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Probabilistic planning of a battery energy storage system in a hybrid 
microgrid based on the Taguchi arrays 
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A R T I C L E  I N F O   

Keywords: 
Battery energy storage system 
Probabilistic sizing 
Taguchi arrays 

A B S T R A C T   

The transformation of electrical networks in the context of the new smart grid paradigm unavoidably involves 
new challenges for electrical component planning. This paper provides a tool for the probabilistic sizing of a 
battery energy storage system in a hybrid AC/DC microgrid (i.e., a microgrid including AC and DC subsections 
with AC and DC loads and renewable power generation). The procedure is based on an analytical formulation to 
assess the total costs sustained by the microgrid for the inclusion of the battery energy storage system. The total 
costs depend on the random nature of the load demand, the electrical energy prices, and the renewable power 
generation, therefore, a probabilistic approach has been used. Furthermore, to account for uncertainties that 
affect the input data, the Taguchi orthogonal arrays are applied which allow significantly reducing the 
computational efforts while guaranteeing the desired accuracy of the results. The proposed analytical formula-
tion along with the use of the Taguchi orthogonal arrays allows limiting the computational complexity even in 
presence of a large number of random inputs and discretization levels. A case study based on an industrial hybrid 
microgrid is presented to analyse the results obtained in terms of the optimal sizing of the battery energy storage 
system and to investigate the sensitivity with respect to some inputs.   

1. Introduction 

Battery energy storage systems (BESSs) are recognized to be essential 
in the path towards the effective integration of renewable energy in 
microgrids (μGs). The advantages of the BESS deployment are numerous 
and range from the simple ability to store the energy when it is in excess 
and use it as it is needed to the achievement of economic and sustainable 
goals in the operation of the electrical grids [1]. 

The proper installation of a BESS in a μG is driven by both economic 
and technical considerations. Indeed, the investment costs, which 
decreased over the last years, still represent an important item of the 
total costs; moreover, the O&M costs are linked to the strategy of the 
charging/discharging of storage systems. Such that, the optimal sizing of 
a BESS has to be faced as a constrained optimization problem [1]. 

The BESS sizing is an optimization problem that involves a long 
period (multiple years) so that uncertainties of the input variables 
cannot be neglected and have to be carefully considered [1,2]. Indeed, 
long-term and short-term uncertainties can be recognized; the former 
mainly refer to the load growth and the electrical energy tariffs; the 
latter are mainly linked to load and renewable generation variations. 

Both have to be correctly addressed as random variables in order to 
obtain a sizing which proves to be adequate and performing over the 
planning period. Therefore, the best approach for BESS sizing is based on 
the formulation of a probabilistic optimization problem. 

1.1. Probabilistic sizing of storage systems - literature review 

Several contributions are available in the relevant literature 
addressing the probabilistic sizing of storage systems [2–18]. They differ 
according to the objectives of the sizing, the typologies and the char-
acterization of uncertainties, and the methods used for solving the 
probabilistic sizing problem. 

Indeed, the probabilistic sizing of BESSs can be adopted by pursuing 
different objectives. A frequent objective is of economic nature; [3,4], 
and [18] choose the size of the BESS that minimizes the total costs 
including the BESS installation and operation cost and the cost of the 
energy exchanged with the grid. The economic value of load curtailment 
[5] and of the reliability [6,7] can also be included in the cost function. 
A technical objective is considered in [8] related to over- and under- 
voltage while the improvement of the self-consumption of renewable 
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generation is attained in [9]. When BESSs are installed in coordination 
with renewable generators, they can help reduce the detrimental effect 
of forecast errors of renewable generation [10–14]. 

The probabilistic approaches for BESS sizing consider different un-
certainties [3,4,6–9,15,16,18]: load demand, electricity prices (both 
intended as tariffs and selling price), photovoltaic (PV) and wind gen-
eration are the most frequently treated. 

Different probabilistic methods have been applied to consider the 
above objectives and uncertainties. In addition to the common proced-
ure based on the time-consuming Monte Carlo simulation characterized 
by a significant number of trials [3,9,12], many authors tried to limit the 
computational burden by applying the Point- Estimate method [6,7,14], 
the Chance-Constrained based method [15,17], the scenario-based 
approach [2,4,5,8] and the static robust optimization [16]. 

1.2. Contributions and organization of the paper 

The paper focuses on a particular application which refers to the case 
of a hybrid μG including AC and DC loads, renewable energy source 
(RES) power generation and a storage device. The μG, which is con-
nected to an upstream grid through a point of common coupling, also 
includes a DC bus where the DC loads, the PV generation and the storage 
are connected. 

Starting from this configuration, in this paper, the optimal sizing 
problem of the BESS is carried out by minimizing a closed form of the 
total costs and is faced by considering uncertainties in load demand, 
electrical energy prices, and RES power generation. An analytical 
formulation is provided allowing determining the total costs given by 
the cost sustained for the purchased energy and the profit derived from 
the sold energy, both referred to the whole planning period, and the 
BESS’s installation and operation costs. In particular, the closed-form 
analytical expression of the total cost considers the adopted energy 
management strategy of the μG to control the balance among the loads, 
the photovoltaic power production, the BESS power, and the power 
exchanged with the main grid. 

The probabilistic approach used in this paper makes use of the 
Taguchi arrays-based method [19] whose advantage in this application 
is mainly related to its ability to obtain the mean values of the total costs 
with a few numbers of trials on the input random variables. This allows 
guaranteeing very reduced computational complexity with high accu-
racy of the results. The probabilistic approach, indeed, could imply a 
high computational effort especially when dealing with a very high 
number of both random inputs and discretization levels and when the 
use of the Monte Carlo approach would require a very high number of 
experiments to provide accurate results. In these cases, the combination 
of closed-form relationships and the Taguchi method offers accurate and 
fast solutions. The Taguchi arrays-based method has been used exten-
sively in various fields of engineering, but only recently it has been used 
in the field of power systems [20–33] and never applied, to the best of 
our knowledge, to the probabilistic BESS sizing. 

The main contributions of this paper are summarized as follows:  

(i) an analytical formulation of the total costs in a μG including a 
BESS, AC and DC loads and renewable generation is provided; 
this formulation can be easily applied in the probabilistic 
framework of the BESS design, limiting the computational efforts;  

(ii) a probabilistic solving procedure of the BESS sizing based on the 
Taguchi arrays is applied; the innovative proposed procedure 
allows obtaining the BESS design parameters with reduced 
computational burden;  

(iii) a comparison of the computational efforts and the accuracy of the 
results of the proposed approach with those associated with the 
classical Monte Carlo simulation procedure is carried out. Also, a 
wide sensitivity analysis is conducted to assess the influence of 
the main input parameters. 

The paper is organized as follows. Section 2 presents the proposed 
procedure adopted for solving the probabilistic sizing of a BESS in a μG. 
Section 3 provides the evaluation of the total costs sustained for the 
installation/maintenance of the BESS and the exchange of electrical 
energy with the upstream grid while Section 4 describes the energy 
management strategy of the μG and the charging/discharging process of 
the BESS. The application of Taguchi’s arrays to the sizing problem 
under consideration is derived in Section 5. Finally, numerical results 
are illustrated and discussed in Section 6 and conclusions are drawn in 
Section 7. 

2. The probabilistic sizing procedure 

The proposed sizing procedure is based on a probabilistic procedure 
for sizing BESSs included in hybrid AC-DC μGs [34] whose conceptual 
scheme is that shown in Fig. 1. For this purpose, an analytical formu-
lation of the total cost is derived including the cost sustained for the 
purchased energy and the profit derived from the sold energy, both 
referred to the whole planning period, as well as the BESS’s installation 
and operation costs. The analytical formulation of the total cost is then 
used in the probabilistic method which provides the expected mean 
value of the total cost related to the uncertainties affecting some input 
parameters. 

In particular, the BESS sizing random input variables refer to eco-
nomic aspects, e.g., price of sold/purchased energy, and technical as-
pects that are load demand and RES power. The Taguchi arrays-based 
probabilistic procedure is repeatedly applied to several BESS sizes and 
the optimal size is chosen as that corresponding to the minimum value of 

Fig. 1. Scheme of the typology of hybrid μG considered.  
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the expected total cost. 
More in detail, the proposed probabilistic sizing procedure includes 

the following steps:  

• input of the data needed for the cost evaluation formulated in terms 
of probability density functions (pdfs);  

• evaluation of the mean value of the cost for each considered BESS 
size;  

• identification of the BESS size as that corresponding to the minimum 
cost. 

A schematic of the procedure is reported in Fig. 2. 
Pre-processing of input data has to be carried out consisting of data 

cleansing, averaging, and clustering. Regarding data cleansing, bad and 
missing data have to be individuated and removed. With reference to the 
averaging, all the values have to be averaged at the same time 
resolution. 

The clustering of data refers to the identification of typical days that 
are characterized by similar profiles of the inputs based on their 
seasonality. 

The cost evaluation is based on the analytical formulation presented 
in Sections 3 and 4. This formulation is iteratively applied to all the 
candidate BESS sizes (Nbs) and, for each of them, the mean values of the 
cost are determined through the Taguchi-based probabilistic procedure 
whose details are given in Section 5. The optimal BESS is finally derived 
as that corresponding to the minimum cost mean value. 

3. Cost evaluation 

The cost sustained by the μG reported in Fig. 1 is formulated in terms 
of total cost function, CT, related to the inclusion of the BESS in the μG 

which is defined as: 

CT = C0 +CM +CR +CD +CE − RE (1)  

where C0 includes the BESS installation cost, CM is the battery mainte-
nance cost, CR is the cost related to the replacement of the battery, CD is 
the cost of the disposal of the battery, CE is the cost sustained due to the 
energy purchased by the μG, and RE is the revenue for the energy sold by 
the μG. The energy purchased from the network and that sold to the 
network include the whole energy exchanged by the hybrid μG, thus 
comprising that of loads, RES, and BESS. 

Regarding the cost related to the replacement of the battery, the 
expected lifetime of the battery has to be evaluated by taking into ac-
count its life cycle that is the total number of charging/discharging cy-
cles corresponding to a specific battery technology and a maximum 
Depth of Discharge (DoD). The battery lifetime is then given by: Lb =
Ncycles(DoD)

365υ , where Lb is the battery lifetime (in years), Ncycles(DoD ) is the 
total number of charging/discharging cycles corresponding to a specific 
maximum DoD, being this value declared by the battery manufacturer, 
and υ is the number of daily charging/discharging cycles, that depends 
on how the battery is operated. 

The cost items CE and RE in (1) are related to the whole planning 
period (Nyears) of the BESS as: 

CE =
∑N

n=1

∑Sn
k=1D(k)CE,n,k

(1 + β)n− 1 (2)  

RE =
∑N

n=1

∑Sn
k=1D(k)RE,n,k

(1 + β)n− 1 (3)  

with β the discount rate and Sn the time periods of each year (e.g., 
seasons), each characterized by a typical day repeated D(k) times per 
year; with respect to the typical day of the kth time period of the nth 
year, CE,n,k is the cost sustained for the purchased energy, and RE,n,k is 
the revenue for the sold energy. Both these last terms depend on the 
price of the energy. In the case of the ToU tariff, different price levels 
(typically, two or three) are defined, each corresponding to specified 
periods (hours) of the day. In the case of two price levels (it is easy to 
extend to the case of more levels), that is on-peak and off-peak periods, 
CE,n,k and RE,n,k can be defined as: 

CE,n,k = Ep,Ton

n,k Pron
n,k + Ep,Toff

n,k Proff
n,k (4)  

RE,n,k = Es,Ton

n,k Prf
n,k +Es,Toff

n,k Prf
n,k (5)  

where Ep,Ton

n,k (Ep,Toff

n,k ) and Es,Ton

n,k (Es,Toff

n,k ) are the energy purchased from the 
grid during the on-peak (off-peak) periods, and the energy sold to the 
grid during the on-peak (off-peak) periods, respectively. Pron

n,k and Proff
n,k 

are the prices of the energy purchased from the grid during these periods 
and Prf

n,k is the price of the feed-in tariff for the energy sold. The values of 
the sold and purchased energy in (4) and (5) depend on the energy 
management strategy of the μG and, in particular, of the storage system. 
In the next Section, this strategy is discussed and the formulae for the 

evaluation of Ep,Ton

n,k , Ep,Toff

n,k , Es,Ton

n,k , and Es,Toff

n,k are derived in closed form. 

4. Energy management and energy exchanges 

The energy management strategy of the μG aims to control the bal-
ance among the loads, the RES power production, the BESS power, and 
the power exchanged with the main grid. The proposed strategy is 
pursued by controlling the battery charging/discharging power to 
minimize the daily cost related to the power absorbed (purchased) from 
the main grid and to maximize the revenue related to the power 

Evaluation of the total 
cost for the ith BESS size

i=
NO

YES

Identification of the 
minimum cost BESS size

i = i+1

Input Data

i = 1

Store total cost value for 
the ith BESS size

Iterative loop

Fig. 2. Flowchart of the sizing procedure.  
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exported (sold) to the grid. For this purpose, in the case of ToU tariffs, 
the management strategy has to be hierarchically arranged to allow:  

• the use of RES power to supply the DC load, first, then the AC load 
during all periods of the day;  

• the BESS discharging to supply loads exceeding the RES power 
production, during the on-peak time period;  

• the BESS charging being supplied by the RES exceeding the loads, 
and that supplied by the grid, during the off-peak time period;  

• the export to the main grid of the RES production exceeding the sum 
of load and battery powers. 

With respect to the charged/discharged energy of the BESS, the 
proposed energy management strategy is schematized in Fig. 3, where 
the term “load” refers to the sum of DC and AC loads. 

It has to be noted that the proposed strategy is particularly tailored 
for systems in which the RES size is not big enough to satisfy the load 
demand, especially in winter and mid-season. Also, the main purpose of 
the strategy is the provision of demand response rather than the increase 
in self-consumption. 

The application of this strategy is subject to the constraints related to 
(i) the battery rating and DoD, (ii) the contractual agreement in terms of 
the maximum value of power exchanges between the μG and the grid, 
and (iii) the daily energy balance. These constraints mean that the areas 
reported in Fig. 3 (areas from ① to ⑥) refer to the maximum energy 
available for discharging, edch

max, (i.e., areas ② and ③) or charging, ech
max, 

(i.e., areas ⑤, and ⑥). The maximum energy available for charging 
(area ⑥) is related to the limits imposed on the power that can be im-
ported from the main grid and the area ① refers to the energy produced 
by the RES and exported to the main grid. 

The proposed analytical approach is then based on the comparison 
between the daily profiles of load demand and power production. Based 
on this comparison, the maximum energy the battery can charge, ech

max, 
and the maximum energy the battery can discharge, edch

max, are evaluated. 
On a daily basis, it is required that the charged and discharged energy be 
the same; these values are also limited by the maximum energy the 
battery can store s, which accounts for the size and the maximum DoD. 
Then, the value of the daily energy the battery can charge, or discharge, 
e, is given by (hereinafter, the indices n and k are not considered for ease 
of notation): 

e = min
{

ech
max, edch

max, s
}

(6) 

The maximum energy that can be discharged/charged by the BESS is 
analytically derived in the following two sub-Sections. 

4.1. Maximum discharging energy (on-peak period) 

During the on-peak period Ton, the maximum energy that is possible 
to be discharged by the battery can be derived by considering that the 
battery can be discharged only to supply the loads exceeding the RES 
power. More specifically, the maximum energy available for 

discharging, edch
max, is given by: 

edch
max =

∑

t∈Ton
21

1
ηb

[
pl,AC(t)

ηi
+ pl,DC(t) − pr(t)

]

Δt +
∑

t∈Ton
22

Pb

ηb
Δt

(7)  

where pl,AC(t) (pl,DC(t)) is the power requested by the AC (DC) load at the 
time interval t, pr(t) is the power produced by the RES at the time in-
terval t, Pb is the power rating of the battery, ηi is the efficiency of the 
converter between the AC and DC buses used as inverter, ηb is the battery 
efficiency, and where Ton

21 and Ton
22 are derived as follows. 

As shown in Fig. 3, Ton includes two sub-periods (i.e., areas ① and 
②) related to the RES power which is able (Ton

1 ) or not (Ton
2 ) to satisfy 

load demand: 

Ton
1 =

{

t ∈ Ton : pr(t) ≥
pl,AC(t)

ηi
+ pl,DC(t)

}

Ton
2 =

{

t ∈ Ton : pr(t) <
pl,AC(t)

ηi
+ pl,DC(t)

} (8)  

where t is the time slot of duration Δt. 
During Ton

1 the RES power is able to satisfy the loads, thus the BESS is 
not requested to be discharged; during Ton

2 the BESS can be discharged to 
satisfy the loads exceeding the RES power, depending on the battery 
power rating, Pb. Thus, the following two sub-periods can be considered: 

Ton
21 =

{

t ∈ Ton
2 :

pl,AC(t)
ηi

+ pl,DC(t) − pr(t) ≤ Pb

}

Ton
22 =

{

t∈ Ton
2 :

pl,AC(t)
ηi

+ pl,DC(t) − pr(t) > Pb

} (9)  

4.2. Maximum charging energy (off-peak period) 

During the off-peak periods Toff , the maximum charging energy of 
the battery can be derived by considering that the BESS can be charged 
from the RES power exceeding the loads first (i.e., area ⑤ in Fig. 3), and 
then by absorbing power from the grid (i.e., area ⑥ in Fig. 3). Particu-
larly, the maximum energy that can be charged by the battery is given 
by: 

ech
max = er

Toff
1
+ er

Toff
2
+ eg

Toff
2

(10)  

where, Toff
1 and Toff

2 are two subperiods of Toff referring to the case when 
RES power is able to satisfy the loads (Toff

1 ), or not (Toff
2 ); er

Toff
1 

and er
Toff

2 
are 

the maximum energies charged by the battery and supplied by the RES 
during the period Toff

1 , and Toff
2 , respectively and eg

Toff
2 

is the maximum 

energy that can be charged by the battery and that is supplied by the grid 
during Toff

2 . These terms can be derived as explained in what follows. 
Toff

1 and Toff
2 are given by: 

Toff
1 =

{

t ∈ Toff : pr(t) ≥
pl,AC(t)

ηi
+ pl,DC(t)

}

Toff
2 =

{

t ∈ Toff : pr(t) <
pl,AC(t)

ηi
+ pl,DC(t)

} (11)  

During Toff
1 , the BESS can be charged by the RES power exceeding the 

loads, depending on the battery power rating, thus, it is possible to 
consider two sub-periods: 

Fig. 3. Energy management strategy.  
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Toff
11 =

{

t ∈ Toff
1 : pr(t) −

[
pl,AC(t)

ηi
+ pl,DC(t)

]

≥ Pb

}

Toff
12 =

{

t ∈ Toff
1 : pr(t) −

[
pl,AC(t)

ηi
+ pl,DC(t)

]

< Pb

}

(12)  

During the Toff
11 and Toff

12 the energy charged by the RES is given by: 

er
Toff

1
= ηb

∑

t∈Toff
11

PbΔt

+ηb

∑

t∈Toff
12

[

pr(t) −
(

pl,AC(t)
ηi

+ pl,DC(t)
)]

Δt
(13)  

whereas the energy charged from the grid is zero. 
During Toff

2 the RES is not able to satisfy all the loads but only part or 
all of the DC loads; the power produced by the RES can then be used to 
charge the battery depending on the DC load request, thus identifying 
two sub-periods: 

Toff
21 =

{
t ∈ Toff

2 : pr(t) ≥ pl,DC(t)
}

Toff
22 =

{
t ∈ Toff

2 : pr(t) < pl,DC(t)
}
.

(14)  

During Toff
21 the battery can be charged by both the grid and the RES 

depending on the battery power rating, Pb, thus identifying two sub- 
intervals: 

Toff
211 =

{
t ∈ Toff

21 : pr(t) − pl,DC(t) ≥ Pb
}

Toff
212 =

{
t ∈ Toff

21 : pr(t) − pl,DC(t) < Pb
}
.

(15)  

The maximum energy that can be charged by the battery during Toff
21 

from the RES, er
Toff

21
, and from the grid, eg

Toff
21

, can be then evaluated as: 

er
Toff

21
= ηb

⎡

⎣
∑

t∈Toff
211

Pb +
∑

t∈Toff
212

pr(t) − pl,DC(t)

⎤

⎦Δt

eg
Toff

21
= ηb

⎧
⎨

⎩

∑

t∈Toff
2121

[
Pb −

(
pr(t) − pl,DC(t)

) ]

+
∑

t∈Toff
2122

ηr

[

Pmax
imp − pl,AC(t) −

(
pl,DC(t) − pr(t)

)

ηr

]
⎫
⎬

⎭
Δt

(16)  

with ηr the efficiency of the converter between the AC and DC buses used 
as rectifier, and the intervals Toff

2121 and Toff
2122 defined on the basis of the 

maximum power that can be absorbed from the grid, Pmax
imp , as: 

Toff
2121 =

{

t ∈ Toff
212 :

Pb −
(
pr(t) − pl,DC(t)

)

ηr
+ pl,AC(t) ≤ Pmax

imp

}

Toff
2122 =

{

t ∈ Toff
212 :

Pb −
(
pr(t) − pl,DC(t)

)

ηr
+ pl,AC(t) > Pmax

imp

}

.

(17)  

It is worth to note that a portion, eg,AC
Toff

21
, of eg

Toff
21

, is absorbed from the grid 

to supply part of the AC load which is given by: 

eg,AC
Toff

21
= ηi

∑

t∈Toff
21

[
pr(t) − pl,DC(t)

]
Δt. (18)  

During Toff
22 the battery can be charged by the grid, depending on the 

maximum power that can be absorbed, Pmax
imp . Thus, two sub-periods can 

be defined within Toff
22 : 

Toff
221 =

{

t ∈ Toff
22 : pl,AC(t) +

Pb + pl,DC(t) − pr(t)
ηr

> Pmax
imp

}

Toff
222 =

{

t ∈ Toff
22 : pl,AC(t) +

Pb + pl,DC(t) − pr(t)
ηr

≤ Pmax
imp

}

.

(19)  

The maximum energy that can be charged by the battery during Toff
22 can 

be then evaluated as: 

eg
Toff

22
= ηb

⎧
⎨

⎩

∑

t∈Toff
221

ηr

[

Pmax
imp − pl,AC(t) −

(
pl,DC(t) − pr(t)

)

ηr

]

+
∑

t∈Toff
222

Pb

ηr

⎫
⎬

⎭
Δt.

(20)  

The maximum energy that can be charged by the battery from the RES, 
er

Toff
2

, and from the grid, eg
Toff

2 
are eventually given by: 

er
Toff

2
= er

Toff
21

eg
Toff

2
= eg

Toff
21
+ eg

Toff
22
.

(21) 

In the case of three-level ToU tariff, a mid-peak period can be 
considered where the battery can also be charged with the same pro-
cedure presented for the off-peak period. 

4.3. Energy exchanges during the on-peak period 

As previously evidenced, in order to analytically evaluate the cost 
and revenue items in (4) and (5), the sold and purchased energy have to 
be evaluated. In this sub-section, these terms are derived with respect to 
the on-peak period. Particularly, the energy sold during the on-peak 
period, EsTon , is that corresponding to the RES power exceeding the load, 
during the Ton

1 , that is when the RES production is higher than the load, 
and has the same value independently from the presence or absence of 
the BESS 

EsTon
=

∑

t∈Ton
1

[
ηi

(
pr(t) − pl,DC(t)

)
− pl,AC(t)

]
Δt. (22) 

During Ton
2 , when the RES production is lower than the load, the sold 

energy is zero. 
Regarding the energy purchased during the on-peak period, EpTon , in 

the case of absence of BESS, during the interval Ton
1 when the RES pro-

duction is higher than the load, it is equal to zero. It is different from zero 
only when the RES production is lower than the load (i.e., Ton

2 ) and is 
given by: 

EpTon

nobs =
∑

t∈Ton
2

[

pl,AC(t) − pr,AC(t) +
pl,DC(t) − pr,DC(t)

ηr

]

Δt
(23)  

where pr,AC(t) and pr,DC(t) are the portions of the RES production used to 
supply AC and DC loads, respectively, which are given by: 

pr,DC(t) =
{

pl,DC(t) pr(t) ≥ pl,DC(t)
pr(t) otherwise (24) 
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pr,AC(t) =
{

pl,AC(t) ηi

(
pr(t) − pr,DC(t)

)
≥ pl,AC(t)[

pr(t) − pr,DC(t)
]
ηi otherwise. (25)  

In the case of presence of BESS, the purchased energy, EpTon , is obtained, 
starting from (23), as: 

EpTon
= EpTon

nobs − ηbeTon

DC − ηbηie
Ton

AC (26)  

where eTon

DC (eTon

AC ) is the energy discharged by the battery to satisfy the DC 
(AC) load. Being e the whole energy discharged by the battery, eTon

DC and 
eTon

AC are given by: 

eTon

DC =

{∑

t∈Ton
2

[
pl,DC(t) − pr(t)

]
Δt ηbe ≥

∑

t∈Ton
2

pl,DC(t)Δt

e otherwise
(27)  

eTon

AC =

{
e − eTon

DC ηbe ≥
∑

t∈Ton
2

pl,DC(t)Δt

0 otherwise.
(28)  

4.4. Energy exchanges during the off-peak period 

Regarding the off-peak period, Toff , the battery is supposed to be 
charged by the RES production which exceeds the loads, first, then by 
the energy supplied by the grid. 

During this period, since during the Toff
2 , i.e., when the RES pro-

duction is lower than the load, the sold energy is zero, the energy is sold 
only during the Toff

1 , i.e., when the RES production exceeds the load. 
Thus, in absence of BESS, the sold energy (EsToff

nobs) is given by: 

EsToff

nobs =
∑

t∈Toff
1

[
ηi

(
pr(t) − pr,DC(t)

)
− pr,AC(t)

]
Δt. (29) 

In the case of the presence of BESS, the RES power exceeding the load 
demand is used to charge the battery and, that exceeding both loads and 
battery power rating is sold to the upstream grid. Thus, the sold energy, 
EsToff , is given by: 

EsToff
=

⎧
⎪⎨

⎪⎩

EsToff

nobs −
ηi

ηb
e e ≤ er

Toff
1

EsToff

nobs −
ηi

ηb
er

Toff
1

otherwise
(30)  

where er
Toff

1
, given by (13), is the energy corresponding to the portion of 

power produced by the RES and used to charge the battery. 

Regarding the purchased energy in absence of BESS, Epur,Toff

nobs , it is 
equal to zero during Toff

1 whereas, during Toff
2 , i.e., when the RES pro-

duction is lower than the load, it is given by: 

EpToff

nobs =
∑

t∈Toff
2

[

pl,AC(t) − pr,AC(t) +
pl,DC(t) − pr,DC(t)

ηr

]

Δt
(31)  

where pr,AC(t) and pr,DC(t) are still given by (24) and (25). 
In the case of presence of BESS, the battery is charged by the grid 

during Toff
2 , i.e., when the RES production is lower than the load demand. 

Thus, the purchased energy during Toff , EpToff , is given by: 

EpToff
=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

EpToff

noB e ≤ er
Toff

1

EpToff

noB +
1

ηrηb

(
e − er

Toff
1

)
er

Toff
1

< e ≤ e1

EpToff

noB +
1

ηrηb
eg

Toff
22
+ ηi(e − e1) e1 < e ≤ e2

EpToff

noB +
1

ηrηb

[

eg
Toff

22
+ (e − e2)

]

+ ηie
g,AC
Toff

21
otherwise

(32)  

where e1 = eg
Toff

22
+er

Toff
1 

and e2 = eg
Toff

22
+ er

Toff
1

+ eg,AC
Toff

21
. 

Note that in the first equation of (32), the BESS energy overall 
charged and discharged is lower than or equal to that available from the 
RES. It means that no energy is purchased from the grid to charge the 
BESS and the energy purchased from the grid is solely that required by 
the load, that is the same of the case of absence of BESS. 

5. Taguchi Arrays-Based probabilistic procedure 

5.1. The Taguchi method and the orthogonal arrays 

The Taguchi method is a statistical method belonging to the design of 
experiment techniques, which are typically adopted to study the effect 
of multiple variables on the output [19]. These techniques manage 
statistical processes by identifying:  

(i) the system, described by the equation governing the problem 
under study;  

(ii) inputs, which are data used to run the problem;  
(iii) outputs, which are the responses of the system;  
(iv) factors, which are data that have a direct effect on the outputs; 

each factor can assume different values referred to as levels;  
(v) uncontrollable noises, which are variables that affect the outputs 

but whose values are unidentifiable [27]. 

The design of experiment techniques deals with all the possible levels 
associated with the factors. From a theoretical point of view, their effect 
on the outputs should be identified by the analysis of the experiments 
applied to all possible combinations of all factor levels. This would imply 
a huge number of experiments, Nexp, which corresponds to Nexp = NL

NF , 
being NF the number of factors and NL the number of levels, with 
obvious huge computational burden. 

The Taguchi method is based on orthogonal arrays, as that shown in 
Table 1, which allow identifying the fewest possible experiments to be 
performed which correspond to a specified combination of the levels of 
factors. In particular, the orthogonal array is a matrix that individuates 
the fewest fraction of the exhaustive factorial combinations Nexp having 
the property to adequately represent the impact of the factor random-
ness on the outputs. These orthogonal arrays have a number of columns 
equal to the number of factors NF and a number of rows referring to the 
number of experiments Nexp,T; considering the ith row and the jth column, 
the element Lij is the level assigned to the jth factor in the ith experiment 
(e.g., Lij can be 1 or 2, in case of factors with two levels; 1, 2 and 3 in case 
of three levels) [19,28]. The properties of the orthogonal arrays are 
widely explained in [19]. 

Table 1 
Example of orthogonal array.  

Experiment number Level of each factor 

F1 F2 …. FNF 

1 L11 L12 … L1NF 

2 L21 L22 … L2NF 

…. … … … … 
Nexp,T LNexp,T1 LNexp,T2 … LNexp,TNF  

F. Mottola et al.                                                                                                                                                                                                                                 



International Journal of Electrical Power and Energy Systems 157 (2024) 109886

7

The combination of factor levels of each experiment of the orthog-
onal arrays can be derived, based on specific rules, by using libraries 
[35] and/or algorithms [36]. To provide an example of the determina-
tion of the orthogonal arrays, let us consider the orthogonal array for a 
case with 3 factors that can assume two levels; as reported in Table 2, 
where the two levels assigned to each factor are indicated by 1 and 2, the 
number of rows (and of the experiments) is only 4. 

The orthogonal arrays exhibit some properties [19]: first, each col-
umn of the array contains the same number of the levels (e.g., the first 
column of Table 2 contains twice the level 1 and twice the level 2, and so 
on); second, the combinations of factors’ levels between any two col-
umns appear an equal number of times (e.g., in Table 2, the combina-
tions of the levels 1 and 2 for the factors F1, F2, and F3 − 11, 22, 21, and 
12 - appear in the corresponding columns.) The minimum number of 
rows that verifies the mentioned rules is the number of Taguchi’s 
orthogonal array. 

By applying the Taguchi’s orthogonal arrays, the number of experi-
ments, Nexp,T , is such that the number of columns of the orthogonal 

matrix NF* =
(NL

J − 1)
(NL − 1) is greater than or equal to the number of factors, NF, 

where J is selected such that the number of experiments Nexp,T = NL
J, 

which corresponds to the number of rows of the orthogonal matrix. In 
case NF* is greater than the number of factors NF, the redundant columns 
can be neglected, since the obtained array is still orthogonal [36]. It is 
easy to argue, that the number of experiments of the Taguchi’s 
orthogonal arrays, Nexp,T, is significantly lower than the number of ex-
periments corresponding to all the combinations Nexp. 

Regarding the levels of the factors, the Taguchi orthogonal arrays 
usually refer to two or three levels. 

A factor can be also represented by a random variable with an 
assigned pdf (as in the case of the probabilistic sizing of BESS). In this 
case, the orthogonal arrays can still be derived by assigning two or three 
levels to the factors in agreement with the assigned pdfs; in particular, 
for a two-level array, the values associated with the levels of the i th 

random variable (factor) can be chosen as [27]: 

μi ∓ σi (33)  

where μi and σi are the mean and the standard deviation values, 
respectively, of the i th random variable (factor). 

When a three-level array is chosen, the values associated with the 
levels of the ith random variable (factor) are μi and 

μi ∓

̅̅̅
3
2

√

σi. (34) 

The outputs of the procedure are the mean and standard deviation 
values of the results of all the experiments [28]. In this paper, the 
orthogonal arrays are used to create the possible set of experiments 
which allow handling uncertainties of the input parameters of the sizing 
procedure and obtaining the probabilistic features of the candidate BESS 
sizes in terms of mean and standard deviation of the total cost. In this 
way, the use of Taguchi orthogonal arrays allows managing the large set 
of uncertain parameters involved in the sizing procedure, through a 
small number of experiments even preserving the accuracy of typical 
probabilistic approaches based on a large number of experiments, such 
as the Monte Carlo method. The application of the Taguchi arrays to the 

sizing procure is detailed in Section 5.2. 

5.2. Application of Taguchi arrays to the sizing procedure 

For each BESS size, the total cost (as formulated in Sections 3 and 4) 
depends on input variables or data that are uncertain and, as a conse-
quence, is itself a random variable. To determine the statistical prop-
erties of the sizing objective, a variety of methods can be applied; among 
them the well-known Monte Carlo simulation procedure, which is one of 
the most used techniques, can be implemented. However, since this 
method suffers from a huge computational burden, lately, approximate 
approaches have been proposed to face problems under uncertainties 
with lower computational efforts [37]. In this paper, the Taguchi 
method is chosen and, for all the elements of the orthogonal array 
determined for the factors (the factors being random input data of the 
optimization problem), the analytical problem explained in Sections 3 
and 4 is applied and, in the end, the statistical measures of the sizing 
objective are determined. 

More specifically, referring to the flow chart of Fig. 4 and to the 
hybrid μG described in Section 2, the input data are the maximum power 
which can be exchanged between the μG and the main grid, the structure 
of the energy tariff, and the possible sizes of the BESS among which the 
optimal value must be identified. The random variables (i.e., factors 
according to Taguchi’s nomenclature) of the proposed sizing procedure 
are:  

(i) the price of the purchased energy,  
(ii) the price of the sold energy,  

(iii) the load demand, and  
(iv) the PV power. 

Statistical distributions are identified for each random variable, ac-
cording to the available data. After determining the proper orthogonal 
array (on the basis on the chosen number of levels, e.g. two-level or 
three-level approach), for each element belonging to it, the total costs 

Table 2 
Orthogonal array for 3 factors and 2 levels [19].  

Experiment number Level of each factor 

F1 F2 F3 

1 1 1 1 
2 1 2 2 
3 2 1 2 
4 2 2 1  

Fig. 4. Schematic representation of the application of the Taguchi’s arrays for 
an assigned BESS size. 
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are determined by applying the analytical formulation described in 
Sections 3 and 4. Outputs are the mean values of the total cost of the μG 
over the whole planning period corresponding to the considered BESS 
size. 

The procedure of Fig. 4 has to be applied to all the available BESS 
sizes and, finally, the optimal BESS size will be the one associated to the 
lowest mean value of the total cost of the μG. 

It is worth noting that, in the numerical applications, for some cases, 
the Monte Carlo method is reported to test the effectiveness and the 
accuracy of the Taguchi arrays-based method; for the Monte Carlo 
method, a few thousands of simulations are required. 

6. Numerical application 

The proposed planning method has been applied to the hybrid μG of 
an industrial load characterized by both AC and DC power demand and 
equipped with a PV system. The classic Monte Carlo approach, which is 
a benchmark method widely used in scientific community [37], is used 
to validate the proposed method. The power demand has been consid-
ered based on the historical measurements of 50 actual industrial plants 
in Germany [38]. Pre-processing has been performed related to the 
values originally collected at a minute resolution which have been 
averaged to obtain hourly data. Also, based on the available one-year 
historical data, pdfs are derived with reference to four typical days, 
corresponding to working/holiday and summer/winter. Mean and 
standard deviation values of the pdfs are derived for the application of 
the Taguchi arrays-based method. Two examples of summer and winter 
AC and DC loads data are reported in Fig. 5(a) and (b). 

A five MW-rated photovoltaic (PV) system has also been considered. 
The historical values of its power production were adapted from [39]. In 
Fig. 5(c), two examples of daily PV production are reported, related to a 
winter and summer day. 

Data related to the load and PV powers are already available pre- 
processed, thus no issues related to missing or bad data have been 
faced with. The data of each experiment of the probabilistic procedure, 
which are supposed uncorrelated, are extracted from the non-parametric 
distributions of loads and PV hourly powers. 

A yearly load growth of + 1 % has been assumed for both AC and DC 
loads. Regarding the ToU tariff, the prices assumed for the first year are 
reported in Table 3. They refer to an actual tariff applied to industrial 

loads equipped with energy storage systems available from [40]. 
Regarding the feed-in tariff, based on the actual rates provided by the 

same utility, the price of 50 $/MWh has been assumed for the first year 
according to the tariff available from [40]. During the planning period 
the values of both feed-in and ToU tariffs vary according to a uniform 
distribution with mean, μ, equal to the value of the tariff and parameters 
μ ± 10%. A yearly growth of 1 % has also been assumed. The net present 
value of the total cost is obtained by considering the discount rate of 3 %. 

The storage device is based on the nickel manganese cobalt Li-ion 
battery technology. For this technology, the round-trip efficiency is 
99 %, the discharging time is three hours, and the maximum admissible 
DoD is 100 %, corresponding to a lifetime of 4800 cycles [41]. The 
battery’s installation and replacement costs are assumed equal to 153 
and 110 $/kWh, respectively; the installation cost of the conversion 
system is assumed equal to 59.6 $/kW; maintenance costs of 1.5 % of the 
installation cost are assumed for the BESS [41]. The proposed sizing tool 
is applied with respect to a planning time of 20 years. 

In this case study, the number of factors is 241; if we consider two 
levels for each factor, the Taguchi’s orthogonal array will contain 256 
rows (experiments), while for the 3-level case, the Taguchi’s orthogonal 
array will contain 729 rows (experiments). The orthogonal arrays are 
determined, on the basis of the previously mentioned properties, by 
applying the algorithm described in [36]. With respect to the values 
assumed by the random factors, for the 2-level approach, (33) provides 
the values of each factor, while for the 3-level approach, the values of 
the factors are the mean and the values provided by (34). Regarding the 
computational time, the use of Taguchi two-level implies less than 0.1 s 
for the evaluation of mean and standard deviation of the total cost for 
each size, based on the simulation performed with a PC equipped with 
an Intel(R) Core(TM) i9-10900X CPU @ 3.70 GHz − 64 GB RAM. 
Obviously, in this application the reduced computational time is due to 
the use of an analytical procedure. The computational time quantified 
with the Taguchi three-level was about seven times longer than that of 
the Taguchi two-level. The computational time quantified with the 
Monte Carlo method was about 40 times longer than that of the Taguchi 
two-level. Hence, significant time reduction can be attained when 
dealing with a large set of BESS sizes among which the solution would be 
found. 

The mean values of the total costs resulting from the application of 
the proposed method are reported in Fig. 6 with respect to BESS sizes 
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Fig. 5. Examples of AC load demand (a), DC load demand (b), and PV pro-
duction (c). 

Table 3 
ToU Tariff.  

Season TOU level Period Price ($/MWh) 

Summer tariff On peak 4p.m. to 9p.m.  388.73 
Mid Peak 2p.m. to 4p.m. 

9p.m. to 11p.m.  
213.99 

Off Peak all other hours  156.94 
Winter tariff On peak 4p.m. to 9p.m.  177.35 

Off Peak all other hours  139.70  

Fig. 6. Total cost for different BESS sizes.  
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ranging in the interval 0 – 70 MWh. For comparative purposes, in Fig. 6 
the results of the application of the Monte Carlo method, of the 2-level 
Taguchi arrays approach, and of the 3-level Taguchi arrays approach 
are shown. As it clearly appears in the figure, the three probabilistic 
approaches give very similar results. Indeed, the BESS size corre-
sponding to the minimum total costs is 32 MWh in all the cases. The 
costs sustained by adopting this BESS size are very similar independently 
of the adopted probabilistic method. The negligible difference in these 
results demonstrates the accuracy of the proposed approach despite a 
noticeably lower number of experiments. 

In Tables 4 and 5 the results of other comparisons of Monte Carlo and 
Taguchi 2-level based-methods are reported with respect to different PV 
ratings and DC load requests. Regarding the results of the Taguchi 3- 
level based-method, they are very similar to those obtained by 
applying the 2-level based-method, thus they are not reported. 

The effect of the PV power rating is shown in Table 4, where the total 
costs are reported for the cases of no PV systems, 5 MW (base PV) and 10 
MW (increased PV) rated power. As expected, the total cost reduces and 
the BESS optimal size decreases with the increase of the PV rated power. 
The differences between the results obtained with the Taguchi-based 
and Monte Carlo-based approaches are negligible. 

In Table 5 the above results related to the base DC (hereinafter 
referred to as base DC) are reported together with other results obtained 
with the other two different DC load requests, namely, no DC load, and 
increased DC load (double of the DC load value of the base case). Note 
that, in all the three cases, the whole load (AC and DC) is constant, which 
means that, compared to the case of base DC load, an increased AC load 
is considered in case of no DC load, and a reduced AC load is considered 
in the case of increased DC load. 

The results in Table 5 clearly show that, in the considered case 
studies, the optimal size of the BESS is not affected by the ratio of DC 
load/AC load. This ratio, however, has some not negligible effects on the 
total cost corresponding to the optimal battery size, which slightly de-
creases for increasing DC load. This is due to the fact that with the in-
crease of DC load, the losses due to the conversion stage are reduced. The 
results of Table 5 also demonstrate, again, that the differences between 
the results obtained with the Taguchi-based and Monte Carlo-based 
approaches are negligible, so still demonstrating the validity and accu-
racy of the proposed approach. 

As further examples, some results of the proposed method are re-
ported with respect to different values of yearly increments of load and 
energy price ranging from zero to 5 %. The results are reported in Fig. 7 
(load growth variations) and Fig. 8 (price growth variations) which, for 
clarity purposes, refer to the 2-level Taguchi method; the results are 
reported in relative values with reference to the case without the BESS. 

The results shown in Fig. 7 clearly show that larger yearly load in-
crements imply larger BESS sizes and lower total cost reduction. In 
particular, as the increments increase from zero to 5 %, BESS sizes in-
crease from 29 MWh to 45 MWh and the cost reduction decreases from 
about 5 % to 4 %. In the case of larger values of yearly energy price 
increments (Fig. 8), larger cost reduction appears by using BESS. As a 
consequence, larger values of the BESS optimal size are obtained. In this 
case, as the increments vary from zero to 5 %, the BESS size slightly 
increases from 31 MWh to 35 MWh and the cost reduction increases 
from about 4 % to about 7 %. This is coherent with the proposed BESS 
management, which allows increasing the economic advantages as the 

energy price increases. Note that, in this application, benefits other than 
economical have not been considered. The use of the BESS in power 
systems, indeed, has a significant impact in terms of demand response or 
self-consumption increase and then, in terms of environmental benefits 
and efficient operation. This would have further increased the overall 
advantages the BESS can provide. 

Other simulations have been performed by applying 3-level Taguchi 
and Monte Carlo methods. In all the cases the differences with respect to 
the results of the 2-level Taguchi method are still negligible. Further 
simulations were performed to analyse also the cost reduction obtained 
by applying a “whole-year operation strategy” and a “summer operation 
strategy”. The former refers to the use of the BESS for the entire year, 
whereas the latter refers to the use of BESS only in the summer periods 
which are typically characterized by larger on/off-peak price variations. 
As shown in [42] the summer strategy can allow reducing the costs 
thanks to the reduced use of the BESS so avoiding replacement costs. The 
results are shown in Fig. 9 where the total costs resulting from the 
application of the two strategies are reported for different BESS sizes. 

By analysing Fig. 9, it clearly appears that, in the case of the summer 
strategy, the total costs are always lower than those of the whole-year 
operation strategy. It also appears that the difference between the two 
curves increases as the BESS size increases. The optimal BESS size in the 
case of summer strategy is 33 MWh, which is slightly larger than that 
corresponding to the whole year operation. The corresponding 

Table 4 
Optimal battery size and corresponding total cost for different PV ratings.  

PV option 
method 

no PV base PV increased PV 

Monte Carlo 37 MWh 
(164.09 M$) 

32 MWh 
(149.33 M$) 

27 MWh 
(136.39 M$) 

2-Level Taguchi 37 MWh 
(164.08 M$) 

32 MWh 
(148.99 M$) 

27 MWh 
(136.70 M$)  

Table 5 
Optimal battery size and corresponding total cost for different DC load ratings.  

DC load option 
method 

no DC base DC increased DC 

Monte Carlo 32 MWh 
(151.86 M$) 

32 MWh 
(149.33 M$) 

32 MWh 
(148.97 M$) 

2-Level Taguchi 32 MWh 
(151.89 M$) 

32 MWh 
(148.99 M$) 

32 MWh 
(149.00 M$)  

Fig. 7. Total cost for different BESS sizes and various yearly load increments.  

Fig. 8. Total cost for different BESS sizes and various yearly energy 
price increments. 
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minimum cost is 148.52 M$, which is slightly lower than that obtained 
in the case of the whole year operation strategy (i.e., less than 1 %). 

The results of the considered case studies confirm the feasibility of 
the proposed tool. With reference to the dependence of the optimal size 
of the BESS from the design parameters, the analysis of the results 
suggested that larger RES ratings correspond to smaller BESS sizes while 
the BESS size does not vary with the DC load rating, even if an impact on 
the total costs has been recognized. More significant impact has the 
annual variation of the total load demand, since larger BESS sizes are 
identified when greater annual increase rates are assumed. Similarly, 
greater annual price variation implies larger BESS sizes. 

7. Conclusion 

The widespread use of μGs with AC and DC sections along with the 
diffusion of renewable power generation require the installation of 
BESSs in order to optimally manage the resources and to reduce the 
operating costs. However, when determining the optimal size of the 
BESS, some uncertainties have to be considered. 

In this paper, a procedure to optimally size a BESS in hybrid μGs was 
proposed which accounts for uncertainties in load demand, renewable 
power generation and electricity prices. The sizing procedure is based on 
the evaluation of the total costs in a μG including a BESS, AC and DC 
loads and renewable generation and on an analytical formulation for the 
management of the BESS to determine the daily charging/discharging 
profile. The uncertainty has been handled by means of the Taguchi ar-
rays which allows taking into consideration different combinations of 
the uncertain input parameters while reducing the number of experi-
ments needed to consider their randomness. 

A case study including an industrial customer with AC and DC loads 
and photovoltaic generation was examined. The feasibility of the pro-
posed tool was demonstrated and the comparison with the results ob-
tained by means of the Monte Carlo method confirmed the accuracy of 
the proposed approach in spite of the reduced computational burden. 
The dependence between some input parameters and the optimal size of 
the BESS was investigated; for instance, larger photovoltaic ratings 
correspond to smaller BESS sizes coherently with the main purpose of 
the strategy that is the provision of demand response. It has to be noted 
that, in the cost analysis, benefits other than economical, such as envi-
ronmental, could be considered since they are significant for sustainable 
development of power systems. This would have further increased the 
overall advantages the BESS can provide. The use of BESS in power 
systems, indeed, has a significant impact in terms of demand response or 
self-consumption increase and, then, in terms of environmental benefits 
and efficient operation. 

The main findings of the paper are:  

- the deployment of the analytical formulation of the management 
problem of the BESS together with the Taguchi’s approach to 

account for uncertainties reduces the computational burden for the 
optimal sizing of the BESS in a hybrid μG while guaranteeing 
adequate levels of accuracy in the determination of the optimal 
solution.  

- the optimal sizing of the BESS allows the industrial customer to 
reduce the costs over the considered period.  

- the optimal sizing of the BESS depends also on its management 
strategy; numerical results gave evidence that the “summer opera-
tion strategy” (i.e., the use of the storage system only in the summer 
periods characterized by higher electrical energy costs) is associated 
to a further cost reduction. 

Future research will be devoted to the application of further proba-
bilistic approximate methods to evaluate the statistical properties of the 
total cost of the hybrid μG and to consider further renewable plants. 
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