposed several methodologies to guarantee
the integrity and the execution of the planning process [210,211].

The financial issues change over time and can be seen through a before, during,
and after deployment framework. Before deployment, a techno-economic study must
address the most relevant aspects of ownership and governance to minimize the LCOE of
the microgrid and maximize its likelihood of success. During deployment, management
must strike a balance between minimizing maintenance costs, providing good service,
and maximizing payment collection. Post-deployment refers to long-term planning that
anticipates investments to replace equipment and expand services while keeping the
LCOE low.

6. Social Field

The social field of a microgrid relates to the complex socio-cultural aspects around its
implementation [212]. The literature points to the notion of social acceptance as a simple
way to express the shaping of a community to a new technology [213] despite a lack of
consensus on its definition [214,215]. In this work, social acceptance will be defined as “not
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simply a set of static attitudes of individuals; instead it refers more broadly to social relationships
and organizations, and it is dynamic as it is shaped in learning processes” [216], and it will be
used to determine the sustainability of the microgrid in the social field [217].

6.1. Social Elements

The most basic social element used in this work is social groups which are composed
of individuals who share common interests [218]. The group containing all individuals
who relate directly or indirectly to a microgrid will be called, in this work, the community
of the microgrid. The literature highlights three major social groups within the community
of the microgrid [29,88,219-221]: individuals that use the microgrid, individuals that own
and/or maintain the microgrid, and policymakers and/or representatives.

As described in Figure 10, some individuals will simultaneously belong to several of
these groups and will see their acceptance influenced by a multi-group perception.

These actors will have a more complex acceptance description because they have
varied interests. We can take the example of prosumers who are both users of the microgrid
but also producers and managers of energy; a village mayor who uses the microgrid would
be part of the user and socio-political group at the same time; or a public entity that installs
a microgrid would be integrated into the manager and socio-political groups.

————
- ~~\
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Figure 10. Representation of the different social architectures.

6.2. Social Architecture

In order to better understand the acceptance of the community of the microgrid, it is
necessary to establish an architecture linking in a simple but realistic way the acceptance of
all the groups that compose it. From the literature, this social architecture can be represented
by three layers [222-224] which are the macro level, the meso level, and the micro level.
Figure 10 shows this architecture.

The macro level refers to the entire community of the microgrid and represents its
global acceptance. The meso level represents the different social groups described by the
three social elements. The micro level represents the individuals themselves.

The social acceptance of the microgrid will be different depending on the type of group
and its layer [224]. The social acceptance of the microgrid of the groups these individuals
belong to will influence social acceptance of the microgrid at an individual level. In turn,
these different groups will shape their social acceptance of the microgrid based on the
overall community of the microgrid [225]. These interactions are bi-directional, meaning
that they can go from a lower to a higher layer and vice-versa [226]. Table 9 describes the
acceptance at each layer and for each social group.



Energies 2022, 15, 2906

17 of 29

Table 9. Cross-analysis between social elements, social architecture, and their acceptance [224].

Social Architecture Layers

Macro Layer Meso Layer Micro Layer
Public acceptance: all the Local public acceptance: End-user acceptance:
groups containing groups and organizations of ~ households and individual
end-users [227] end-users [228] end-users [229]

. Market acceptance: all the Local stakeholder Owner/Manager .

Social iy acceptance: groups and acceptance: local companies
Owner/Manager groups containing O N
elements organizations of and/or individual
owners/managers [230,231]
owners/managers [232] owners/managers [222]

Socio-political acceptance: Policy/Decision-maker

Policv/Decision- all the erotps containin Local political acceptance: acceptance: local
y o%ic /}():lecision- & groups and organizations of =~ government bodies and/or
polcy policy / decision-makers [235] individual

makers [233,234] policy/ decision-makers

6.3. Social Issues

The core social issue is the communication and the social interactions necessary to
shape its social acceptance. The literature points to three defining factors in shaping social
acceptance of microgrids: the knowledge about the microgrid, the rules that govern the
microgrid, and the perception of the microgrid [76,224,236,237].

The knowledge of the community is about the level of social awareness of the tech-
nology of microgrids and the level of education of the individuals relating to the use
or production of energy [68]. Communication shaped around the comprehension of the
technology is critical for its social acceptance because it allows the community to under-
stand and correctly use the technology. Microgrids are an excellent tool to contribute to
the development of remote communities by unlocking and teaching new skills to local
people [69]. The quantification and propagation of this knowledge are highly beneficial for
the development and operation of microgrids [70].

The perception of the microgrid relates to how the technology changes the narrative
of the individuals and the groups [74,75]. This community perception will be strongly
related to how well the microgrid improves or does not improve the local quality of life [76]
but also by the general confidence of the community in the entire microgrid system [216].
Communication about the benefits of the microgrid [238] and transparency on its nuisances
requires a highly qualified management team that takes into account the vision of the
community [239].

The rules that govern the microgrid should contain good planning for a clear vision of
the project, transparent and sustainable ownership, and appropriate pricing and respect for
community territoriality and culture in its governance [71]. The local or national policy is
often a barrier to microgrid development, and policy regulations must address social needs
and feedback [72]. Communicating about these rules allows the community to integrate
the technology more easily into their daily habits, raising their acceptance [73].

It must be stressed that this communication effort is permanent. The management
team of the microgrid must integrate into their work the effort of addressing the knowledge,
the rules, and the perception of the different groups within the microgrid at their different
layers. This requires different strategies, some of which are summarized in Table 10.
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Table 10. Different strategies for social acceptance based on the elements’ acceptance.
Social Acceptance Issues
Knowledge Rules Perception
Educational events, .. . Local
Preliminary community stakeholder/manager

User community

door-to-door campaigns,
usage tutorials, community
maintenance
engagement [240,241]

survey, community
feedback framework on
rules acceptance [242]

presence, consumption
monitoring system,

community ownership
integration [243-245]

Training sessions,

Detailed business model

Detailed planning of the

Social . . documentation, microgrid microgrid project,
microgrid knowledge . . 2.

acceptance Market . design co-construction supervision of rules
sharing locally or on the . : . .

elements web [240,241] with the user compliance, financial

’ community [246,247] feasibility study [248,249]
Vi S pact worstop desn, Lo et
Institution 8y detailed ownership and patgl, b

programs, practical
experience report [30]

governance definition [250]

representatives in the
field [120]

7. Discussion

The objective of this literature review on microgrid sustainability was to reconcile
different views of “energy” and “community” microgrid into a single, systemic, and
comprehensive approach through the four fields detailed above. This section will take
a step further and propose an integrated analysis of these fields and essential aspects
currently missing in the literature.

7.1. On the Lack of Studies on the Interdependence of Issues

While all the proposed fields were analyzed through the same methodology, their
issues are very different. However, despite their differences, the issues seem to be interde-
pendent. The technical choices of the microgrid energy hardware will have repercussions
on the control, data, and communication design choices. Information issues, in turn, are
influenced by (or influence) business model choices. All of this will impact the communica-
tion strategy to promote system acceptance. There is an evident lack, in the literature, of
studies on this interdependence of issues.

7.2. On the Lack of a Sustainability Diagnosis Tool

At any given moment of the lifetime of a microgrid, its sustainability can be impacted
by changes in any of the issues of its fields. Given the multitude of factors, it is essential to
derive a diagnosis tool capable of giving clear feedback to microgrid owners/managers
about its sustainability in the short, medium, and long term. Studies that couple different
sustainability dynamics in the four fields are currently lacking in the literature. These
studies could also use digital twins to monitor the evolution of microgrid sustainability in
real time.

7.3. On the Lack of an Integrated Microgrid Design Methodology

Microgrid design emerged as an explicit issue for energy and finance and as an implicit
issue for the communication and social domains. Different aspects of the domains require
different design considerations and methodologies, which will impact the design of the
other domains. The technical designs of microgrids are already highly mature and can
make highly efficient and flexible microgrids. However, the sizing of the energy market
that will surround the microgrid is much more complex to adapt to the local situation. It
was also seen that social aspects are central to the long-term sustainability of microgrids
and that without participation, acceptance, and positive impact, the microgrid is likely to
struggle to survive. The design of microgrids must therefore be able to take all these factors
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into account at an early stage, and the impacts on design differences must also be better
understood in the literature. Studies on different integrated design methodologies are also
lacking in the literature.

7.4. On the Lack of a Systemic Model for Microgrid Study and Simulation

Microgrid modeling usually focuses on mathematical equations of its energy field and
some decision making of the control part of the information field [31]. A few models handle
the economic dynamics of microgrids [54], usually focusing on calculating its LCOE [51].
Complex systems are increasingly modeled in a multidisciplinary way to represent the
system as closely as possible to reality, as in transport [251], energy in the broad sense [252],
and other socio-technical systems [253]. There is currently no model in the literature capable
of simulating and studying a microgrid from a systemic perspective that covers all of its
fields. A new microgrid modeling approach should deeply consider representing every
element of the microgrid system as well as its interconnections.

7.5. On the Lack of Studies on the Expansion of a Microgrid System

Expansion of microgrids is a long-term issue related to its planning and, indirectly,
to its sustainability. As an example, stand-alone systems are prevalent and successful
examples of microgrids that are designed for expansion [129,193]. The expansion impacts
all the fields, creating a system that changes over time. Multiple Micro Grid [254,255]
is also an emerging topic in microgrid systems. It relates to their expansion and inter-
operation and can benefit from the analysis proposed in this work to better choose the
necessary interconnection algorithms [256,257], which vary with the microgrid architecture.
Future studies in expansion should consider its multi-field dimension and evaluate how an
expansion can impact the sustainability of the microgrid.

8. Conclusions

Microgrids are a promising technology for energy access, but their recurrent failures
are still not fully understood by the scientific community. Energy microgrids and commu-
nity microgrids have too often been studied separately, but for the understanding of these
failures, the study of the system as a whole seems more relevant to detecting the problems.
This article addresses this issue by proposing a new systemic overview of microgrids which
unifies the representation of energy, information, financial, and social fields. Every field
was described by elements, architectures, and issues. This novel unified field structure
allows the study of the sustainability of microgrids through cross-comparison of issues.

For the energy field, the main issue is its appropriate sizing with suitable quality
components and appropriate system protection. This field has been extensively studied
and appears to be relatively mature in its implementation within microgrids. Likely,
advances in this area will mainly improve the technologies’” overall efficiency or help
reduce their economic and environmental costs.

For the information field, the issues are driven by data, control, and communication
considerations. This field poses many challenges for the future sustainability of microgrids.
Energy management algorithms must be able to adapt to ever more complex microgrid
architectures and ever higher efficiency demands. Furthermore, the issue of microgrid
interoperability remains central, even if significant steps foreward have been made to find
generalized and effective solutions for connecting several grids.

The financial field has the issue of appropriate technico-economic design, financial
management, and long-term planning for expansion and investment. This field should not
be limited to a balanced cost/revenue balance; the financial field within microgrids is in
charge of the connection between users and managers. For the long-term sustainability
of the local electricity market, the business model must involve both the consumers and
the energy market and find the balance between governance and overnership. Many new
business models are emerging that consider the current local situation to provide the most
appropriate solution from the most gathered to the most networked.
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The social field issues focus on acceptance, which is based on knowledge of the
technology, understanding its usage rules, and building a positive perception of its usage.
This area must remain central to the study of microgrids as it is the center of production,
the end goal being to produce a quantity of energy that provides some work to a user.
Acceptance of a microgrid is therefore major for its sustainability, allowing for ease of
operation, utility support, and market participation. Real long-term studies should be
encouraged to measure and better understand the impacts of this acceptance and to provide
solutions that best improve the quality of life of users.

Few articles in the literature attempt to link these different fields simultaneously. While
this work presents an isolated, albeit unified, description of the fields, their causal links,
events, and dependencies have yet to be precisely determined. These links should lead to
systemic modeling of the microgrid along with its short, medium, and long-term dynamics.
Based on this systemic vision, other future work should study microgrid sustainability,
viability, scalability, and expansion.
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