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Featured Application: The proposed study can be applied to optimize energy consumption, gen-
eration and storage in neighbour communities with distributed energy resources.

Abstract: In reliability studies of isolated energy supply systems for residential buildings, supply
failures due to insufficient generation are generally analysed. Recent studies conclude that this kind
of analysis makes it possible to optimally design the sizes of the elements of the generation system.
However, in isolated communities or rural areas, it is common to find groups of dwellings in which
micro-renewable sources, such as photovoltaic (PV) systems, can be installed. In this situation, the
generation and storage of several houses can be considered as an interconnected system forming
a cooperative microgrid (CoMG). This work analyses the benefits that sharing two autonomous
installations can bring to each one, from the point of view of reliability. The method consists of the
application of a random sequential Monte Carlo (SMC) simulation to the CoMG to evaluate the
impact of a simple cooperative strategy on the reliability of the set. The study considers random
failures in the generation systems. The results show that the reliability of the system increases when
cooperation is allowed. Additionally, at the design stage, this allows more cost-effective solutions
than single sizing with a similar level of reliability.

Keywords: microgrid; cooperation; energy; reliability; Monte Carlo; smart energy control

1. Introduction

The increase in energy demand and dependence on fossil fuels [1] has boosted the
integration of renewable energies [2]. This has favoured the development of distributed
energy resources (DERs) [3], especially in rural or isolated areas [4].

Small size DERs in Spain are usually implemented through the so-called stand-alone
photovoltaic (SAPV) energy systems [5–7], which generally include batteries to store energy
and supply night demand. These types of systems are currently very attractive in rural
areas thanks to the new regulations that have regulated self-consumption since 2019 [8]. In
a general case, the energy storage system (ESS) could also be based on renewable energies,
as in the case of micro hydroelectric plants or green hydrogen generators [9,10]. The great
disadvantage of this type of system is the reliability of supply, since a profitable design
usually implies a large number of hours per year of energy not supplied (ENS), increasing
indices such as the loss of load probability (LOLP) to inappropriate levels [11]. Due to the
high price of ESSs, especially those based on renewable energies, an optimized design of
the generation system is of vital importance. In this sense, there are studies that focus on
improving the performance of these systems [12–14]. On the other hand, other works are
focused on improving the management of generation, demand and storage resources to
obtain maximum reliability with the lowest possible cost [15,16].
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The reliability of these systems can be improved with support systems such as a
diesel generator, but it is necessary to manage the use of each resource with the best
possible strategy to minimize diesel consumption, due to its price and environmental
impact [17,18]. Thus, many studies have focused on the technical feasibility of these
systems and their reliability [19]. A group of the developed studies have focused on the
assessment of residential SAPV generation plants connected to the electricity distribution
network. These allow the users to sell their energy surpluses or demand extra energy as
needed. Another type of study has focused in isolated systems [20,21], which is the only
available option in most rural areas. As stated before, the optimal design of these systems
is very important [22]. To achieve a good design of these systems there have been a large
number of methods developed, as can be seen in some review works [23,24].

One of the greatest measurable benefits of using systems based on renewable energy
is the increase in the sustainability of the energy supply [25] and its positive impact against
climate change [26]. Furthermore, various studies point to a clear correlation between
the integration of these energy systems and economic growth [27–29]. Among the key
elements of this type of system, the importance of the ESSs stands out [30]. On the other
hand, one of the challenges that is arousing growing interest is the problem of optimizing
these systems considering various realistic scenarios. There are multiple objectives that can
be set to study this problem, such as energy supply in rural or isolated areas [31,32], losses
minimization [33] or reliability improvement [34]. Among these objectives, reliability is one
of the least studied and most important aspects in systems based on renewable energies,
especially in rural areas, since in many cases the resources are intermittent [30] and difficult
to predict [35]. One of the strategies that should be studied to improve the reliability of
supply in systems based on renewable energies is the use of configurations following the
architecture of a microgrid (MG) with cooperative behaviour [36], also called CoMG. This
configuration can benefit the entire system in the different objectives discussed [37].

In summary, there are numerous papers that address the optimization of energy
management based on renewable sources. However, they generally do not analyse the
problem from the point of view of reliability and the guarantee of achieving a certain
value in continuity of supply [6,9,17,18,20,23,24,32]. One of the few papers that includes
reliability as a goal to design the size of an autonomous system with renewable energy
is [34]. It optimizes the size of a system with three sources (solar, wind and tide) and an
ESS. Reliability is studied from an annual curve for each resource (solar radiation, wind
speed, water speed and demand) that reflects the mean values of 16 years. The results
depend on the costs assigned to each system, but the advantage of a cooperative operation
is not studied, which is the main objective of this paper. This is the main gap identified in
the literature, since the published studies do not include, at the same time, a cooperative
management strategy including random failures in the system, reliability optimization and
optimal design of the facilities.

In a previous study [38], the authors developed a method to evaluate the reliability of
an SAPV energy system in an isolated case using an SMC simulation methodology, which
provides very useful information to improve the design of these systems. The methodology
developed in this study is applicable with various objectives. On the one hand, the method
allows us to propose an optimal design of the system to achieve the desired reliability. On
the other hand, it allows us to study the reliability with different designs, which facilitates
the analysis of the necessary support system (generally, a diesel generator). Finally, the
parameterized result obtained with the developed method allows for a complete analysis
of the system to be designed, controlling not only aspects related to the reliability of the
supply but also the use of the energy generated and the sensitivity analysis of the system
to various disturbances. It is important to note that this study aims at optimizing the size
of the components of a single facility.

As indicated in the conclusions of this study, the authors consider that it is necessary
to study the reliability of this type of system when several installations are connected
in an MG. Going one step further, it is very interesting to analyse the impact on the
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reliability and optimal design of these systems of CoMGs. This will further improve facility
designs and assess the reliability of the system as a whole, optimizing energy use and
minimizing the use and size of support systems. Thus, in this work, two neighbouring
houses whose demand throughout 2019 is known have been selected and a cooperative
management strategy has been developed. The main objective of the presented study is to
evaluate the reliability of the system and obtain an optimal design that improves the results
of the individual design for each participant. The 2020 data have not been considered
adequate after some analysis due to the pandemic situation, especially considering that
an SMC method will be used to simulate multiple scenarios and draw reliable global
conclusions. This study is the basis for evaluating the design and reliability of MGs in
which each installation has its own SAPV energy system and its ESS and a connection to
the MG. One type of these CoMGs is called a virtual power plant (VPP) in the literature.
There are numerous works on VPPs. For an exhaustive review, works such as [39] can
be consulted. However, these works focus in optimizing the management strategy of the
different resources, which should only be conducted after an optimal design.

In this work, starting from a design based on the method described in [38], a simple
cooperative management strategy has been developed and the reliability of the system has
been evaluated using an SMC simulation approach. The method used allows the inclusion
of random faults in the generation systems, which is one of the most overlooked aspects
in reliability studies. The parameterized analysis of the results shows the potential to
improve the design considering the cooperative management of the MG, which allows the
minimization of costs, the minimization of the size and usage of support systems and a
significant improvement in the reliability of the system as a whole. Thus, the main novelty
of this work is the possibility of achieving an optimized design of a set of interconnected
facilities, studying their reliability through a parameterized analysis. With the results of
the analysis, it is possible to select the most appropriate design alternative according to the
selected objectives.

The specific objectives that have been addressed in this work and that represent the
novelty of the study are detailed below.

1. Study the reliability of a set of two dwellings with their respective SAPV energy
systems when operating with a cooperative strategy.

2. Improve the design of all the systems considering global reliability.
3. Analyse the impact of the cooperative strategy on the reliability and design of the systems.

In addition, as another novel aspect in the procedure used in this study, random
failures in the generation system are considered to analyse supply reliability, in addition to
the use of demand and generation curves with a random combination so that the result is
consistent and robust. These random failures are generated following typical distributions
extracted from scientific works.

With the presented method the authors try to address the gap identified in the litera-
ture of the optimal design and management in microgrids considering costs and reliability
as the main targets. The novelty of the presented work relies on the practical application of
a simple strategy to a rural area considering real data and random failures of the system to
optimise the design of the components and the management with a cooperative strategy.
This problem including cooperation between both systems represents a challenge that
takes place in many isolated areas in the developed countries. The results of the method
provide an economic benefit from the planning stage of the microgrid and an increase in
the reliability of the participants’ energy supply, which is one of the main gaps in scientific
publications.

The rest of the article has been structured as follows. Section 2 shows the materials and
methods, summarizing the individual design of the dwellings using the method developed
in [38] and proposing the cooperative management strategy to be used for the SMC in the
selected scenarios. Section 3 shows the results of the SMC simulation comparing the system
without interconnection with the system as an MG. Next, Section 4 shows the discussion of
the results. Finally, Section 5 shows the conclusions of the study.
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2. Materials and Methods

For this work, two neighbouring dwellings (D1 and D2) have been selected whose
hourly demand has been registered for a whole year. In each of them, an SAPV energy
system with an ESS made of batteries has been proposed, using an energy analysis, as
described in [38]. Subsequently, using the SMC simulation method described in [38] the
initial design has been optimized to achieve an LOLP around 2.6% (approximately between
200 and 240 h per year with energy supply from a diesel generator) in each dwelling.

The SMC consists of a simulation of 100 iterations of the behaviour of the system, each
of them consisting of one year (8760 h). For each iteration of the study, an hourly sequence
of the demand in each house during one year is used, randomly obtained from the real
values measured during 2019.

The solar radiation (and therefore the power production per unit in the PV panels)
is assumed to be the same for both dwellings, since they are close to each other. At each
iteration, the daily radiation curve is randomized from the real values recorded during 2019.

Additionally, in each iteration, the failures of the generation system are also random-
ized, using a failure rate per year (λc). As explained in [40], the time to failure (TTF) of
the PV plant and the mean time to repair (TTR) are modelled using an exponential and a
Rayleigh distribution, respectively. Then, TTF and TTR are randomly generated with the
inverse transform method [41].

From this simulation the mean values of the indices to be estimated are obtained:
energy not used (ENU), hours with energy not used (HNU), ENS and LOLP. These indices
are obtained every time for each dwelling individually and for the complete system.

The results obtained with the SMC simulation of each dwelling constitute the S1
scenario described in Section 2.1, which corresponds to the reliability of the system working
as isolated dwellings. In this initial scenario, there is no interconnection between both
houses. This scenario has been compared with a set of scenarios called S2x (for different
values of x), which consist of cooperative scenarios in which both dwellings are considered
interconnected in an MG and can share their resources, as explained in Section 2.2.

The main objective of defining this set of scenarios is to optimize the cooperation
strategy so that both houses can benefit in a similar way. Figure 1 shows a diagram of the
scenarios considered.
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2.1. Scenario S1

In scenario S1, the energy flows of each house are simple. In batteries, the state of
charge (SOC) must be continuously monitored. All batteries have an SOCL up to which
discharge is allowed. An SOCM can also be defined as the maximum SOC that should not be
exceeded, which for this study is set at SOCM = 100%. If generation is greater than demand,
the surplus energy is available to charge the ESS with an efficiency ηc corresponding to the
charging efficiency. If the ESS cannot be charged because it has reached SOCM, the available
energy that could have been generated becomes a new amount of ENU. On the other hand,
if generation is lower than demand, the deficit of energy being actually demanded can be
supplied from the ESS with the efficiency ηd corresponding to the discharging efficiency.
Under these conditions, if the ESS cannot be discharged because it reaches SOCL, then
there is a certain amount of ENS that will affect the studied indices. The operation of this
scenario and the different situations that can take place are described in sufficient detail
in [38]. Figure 2 shows the different energy lows and efficiencies in this scenario.
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2.2. Scenarios S2x

S2x scenarios represent an actual CoMG situation. Each dwelling tries to be self-
sufficient with its generation and its ESS, but, under certain conditions, each house can
provide energy to the other when needed if it has enough energy surplus. To prevent
one dwelling from incurring significant reliability losses when helping the other, a simple
strategy has been established: dwellings can share energy if the stored energy is above
a threshold, but they stop cooperating if it falls below that limit. Thus, this threshold
is the key parameter of the proposed strategy. If the ESS is made up of batteries, the
strategy entails allowing power sharing if SOC > SOCC, with SOCC being the SOC value
set as the threshold for power sharing. Each scenario will be indicated as an S2x, where
x = SOCC (%), using x as the key parameter of the study. If x = SOCC = SOCL (which is
the lower limit) is chosen, the scenario is equivalent to two houses with shared resources,
without a cooperative strategy. This case will be called a shared scenario. In this work,
SOCL = 20% has been set, so the S220 scenario corresponds to the case of the shared
scenario but without an intelligent cooperative control, as depicted in Figure 1. In this case,
there would be no cooperative strategy and the system would behave as if the resources
of both houses were joined together and shared freely by both. For all S2x scenarios, the
aforementioned indices have been parameterized as a function of x = SOCC between
20% ≤ SOCC ≤ 40%.

It is easy to verify that the situation in S220 produces unequal results: the home
with the worst LOLP and the highest ENS has great benefits, but the one with the best
starting indices worsens. This situation would not be admissible for the dwelling with a
better initial situation in terms of LOLP and ENS. Therefore, it is necessary to differentiate
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between this particular case and two dwellings with a cooperative strategy to try to benefit
both (S2x scenarios). Therefore, the S2x scenarios are parameterized as a function of x,
studying various cases depending on the cooperation capacity of the two dwellings, as
described below.

In S2x, the energy flows are slightly more complex, since under certain conditions
an energy flow may appear from one dwelling (either from the generation system or
ESS) to the other. In these crossed energy flows, the transmission efficiency ηt has to be
applied. For the explanation of the method, a superscript j will be used to indicate the
dwelling to which each magnitude refers. For the calculation of the energy flows in these
scenarios, if generation in a dwelling (Dj) is greater than demand, the surplus is available
to charge its own ESS with the charging efficiency ηc. If SOCj > SOCj

C, the excess between
generation and demand would be available to supply energy to the other dwelling with
the transmission efficiency ηt. Additionally, the energy stored in the battery of Dj between
SOCj and SOCj

C could be offered to the other house, with an efficiency η = ηd·ηt, where
ηd is the discharging efficiency.

The energy stored in the battery of Dj at each moment is Bj = SOCj·Bj
r, where Bj

r is
the nominal capacity of housing battery j.

Therefore, the following values are obtained:

• Bj
M = SOCj

M·B
j
r, maximum energy that can be available in battery of Dj.

• Bj
C = SOCj

C·B
j
r, value of energy stored in battery of Dj, below which it is not allowed

to export energy to help the other dwelling.
• Bj

L = SOCj
L·B

j
r, minimum value of stored energy that must be maintained at all times

to avoid damage to the battery.

The energy that will finally be put into circulation will be the minimum value between
the energy available to help the other home and the maximum value required by the
other home.

If the generation capacity exceeds the sum of demanded energy, storage capacity and
energy transmitted to the other home, there will be an excess of generation capacity that
will not be used, resulting in a certain amount of ENU.

Figure 3 shows the energy flows in S2x.
If the generated energy is lower than demand, some demanded energy should be

supplied with the energy stored in the ESS, with the efficiency ηd. If the energy available
in the ESS (B1 − B1

L) is not enough to cover the demand, a situation with a need for energy
from the transmission system is reached. To improve the reliability of the supply, it is
also considered the energy needed in the ESS if it does not reach the SOCC, which is
B1

C − B1 ≥ 0.
When SOC > SOCC energy is not demanded from the transmission system, since

this energy is subjected to various actions with yields lower than 1 and, therefore, these
transfers must be limited.

If the sum of the own generation, the energy available in the battery and the energy
received from the cooperative system is not enough to cover the demand, there will be an
ENS, which will be counted and will affect the studied indices.
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From the demand and generation curves of each house, with the random failures
generated and using a step of 1 h, the following set of equations describes the cooperative
strategy to apply. The initial data needed for each dwelling are Bj

M, Bj
C, Bj

L, ηc, ηd, ηt.

Then, for each step i, the values of Gj
i , Dj

i , Bj
i must be obtained. Next, the surplus generation

U j
i is calculated for each dwelling using Equation (1)

U j
i = Gj

i − Dj
i (1)

where U j
i is the usable energy that represents the surplus energy generation. If U j

i > 0,
there is a net surplus generation, so the next equations must be used

B′ ji = Bj
i + U j

i ·ηc (2)

Ej
i = B′ ji − Bj

M ≥ 0 (3)

B′′ ji = min
{

Bj
i , Bj

M

}
(4)

Otherwise, when U j
i < 0, Equations (2)–(4) must be substituted by the following

expressions, since there is a net generation deficit

B′ ji = Bj
i +

U j
i

ηd
(5)
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Ej
i = B′ ji − Bj

L ≤ 0 (6)

B′′ ji = max
{

B′ ji , Bj
L

}
(7)

After these intermediate calculations have been computed, Equation (8) is used to
calculate N j

i , which represents the energy needed to supply the demand and to increase

the energy stored up to Bj
C.

N j
i = Bj

C − B′ ji ≥ 0 (8)

The available energy to be sent to another participant, Pj
i , also called pool energy, can

be derived from Equation (9) as

Pj
i = Ej

i +
(

B′′ ji − Bj
C

)
·ηd ≥ 0 (9)

With these values, the following equations must be used.

T′ j→k
i = min

{
Nk

i
ηt

, Pj
i

}
(10)

Tk→j
i = T′k→j

i ·ηt (11)

where T′ j→k
i is the energy that will be sent from Dj to Dk, and Tk→j

i is the energy received
by Dj from Dk.

At the end of step i, the energy stored in the battery, B+j

i , in Dj is calculated using
Equation (12)

B+j

i = B′′ ji −
T′ j→k

i
ηd

+ Tk→j
i ·ηc + Ej

i ·ηc, limited to : Bj
L ≤ B+j

i ≤ Bj
M (12)

For the next step i + 1, the battery level will be updated as Bj
i+1 := B+j

i . Finally,
the following two parameters are computed for each dwelling to evaluate the results of
the simulation

ENU j
i = Ej

i − T′ j→k
i ≥ 0 (13)

ENSj
i = Tk→j

i − Ej
i ≥ 0 (14)

2.3. Summary of the Proposed Method

Using the definitions and equations presented in this section, the steps used in the
presented work are explained below.

The first stage was to collect the data of the facilities for a whole year. Then, with these
data, the method described in [38] was used to obtain the optimal design for both facilities.
As a result of this initial design, scenario S1 was simulated. As aforementioned, this
scenario consists of two isolated facilities, so there is no possibility to interact or cooperate.

The simulation of a scenario is developed by performing 100 iterations of the yearly
operation of both facilities to obtain the average reliability indices once the dispersion has
been stabilized. These results are stored to compare all scenarios at the end of the study.
This process is based on an SMC simulation to obtain the average reliability indices.

After analysing this scenario, the set of scenarios S2x for x ∈ [20%, 40%] are studied.
The first scenario in this set is S220, in which the resources are shared between both facilities.
After completing the 100 iterations (the SMC simulation) and calculating the reliability
indices, the value of x is increased in 5% and a new scenario is proposed.

Once all scenarios have been studied, the analysis of the reliability indices provides
useful information about the systems. This information is discussed and some conclusions
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are drawn about the optimal design and management of the resources for this set of
facilities. The proposed method is summarized in Figure 4.
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3. Results

The proposed method was applied to two real dwellings located in Valencia (Spain).
The hourly demand curves were recorded during 2019 (avoiding the pandemic situation
of 2020, as mentioned above). Likewise, a solar photovoltaic generation curve was reg-
istered in the GEDERLAB, a real facility next to the dwellings in which the generation
and management of various renewable energy sources is studied. The recorded data was
randomized swapping nearby days to develop the SMC simulation, so that the demand
and generation curves maintained their seasonal patterns, but irregular situations such as
a special event in a dwelling or a cloudy day did not match in each simulation. Figure 5
shows the typical patterns of demand for both dwellings and generation in each season of
the year in per unit values.

Using the rules explained from Equation (1) to Equation (14), the SMC simulation was
carried out. In each simulation, the results of all scenarios were evaluated. The simulation
was repeated 100 times, checking that the average indices stabilized in order to analyse the
results and draw conclusions.
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To simulate the different scenarios, we started from the optimal design of both
dwellings shown in Table 1, obtained after analysing the demand and generation of each
dwelling using the method described in [38].

Table 1. Generation, demand and design data for both dwellings.

Variable Value (D1) Value (D2) Description

Pj
d(peak) 3 kW 3.3 kW Maximum demanded power

Ey 3.36 MWh 3.4 MWh Annual energy consumption
ηc, ηd 0.9 0.9 Efficiency of Li-ion battery (charge and discharge)
SOCL 20% 20% Minimum allowed SOC
SOCC 20% ÷ 40% 20% ÷ 40% Minimum SOC considered to allow cooperation in scenario 2x

Failure rate λc 2 f/yr 2 f/yr Exponential distribution
Repair time 24 h 24 h Rayleigh distribution

PV j
peak

6.5 kW 5.5 kW Calculated rated power in PV panels in dwelling j, optimized with
MCS method in S1

Bj
r 23 kWh 18 kWh Rated battery capacity in dwelling j obtained in S1

3.1. Scenario S1

Scenario S1 consists of optimizing the PVpeak and Br values of each dwelling, operating
independently, to achieve an approximate LOLP of 2.6% in each case. The resulting values
are shown in Table 1.

The simulation of 100 years in this situation allows obtaining the stationary values of
the parameters shown in Figure 6, which represent the indices expectation. As shown in
Figure 6, the design has been adjusted so that both dwellings have a similar LOLP value,
although the ENS is not the same due to the differences in the registered demand curves.

Although the radiation curves are identical for both dwellings, since they are neigh-
bouring houses, the registered demand curves are different. For this reason, it is expected
that the cooperative strategy can benefit both participants, thus improving the reliability
indices. Figure 7 shows the generation and demand profiles obtained for a complete week
in both dwellings with the proposed design.
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3.2. Scenario S2x

A cooperative strategy is studied in each S2x scenario. Each dwelling supports the
other as long as its battery is above SOCC. Between this value and SOCL = 20% (minimum
value considered as a limit), the dwelling reserves its energy for its own use. This strategy
avoids some interruptions in one of the dwellings, while it allows them to help the other in
some periods of time.

With this strategy, it is also possible to take advantage of the energy surplus of one
installation to charge the other’s ESS, which would reduce the overall ENU.

The key parameter for the study of this cooperative strategy is the value of SOCC.
If SOCC = SOCL, then all of the energy available in each dwelling can be shared with
the other. This situation can be beneficial in global terms, but if the reliability of each
dwelling or the consumption pattern is different, this shared strategy produces unequal
benefits. The dwelling with the worst performance is greatly benefited, while the other
may have a much lower improvement. This situation seems clearly unfair and it would be
rejected by the dwelling with the best starting situation, since it would encourage dwellings
to try to design their facilities with fewer resources and then take advantage of others’
resources. Therefore, starting from this shared scenario called S220, the value of SOCC will
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be gradually increased to analyse the improvements obtained in each dwelling and find
the best situation for both.

Table 2 shows the global results of both dwellings and the individual results of S220. It
is observed that this scenario produces better overall results than S1.

Table 2. Scenario S1 vs. scenario S220.

ENU (Wh) HNU (h) ENS (Wh) LOLP (%)

D1 alone (S1) 4,552,022.19 1825 133,083 2.70%
D2 alone (S1) 3,290,158.96 1584 80,284 2.38%

D1 shared (S220) 4,283,190.49 1611 100,543 2.18%
D2 shared (S220) 3,252,527.15 1514 67,712 2.13%

S1 (global) 7,842,181.15 1705 213,368 2.54%
S220 (global) 7,535,717.64 1563 168,255 2.15%

S220 improvement compared to S1 (%)

D1 5.91 11.75 24.45 19.09
D2 1.14 4.42 15.66 10.58

Average 3.91 8.34 21.14 15.10

As the table shows, there are significant improvements in reliability indices. However,
dwelling D2, which was the one with the best initial results, is less benefited than D1. D2 is
being more helpful to D1 than the other way around, which means that the situation is not
fair, since the ideal scenario would be that both contributed in a similar way to improve
the system.

That is why the S230 scenario is simulated, in which every dwelling reserves an energy
reserve to supply its own demand, so that it stops relying on the other dwelling when
SOCC = 30%. The results of this scenario compared to scenario S1 are shown in Table 3.

Table 3. Scenario S1 vs. scenario S230.

ENU (Wh) HNU (h) ENS (Wh) LOLP (%)

D1 alone (S1) 4,560,010.28 1828 131,561 2.65%
D2 alone (S1) 3,292,706.47 1585 82,274 2.46%

D1 cooperative (S230) 4,292,284.49 1617 106,547 2.24%
D2 cooperative (S230) 3,260,417.70 1519 66,109 2.09%

S1 (global) 7,852,716.75 1706 213,835 2.55%
S230 (global) 7,552,702.19 1568 172,656 2.16%

S230 improvement compared to S1 (%)

D1 5.87 11.52 19.01 15.59
D2 0.98 4.18 19.65 15.22

Average 3.82 8.11 19.26 15.41

In this scenario, the results obtained by both dwellings are very similar. It would
not be a good idea to arbitrarily raise the SOC threshold that has been set as a limit to
stop sharing resources, that is SOCC, since then the support between the dwellings would
decrease. For example, setting SOCC = 35%, scenario S235 is simulated, the results of
which are shown in Table 4, compared again with those of scenario S1.

As it can be seen, although the total results are very similar to the previous case,
dwelling D2 is now the most favoured. Finally, if SOCC is further increased to a value of
SOCC = 40%, the results worsen, as seen in Table 5, where scenario S240 is compared with
scenario S1.
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Table 4. Scenario S1 vs. scenario S235.

ENU (Wh) HNU (h) ENS (Wh) LOLP (%)

D1 alone (S1) 4,556,147.37 1827 131,088 2.64%
D2 alone (S1) 3,289,774.14 1586 79,574 2.33%

D1 cooperative (S235) 4,288,604.12 1615 107,872 2.26%
D2 cooperative (S235) 3,255,462.81 1515 61,143 1.89%

S1 (global) 7,845,921.51 1706 210,662 2.49%
S235 (global) 7,544,066.93 1565 169,015 2.08%

S235 improvement compared to S1 (%)

D1 5.87 11.60 17.71 14.46
D2 1.04 4.47 23.16 18.82

Average 3.85 8.29 19.77 16.50

Table 5. Scenario S1 vs. scenario S240.

ENU (Wh) HNU (h) ENS (Wh) LOLP (%)

D1 alone (S1) 4,558,096.21 1828 136,035 2.76%
D2 alone (S1) 3,292,984.25 1587 83,180 2.47%

D1 cooperative (S240) 4,296,492.29 1618 116,710 2.42%
D2 cooperative (S240) 3,261,013.86 1519 66,528 2.08%

S1 (global) 7,851,080.46 1707 219,215 2.61%
S240 (global) 7,557,506.15 1568 183,239 2.25%

S240 improvement compared to S1 (%)

D1 5.74 11.47 14.21 12.47
D2 0.97 4.29 20.02 15.64

Average 3.74 8.13 16.41 13.97

Therefore, the S230 scenario offers the most balanced results in terms of the improve-
ments obtained by both dwellings. After applying the proposed method, the study was
completed with a sensitivity analysis shown in Section 4.

4. Discussion

To see the evolution of the reliability of the dwellings for different values of SOCC, a
sensitivity analysis was carried out with SOCC values between SOCL = 20% ≤ SOCC < 60%,
simulating each of the resulting scenarios. By increasing the value of SOCC, the dwellings
become more independent and the advantage of cooperation is lost, which is why it has
been simulated in the aforementioned interval.

Figure 8 shows the improvement of LOLP in percentage compared to S1 of both
dwellings in the simulated scenarios of this sensitivity analysis.

As depicted in Figure 8, with small values of SOCC, D1 improves much more than D2.
This difference decreases when SOCC increases, and for values close to SOCC = 30%, both
houses achieve a similar benefit.

The curves represented in Figure 9 show the LOLP of each dwelling in this case
(scenario S230), which is shown to be the best of the studied cases, compared to the results
of scenario S1.
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In addition, it should be noted that not only does the cooperative strategy represent
an improvement compared to the S1, but it also improves the results of the shared scenario
S220, as shown in Figure 10. This analysis solves one of the research gaps identified in the
literature, as it proposes a simple cooperative strategy based on the key parameter SOCC.
With this strategy, the system obtains better results than in other scenarios (shared and
isolated), which correspond to other microgrid configurations in the literature (since most
studies, such as [34], are exclusively focused on stand-alone). In addition, these results
have a substantial impact to be taken into account, since they have been obtained using
real data and proposing random failures in the system.
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The results obtained in this case study show that for a set of demand and generation
curves, the most equitable strategy can be proposed by setting the parameter of SOCC at
a certain value that can be determined with the proposed method. For this case study,
this value was 30%, which made it possible to achieve better reliability values in both
dwellings than those obtained without using cooperative strategies, while providing
balanced improvements. Compared to most of the literature works (such as [22]), this is
one of the key contributions of this study, since the cooperative strategy allows performance
optimization and reliability improvements.

In addition to the presented case study, the described method would allow us to obtain
an optimal design in different situations. One of the situations that could be addressed
with the proposed method would be that of consumers who had generation curves with
different patterns. This can take place when the geographical location of the considered
consumers receives different radiation levels or when there is a different generation mix
in the facilities (for example, including a wind turbine in one of them). The fact of having
different generation patterns, in addition to having different load curves, further justifies
the use of this cooperative strategy, since there is a greater probability to have one of the
dwellings with an energy surplus when the other is in need of additional generation.

A case of special interest to study of this type of strategies is that of Virtual Power
Plants (VPPs), since in the set of generation and demand curves aggregated in a VPP there
can be a great variety of scenarios that can provide great benefits derived from the use of
cooperative strategies.

In the developed case study, one of the implicit benefits obtained when planning the
facilities to use cooperative strategies is the net reduction in installation costs due to the
optimized use of resources. This has been carefully addressed in this work compared
to the literature by adding random faults in the system to simulate the repair times and
include their impact on the reliability indices (as opposed to most studies, such as [11]).
Since both facilities share resources and they use them cooperatively, it is possible to obtain
results similar to those obtained in S1 with a lower amount of installed resources. S1
corresponds to a scenario in which there is no interconnection between the two dwellings,
so the cooperative strategy is not needed. For this reason, this scenario has been completed
using the method described in [38]. The new proposal allows for the generalization of that
method for a set of multiple prosumers in a single microgrid. From the improvement in
this method it can be derived that to obtain the same results as in scenario S230 without
sharing resources, it would be necessary to install a greater ESS in each facility. In scenario
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S230, the reliability parameters obtained are an ENS of 106,547 kWh and 66,109 kWh and a
LOLP of 2.24% and 2.09% for D1 and D2, respectively. In order to reach these values for
both dwellings in S1, the value of Bj

r would have to be as shown in Table 6. This allows
quantifying of the benefits of the proposed method compared to previous studies for the
selected case study.

Table 6. Initial design of batteries for scenario S1 to obtain the same results as in scenario S230.

Bj
r (kWh) LOLP (%) Extra Capacity Needed (%)

D1 26,000 2.21 13.04
D2 20,000 2.02 11.11

Finally, together with the economic benefit obtained thanks to the described method,
it is worth highlighting the environmental benefit of using fewer resources and needing
less support from conventional systems, since in this type of dwellings diesel generators
are commonly used to supply energy in the hours in which the SAPV system and the ESS
are not able to cover the demand.

5. Conclusions

In this study, a method to analyse and improve the reliability of energy supply in two
dwellings with their SAPV system and their ESS when they use a cooperative strategy has
been proposed and validated. The method is based on the use of surplus generation and
storage of one facility to supply energy to the other facility when needed, fixing a minimum
amount of energy to stop cooperating in order to avoid losing energy needed to supply its
own demand, defined by means of the key parameter SOCC. To test the method, it has been
applied to two real neighbouring dwellings, using real generation and demand curves.
The algorithm is based on the use of a random SMC simulation to find the stable values
of the selected reliability indices. As the simulations show, the results of the cooperative
strategy are better than the individual results in terms of reliability, but the improvement
in both dwellings can be unequal. The method has proven to be useful to find the most
even strategy adjusting the level of the minimum SOC needed to start cooperating.

It is important to note that the data were restricted to 2019 due to the anomalous
demand pattern shown during the pandemic situation, but the study can be repeated
with any other data. In fact, the method shown in this work could be applied to a larger
scale case study, i.e., to two neighbouring communities, with larger demand needs and a
greater generation mix. As a future work, the authors propose to explore the application
of a strategy such as the one proposed here for virtual power plants (VPP), since this
would allow the use of more demand curves and different generation curves for each
consumer, leading to higher differences between the analysed scenarios and probably
to higher chances to improve the global reliability. Additionally, studying the economic
impact of the proposed method is a research line that the authors propose to include in
future studies.
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Abbreviations

B Energy stored in battery at the beginning of the step
B+ Energy stored at the end of the step
B′, B′′ Intermediate results related to stored energy
BC Minimum level of energy in the battery to allow cooperating
BL Minimum accepted level of battery
BM Maximum battery capacity in kWh
Br Rated battery capacity
D Demanded energy
Dj Dwelling j, j ∈ {1,2}
E Energy surplus. If E ≥ 0, there is an energy surplus. If E < 0, there is an energy deficit.
ENS Energy not supplied
ENU Energy not used
ESS Energy storage system
Ey Annual energy consumption
G Generated energy
HNU Hours with energy not used
i Subscript, referring to each step
j Superscript, referring to each participant
LOLP Loss of load probability index
N Energy needed to supply the demand and to increase the energy stored to BC
P Available energy to be sent to other participant
Pd(peak) Maximum demanded power in dwelling j
PVpeak Rated power installed in the photovoltaic panels
SAPV Stand-alone photovoltaic system
SMC Sequential Monte Carlo
SOC State of charge
SOCC Minimum level of state of charge to allow cooperation
SOCL Minimum allowed level of state of charge
SOCM Maximum allowed level of state of charge
S1 Scenario 1 (base scenario without sharing resources)
S2x Scenario 2x (cooperative scenario)
TTF Time to failure
TTR Time to repair
T′ j→k Intermediate result related to energy to be transferred from user j to user k
Tk→j Energy received in user j from user k
U Usable surplus. If U ≥ 0, the demand is covered. If U < 0, the demand is not covered
VPP Virtual power plant
ηc Efficiency of battery charging
ηd Efficiency of battery discharging
ηt Efficiency of energy transmission
λc Photovoltaic panel array and battery controller failure rate per year
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