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in Different Latitudes by Applying Fuzzy Logic Modeling

M. F. Boadal, K. T. Prieto?, F. Mesa?, A. J. Aristizabal®

Abstract — The modeling results presented in this work used fuzzy logic techniques to design
renewable energy microgrids for operation in six cities worldwide: Dwarka, India; Shanghai,
China; Milwaukee, United States; Rostock, Germany; Copenhagen, Denmark, and Kamaishi,
Japan. A meticulous study on solar photovoltaic, wind potential, power demand, and population
density was executed as part of this study. The results reveal that for a microgrids operative
scenario comprising 50% photovoltaic solar energy and 50% wind power energy, the amount of
energy that must be supplied to the six cities varies from 17,031.46 to 160,971.25 kWh/month, and
the number of photovoltaic panels varies between 126 and 6,444. The number of wind turbines
required varies between 3 and 11. The most significant amount of photovoltaic solar energy
(546,366.41 kWh/month) generated from the microgrids was reported in Rostock, Germany. The
most significant amount of generated wind power energy (277,012.15 kwWh/month) was reported in
Milwaukee, United States. Environmental assessments revealed that the highest amount of
reduction in CO2 emission (217.88 tonnes) was obtained from the Rostock (Germany) microgrid.

The implementation of such microgrids costs ~US$ 3,903,724. Copyright © 2022 The Authors.
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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In the last few years, there has been a worldwide
increase in the installation of renewable energy
microgrids, especially for photovoltaic and wind power
generation, under different modes of operation using
conventional electrical grids and diverse industrial,
commercial and residential applications. Diverse research
perspectives can be applied to microgrids. Some of the
most frequently implemented research options are
simulations seeking to assess the behavior of microgrids
when connected to the power grid to improve their
operational efficiency and economy [1], control
strategies at different load conditions [2], economical
delivery under different operating conditions [3] or
stochastic and dynamic modeling to handle the generated
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power and operating costs [4]-[6]. Different microgrid
elements must be carefully analyzed because their
selection determines the efficiency, reliability, and cost
of the system, which must maintain frequency and
voltage stability when operating at optimal voltage levels
and reacting to load variations [7]. The configuration of a
microgrid and its intermittent power generation produces
additional emissions due to losses in energy storage
systems [8]. When diverse power generation
technologies are applied, including renewable and
conventional ones, microgrids exhibit greater flexibility
when delivering the thermal and electrical capacities
based on users’ demands [9]. The combined use of solar
photovoltaic and wind power technologies [10], such as
in cluster architectures [11] and smart grid elements in
microgrids [12], is one of the most outstanding
applications and innovations implemented at a global
level. The types of microgrids and energy management
systems depend on operational modes, financial details,
and the intermittent nature of renewable energy sources
[13]. Different microgrid modeling techniques can be
employed [14]-[18] to determine critical aspects before
and during system operation, such as stability and local
management  conditions, frequency and voltage
dynamics, power flow analysis to determine optimal
performance, and assessment of power generation
sources in stable and transient conditions. In general, to
validate the features in extreme operations, practical
models are implemented in cases where the load
variation and renewable energy generation match the
real-life data [19]. Also, models are applied using fuzzy
techniques to ascertain photovoltaic and wind power in
the microgrid [20]. Here, conversion-storage structure
optimization methodologies are also used in the
microgrid planning stages [21]. Due to their unused
capacity that remains available, microgrids can support
other microgrids with insufficient power [22]. However,
an increase in the penetration of renewable sources may
increase the frequency and voltage variations within the
microgrid, resulting in poor power quality within the
system and a high risk of operation downtime [23].
Consequently, uncertainties in the wind and
photovoltaic power generation and the electrical and
thermal demands of microgrids must be assessed when
introducing  scenarios  with  their  corresponding
probabilities [24] and incorporating  customer
engagement values coupled with supply, demand, and
economic cost optimization [25]. In existing electrical
distribution systems, operators lack real-time monitoring
capabilities for grids and consumers. However, power
systems are intended to supply power to users based on
their continuously changing power demands [26].
Existing power systems exhibit significant electrical
losses in power distribution, especially at low voltage
levels. Losses in distribution systems can be reduced
through proper control of the distributed generation
resources [27]. In this regard, microgrids offer high
control and flexibility towards each system's reliability
and power quality [28]-[32]. The operation problems of
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power distribution companies, including distributed
generation and controllable loads, have been investigated
in the literature. In [33], a two-stage hierarchical
framework for distribution companies’ operation
considering the real-time process of energy markets is
presented. In [34], the previous work is extended by
considering the real-time uncertainties of electricity
prices and loads. The daily scheduling of distribution
companies considering energy and reserve markets are
discussed in [35], [36]. The economic, environmental,
and technical effects of microgrids' penetration into
active power distribution grids are studied in different
papers. In [37], multi-criteria decision techniques are
used to evaluate microgrids' impact on distribution grids.

In the end, five criteria are presented, including
installation and operation costs, investment deferral,
active power losses, environmental impact, and
improvement in the reliability of the distribution grid. In
[38], three criteria, including economic operation, active
power losses, and economic benefits, are investigated to
show microgrids' impacts on utilities. In [39], an optimal
control algorithm for coupling micro power grids is
presented, while in [40], the scheduling of power
dispatch of different microgrids operating in an isolated
distribution network is investigated using multi-agent
systems. In [41], the scheduling of power consumption in
distribution  networks  with  coupled microgrids
considering demand uncertainty is analyzed. The
problem of distribution companies and distribution
networks is modeled using reference frame systems [42],
[43]. Although the appropriate reference frame is
selected in these papers, microgrids' distribution
company operation problem is not modeled
simultaneously. Initially, the microgrids' optimization
problem is solved, and subsequently, the problem for the
distribution companies is solved. In each iteration, the
data required for the optimization are exchanged between
the two systems. The iterative process continues until the
convergence conditions are satisfied. A study of
microgrids is made in [44] with the following
contributions:

- A two-level optimization model is proposed that
provides a hierarchical decision-making framework in
which  distribution companies and microgrids
optimize their respective objective functions
independently and cooperatively with each other;

- The two-level nonlinear optimization model is
transformed with the single-level linear optimization
model using KKT conditions and dual theory;

- A retail electricity market in distribution networks is
proposed, considering distribution companies and
micro-grids;

- A comparison is made between two different
reference frameworks considered for the retail
electricity market.

A group of researchers [45] proposes a robust
optimization model of microgrids considering
uncertainty to consider the economy and robustness of
microgrid operation. A two-stage robust optimization
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model is established to find a balance between the
economy and robustness of microgrid operation. Through
the optimization procedure, the robust adjustment
parameters for microgrid operation can be obtained. The
optimized can effectively balance the economy and
robustness. Finally, a study develops a statistical
framework to quantify grid-connected microgrids'
resilience to ensure critical loads are served during
islanding scenarios. The primary metric of resilience is
microgrid survivability and is expressed as the
probability for a microgrid to meet critical load
requirements during an islanding event. Probabilities are
evaluated using a Markov chain that describes microgrid
operating states each hour for a 7-day time horizon. The
system-level resilience metric uses asset-level reliability
data of prominent failure modes (i.e., up-time, failure to
start, failure to run) [46]. This work discusses the
application of fuzzy logic modeling for the design and
performance evaluation of microgrids operating in
different countries under 50% photovoltaic solar energy
and 50% wind power scenarios.

Section Il describes the mathematical models applied
in this study. Section Il defines the solar and wind
power potentials for the selected cities and lists the
microgrid equipment used. Section IV discusses the
results and technical, economic, and environmental
assessments. Finally, Sections V and VI present
conclusions and references, respectively.

Il.  Materials and Methods
I1.1.  Fuzzy Logic Modeling

In this study, the method developed by Wang and
Chin [47], “Logarithmic Fuzzy Preference Programming
(LFPP),” was applied. This method was also applied in
the design of renewable power microgrids in [48]. The
LFPP method is similar to the “Analytic Hierarchy
Process” method, but it adds triangular fuzzy
qualifications of judgments according to parameters, as
shown in Fig. 1 [49]. The following fuzzy numbers are
defined:

Nl = (llt ml; ul) (1)

Nz = (I, my,uy) 2
,u(x)“

S,

R — ]

=y

0 I mi IJ Ui mj uj

Fig. 1. Outline of functions: S; = (I;, m;, u;)
and S; = (1;, m;,u;) (Based on data from [35])
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where: I, mand u {€ RI > 0}. Mathematical operations
for these fuzzy numbers will be:

Addition:
N ®N, = (I, my, u)B(ly, my,uy) = 3)
=y + 1, my + my,uy +uy)
Multiplication:
N,®N, = (I, my, u)Q(ly, my, uy) = @)

= (l; X l,,my X my,uy X uy)
Division:

N1 (%) Nz = (I, myuy) @ Uy myuy) =
() ®

U, my’ u,

The following steps are used in the LFPP method,
according to [47]. This is the definition of the judgement
matrix, A:

i C .. G,

Cl ~ aln
~ 1,1,1 ~
A — CZ ( ) a12 aZ‘n (6)

6'21 (1'1’1) din
(1,1,D

Cn dnl dnz
where @;; = {l;;, m;;,u;}y 0 < l;; <my; < wy;. Since:
In4;; ~ {Inl;;, Inm;;, Inw;;} (7
The following function is obtained:

X —a

, a<x<bh
b—a
=122 pcxse ®)
c—b

0, otherwise

which can be expressed as:

In2L _nj; _
—J  Im=<Ilnm;
u;j <1n&) _ [y =ngy Ty = ©)
Y W} lnui]' - ln&
—ij lnﬁ < Inm;:;
lnui]- - lnmij ’ W] - Y

Next, the maximization of the previous membership
degree allows to calculate a priority vector:

W.

maxA = min{yi}- ln—l} withi=1,..,n—1;

Wj
j=i+1,..,n

(10)

It can be expressed using the following formula:
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Maximise 1— A4
mi}-
i=1.,n—-1j=i+1,..,n

Inw; —Inw; — 4ln >1Inl;

jr

. 11)
U (
subject to —Inw; + Inw; —Aln—2L > —Inu,
ml-j
i=1.,n—-1Lj=i+1,..,n,
w;==0;i=1,..,n

11.2.  Photovoltaic Solar Cell Model

The equivalent electrical circuit of a photovoltaic solar
cell is shown in Fig. 2. Rs corresponds to the electrical
losses caused by the semiconductor resistive load and
metallic contacts. Rp corresponds to the electrical losses
caused by impurities near the p-n junction [40]. After
applying Kirchoff's law, it is possible to obtain the
following equation:

I = Iph = Iy — Iy (12)
where:
V+IRs
Id = Io(e Vt - 1) (13)
v + IR,
sh = T (14)

After replacing this in Eq. (12), Eq. (15) is defined as
follows:

VIR V+IR
1) s

I= Iph—lo(e( Ve - (15)

p

where lph is the current photogenerated by the solar cell,
lo is the diode saturation current, V: corresponds to the
thermal voltage given by Eq. (16), Rs is the serial
resistance and Rp corresponds to the parallel resistance:

V= — (16)

where k is the Boltzman constant (1.38 x 1072 J/K), T
corresponds to the cell temperature, q is the electron’s
charge (1.6 x 107" C) and m is the diode’s ideality factor
(1<m<?2).

Iph Rs |,

—NA—

J1d |irsh +

@ * ?Rsh v

Fig. 2. Electrical circuit equivalent to a photovoltaic solar cell [34]
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Therefore, the solar cell’s total current can be
expressed as follows:

<Q(V+1Rs)> V + IRs
I'= Iy —lo (el ™) — 1) —— (17)

The following equation is applied to calculate the total
power of the photovoltaic generator:

P — Eload
P8 R,4 X 30 days/month

(18)

where Ppyg is the power of the photovoltaic generator
(KW), Ewad is the energy delivered to the load
(kWh/month) and Ras is the Solar radiation at the
installation site (hours/day).

1.3.  Wind Turbine Model

At the outset, the following formula is used to
calculate the power coefficient [50]:

C. = 2Pwind
P ASV3

wind

(19)

The power of the wind generator and the torque
developed are determined using the following formulas
[51]:

1
Pying = E Cp (A)pSVu%ind (20)
1 C,(A\)pRSV2,
Tyina = Tmec = E p( )p/l ~wind (21)

where S corresponds to the area covered by rotor blades
(m?), p is the air density, R is the rotor radius (m), Vwind is
the wind speed (m/s) and A equals the speed ratio of the
tip. The synchronous machine model for the wind power
generator is based on [52]:

Vd _ RC _(ULC id d id €4
il = Lot TRl ezl <L) e

11.4. Battery Model

The battery voltage of the microgrid is calculated as
follows [53], [54]:

Vbatt = Ebate = Rlpare (23)

The internal battery power varies in the following
manner [55]:

Charge (i" < 0):

c c
Epatt = Eo — kg ml —kBCTL.tlt+0((t) (24)
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Discharge (i > 0):
c c .
Epate = Eo — kBCTitl - kBCTitlt +a(t) (25)

o) = ft(AIbatt —a(t—1)) t

(26)

I1.5. Renewable Potentials and Microgrid Description

In the past few years, several countries have expressed
interest in guiding their efforts towards a renewable
future. Consequently, for the selection of six cities
around the world where the analysis and dimensioning of
the proposed microgrids would be conducted, a study
was first made on the countries that the “Renewables
Global Status Report 2018 - REN21” [56] deem as world
powers in terms of photovoltaic and wind power
generation and capacity.

Accordingly, the best countries were selected and,
then the six coastal cities with the best solar and wind
potential were determined for the study.

The first parameter considered was the energy
capacity (total and per capita) or the generation capacity
of solar photovoltaic and wind power energy by the end
of 2017.

This analysis revealed that the country with the
highest capacity is China, followed by the United States
and Japan. Germany is the leader along with Denmark in
per capita energy capacity, and it is the only country with
participation in all four categories, occupying the first,
third, and fourth positions, in that order [56] (Table I).

Other parameters used to select the participating
countries were an annual investment, added net capacity,
and solar photovoltaic and wind power energy
production in 2017.

According to the list, as shown in Table I, China and
the United States remain as leaders because they occupy
the first and second positions in both lists, while India
ranks third and fifth, respectively.

Similarly, Japan ranks fourth in solar photovoltaic
capacity, and Germany ranks third in wind power
capacity [56].

After reviewing and subjecting this data to a strict
assessment, six countries were selected for the study, and
the six coastal cities with the best solar and wind
potentials of each country were selected: Dwarka, India;
Shanghai, China; Milwaukee, United States; Rostock,
Germany; Copenhagen, Denmark, and Kamaishi, Japan.

TABLEI
Top COUNTRIES ACCORDING TO TOTAL
OR GENERATION CAPACITY BY THE END OF 2017
(WIND POWER AND SOLAR PHOTOVOLTAIC POWER)

TABLE II
TopP COUNTRIES ACCORDING TO ANNUAL INVESTMENT, NET
CAPACITY ADDITIONS AND PRODUCTION IN 2017 (WIND POWER AND
SOLAR PHOTOVOLTAIC POWER)

Position Solar PV capacity Wind power capacity
1 China China
2 u.S. u.S.
3 India Germany
4 Japan UK

R Solar PV Solar PV capacity Wind power  Wind power
ank - ; - - .
capacity per capita capacity  capacity per capita
1 China Germany China Denmark
2 u.S. Japan u.S. Ireland
3 Japan Belgium Germany Sweden
4 Germany Italy India Germany
5 Italy Australia Spain Portugal

Copyright © 2022 The Authors. Published by Praise Worthy Prize S.r.I.

Fig. 3 shows the monthly multiannual average of solar
radiation and wind speed for an altitude of 50 m, from
1981 to 2017 for the six selected cities based on the
NASA meteorological database [57]. Dwarka in India is
the city with the highest solar potential. Its maximum
radiation values, between March and June, exceeded 6
kWh/m?/day. In April, a maximum radiation value of
6.92 kWh/m?/day was recorded. Additionally, based on
data analysis, it was also observed that in the 36 years of
recorded data, December reports average radiation of
<4.4 kWh/m?/day. There is a total monthly multiannual
average of 5.49 kWh/m?/day. Similarly, Copenhagen,
Denmark, is the city with the lowest photovoltaic
potential.

From 1981 to 2017, its monthly multiannual average
was 2.9 kwWh/m?/day. The lowest value recorded was in
December, with 0.47 kWh/m?/day. The best wind speed
profiles corresponded to an altitude of 50 m throughout
the year in Rostock, Germany, during the 36-year data
assessed. This city reports an average wind speed of 7.66
m/s during the entire year. In January, a maximum wind
speed of 9 m/s is reached and a minimum of 6.63 m/s in
July. Kamaishi, Japan, reports the lowest wind potential
with an annual average of 5.75 m/s. Here, the highest
wind speeds were measured in January, February, and
March between 1981 and 2017. Finally, Dwarka is the
only city with a particular wind speed behavior. While
the other five cities show a drop in value between April
and September, in Dwarka, it increases to 8.7 m/s in July.

[_J5hanghai - Solar Radation (Khim2-day) [~ _Shanghai-Wind Velooty (m/s) - 50m
I Milvaukee - Solar Radiation (KW him2-day) —@— Wilwaukee - Wind Welogty (m/s) - 50m
IEE] Rostock - Solar Radiation (kWh/m2-day) |~ Kamaishi - Wind Velocty (m/s) - 50m
12 [ varka - Solar Radiation (KWh/m2-day) | Rostock - Wind Velocity (mis)-5om [ 10
[C—JKimaishi - Solar Radiation (Kih/m2-gay) —"— Dwarka -Wind Velocity (m/s) - 50m
1 |—m— Copenhague - Wind Velocity (mis) - 50m|

Copenhagus - Solar Radiation (kiWh/m2-day)

.

)

Solar Radiation (kWh/m2-day
Wind Velocity (m/s) - 50m

T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 3. Monthly multiannual average of solar radiation

and wind speed for an altitude of 50 m, from 1981
to 2017 for the six selected cities [43]
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In Fig. 4, the per capita electricity consumption for the
six selected countries is shown, from 2000 to 2017. The
United States exhibits the highest per capita energy
demand, registering an average of 12,323.89
kWh/inhabitant during 2000-2017. Japan is in second
place in electricity consumption, with an average of

7,373  kWh/inhabitant. Meanwhile, Denmark and
Germany report a similar per capita electricity
consumption. Denmark’s average consumption is

6,071.16 kWh/inhabitant, and Germany has an average
consumption of 6,433.16 kWh/inhabitant. China had a
constant per capita electricity consumption from 2000 to
2004. In the subsequent years, accelerated growth in
energy demand is observed, reaching 4,292
kWh/inhabitant in 2017. Finally, India has the lowest
electricity demand. In the period analyzed, it reported an
average of 514.35 kWh/inhabitant. In Table IlI, the
population density of each country and city is shown, and
the number of inhabitants per household. Shanghali,
China, has the highest number of inhabitants, with
27,731,964 people and three inhabitants per household.
In contrast, Milwaukee, United States, and Copenhagen,
Denmark, have similar population densities, with
605,820 and 605,366 inhabitants, respectively. The same
situation is also applicable to Dwarka, India, and
Kamaishi, Japan, with 35,800 and 34,945 inhabitants,
respectively, the two least populated cities. Dwarka is the
only city with five inhabitants per household.

[~ China - Energy Demand (KWhinhabitant)
~@— United States - Energy Demand (kWWh/inhabitant)|
15000 - X Germany - Energy Demand (kWh/inhabitant)

: India - Energy Demand (K/Vh/inhabitant)
14000 @ Japan - Energy Demand (kVh/inhabitant)

i Denmark- Energy Demand (kWh/inhabitant)

Energy Demand (kWh/inhabitant)

0 T T T T T T T T T T
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Year
Fig. 4. Electricity demand per capita for the six selected countries [58]
TABLE Il

POPULATION AND INHABITANTS PER HOUSEHOLD, 2017
(BASED ON DATA FROM [59]-[71])

Country/City Population (Inh.) Inhabitants/household
CHINA 1,433,784,000 3
Shanghai 27,731,964
UNITED STATES 329,065,000 3
Milwaukee 605,829
GERMANY 83,517,000 3
Rostock 208,261
INDIA 1,366,418,000 5
Dwarka 35,800
JAPAN 126,860,000 3
Kamaishi 34,945
DENMARK 5,772,000 3
Copenhagen 605,366

Copyright © 2022 The Authors. Published by Praise Worthy Prize S.r.I.

Fig. 5 shows the microgrid scheme designed for each
city. In each city, the microgrid will be designed to
deliver power to groups of 50 housing units. The
photovoltaic, and wind power generators will be
responsible for supplying the potential load demand and
a battery storage system will be used for the storage of
surplus energy.

For optimal operation, this battery set will be
controlled by a set of islanded inverters. If the renewable
sources do not have sufficient power generation capacity
to supply the load, the electrical grid will operate as
support. Table 1V lists the technical specifications of the
photovoltaic solar panel selected for the microgrids. The
photovoltaic solar panel was selected based on its high
efficiency and good global availability. Its technology
employs monocrystalline silicon, and it costs US$
0.23/W (24-199 pieces). The selected wind turbine has a
power of 120 kW; its AC frequency and rotor diameters
are 60 Hz and 19.4 m, respectively, and it has three
blades [73]. The specifications of the DC/AC inverter
selected for the photovoltaic generator are shown in
Table V.

PV INVERTER

PHOTOVOLTAIC GENERATOR

WIND GENERATOR

i

MULTICLUSTER BOX ISM?DEDWVE“IERS

BATTERY ENERGY
STORAGE SYSTEM

Fig. 5. Microgrid functional structure to be designed

TABLE IV
ELECTRICAL PARAMETERS FOR THE SELECTED
PHOTOVOLTAIC PANEL (BASED ON DATA FROM [72])

Item Electrical specifications
Model number JX500M
Power 500 W
VOC 58.95V
ISC 10.87 A
I max 10.28 A
V max 48.63 V
Efficiency 19.51%

TABLEV

ELECTRICAL PARAMETERS OF THE SELECTED DC/AC INVERTER
(BASED ON DATA FROM [74])

Item Electrical specifications

Rated DC power 61240 W
MPP voltage range 598-800 V
Rated AC power 60000 W

AC Frequency 50 Hz/60 Hz
Efficiency 98%
THD <3%
Max. Output current 825A

International Journal on Engineering Applications, Vol. 10, N. 1
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I11. Results and Discussion
I11.1. Technical Results

For the microgrids, an operative scenario is defined, in
which 50% of the energy demand of the load was
supplied by solar energy and the remaining 50% was
supplied by wind power. Table VI lists the number of
inhabitants for each household and per set of 50
households established as microgrid load. Based on the
modeling techniques listed in Section Il and data
presented in Section 11, the following pages' results were
obtained. According to the per capita energy demand
during 2000-2017 shown in Fig. 4, Table VII lists the
energy demand that each microgrid must cover.

TABLE VI
TOTAL NUMBER OF INHABITANTS FOR THE MICROGRID DESIGN

Country Inhabitants per household Inhabitants per set

Shanghai (China) 3 150
Milwaukee (United
States) 8 150
Rostock (Germany) 3 150
Dwarka (India) 5 250
Kamaishi (Japan) 3 150
Copenhagen (Denmark) 3 150
TABLE VII

ENERGY TO BE SUPPLIED TO EACH SET OF 50 HOUSEHOLDS IN EACH
CITY PER MONTH FOR THE PROPOSED INHABITANTS

Maximum electricity Power to be
Country consumption per capita between supplied
2000 and 2018 (kWh/inh.) (kWh/month)
Shanghai (China) 4310.03 53875.38
Milwaukee
(United States) 12877.7 160971.25
Rostock 7191.65 89895.63
(Germany)
Dwarka (India) 817.51 17031.46
Kamaishi (Japan) 8498.67 106233.38
Copenhagen
(Denmark) 6658.6 83232.50

To meet these energy demands for each city, the
microgrid equipment sizing yielded the results of Table
VIII. As both Rostock and Copenhagen have relatively
low solar energy potential (as shown in Fig. 3), they need
the most significant amount of photovoltaic power
generation to cover 50% of their demand: 3,222 kW
(6,444 panels of 500 W each) and 2856.3 kW (5,713
panels of 500 W each), respectively. To cover the
remaining 50% of the demand, Rostock and Copenhagen
require four 120-kW wind power turbines. In contrast,
Dwarka and Shanghai have the best solar energy

potential all year round. Therefore, they need the smallest
photovoltaic power generators for their microgrids: 62.86
kW and 339.44 kW, respectively. In the United States,
Milwaukee has good solar and wind potential. However,
based on the significant energy demand per capita, this
city needs eleven wind turbines and 3,657 photovoltaic
panels to meet 100% of its demand. In Figs. 6, the results
of DC energy generated by solar panels and by wind
turbines on a monthly basis are presented. From the
highest to the lowest solar panel power generation, the
cities are ranked as follows: Rostock with 546,366.41
kWh/month in July, Copenhagen with 480 715.29
kWh/month in June, Milwaukee with 352 550.16
kWh/month in July, Kamaishi with 101,811.07
kWh/month in  May, Shanghai with 54,612.50
kWh/month in July and Dwarka with 13,406.78
kWh/month in April. Also, the cities are ranked by wind
power generation as follows: Milwaukee with
277,012.15 kWh/month in January, Rostock with
118,316.84 kWh/month in January, Kamaishi with
115,908.09 kWh/month in March, Copenhagen with
109,475.72 kWh/month in January, Dwarka with
53,437.58 kWh/month in July and Shanghai with
35,474.88 kWh/month in March. The variation in the
incident energy on the photovoltaic power generator and
solar radiation available for each microgrid are shown in
Figs. 7. The highest incident energies on photovoltaic
generators are reported in Kamaishi, Dwarka, and
Shanghai as there are good solar radiation levels in these
cities. However, it’s necessary also consider that areas
occupied by solar panels influence the parameter
calculations. Furthermore, Milwaukee, Rostock, and
Copenhagen's monthly solar radiation behavior is similar
because they report the lowest radiation during
September—March. Therefore, during these periods, the
incident energy of photovoltaic generators is the lowest.

Fig. 8 shows the energy generated by microgrids and
the AC energy variation in the photovoltaic inverters'
power for each city. The maximum annual microgrid
energy was recorded in Milwaukee, with 4,851,126.36
kWh/year, while Rostock reported the maximum inverter
energy with 3,023,595.81 kWh/year. Copenhagen and
Kamaishi generated intermediate levels among these six
cities regarding microgrid and solar inverter power
generation capacity. The microgrids in Shanghai and
Dwarka generated the lowest total power output from
both microgrids and inverters.

TABLE VIII
TECHNICAL ANALYSIS OF THE 50% SOLAR AND THE 50% WIND POWER ENERGY SUPPLY
Peak Panel Number Inverter Amount of Amount Number of Amount Number of
CITY generator  Power of nanels Output Power DC/AC Inverters for Batteries Multicluster  turbines (120
power (kW) (W) P (kW) inverters Batteries Box (100 kW) kW)
Shanghai, China 339,44 500 679 305,49 6 18 6 4 3
M"Wag't‘;fésun'ted 182839 500 3657 1645,55 29 99 17 19 11
Rostock, Germany  3222,07 500 6444 2899,86 49 174 9 33 4
Dwarka, India 62,86 500 126 56,57 1 3 2 1 2
Kamaishi, Japan 694,34 500 1389 624,90 12 37 11 7 11
Copenhague, 2856,30 500 5713 2570,67 43 154 9 29 4
Denmark

Copyright © 2022 The Authors. Published by Praise Worthy Prize S.r.I.
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Figs. 6. Energy generated by solar panels and wind turbines: (a) Shanghai, China; (b) Milwaukee, United States;
(c) Rostock, Germany; (d) Dwarka, India; (e) Kamaishi, Japan; (f) Copenhagen, Denmark

111.2. Environmental Results

The reduction in the monthly amount of CO2 emission
and the monthly amount of energy generated are shown
in Figs. 9. The maximum reduction in the amount of CO:
emission and energy produced by microgrids are:

e 30.89 tonnes and 84,177.73 kWh/month, respectively,

for Shanghai (a);

e 179.06 tonnes and 487,913.15 kWh/month for
Milwaukee (b);
e 217.88 tonnes and 593,666.24 kWh/month for

Rostock (c);

e 23.07 tonnes and 62,869.1 kWh/month for Dwarka

(d);

e 7358 tonnes and 200,499.54 kWh/month for

Kamaishi (e);

e 19233 tonnes and 524048.57 kWh/month for

Copenhagen (f).

The reduction in the amount of CO2 emission and the
amount of energy generated by microgrids per year are
presented in Fig. 10. As it can be observed, the

Copyright © 2022 The Authors. Published by Praise Worthy Prize S.r.I.

Milwaukee microgrid showed the maximum reduction in
the amount of CO2 emission with 1,780.36 tonnes/year,
and this microgrid generates 4,851,126.36 kWh of energy
per year. Rostock ranks second (1,654 tonnes/year) and
generated over 43,000 kWh/year of energy. In terms of
the amount of energy produced, the microgrids in
Shanghai and Dwarka prevent the emission of the least
amount of CO2, based on their solar photovoltaic and
wind power usage.

111.3. Economic Results

Fig. 11 illustrates the economic investment in US
dollars for each microgrid and the return on each city's
investment period. Costs were calculated considering
equipment and material prices and installation and
commissioning costs. The most significant economic
investment is for Rostock, Germany, microgrid, with a
total of US$ 3,846,700, and its return on investment,
calculated based on current energy prices in this city, is
11.9 years.
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Copenhagen requires an economic investment of US$
3,564,300 to install the proposed microgrid, and its return
on investment period would be 12.1 years. Milwaukee
requires an investment of US$ 2,410,000, which could be
recovered after the first 11 years of microgrid operations.
Shanghai and Dwarka are the cities that require minor
economic investments for microgrids and their return on
investment periods are under 1.6 years.

1VV. Conclusion

This paper includes a meticulous study on assessing
the solar and wind power potential of the six different
cities selected, along with the per capita energy demand
and their population densities. Fuzzy logic modeling
techniques have proven to be suitable for microgrid
design and their technical, environmental, and economic
analyses. Also, these techniques can be applied to cities
located in different latitudes. The solar and wind
potential of a particular site will largely define the
microgrid generation capacity as they directly affect the
number of solar panels and wind turbines needed for
these applications. However, the load energy demands
must also be considered to impact the economic
investment required and its return on investment period.

Although the financial investments for some of these
microgrids exceed US$ 3.8 million, all microgrids for all
the cities assessed are viable as the most extended ROI
term corresponds to less than 12.1 years for the most
critical case. This accounts for the great benefits that
renewable sources currently provide due to their constant
price drop. As future improvements, authors propose to
add biomass to include within the design of the
microgrids.

This will make it possible to take advantage of the
enormous biomass resources of the countries analyzed. It
would also allow increasing the size of the fuzzy logic
model, and it would be possible to have an additional
source of energy that improves the reliability of the
microgrids.

Copyright © 2022 The Authors. Published by Praise Worthy Prize S.r.I.
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