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Abstract: The reliability of the power grid is a constant problem faced by those who operate, plan and
study power systems. An alternative approach to this problem, and others related to the integration
of renewable energy sources, is the microgrid. This research seeks to quantify the potential benefits
of urban community microgrids, based on the development of planning models with deterministic
and stochastic optimization approaches. The models ensure that supply meets demand whilst
assuring the minimum cost of investment and operation. To verify their effectiveness, the planning of
hundreds of microgrids was set in the city of Santiago de Chile. The most important results highlight
the value of community association, such as: a reduction in investment cost of up to 35%, when
community microgrids are planned with a desired level of reliability, compared to single residential
household microgrids. This reduction is due to the diversity of energy consumption, which can
represent around 20%, on average, of cost reduction, and to the Economies of Scale (EoS) present in
the aggregation microgrid asset capacity, which can represent close to 15% of the additional reduction
in investment costs. The stochastic planning approach also ensures that a community can prepare for
different fault scenarios in the power grid. Furthermore, it was found that for approximately 90% of
the planned microgrids with reliability requirements, the deterministic solution for the worst three
fault scenarios is equivalent to the solution of the stochastic planning problem.

Keywords: reliability; diversity of energy consumption; economies of scale; planning of urban
community microgrids; stochastic programming

1. Introduction
1.1. Motivation

Nowadays, power systems face an energy transition process that involves the concepts
of smart grids, distributed generation and storage, demand side management and demand
response [1]. These trends in electrical grids are changing the way traditional electrical
systems are planned and operated, giving way to the deployment of joint solutions for the
generation, distribution and consumption of energy, such as microgrids [2].

Microgrids are defined as small electrical power systems that incorporate distributed
generation, storage systems and controllable loads, as well as information and communica-
tion technologies for the local management of energy resources [3]. They have the ability
to operate both connected to the electricity grid and in islanded mode, for example, in the
event of a contingency in the electricity grid [4]. Given this context, microgrids emerge
as a technological response that can help modernize traditional power grids, providing
resilience, greater reliability and energy sustainability [5].
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Around the world, a variety of electricity supply projects have been developed under
the microgrid concept [6]. Some of them are set as a solution for remote areas and not linked
to interconnected electrical systems [7]. Others function as test benches in academic and
research centers to evaluate the impact of renewable energy resources on electricity grids [8].
The remaining microgrid projects are aimed at increasing the quality and reliability of
power systems while providing resilience and facilitating the integration of renewable
energy sources within the distribution systems [9].

In particular, in urban communities with high rates of electricity supply interruptions
(as is the case in some Latin American countries, see Table 1), there may be numerous social,
economic and environmental benefits to microgrids. Possible benefits include energy self-
sufficiency, promoting a sustainable energy supply, increased energy reliability, retaining
economic benefits in the community, providing an alternative and competitive energy
supply, and coordinated integration of renewable generation systems with energy storage
and the electricity grid [10].

Table 1. Average annual duration of interruptions for Latin American countries [11].

Country SAIDI [Hours] Country SAIDI [Hours]

Argentina 29 Costa Rica 6
Brazil 18 Panama 20
Chile 13 Peru 15

Colombia * 39 Uruguay 11
* Colombia includes interruptions longer than one minute, while the other countries measure them from three minutes.

Additionally, microgrids are capable of reacting, resisting and recovering quickly in
the event of low-probability and high-impact events (such as hurricanes, earthquakes and
floods), facilitating the rapid recovery of the power grid [12].

In order for the benefits of microgrids to be perceived by the community, it is nec-
essary that in the planning of microgrids, in addition to considering variables intrinsic
to the traditional planning approach (such as the type and size of distributed generation
technology), demand-side aspects must also be covered [13]. Some of these aspects involve
the load profiles of each user in the community disaggregated by end use, as well as their
diversity factor and flexible demand resources (interruptible and manageable loads).

Therefore, this research seeks to quantify the potential benefits of urban community
microgrids, based on the development of planning models, with deterministic and stochas-
tic optimization approaches. Specifically, this work proposes a model based on: ensuring
supply meets all or part of the demand (critical demand), and guaranteeing the minimum
cost between investment and operation. The proposed models fulfill the dual purpose of
increasing the quality and reliability of the electrical power supply for a community that
decides to protect itself from faults in the electricity grid, and facilitate the integration of
small-scale renewable energy sources within the distribution systems.

1.2. Brief Study of the Literature

The purpose of microgrid planning is to determine the size, number, combination,
and in some cases, optimal location of assets that minimize the costs of investing and
operating microgrids [14]. However, in community-based microgrids, it is also projected to
involve factors such as the sufficiency of income for the community, the efficient allocation
of resources among stakeholders, and particularly in urban communities, the improvement
of the reliability levels for the users [10].

Specifically, a community microgrid focuses on ensuring the electricity supply to a
community during a power interruption in the power grid [15]. Community microgrids in-
crease the resilience of the system in the face of low-probability and high-impact events, as
is the case with the microgrid installed in Huatacondo, Taracapá Region-Chile, where in the
event of contingencies that occurred (an avalanche that cut the access road of the commu-
nity, an earthquake and the fall of the wind generator) the microgrid was able to maintain
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the power supply to all its inhabitants [16]. Consequently, several studies have been carried
out on the deployment of microgrids, specifically in the urban-residential segment.

In [17], the planning of a 15-household community microgrid is proposed, where
the optimal size of their energy resources is determined (bank of batteries and biogas
generators), incorporating demand management through a group of controllable loads.
The importance of community microgrids is also analyzed in [18], where an optimization
model based on Mixed Integer Linear Programming (MILP) is formulated for the planning
of a microgrid made up of 20 households. The objective is to reduce the total costs, which
include investment plus operational costs of Distributed Energy Resources (DER), battery
degradation costs, costs for loss of customer comfort, among others, when considering
residential HVAC (heating, ventilation and air conditioning) systems. On the other hand,
the authors in [19] have analyzed the advantages of having community microgrids with
demand response (200 homes distributed in 20 groups of 10 households, with photovoltaic
generators and battery storage systems) to favor the penetration of photovoltaic solar
energy. The demand response is used as a strategy to displace the import needs of extra
energy from the main grid during cloudy days or those with little solar generation. In [20],
a planning problem for the expansion of a microgrid is tackled, proposing a two-stage
stochastic optimization approach. Investment decisions (capacity of generation units and
transmission lines) are determined in the first stage, which seek to maximize benefits for
all interested parties. In the second stage, operating costs are minimized by considering
uncertainty factors for maintaining the resilience and reliability of the system. Furthermore,
a microgrid made up of five houses with photovoltaic (PV) generation systems, wind
generation and batteries, is planned in [21]. The microgrid operates connected to the power
grid, and seeks to reduce the cost of energy, while increasing the reliability of the supply
and allowing the community to export surplus energy to the main grid. Additionally,
in [22], the interconnection of six microgrids is planned in order to increase the reliability of
an entire community, and facilitate load sharing between microgrids. In [23], a sustainable
community microgrid is planned through the formulation of an optimization problem for
the location and sizing of tri-generation equipment: Combined Cooling, Heat and Power
(CCHP) systems.

The integration of intermittent DER (mainly solar and wind energy) into distribution
systems has also been addressed in various research studies. In [24], a method is proposed
to minimize the fluctuating voltage that is produced as a consequence of the integration of
renewable energy sources in unbalanced distribution systems. In [25], the optimal size of
a generation system (diesel, wind turbines, solar systems and fuel cells) was determined.
The goal was to minimize the system costs and to reduce environmental pollution, using a
scenario-based algorithm for modelling the uncertainty of intermittent DER. Finally, in [26],
an optimal configuration of a microgrid to ensure reliable power supply was proposed. The
objective focused on solving the optimal planning problem such that the costs of electricity
and the value of lost load (VOLL) are minimized.

1.3. Description of the Issue

According to the literature review, five main challenges were found:

1. A microgrid planning approach that continues to be on the supply side. The mi-
crogrid models found in the literature assume that the energy resources belong to
a single party, usually the public service companies or grid operators, and ignore
community interests, such as the need to improve reliability indices and participate
in the energy markets.

2. The need to incorporate reliability requirements in the planning of microgrids, which
favors their islanded operation during a minimum period of autonomy. The solutions
found in the literature, even though they consider elements that provide reliability,
such as energy storage, do not guarantee that users can protect themselves against
different levels and durations of faults in the main grid.
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3. Consideration of the stochastic dimension in the planning of microgrids, so that a
community can prepare for different fault scenarios. In some works, microgrid plan-
ning is based on deterministic optimization models that consider a single operational
scenario, generally without fault [17,18,21]. Other investigations, while they take
into account the intermittency of renewable sources, the interruptions of the energy
supply, or the growth in demand [20,27–29], do not present solutions that clearly
quantify the advantages of having microgrids which satisfy reliability requirements.

4. Development of planning models considering a long-term analysis horizon, with
hourly resolution of the data. Some planning works include the use of data samples
with hourly load and generation resolution, with which they seek to represent annual
meteorological conditions, in time windows of weeks of a month, or even a typical
day [30–32]. Using this type of representation of the study horizon, the results could
be extended to a full year (365 days), while the calculation time of the optimization
problem is considerably reduced [33]. In this research, the stochastic and random
behavior of hundreds of load profiles, with 8760 h, was considered.

5. The conclusions of this research are obtained from the optimal development of hun-
dreds of microgrids with reliability requirements. In contrast, previous investigations
on microgrid planning base their conclusions on a few case studies, or even particular
cases (a specific microgrid planning) [34–36], which make it impossible to extract
generalized conclusions.

1.4. Contributions

This document presents planning models with deterministic and stochastic optimiza-
tion approaches, for the planning of urban community microgrids. The models combine
the investment decisions (sizing and type of technology) and operational optimization.
The contributions of this paper can be summarized as follows:

1. Microgrid optimization planning models which consider: (i) the formation of different
groups of randomly selected residential customers and (ii) the Economies of Scale
(EoS) associated with investment costs of microgrid infrastructure, were successfully
implemented. These models show an important cost reduction due to the aggregation
of customers, highlighting the value of community association for microgrid develop-
ment. Around 20% of the reduction is due to the diversity of energy consumption,
and up to 15% of additional reduction in investment costs is due to EoS (up to 35% of
total reduction).

2. The two-stage stochastic optimization approach, which can be used to plan microgrids
capable of tackling different fault scenarios in the power grid. An important finding
related to how to approach community microgrid planning has to do with solving
the worst of the deterministic fault scenarios. Around 90% of the deterministic study
cases addressed (considering reliability requirements) yielded results with an error
less than or equal to 5% with respect to the solutions obtained with the stochastic
planning approach.

3. A planning tool for designing microgrids, with information for the mathematical
modeling of DER, operational constraints and the main grid, considering aspects
such as: investment and operational costs, annual demand profiles for different
numbers of residential clients, annual profiles of solar generation, purchase and sale
of energy to the power grid, reliability indicators, EoS and identification of scenarios
for stochastic simulations.

Since hundreds of designs (i.e., optimization problems) were made for different groups
of residential clients (different number of consumers/households associated with each mi-
crogrid), and also for different clients within the same group (different consumption patterns
per household), the conclusions obtained in this research can be properly generalized.
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1.5. Article Organization

The remaining sections of this document are organized as follows. Section 2 describes
the methodological proposal for planning urban community microgrids, based on two
deterministic and stochastic optimization models. Section 3 presents a case study applied
to the city of Santiago de Chile for the determination of hundreds of microgrids. Results
and analysis are presented in Section 4. Finally, Section 5 presents conclusions on the
planning of urban community microgrids.

2. Methodological Proposal for Community-Based Urban Microgrid Planning

The present work aims to illustrate the potential benefits of urban community mi-
crogrids, carrying out an optimal planning of hundreds of microgrids with reliability
requirements. This work seeks to contribute to the solution of the problem in urban com-
munities, related to guarantee a minimum period of energy autonomy in the event of
contingencies in the power grid. For that purpose, the models developed integrate sizing,
type and operation of DER, using deterministic and stochastic optimization approaches,
which are summarized in Figure 1. The models receive input parameters such as fault start
time, fault duration, probability of each fault scenario (only for stochastic model), load
and generation hourly profiles, and investment and operational costs. CREST Demand
Model and Solar Explorer tools are used to get household and solar generation profiles.
For the stochastic model, a clustering method is previously applied in order to reduce the
number of scenarios. Then, microgrids capable of facing different main grid fault scenarios
are determined. Finally, the results, such as size and type of microgrid assets, operation
and total costs, are obtained for both deterministic and stochastic optimization approaches.

Figure 1. Graphical description of the proposed planning models for urban community microgrids with reliability requirements.

These models were solved for different groups of residential clients and also for
different clients within the same group. The reason for solving the planning problem for
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different groups of clients is due to the fact that residential demands are diverse (e.g.,
different households are not consuming the same power at any given time); therefore, a
microgrid designed for one particular client and/or group of clients will not necessarily be
the same microgrid as for other residential households or groups of households. All the
elements and the implementation of the models will be presented in the following sections.

2.1. Deterministic Planning Model

The deterministic approach to the planning problem seeks to determine the type
and capacity of the assets of the microgrids that minimize investment and operating
costs. Therefore, the formulation of planning models with reliability requirements is
presented below.

Planning models with the incorporation of reliability requirements: Reliability require-
ments guarantee islanded operation of the microgrids, in the event of contingencies in the
power grid. This aspect was achieved by the optimal combination of photovoltaic genera-
tors and energy storage systems. Regarding the PV inverters, two possible configurations
for microgrids are considered:

• Alternative 1: photovoltaic solar system with on-grid inverter technology, an inverter
charger and batteries.

• Alternative 2: photovoltaic solar system with hybrid inverter technology with or
without batteries.

The microgrids can operate in islanded mode incorporating the necessary assets that
guarantee their operation. For Alternative 1, an inverter charger must always be included,
to which the batteries are connected, and which together with the photovoltaic generator
guarantees power supply to the users.

The planning tool must decide on the most economical alternative, and this will
depend mainly on the time period during which a fault occurs (morning, afternoon,
night), on the stochastic behavior of energy consumption and on other factors that make it
impossible to decide a priori on one of the two configuration alternatives as the optimal one.

The installed power of the PV system is determined by Equations (1) and (2):

Pinsto ≤ M.xpo (1)

Pinsth ≤ M.xph (2)

xpo + xph ≤ 1 (3)

Since the planning tool must decide whether to install solar panels with on-grid
inverter technology (decision variable Pinsto), or panels with hybrid inverter technology
(decision variable Pinsth), the binary variables xpo and xph are used, which, along with
Inequality (3), ensure that both have different values. These variables are applied as
constraints to the panel’s installed power with on-grid and hybrid inverter technologies,
using the Big-M method [37], as observed in Inequalities (1) and (2). In this case, the power
that can be injected into the grid is presented in (4) and (5):

Ppv(t) = Pinsto.PV1kW(t) (4)

Ppv(t) = Pinsth.PV1kW(t) (5)

where PV1kW(t) is the power generated by 1 kW of panels installed in the study region,
which is given by the generation profile for each hour of the analysis horizon. Additionally,
the power that can be injected into the grid is limited by solar generation, as presented in
Inequality (6):

Pout(t) ≤ Ppv(t) (6)

Additionally, the energy constraints of the battery storage system are determined by
(7)–(9):

E(t) ≥ 0, 2.Ebess (7)
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E(t) ≤ 0, 9.Ebess (8)

E(t) = E(t− 1) + Pch(t).ηc.∆t− Pdch(t)/ηd.∆t (9)

where Ebess corresponds to the energy of the battery to be installed and represents another
decision variable of the optimization problem that is included in the objective function of
each model. Furthermore, Pch(t) and Pdch(t) are the charging and discharging power of the
battery; ηc and ηd are coefficients that determine the performance of the battery in charging
and discharging, respectively. t is the index associated with the study horizon, which takes
values from 0 to 8759. ∆t indicates the resolution of the data (1 h in this paper).

Inequalities (7) and (8) represent the technical limits of battery charge. Batteries should
not be charged above 90% of their capacity, nor discharged below 20% [38]. Equation (9)
describes the operation of the battery as the energy of the battery at time t, equal to the
energy it had at a previous time, added to its charge energy minus the discharge energy
(both the power and the energy of the battery are variables to be optimized in planning
models). Battery power constraints are supplemented by minimum storage requirements:

• Minimum battery size: 0 Wh, if a PV system with hybrid inverter technology is sized.
• Minimum battery size: 60 Wh ∗ d or the value determined from Equation (11), if a PV

system is dimensioned with on-grid inverter technology.

The idea of having two alternatives for the minimum size to which the battery can be
dimensioned is based on the following assumptions: (i) PV systems with hybrid inverter
technology can work disconnected from the grid even without the incorporation of batteries
(as long as generation is greater than demand). (ii) For the operation of PV systems with
on-grid inverter technology disconnected from the main grid, an inverter battery charger
is always required. The minimum size of the batteries is, therefore, 60 Wh (enough to turn
on a bulb) times the interruption duration d (this is the duration of the fault in hours),
or as proposed in [39] from Equation (11), enough to smooth the power fluctuations at
the output of the PV generator, implemented in this research as a guarantee of minimum
battery storage.

The minimum storage requirement constraints are presented in Equations (10) and (11).

Ebess = xbess.Ebess_res (10)

And Ebess_res ≥ Ebes_min

Ebess ≥
Pinsto
4.rmax

(11)

where xbess corresponds to a binary variable that is activated when the planning tool
decides to install batteries, Ebess_res is a variable that can take any value between zero
and infinity, Ebess is the parameter that limits the minimum value of battery energy Ebess
(decision variable), according to the minimum storage requirements described above.
Additionally, rmax is the maximum ramp limit expressed in [%/min] according to [39].

Regarding the battery charge and discharge limit constraints, these are determined
from (12)–(18).

Pch(t) ≤ M.xc(t) (12)

Pch(t) ≤ Pinvc (13)

Pch(t) ≤ Pinsth (14)

Pdch(t) ≤ M.xd(t) (15)

Pdch(t) ≤ Pinvc (16)

Pdch(t) ≤ Pinsth (17)

xc(t) + xd(t) ≤ 1 (18)

As the battery cannot be charged and discharged at the same time, the binary variables
xc(t) and xd(t) are used, which with Inequality (18) ensure that both have different values.
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These variables are applied as constraints to the load (Pch) and discharge (Pch) powers, as
observed in Inequalities (12) and (15). The charging and discharging powers are limited by
the power of the inverter charger (Pinvc, decision variable) and by the installed power of
the PV system with hybrid inverter technology (Pinsth, decision variable), as presented in
Inequalities (13), (14), (16) and (17). The minimum power of the battery inverter charger
is limited by half the installed power of the on-grid system (according to [39]) or the
maximum demand, for the duration of the episode of power fault (Equation (19)). This is
to guarantee feasibility in the operation of microgrids, and to ensure that all the energy
generated by the panels can be delivered to the users at the time of a fault.

Pinvc ≥ min
{

Pinsto
2

, max{Dem(t) during f ailure}
}

(19)

Finally, the objective function that determines microgrid investment and operational
costs, both in connected and islanded modes, under reliability requirements, is presented
in Equation (20).

F.Od1 = ∑
t∈T

(
Cgrid. Pgrid(t)

)
. ∆t+ Cpvo. Pinsto + Cpvh. Pinsth + Cbess. Ebess + Cinvc. Pinvc − ∑

t∈T
(Cout. Pout(t)). ∆t (20)

where Cgrid and Cout are the costs of buying and selling energy to the main electrical grid,
Pgrid and Pout are the import and export powers to the power grid, and Cpvo, Cpvh, Cbess
and Cinvc are the annual investment costs of the photovoltaic system with on-grid inverter
technology, hybrid inverter, battery storage system and inverter charger, respectively.

Constraints:
During normal operation:

Pgrid(t) + Ppv(t)− Pch(t) + Pdch(t)− Pout(t) = Dem(t) (21)

During fault hours:
Pgrid(t) = 0, Pout(t) = 0

Case 1 : Ppv(t)− Pch(t) + Pdch(t) ≥ Dem(t) (22)

Case 2 : Ppv(t)− Pch(t) + Pdch(t) ≥ Demc(t) (23)

Regarding the power balance constraints, in the non-fault condition (Equation (21)),
the normal load profile is always supplied, while in the fault condition, Case 1 (Equa-
tion (22), ensuring supply of all energy demand) and Case 2 (Equation (23), ensuring
supply of a critical demand) are evaluated. For both cases, some flexibility in the system
is provisioned to be able to “pour” solar energy if necessary. This happens when the
connection to the power grid is lost. Given that during this fault event the demand for
normal or critical energy must be ensured from the batteries and the PV generator, the
latter being unavailable makes the task of matching generation to demand quite complex.
For this reason, in the case of fault it is necessary to include the inequality symbol in the
power balance equations (i.e., the PV production can be reduced).

2.2. Two-Stage Stochastic Planning Model

Since the deterministic models described in the previous section do not consider the
uncertainty represented by moments of the year in which a fault could occur (any hour of
the analysis horizon), the stochastic dimension was included in order to optimally plan
microgrids capable of facing different main grid fault scenarios. The literature describes
stochastic programming as a two-stage problem [40]: the first stage associates investment
decisions on a project, whilst the second stage involves decisions on the operation and/or
maintenance of project assets. In this sense, the variables of the models from the previous
section were adjusted to include a random vector represented by scenarios (s) for the
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moments of the year in which a fault could occur, and as a consequence solve a planning
problem with a stochastic approach.

Taking into account that the equations of the first stage are the same as those presented
in the deterministic models of Section 2.1, only the variables and constraints that affect the
second stage of the stochastic planning problem are presented below:

Battery power constraints:
E(t, s) ≥ 0, 2.Ebess (24)

E(t, s) ≤ 0, 9.Ebess (25)

E(t, s) = E(t− 1, s) + Pch(t, s).ηc.∆t− Pdch(t, s)/ηd.∆t (26)

where s represents the operational scenarios of the microgrid, for hours of the year in which
a fault occurs. For this work, s takes values of 1, 2 and 3 (three scenarios).

Power injected into the grid:

Pout(t, s) ≤ Ppv(t) (27)

Battery charging and discharging power:

Pch(t, s) ≤ M.xc(t, s) (28)

Pch(t, s) ≤ Pinvc (29)

Pch(t, s) ≤ Pinsth (30)

Pdch(t, s) ≤ M.xd(t, s) (31)

Pdch(t, s) ≤ Pinvc (32)

Pdch(t, s) ≤ Pinsth (33)

xc(t, s) + xd(t, s) ≤ 1 (34)

Minimum power requirement of the inverter charger:

Pinvc ≥ min
{

Pinsto
2

, max{Dem(t, s) during f ailure}
}

(35)

Finally, the objective function of the stochastic planning problem, both in connected
mode and in islanded mode, under reliability requirements, is presented in Equation (36).

F.Ost1 = Cpvo.Pinsto + Cpvh.Pinsth + Cbess.Ebess + Cinvc.Pinvc

−p(s) .
[

∑
t∈T

(Cout. Pout(t, s))− ∑
t∈T

(
Cgrid. Pgrid(t, s)

)]
. ∆t (36)

where p(s) is the probability for each scenario s.
Constraints:
During normal operation:

Pgrid(t, s) + Ppv(t)− Pch(t, s) + Pdch(t, s)− Pout(t, s) = Dem(t) (37)

During fault hours:
Pgrid(t, s) = 0, Pout(t, s) = 0

Case 1 : Ppv(t)− Pch(t, s) + Pdch(t, s) ≥ Dem(t) (38)

Case 2 : Ppv(t)− Pch(t, s) + Pdch(t, s) ≥ Demc(t) (39)

This way of representing the objective function of the stochastic problem (Equa-
tion (36)) is known as the “implicit form of the stochastic programming problem” because
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it describes in a general way the decision variables of the second stage for s scenarios to be
evaluated [40].

Identification of stochastic scenarios: In order to perform stochastic simulations of the
models in Equation (36), it is necessary to identify the scenarios (fault start times in the
power grid). In this sense, the strategy used in this research was to obtain the annual “Fault
Energy Demand Duration Curve” (for each residential household and for each group of
households). Each value of this curve corresponds to the total energy that would have been
consumed during the next 8 h given a fault occurring in hour h; after that, these values are
sorted from highest to lowest. The steps to identify the scenarios are as follows:

• Establish the duration of the continuous fault (1, 2, . . . , d) where d is the maximum
duration of the fault in hours.

• Establish moving windows for the size of the fault duration and sum the demands
within the established range. Then, move the window to the second hour and add the
demands of the new range. It must start at t = 0 h until t = [8759− (d− 1)] h.

• Obtain histograms with an annual distribution of energy demand during fault hours
for the study horizon. Next, the fault energy demands (scenarios) must be organized
in descending order, taking care to identify the time of year in which each one occurs.

Given that the number of scenarios is quite large, Ward’s hierarchical agglomeration
method is applied to obtain the representative fault energy demands of each scenario
to be modeled (according to the number of clusters to be formed). Ward’s method is
presented in [41]. This is a hierarchical procedure whose objective is to find, at each
stage of the agglomeration process, two clusters or individuals whose union provides the
smallest increase in the total sum of errors E. Ward’s method has the form presented in
Equation (40):

Ek =
nk

∑
i=1

n

∑
j=1

(
xk

ij −mk
j

)2
(40)

where Ek is the sum of squares of the errors in cluster k, that is, the squared Euclidean
distance, between each individual in cluster k at its centroid. xk

ij is the value of the j–th
variable on the i–th individual of the k–th cluster, assuming that said cluster has nk
individuals. mk

j means component j of centroid mk of cluster k.
Finally, the sum of squares of the errors for all clusters, assuming there are h clusters,

is determined as shown in Equation (41).

E =
h

∑
k=1

Ek (41)

After the clusters are formed, the mean of each one is calculated and the individual
or scenario (energy fault demand) that is closest to the adjustment of its cluster is chosen.
Finally, this value is indexed to obtain each scenario to be modeled, i.e., for this research,
the time energy fault demand is presented. Subsequently, the probability that this fault
demand occurs is calculated as the relationship between the number of scenarios per cluster
and the total number of scenarios for the entire population.

3. Case Study

The case study aims to illustrate the capabilities and performance of the proposed
optimal planning models and it considers the design of hundreds of microgrids for different
numbers of residential clients (1, 10, 20 and 100 clients) (i.e., by solving the optimization
models developed), assuming their implementation in the city of Santiago de Chile. This
exercise was also repeated for various reliability requirements. The graphic representation
of the configuration alternatives for the microgrids is presented in Figures 2 and 3.
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Figure 2. Alternative 1, configuration for microgrids of a residential household.

Figure 3. Alternative 2, configuration for microgrids of a residential household.

The microgrid alternatives include the following main assets: PV generator, inverters
and batteries. In addition, the participation of the power grid is considered during the
connected operational mode (a fundamental characteristic of an urban microgrid). It should
be noted that given the characteristics of the clients in each microgrid (diversity of energy
consumption and number of clustered clients), the proposed models optimally determine
which configuration to use and what sizing to carry out of the assets that build up each
microgrid (by minimizing investment and operational cost together).

On the other hand, the microgrid models that are proposed in this work require a
set of input data, which must be collected and processed for the analysis. Regarding
load demand, hourly residential household load profiles are based on the CREST De-
mand Model, which incorporates a stochastic model for generating electricity demand
profiles [42]. The model produces demand data broken down by end use. For this, it uses
a bottom-up modeling approach, which is based on active occupation patterns and daily
activity profiles derived from user surveys. Among its many characteristics, the CREST
Demand Model includes a representation for each household appliance and lighting, with
which the aggregations of the household loads are simulated, so that the diversity of these
is appropriately represented and the demand for end use is adequately correlated. Hence,
parameter adjustments were carried out in the CREST tool, related to the nominal power
and type of electrical appliances, to adequately represent the demand of low-consumption
urban areas. Various load profiles of residential households were obtained, which present
an average of 135 kWh per month [43]. Critical load profiles were also considered, which
for residential households typically averaged 55 kWh per month. The critical load in this
work consists of lighting, a television, a fridge, and a personal computer. This choice is
made to ensure that in an emergency people feel safe, their home is illuminated, their
food is kept in a good condition and they stay informed or entertained with the television
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and/or personal computer. The electrical appliances included in the CREST model for this
study are presented in Table 2.

Table 2. List of CREST Demand Model appliances.

Appliances [W] Appliances [W] Appliances [W] Appliances [W]

Fridge 350 TV set (x3) 38 (x3) Stereo 100 Microwave oven 1250
CD player 15 DVD player 34 Iron 1000 Coffee maker 800

Clock 2 Digital TV receiver 20 Personal computer 60 Washer 405
Wireless phone 2 Oven 2125 Printer 40 Lighting 15–100

The load profiles obtained by CREST (after the modification), for any one week of the
study year, and from different groups of 1 and 100 clients, are presented in Figure 4, where
it can be noted that although the individual profiles are quite different, their aggregate
behavior is similar, as is the case in practice.

Figure 4. Load profiles for one week of the year for different groups of: (a) 1 residential household
and (b) 100 residential households.

As for the annual hourly profile of solar generation (Figure 5), it was obtained from
the Solar Explorer of the Ministry of Energy of Chile [44]. Daily solar generation profiles
with an installed power of 1 kW are considered for the city of Santiago de Chile (Latitude:
−33.4372, Longitude: −70.6506), with solar radiation values between 4 and 6 kWh/m2 day.
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Figure 5. Average monthly solar generation profiles for the city of Santiago de Chile.

Since the planning of the microgrids will consider the size of assets (PV generator,
storage systems and inverters), it is necessary to include their investment costs. These costs
are included from annuities in Equation (42).

A = VP .
r . (r + 1)n

(r + 1)n − 1
(42)

where A is the annuity of the investment, VP is the present value of the investment, r
is the discount rate and n is the number of years or period of analysis. Table 3 shows
the annualized investment costs of the assets for the planned microgrids, considering a
discount rate of 3%. The costs of on-grid, hybrid, inverter, charger and battery inverters
and panels [45,46] are included. The energy purchase and sale prices have also been
considered [47].

Table 3. Base investment costs, annualized with a 3% discount rate. Source: [45–47].

Parameter Cost

Solar PV system with on-grid inverter USD 101.4/kW
Solar PV system with hybrid inverter USD 103.5/kW

Lead acid battery USD 13.8/kWh
Inverter charger USD 11.3/kW

Energy purchase price USD 0.124/kWh
Energy sale price USD 0.068/kWh

The lifetime corresponds to 20 years for the PV system with an on-grid inverter or
hybrid inverter, 10 years for the batteries and 15 years for the inverter-charger.

From the proposed models, hundreds of planning exercises were carried out to study
the behavior of the optimization variables. For this, the following assumptions were taken
into account:

• A full year is analyzed, with a time interval of 1 h and considering a total project
duration of 20 years.

• A total of 100 different microgrids per group of 1, 10, 20 and 100 residential households
were optimally determined with the objective of evaluating the variation in the results
for different groups of clients.

• For each proposed microgrid model, different reliability requirements are taken into
account, with various simulated faults in the power grid. Thus, for the deterministic
planning approach, faults of 4, 8 and 12 continuous hours of duration are considered,
which are distributed throughout the year of analysis, according to the monthly
historical probability of fault for a distribution circuit of the study zone.

• For the stochastic planning of microgrids, explicit faults are considered according to
the scenarios identified with Ward’s agglomeration method (three different start times
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for each group of users). For this planning approach, only faults with a duration of
8 h are considered.

After the optimization process, sensitivity analyses are carried out for the investment
costs of the microgrid assets. For this purpose, the costs for EoS in Table 4 are considered.
The concept of EoS refers to reductions in investment costs per unit as the size of a facility
increase [48].

Table 4. Economies of scale for microgrid assets.

Size [kW]
Annuity [USD/kW]

Size [kW]
Annuity [USD/kW]

PV + on-Grid
Inverter

PV + Hybrid
Inverter

Inverter Battery
Charger

[0–3] 101.4 103.5 [0–3] 11.3
(3–4] 96.5 97.9 (3–5] 10.3
(4–5] 94.1 93.6 >5 9.3
(5–10] 91.7 91.2

>10 84.8 88.2

Furthermore, a case will be established without reliability requirements, which will
serve as a base case to compare the results of the proposed models. This case considers the
installation of assets, assuming that there are no faults in the power grid (without active
reliability constraints: Equations (22), (23), (38) and (39)).

4. Results and Analysis

The case study aims to evaluate the effects of different groups of customers and EoS, on
the optimal results of the proposed formulation (deterministic and stochastic optimization
approaches). Section 4.1 shows the results for the deterministic planning problem. There,
microgrids that only operate in grid-connected mode, and microgrids that operate in both,
connected and islanded mode, have been analyzed in two cases (see Section 2.1). Moreover,
a comparison from the economic point of view, between the different groups of microgrids,
is carried out. Section 4.2 aims to analyze the effects of uncertainty related to the period of
the analysis horizon when the fault happens, and how microgrids are optimally prepared
for such a condition. Likewise, comparisons from the investment costs for different groups
of clients are made. At the end of the section, a comparison between the objective function
of the deterministic and stochastic problem for planning urban community microgrids
is made.

4.1. Solution of the Deterministic Planning Problem
4.1.1. Results for the Case without Reliability Requirements

In total, 400 optimal planning exercises were carried out, that is, 400 microgrid designs
(100 for each group of clients with different load profiles obtained from CREST), which
allows for the determination of the total costs of microgrids that operate connected to
distribution systems. The average results obtained without reliability requirements, for
each group of residential households, are presented in Table 5.

Table 5. Average results for microgrids without reliability requirements.

Clients by Microgrid 1 10 20 100

Panel power [kW] 2.25 18.22 35.76 178.23
Panel power per household [kW] 2.25 1.82 1.79 1.78

Inverter technology On-grid On-grid On-grid On-grid

Investment cost per client
[USD/year] 228.1 184.8 181.3 180.7

Cost function per household
[USD/year] 172.3 168.2 167.3 167.0
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According to the results, the optimization algorithm decides to install panels with
on-grid inverter technology, which is cheaper than hybrid inverter technology. The most
important impact is reflected on the investment costs per client of the PV system, which
are reduced by 20% on average for microgrids of 10, 20 and 100 clients, compared to the
average of investment costs for one-client microgrids. The reduction is due to the diversity
of energy consumption, which leads to a decrease in the PV capacity per customer as the
number of clients per microgrid increases (Figure 6a): each box compiles the information
of 100 different microgrids, where the triangle refers to the mean value of PV capacity per
customer for the 100 microgrids, the orange line indicates the median value, and the limits
of the rectangles represent the quartiles Q1 and Q3 (i.e., the central 50% of the microgrids
in each group of 1, 10, 20 and 100 residential households).

Figure 6. Distribution of the (a) PV system capacities and (b) monthly energy consumption by
household, for groups.

In order to show the behavior of the diversity of energy consumption, Figure 6b shows
the distributions with boxplot diagrams of monthly consumption per household, together
with their standard deviations for each group of 1, 10, 20 and 100 residential households.

As can be seen, the diversity of energy consumption is greater in one-client groups
and decreases as more residential clients are grouped. This can be noticed because each
rectangle containing 50% of the data decreases as the group size increases, meaning that the
results of the 100 microgrids for each group of clients become more similar as the number
of customers increases. Additionally, by changing ex-post the investment costs from the
data reported in Table 4, greater savings can be achieved when considering the effect of EoS
(Figure 7): the investment savings derived from the diversity of the load profiles, plus the
EoS, when community microgrids of 10, 20 and 100 clients are formed, is 32.2%, 33.5% and
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33.7%, with respect to the average cost of investment for one-client microgrids (without
reliability requirements). In this way, it is possible to highlight the importance of two
effects that converge towards the value of community association when planning urban
microgrids: First, the diversity of user load profiles, which achieves a significant investment
cost reduction when microgrids of more than one client are established (explaining over
20% on average of the savings for the groups of 10, 20 and 100 clients, respectively). Second,
the use of EoS for the microgrid assets further increases savings for the community (up to
15% additional savings), achieving up to a 35% overall reduction in investment costs for
community microgrids.

Figure 7. Distribution of investment costs per client for different microgrids, without reliability
requirements.

4.1.2. Results for the Cases with Reliability Requirements

In order to plan microgrids that can operate in islanded mode whilst considering
the diversity of energy consumption in each group of 1, 10, 20 and 100 clients, three fault
durations (4, 8 and 12 h) were simulated for the two case studies. The above means that
2400 microgrids were designed with reliability requirements, that is, 100 optimization
exercises for each group of n clients for each duration fault and each case study were
determined, where in each iteration n corresponding clients were chosen randomly from
the CREST Demand Model in order to mimic the diversity of residential customers. In
this sense, the models sought to evaluate the effect of different energy requirements to
support the sizing of each microgrid, as well as to compare results with different numbers
of residential households.

Results for Microgrids Planning with Reliability Requirements (Case 1)

In order to perform statistical analyses from hundreds of deterministic simulations
in Case 1 (100 faults per microgrid), Figure 8 shows graphs of the investment costs per
household, according to the level of protection (referred to the percentage of faults that are
covered by installing the indicated number of panels and batteries), and the duration of
the fault. It is important to notice that the standard deviation for each level of protection is
included in the graph, for the various groups of microgrids. All results for deterministic
planning consider the sensitivity (EoS) for the investment costs (Table 4).
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Figure 8. Investment cost per household as a function of (a) protection level for faults of 8 h duration
and (b) duration of faults with 90% protection level (Case 1).

The effect on investment costs per household, as the level of protection increases, is
shown in Figure 8a. A protection level of 90% refers to the percentage of fault (lasting
8 h) that can be covered by the microgrid configuration alternative used, for example, in
one-client groups the investment costs incurred to guarantee protection against 90% of
faults is around USD 300 per year. Clustering clients helps to reduce the investment costs
of each microgrid: if a protection level is taken as a reference, for example, 90%, in the
case of microgrids with 10, 20 and 100 households, a saving of 16.3%, 18.5% and 23.0%
with respect to the average investment cost for one-client microgrids with the same level
of protection can be achieved. On the other hand, costs increase as the level of protection
required by the community also increases. This behavior is as expected, since protecting
oneself from a greater number of faults implies higher investment costs per household. In
the case of a protection level close to 100%, the user or the community would be protecting
themselves from a fault that could occur at any time during the day, which implies that
they must have a considerable storage capacity.

Figure 8b represents a cut made at the 90% protection level which enabled the in-
vestment costs to be compared according to the duration of the faults. It is observed that
protecting oneself from a more extensive contingency has a higher investment cost for
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all household groups, and this is due to the fact that more storage capacity is required if
the fault occurs during hours of no sunlight. When taking as a reference the cost curve
of microgrids for 100 residential households, the increase in the investment average cost,
which is the result of preparing the microgrids for longer hours of operation in islanded
mode, is 25.6% for faults from 4 to 12 h.

As an example, Table 6 presents results of the deterministic planning approach (Case
1), for four groups of 1, 10, 20 and 100 residential clients. A specific fault of 8 h duration
(starting time 906 h, that is 06:00 pm on the 37th day of the year) is considered, from which
the type of assets and size of four microgrids are determined.

Table 6. Results for an 8 h fault (start time: 906 h, Case 1).

Clients of Each Microgrid 1 10 20 100

Panel power [kW] 2.98 24.1 46.2 225
Panel power per household [kW] 2.98 2.41 2.31 2.25

Inverter technology On-grid On-grid On-grid On-grid
Battery capacity per household [kWh] 2.37 1.92 2.11 2.05

Inverter charger capacity per household [kW] 0.35 0.34 0.29 0.28
Investment cost per client (without EoS) [USD/year] 338.4 274.7 266.6 259.6

Investment cost per client (with EoS) [USD/year] 338.4 234.6 227.9 221.3
Cost function per household (with EoS) [USD/year] 196.7 145.5 133.6 133.1

It can be seen that for the microgrids presented, the optimization algorithm decides
to install panels with on-grid inverter technology, an inverter charger and batteries. In
the same way as for planning without reliability requirements, a reduction in investment
costs of groups of 10, 20 and 100 clients is observed, with respect to the investment cost
of the one-client microgrid, due to the diversity of consumption (18.8%, 21.2% and 23.3%
of costs reduction) and owing to EoS (12.0% on average of additional costs reduction). It
should be noted that the results presented in Table 6 correspond to a single optimization
exercise for each group of residential households (one of the 100 exercises performed
for each group of n households), to show the alternative configuration that in each case
the optimization algorithm decides to consider. Additionally, in order to show how the
microgrid is operating, the one-client microgrid is taken as an example. The graphical
results considering the specific 8 h fault, with a start time at 906 h, is shown in Figure 9.

Figure 9. Operation graph of a household’s microgrid for an 8 h fault (start time: 906 h, Case 1).

It is observed that the batteries provide energy in some instants of no fault. It is also
highlighted that when the microgrid operates in connected mode, power was injected into
the power grid, generating income for the household. The participation of the power grid
is low compared to solar PV generation (the microgrid tries to use the main grid as little as
possible and take advantage of the solar resource to supply all the demand).



Appl. Sci. 2021, 11, 6257 19 of 29

Results for Microgrids Planning with Reliability Requirements Only for Critical Loads
(Case 2)

The results of hundreds of microgrids for Case 2 (ensuring supply of a critical demand
during a fault) are presented in Figure 10. The diversity of consumption, by grouping a
different number of households and the EoS associated with investment costs of microgrid
infrastructure, allows for a joint reduction in investment costs for the microgrids of 10, 20
and 100 clients, equivalent to 21.1%, 24.0% and 29.0%, compared to the average cost of
one-client microgrids and taking the 90% protection level as a reference.

Figure 10. Investment cost per household as a function of (a) protection level for faults of 8 h duration
and (b) duration of faults with 90% protection level (Case 2).

The rate of increase in investment costs, as protection level and duration of faults
increase, is lower than the rate at which the increase in costs occurs in Case 1. Precisely,
in Figure 10b, for 100 residential households, the increase in the investment average cost,
which is the result of preparing the microgrids for longer hours of operation in islanded
mode, is 13.6% for faults from 4 to 12 h (12% less than in Case 1). By increasing the
duration of the fault, the amount of critical demand to be satisfied does not increase
significantly, i.e., since the critical demand is low and scattered during the day, additional
hours of interruption do not significantly increase the energy requirements, and therefore
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the additional infrastructure to cope with the additional energy is small, in contrast to Case
1, where the entire demand of the household must be met during a fault in the power grid,
and greater capacity in microgrid assets, is required.

In summary, the average savings that the different microgrids would accrue for
supporting critical load during fault hours, at a specific protection level, such as 90%, and
for 8 h of grid service interruption, are equivalent to 15.2% for one-client microgrids and
20.5% on average for microgrids of 10, 20 and 100 clients, compared to Case 1. This could
represent a more economical alternative for the community, while at the same time it could
be affected by the loss of comfort.

4.2. Solution of the Stochastic Planning Problem

In order to evaluate the performance of the microgrid under different fault scenarios
(periods of interruption during the year), hundreds of stochastic simulations were carried
out, considering the uncertainty related to the time of the analysis horizon when the fault
happens. It is expected that these simulations will show the advantages and benefits (com-
pared to deterministic models) of planning community microgrids, considering various
operating scenarios.

4.2.1. Scenario Identification (Fault Start Time)

Since it is necessary to plan microgrids capable of responding to different fault sce-
narios it was necessary to identify these scenarios. To do this, Ward’s hierarchical ag-
glomeration method was used (Section 2.2), which was applied to the distribution of
the possible power consumption of the 8 h fault. As an example, Figure 11 shows three
fault scenarios, calculated from the annual distribution of an 8 h fault consumption for
a residential household. Each value of the distribution corresponds to the total energy
that would have been consumed during the next 8 hours given a fault occurring in hour h;
these values are then sorted from highest to lowest; this corresponds to the “Fault Energy
Demand Duration Curve”. These scenarios try to adequately represent all possible fault
scenarios (8753 scenarios). It is observed that, when applying Ward’s method, considering
the formation of three clusters, the method includes within the same group all the fault
energy demands (bins) that have similar distances to the centroid mk of its cluster k.

Figure 11. Annual 8 h power fault demand duration curve, for a residential household, with scenarios
arranged in descending order.

Furthermore, given the average value of the fault energy demand for each cluster,
Table 7 presents the three calculated scenarios, with the fault start time and its probability
of losing that amount of energy.
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Table 7. Detail of the identified scenarios for the stochastic planning problem of a residential client.

Scenario Fault Energy
Demand [kWh]

Annual Fault Start
Time (Daily Hour)

Probability of
Energy Loss

1 1.06 526 h (22 h) 66%
2 2.36 2651 h (11 h) 28%
3 4.25 232 h (16 h) 6%

According to the results of this example of a residential household, it can be affirmed
that its worst scenario corresponds to scenario three, since it is the one with the highest
average energy demand during eight continuous hours of fault (4.25 kWh). Ward’s method
was also applied to obtain the scenarios of various groups of 10, 20 and 100 residential
households, with which hundreds of stochastic simulations are carried out to determine
the type and size of the community microgrid, as presented below.

4.2.2. Example of Results for the Stochastic Planning Model (Case 1)

Before presenting results for hundreds of microgrids, Table 8 shows, as an example,
the solutions for four microgrids of sizes 1, 10, 20 and 100 residential households, brought
as an example to show the configuration alternative that optimally selects the stochastic op-
timization tool developed. For the determination of these microgrids, a single optimization
exercise was carried out.

Table 8. Results for microgrids of 1, 10, 20 and 100 residential clients (Case 1).

Clients by Microgrid 1 10 20 100

Panel power [kW] 2.17 18.8 34.9 158.3
Panel power per household [kW] 2.17 1.88 1.75 1.58

Inverter technology Hybrid Hybrid Hybrid Hybrid
Battery capacity per household [kWh] 5.69 2.24 2.43 1.61

Investment cost per client (with EoS) [USD/year] 302.8 197.0 187.8 162.0
Cost function per household (with EoS) [USD/year] 235.3 170.1 163.3 156.5

In the stochastic planning problem, the solutions found in relation to the size and
type of assets for each microgrid guarantee the protection of users for all established fault
scenarios, determining the same capacity and assets type (i.e., the investment decision is
the same). This can be seen in Figure 12, where the operation graphs, for two days (during
and after fault, i.e., 48 h) of a household’s microgrid, are presented for the three stochastic
fault scenarios described in Table 7.

In all three scenarios, the microgrid sells energy to the power grid, but in some cases,
power injection is limited because the optimization algorithm decides to charge the batteries
in anticipation of the upcoming fault hours. In particular, for Scenarios 2 and 3 with faults
that occur during the day (11 h and 16 h, respectively), the optimization decides to charge
the batteries and supply the demand during the fault mostly with solar energy (Scenario
2), or with the combination of panels and batteries, as happens in stochastic scenario 3. It is
possible to evidence that the batteries continue to be used after the fault hours, with an
SOC that optimally varies between 20% and 90% of the storage system capacity.



Appl. Sci. 2021, 11, 6257 22 of 29

Figure 12. Operation graphs of a household’s microgrid, for three stochastic 8 h fault scenarios
(Case 1).

Now, if the decision were to solve the planning problem in a deterministic and
independent way for each residential client scenario in Table 7, the results are presented in
Table 9.

It is observed that scenario three presents a solution similar in size and type of assets
to the solution obtained with the stochastic planning approach (microgrid of one-client).
Therefore, as a hypothesis, it is possible to think that the solution of the stochastic planning
problem with reliability requirements is similar to the deterministic solution that is solved
for the worst scenario; this will be explored in Section 4.2.3.
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Table 9. Deterministic results for each scenario of the one-client microgrid (Case 1).

Scenarios 1 2 3

Panel power [kW] 1.81 1.57 2.17
Inverter technology Hybrid Hybrid Hybrid

Battery capacity [kWh] 1.67 0.35 5.69
Investment cost [USD/year] 211.0 167.3 303.3

Cost function [USD/year] 199.4 193.1 235.3

4.2.3. Global Results and Statistical Analysis for the Stochastic Planning Model (Cases 1
and 2)

In order to obtain conclusions that support the possible advantages of solving the
microgrid planning problem with the stochastic approach, 800 microgrids were modeled
(200 for each grouping of 1, 10, 20 and 100 clients), from Cases 1 and 2, considering for
each one of them a simulation with three stochastic fault scenarios of 8 h. The objective
of analyzing hundreds of microgrids is to capture the diversity of households, since, as
previously mentioned, the diversity of household groups varies according to the num-
ber of residential households and the stochastic behavior of the energy consumption of
each household.

Results of the Stochastic Planning Model for Hundreds of Microgrids (Cases 1 and 2)

The results for microgrids with reliability requirements, determined from the stochas-
tic reliability cases, are presented in the boxplot diagrams in Figures 13 and 14, which
measure the variation of investment costs per client, according to the number of clients.

Figure 13. Distribution of investment costs per household for microgrids determined from the
stochastic approach, with reliability requirements (Case 1).

These results from the stochastic optimization problem also support the main conclu-
sion of this research, related to the relevant value of community association for microgrid
planning. This can be observed in the cases evaluated with reliability requirements, where
for planning Case 1 they produce an average saving in investment costs due to the di-
versity of consumptions (21.6%, 23.1%, and 23.5% of costs reduction, respectively) and
EoS (explaining up to 11.0% on average of the additional savings), for community micro-
grids with 10, 20 and 100 households, with regards to the average investment cost for
one-client microgrids.
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Figure 14. Distribution of investment costs per household, for microgrids determined from the
stochastic approach, with reliability requirements (Case 2).

In Case 2 with critical demand, these savings for community microgrids, due to the
diversity, are equivalent to 11.5%, 14.2% and 15.8%, respectively, and 11.0% on average of
additional savings by considering EoS.

Additionally, based on the results of Table 9, it was affirmed as a hypothesis that the
solution of the stochastic planning problem with reliability requirements is similar to the
solution of the deterministic problem of the worst scenario of a residential household or
group of households. Hence, the benefit of whether to solve the planning problem either in
a deterministic way, considering the worst scenario, or to solve the problem stochastically
(i.e., considering three scenarios) was assessed. For this purpose, the metric “Percentage
Difference of Cost Functions” was established, which basically measures the percentage of
error between the result of the objective function of the deterministic worst-case scenario
of a microgrid, and the result of the objective function of the stochastic problem for exactly
the same microgrid (Equation (43)).

Errorm,n,c =
(F.Odet,m,n,c − F.Osto,m,n,c)

F.Odet,m,n,c
.100% (43)

where m indicates the microgrid to be planned (m = 1, 2, 3, . . . , 100), n represents the
number of clients per microgrid, that is, 1, 10, 20 and 100 clients, c indicates the case that
you are considering for microgrid planning (Case 1 or 2). In total, 800 planning exercises
with a stochastic approach were solved. The results are presented below.

Comparison of Results of the Stochastic Planning Approach vs. the Deterministic
Approach (Case 1)

Figure 15 shows histograms with the cumulative frequencies of the percentage dif-
ference between the cost functions of the deterministic worst-case scenario and the cost
functions of the stochastic problem, for Case 1. According to the results, about 90 micro-
grids of 1, 10, 20 and 100 clients, the percentage difference between the respective cost
functions is between 0% and 5%. This value represents what in stochastic programming
is known as the “expected value of perfect information” (EVPI), and it means the loss
of profits due to the presence of uncertainty. Therefore, the solution of the stochastic
planning problem with reliability requirements, in approximately 90% of the implemented
microgrids, is similar to the solution of the deterministic problem that is solved for the
worst scenario of groups of 1, 10, 20 and 100 residential households. This is very valuable
from a computational point of view, when planning community microgrids, considering
stochastic programming. Given that, if computationally speaking there are not enough re-
sources to solve the problem stochastically (with various scenarios) and there are reliability
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requirements for a community, solving the deterministic worst-case scenario represents a
better approach to solving the microgrid with a reliability requirement problem.

Figure 15. Percentage difference between cost functions of the deterministic and stochastic problems,
by groups of microgrids (Case 1).

Comparison of Results of the Stochastic Planning Approach vs. the Deterministic
Approach (Case 2)

The findings identified in Case 1 extend to Case 2 with critical demand supply, during
the hours of fault in the main grid. According to the results shown in Figure 16, it is
noted that the percentage errors between the deterministic and stochastic cost functions
are reduced compared to the solutions obtained in Case 1 (i.e., this can be observed by
comparing the horizontal axis). The stochastic and deterministic results maintained are
really close; in fact, most microgrids determined from groups of 10, 20 and 100 households
have differences between 0 and 4%. In microgrids with one residential household, the
percentage difference compared to the rest of the groups is at most 7% difference for 100% of
the microgrids. According to the results, the percentage difference between the respective
cost functions is less than or equal to 5% in about 95 microgrids of 1 client. For the rest of
the groups, 100% of the microgrids present an error between the objective functions of less
than 3.6%. The difference between the cost functions narrows, showing that during the
hours of fault, the critical demand (TV, refrigerator, personal computer and home lighting)
tends to present consumption levels that are similar in practically all the microgrids (which
depends largely on the time of the analysis horizon where the faults occur).

In summary, when seeking to plan microgrids with critical load requirements, and
to find the solution, the worst-case scenario is solved. This solution is even closer to the
stochastic result, and therefore for communities that cannot solve the optimization problem
from the stochastic approach (because they do not have sufficient computational resources),
it is convenient to size their microgrids for the worst-case scenario.
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Figure 16. Percentage difference between cost functions of the deterministic and stochastic problems,
by groups of microgrids (Case 2).

5. Conclusions

In this work, hundreds of residential microgrids have been optimally planned, demon-
strating and quantifying the value of community association in the residential segment
while establishing a precedent for the development of urban microgrids. In this sense, the
conclusions obtained are robust, but only apply to community microgrids of residential
customers. However, the models can also be used to analyze other segments, such as
commercial, industrial and institutional loads. In total, 3600 microgrids were optimally
implemented for different groups, households and case studies, allowing us to achieve
strong and generalized conclusions. The models proposed, with deterministic and stochas-
tic approaches, seek to compare the microgrids’ infrastructure requirement to supply (i) the
total load and (ii) the critical load during a fault. In the problem with a deterministic
planning approach, different levels of reliability are proposed, so that the community can
choose the level of protection based on their investment capacity, and how the grouping of
households affects investment costs. In addition, to optimally plan microgrids capable of
facing different main grid fault scenarios, a stochastic model was developed, considering
the uncertainty related to the moment in the analysis horizon when a fault occurs. In this
regard, three remarkable conclusions of this work are presented below:

1. Since the realistic residential demands obtained from the CREST Demand Model
tool are different between loads (as it happens in the real life), the planning models
proposed in this research consider, among the most important factors, the formation
of different groups of randomly selected residential clients, with which it is intended
to collect the diversity in energy consumption due to the load aggregation (i.e.,
community creation). In the same way, the Economy of Scale (EoS) is considered
when adding capacity in assets for the determination of microgrids. Based on this, it
was possible to quantify the benefits of community microgrids, mainly represented
by savings in investment costs for residential households (up to 35% on average),
when the relevant value of the community is considered. From the 35% maximum
reduction that was evidenced in the case studies, up to 15% can correspond to the
effect of EoS, and the remaining 20% is produced by taking advantage of the diversity
of the load profiles when forming hundreds of groups of 10, 20 and 100 residential
households, for the determination of community microgrids.

2. Regarding the stochastic planning approach, besides the fact that microgrids are
prepared to face several fault scenarios (8753 possible scenarios that are reduced to
three representative scenarios, for faults of 8 h), it was found that in approximately
90% of the microgrids determined with the stochastic planning approach (Case 1),
the optimization algorithm typically decides to prepare for the worst fault scenario
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that the community may experience. (In Case 2, this percentage increases to 100%
due to the similarities in the critical load consumption levels of residential users.)
This is very valuable from a computational point of view when planning community
microgrids. Therefore, for communities without access to computational resources
and an optimization tool, solving the deterministic worst-case scenario is a good
proxy to design their own microgrids.

3. Finally, in community microgrids, the total load profile tends to be more homogeneous
compared to the load profile of a single residential household, which can present
abrupt peaks during the day. It is precisely this reduction of diversity in aggregated
load profiles (and added EoS) that can make the integration of renewable sources and
energy storage systems in urban communities more viable, since it positively impacts
the costs for their implementation (i.e., cost reduction for the microgrid community).
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