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ABSTRACT: Although climate change is a reality, many off-grid communities continue
to use diesel generators for electricity supply. This document presents a strategy
to reduce diesel consumption in an out-of-grid system formed by renewable sources
(PV-HKT-WT-DG). Three energy dispatch strategies have been proposed to verify the
impact on diesel consumption and generator operating hours. In addition, different
energy storage technologies (acid lead, lithium-ion, vanadium redox flow, pump storage
and supercapacitor) have been considered. The HOMER software has been used to
calculate the optimal size of the systems through technical-economic indicators. The
results show that it is possible to reduce diesel consumption progressively; however,
the cost of energy increases. On the other hand, when using lithium-ion batteries under
charge cycle control, the penetration of the diesel generator has been greatly reduced
without affecting the cost of the system. Finally, sensitivity analyzes have shown that
when demand increases, diesel consumption does not increase significantly by using
redox vanadium flow batteries, whereas the diesel generator operating hours decrease
significantly in all systems.

RESUMEN: Aunque el cambio climatico es una realidad, muchas comunidades fuera de
la red contindan utilizando generadores diesel para suministrar electricidad. Por lo
tanto, este documento presenta una estrategia para reducir el consumo de diesel en
un sistema fuera de la red formado por fuentes renovables (PV-HKT-WT-DG). Se han
propuesto tres estrategias de despacho de energia para verificar el impacto en el
consumo de diesel y las horas de operacidn del generador. Ademas, se han considerado
diferentes tecnologias de almacenamiento de energia (plomo acido, iones de litio, flujo
redox de vanadio, almacenamiento de bomba y supercondensador). El software HOMER
se ha utilizado para calcular el tamano 6ptimo de los sistemas a través de indicadores
técnico-econdmicos. Los resultados muestran que es posible reducir el consumo de
diesel progresivamente, sin embargo el costo de la energia aumenta. Por otro lado, al
usar las baterias de ion litio bajo el control ciclo de carga, la penetracién del generador
diesel se ha reducido considerablemente sin afectar al costo del sistema. Finalmente,
los andlisis de sensibilidad han demostrado que: al incrementarse la demanda, el
consumo de diesel no incrementa significativamente al usar baterias de flujo de vanadio
redox y las horas de operacion del generador diesel disminuyen considerablemente en
todos los sistemas.

Sustainable development considerations are essential
for a society in constant economic growth. Therefore,
future generations must consume energy through clean
technologies without compromising the environment.
Energy sources such as solar photovoltaic panels (PV)
and wind turbines (WT) have been frequently used, due
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to their constant cost reductions and growing industrial
and residential applications. Several studies related to the
mentioned technologies have been analyzed in cases of
isolated communities powered by off-grid hybrid systems
that use both technologies simultaneously, backed by
a diesel generator [1]. The conclusions have shown
that, when using more than one renewable source, the
system energy efficiency is greater and the operation of
the diesel generator (DG) is significantly reduced. On
the other hand, hydrokinetic energy (HKT) is currently a
promising technology considering the economic advantage
of its installation. This study analyzes an off-grid hybrid
system formed by PV-WT-HKT-DG to reduce the operation
and fuel consumption of diesel generators. There are
several computational methods to evaluate the behavior
of renewable systems, depending on the environmental
conditions of the study site [2-9]. References [10-19]
explain the analysis of the performance and sizing
optimization in renewable hybrid systems composed of
photovoltaic (PV) and wind energy (WT). Some studies
use computational tools such as HOMER and Matlab to
find an optimal model through objective functions. In
addition, several works use various methods to reduce
CO5y emissions, for example, energy control systems
to start the diesel generator depending on the state of
renewable sources and batteries. Therefore, different
energy storage technologies have been considered to
analyze the impact on the renewable hybrid system [20].

An interesting source of renewable power generation
is hydrokinetic turbines (HKT). This is an innovative
technology as it does not need dikes to generate
electricity. Similarly, systems composed of hydrokinetic
turbines have been analyzed with promising results.
One of the great advantages of this system is the ease
of installation. Being a turbine taking advantage of the
speed of the fluid, it is possible to install it directly in
a river or canal. References [21, 22] present studies
related to photovoltaic - hydrokinetic off-grid systems, by
usinglead-acid batteries and hydrogen tanks as energy
storage. The results show that the hydrogen system
implies a higher investment cost, but over time it turns
out to be cheaper than a lead-acid system. In general,
these studies show that the system can meet the demand
without technical problems, minimizing the operation
of the diesel generator. Further, some studies have
reported the possibility of using the turbine flow for
storage by pumping plants. The sizing of the energy
storage system should be optimal, in case of oversizing
the system the cost would be too high and the project
would not be economically profitable. On the other hand,
if diesel fuel were subsidized then the diesel generator
would have to provide more energy-producing more COq
emissions. Both the type of Energy Storage System(ESS)
and the energy control strategy significantly influence

the results.In the case of the pump storage system, the
increase in demand should also be considered as well as
the combination with other renewable technologies that
could be complementary [23-30].

In reference [20], various types of batteries have been
investigated, of which lead-acid (LAB] batteries have been
used the most. However, Lithium-lon (Li-ion) batteries
are being used more frequently, since they have a life
expectancy and energy density higher than LAB, and
the production price of these batteries has decreased
considerably in recent years. Therefore, Li-ion technology
is considered a competitive option. [31-34]. Another of the
technologies that are booming is the Vanadium Redox Flow
(VRF) technology. VRF is a type of rechargeable battery
that uses vanadium ions in different oxidation states to
store chemical potential. Their life expectancy can reach
20 years. Additionally, it has an optimal response to
high load variations. Furthermore, ESS is composed of
supercapacitors, to soften the power peaks produced by a
system, and storage by pumping for large-scale loads are
relatively new applications. Several studies demonstrate
their advantages when applied to renewable systems
[35-44].

The importance of analyzing the effects of energy control
on a system composed of renewable energy sources
(HKT-WT-PV] is evident as the combination of these
technologies in an isolated system has not yet been
fully developed in the literature. This article presents
three types of energy dispatch: Cycle charging (CC), Load
following (LF) and combined cycle (CD). The objective of
this study is to reduce the operation of the back-up diesel
generator in a system consisting of renewable sources
(HKT-WT-PV) using various energy storage technologies
such as: lead-acid, lithium-ion, redox vanadium flow,
pump storage, and supercapacitor. The originality of
this article lies in the impact that each ESS technology
causes on the system and the reduction of diesel generator
operation and diesel consumption. For this, a sensitivity
analysis regarding the increase in demand in each case
and the selected control strategy is performed. To
obtain concrete results, the following indicators have been
studied: Net present cost (NPC), Cost of energy (COE]
and C'O, emissions. The system has been modeled and
simulated in the Homer pro computational tool through
idealized models. Finally, this article is an extension of the
document published at the ICSC-CITIES 2019 conference,
entitled “Impact on a microgrid using different storage
systems under three energy dispatch control” [45].
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2. Methodology

Several types of variables have been used to perform the
proposed analysis. The main input variables are radiation,
wind speed, river speed and demand, all for one year.
The output variables are indicators that allow evaluating
the response of the system to various situations that may
arise; these are NPC, COE and COy emissions. The
outputs have been analyzed for each type of ESS proposed
in the study. Section 2.1 presents a background study, in
which the daily and seasonal demand curves are indicated.
Section 2.2 shows the annual renewable resources present
in the area of study. The mathematical representation of
each system component is developed in section 2.3. In
section 2.4, the objective function approach for each type
of proposed energy control has been carried out, as well as
the parameters of the system components. In section 2.5,
the results of the simulation are presented including the
sensitivity analysis performed. Finally, section 3 discusses
the conclusions of the study.

2.1 Background

The case under study is a public University located in
southern Ecuador. The average daily power demand
curve is shown in Figure 1. It is evident that, the peak
demand appears at night from 18:00 h until 21:00 h and the
minimum demand occurs in the early hours of the morning
that corresponds mainly to lighting and video surveillance
systems.
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Figure 1 Electric demand daily [kW]

With respect to seasonal demand, the first three months
of the year have considerable variations, in other months
the demand maintains the same trend. In Figure 2, the
seasonal demand taken from the electric meters located
in the university is indicated. In addition, a zoom has been
made to show in detail the first days of the year.

2.2 Renewable resources

Renewable resources such as solar radiation have been
taken from a weather station located at the study site. In
Figure 3, the average daily radiation is presented for one
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Figure 2 Seasonal demand [kW]

year, the first 160 days are indicated in detail, it is observed
that throughout the year there have been no considerable
variations. Likewise, the average wind speed has been
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Figure 3 Global solar radiation [kWW/m?]

obtained for one year. In Figure 4, the variation of this
resource is indicated. It is evident that the resource is
greater during June to September. However, for November
to February, the resource decreases. The water resource
has been obtained using flow control measurements in
a hydrological station installed at the study site, average
river speeds have been achieved for one year. The river
speed during a year and a detail of the first 160 days are
shown in Figure 5. It can be observed that, for June until
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Figure 4 Wind speed in [m/s]

September, the water resource is lower compared to the
other months of the year. Therefore, it is favorable for the
system since the resource is complementary concerning
the wind speed.
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Figure 5 River speed in [m/s]

2.3 Mathematical representation

The scheme in HOMER using the proposed renewable
sources is shown in Figure 6. The mathematical
representations used by the software are shown below.

Diejel Generator AC DC

Customers Load

Photovoltaic System

Wind Turbine

[=—3

y

<<=

Hydrokinetic Turbine

Energy Storage Systems

3

Figure 6 Proposed hybrid system

Photovoltaic system

The output power of a photovoltaic system depends on the
weather conditions at the installation site, Equation (1) is a
simplified model of the output power [5].

PPV:PSTC*((C;HR)*[1+k(Tc_Ta)] (1)

sTC

Where:

Ppy:  Photovoltaic output power [kW]

Gugr: Incidentirradiation [kW/m?]

k: Temperature coefficient [-0.37 %/°C]

Ggsrc: Incident irradiation in standard condition
kW /m?]

Tc: Cell temperature in standard conditions [°C]

T,: incident temperature [25°C]

Hydrokinetic turbine

The power produced by a hydrokinetic turbine depends
directly on the speed of the river, the sweeping area of its
blades and the efficiency of the turbine and the engine. It
is similar to the wind turbine, but the density of water is
approximately 800 times higher than the air. The power of
the hydrokinetic turbine is given by Equation (2) [21-23].

1
Prxr = <2> xpwk Ax v’ «Cpp *grr  (2)

Where: Pgygr is the power of the hydrokinetic turbine
(HKT), (pw) is the water density in kg/m3, HKT
performance coefficient (C), g), combined HKT-generator
efficiency (ng ), HKT area (A) in m?2, water flow velocity
(v) in m/s and time (¢) in seconds.
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Wind turbine

Countless equations represent a wind turbine. However,
the objective is to present an equation that represents
the main variables of the system, since the objective of
the article does not focus on the exact modeling of each
component but the energy flow as a whole. Reference [10]
presents the power of the wind turbine (Equation (3]).

1
PWT:/U’I‘EC*<2)*Opmax*p*H*R2*U3 [3]

Where: Pyr is the output power of the wind turbine, 7.,
is the efficiency of the controller (95%), in this case, the
maximum MPPT power monitoring is included, p is the air
density, R is the radius of the rotor, Cpq4 is the power
coefficient and v the wind speed [10, 46].

Diesel generator

The proposed diesel generator is a conventional generator
set that, in off-grid systems, supports energy deficit.
Equation (4) represents the energy output of the DG [23].

Epc = Ppg *"pa *t (4)

Where: Ppg is the nominal power of DG, npg is the
efficiency of the DG and ¢ is the time. To consider the
price of fuel, several parameters such as transportation
and subsidies must be taken into account

Batteries

For each time step, HOMER calculates the maximum
amount of energy that the battery bank can absorb (LAB,
li-ion, VRF). The controller uses this maximum load power
when making decisions depending on the type of energy
control used, as if the storage bank can absorb all available
excess renewable energy. The maximum load power
varies from a one-time step to another depending on
its charging status and its recent loading and unloading
history. Equation (5] provides the maximum amount of
energy that can be absorbed by the system [47, 48].

ks Qu(t) x e PR L Q(t) ko o x (1 — eTRA)
B 1 — e F*At fox (k* At — 1 4 e~ F*At)

Py(t)

(5)
Where: Q1(t) is the energy available at the beginning of
the operating interval in the minimum SOC. In the case of
LAB this value is 40%, in Li-lon batteries, it is 20% and
for VRF is 0%, the maximum SOC for the three systems
will be 100% considering idealized models. Q(t) Is the
total energy at the beginning of the passage of time, c is
the ratio of the storage capacity of each system, k is the
constant energy storage rate, and At is the time interval
[47]. Supercapacitor The supercapacitor is based on the
idealized storage model that assumes a flat discharge

curve because the supply voltage remains constant during
the discharge cycle. For this model, it is only needed to
enter the nominal capacity in ampere-hours. HOMER uses
this as the actual storage capacity. Energy stored (joules)
in a supercapacitor can be calculated using the Equation
(6) [47]:

1
Where: E is the energy stored in joules, C' is the
capacitance in farads, and V' is the voltage in volts [49].

Pumped storage hydropower

It has been considered storage by pumping (PH), which
consists of a motor and a reservoir, the energy storage
capacity of a pumped hydroelectric system is calculated
using Equation (7] [43, 47]:

E = 9.81 % Py * Vyes * hhcad *1) (7)
Where:
E: Is the energy stored in joules.
Pw: Is the density of water usually about 1000 kg /m?.
Vies: Is the volume of the reservoir in cubic meters, in

this case 1000 m3

hhead: Is the head height in meters, in this study 100 m.

7: Is the efficiency of the energy conversion, and
must consider losses like turbine efficiency,
generator efficiency, and hydrodynamic losses,
usually 90% [47].

Converter DC/AC

The inverter must be a two-way energy flow converter, to
connect the modules and batteries in DC to the load and
generation WT/HKT in AC, the output power is shown in
Equation (8) [20, 33, 37, 48].

Where: Py(t) is the power output of the inverter, P;(t) is
the input power of the inverter and 7;,,, is the efficiency of
the inverter, in this case, 96%.

2.4 Energy control strategies

This section defines the types of energy flow control to
minimize the penetration of the diesel generator. Table
1 shows the parameters used in each component for the
simulation, the values have been obtained from HOMER as
this tool presents updated reference prices.
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Table 1 Components of a hybrid system

Parameters LAB SC VRF PH AC/DC HKT Li-lon DG PV WT
Rated power 1 kWh 20 kWh 100 kWh 245 kWh 10 kW 5 kW 1 kWh 37 kW 0.3 kW 10 kW
Capital cost 28000
($/kW) 250 180 $/300F 5500 $/245kWh 320 11600 410 470 1350 4900
0&MI($/yr) 14 40 150 200 10 40 20 0.05 $/h 12 23
"'feex(';‘:;ta"‘:y 8 25 20 50 12 18 12 15000h 25 22
Dispatch strategy cycle charging
] However, if the ESS charge status is less than SOC,,;n,
Total renewable energy (Fgrg) is composed of:

hydrokinetic energy (Egxxr) + wind energy (Ewr) +
photovoltaic energy (Epy/) and is shown in Equation (9).

Ere = Euxr+ Ewr+ Epv (9)

In ideal conditions of the renewable system, renewable
energy is capable of supplying demand (Erpap) and
recharging the energy storage system, Equation (10)
represents the ideal conditions (Egg).

Ere = Eroap + Egss (10)

If renewable energy is not enough to supply the demand,
the energy storage system must assume that deficit as long
as they are recharged above their minimum state of charge,
this is indicated by Equation (11).

Eroap = Ere + Egss (11)

If conditions persist and renewable energy has not been
recovered, the ESS is discharged to the minimum SOC.
In that case, the diesel generator must be started at full
load to exclusively recharge the ESS until reaching a SOC
of 80%. Therefore, the objective function is as follows in
Equation (12) [48].

Ere +(EpG max — Ess),l f—RE<Load;and,I f
_ —SOC<SOC min
~ Ere + Ess,If—+RE<Load;and,I f
—S0C-80%

Froap

(12)

Dispatch load following strategy

Like the previous case, total renewable energy (Egg) is
composed of: hydrokinetic energy (Eyx7) + wind energy
(Ewr) + photovoltaic energy (Epy).

In ideal conditions of the renewable system, renewable
energy is capable of supplying demand (Erpap) and
recharging the energy storage system (Egg).

If renewable energy is not enough to supply the demand,
the energy storage system must assume that deficit as
long as they are recharged above their minimum state of
charge.

the diesel generator (Epg) must be started. But not
to recharge the batteries as in the previous case, but to
supply the demand as required until renewable sources
can supply the demand again. In this case, the batteries
are recharged with an excess of renewable energy, as
indicated in Equation (13).

Eroap = Ere + Epc (13)
Therefore, the objective function is presented in Equation

(14) [48]:

__Erp + Epc,lf—>RE<Load;and,I f—+SOC<SOC min
T Erg — Ess,lf—RE>Load;and,I f—SOC<80%
Erg,lf—RE>Load;and,I f—SOC~80%

FEroap

(14)

Combined cycle dispatch sirategy

The decision of the controller depends on the cost
of energy. Related to the system conditions, the
controller must choose between the cycle charging and
load-following controls. The combined dispatch strategy
uses the net load (Er,oap — ERrg) to make a decision.
The controller must use the cycle charging strategy if the
current net load is low, approximately less than 20% of
the total load power (E7). On the other hand, if the
current net load is high the controller must choose the load
following strategy. HOMER optimizes each of the options
to meet the demand by comparing the cost of charging the
battery (with the diesel generator) to the cost of charging
the battery using excess renewable energy for each time
interval. Therefore, the objective function is as follows,
Equation (15) [50].

_ CuycleChargingControl;I f—(ELoad — Erg)<0.2%Er
" LoadFollowingControl;I f—(ELoad — Erg)>0.2%ET
(15)

FEroap

2.5 Results and comments

The simulation has been carried out using HOMER
software. In each case the optimal sizing values are
calculated, they serve as a comparison between the
different energy storage systems proposed. The controls
used in this article present novel results. For example, in
the case of the LF control, the NPC is lower in the case
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of lead-acid batteries, lithium-ion, pumping storage and
vanadium redox flow. In the case of the supercapacitor,
the values remain similar for both the CC control and
LF. On the other hand, the CD control presents different
results than the other controls, in most systems the
result of the NPC and COE are greater for this type of
control. The results of the NPC are shown in Figure 7
and the results of the COE are presented in Figure 8, the
COE has the same tendency as the NPC. In summary,
the lowest NPC corresponds to the supercapacitor under
cycle charging control whereas the lowest COE is for
the pumped hydroelectricity under LF control. The

Supercapacitor _
Pumped Hydro 245 kwh  [JEIISEEIINEN0EEEN 375860
rcd Leao

0 400000

469910

504463

784314

800000 1200000
NPC[$]
m Cycle Charging  m Load Following

1600000 2000000

Combined Cycle

Figure 7 Net present cost in each system

Supercapacitor

COE [$/kwWh]

Pumped Hydro 245 kWh
Li-lon

Acid Lead

W COE Cycle Charging W COE Load Following COE Combined Cycle

Figure 8 Cost of energy in each system

results of C'Oy emissions reflect the operation of the
diesel generator because it is the only element that
produces these emissions. Using the energy dispatch
cycle charging, the systems that provide the most C'Oq
are: VRF and SC, followed by pump storage, Li-lon and the
least polluting are LABs. However, when using the load
following energy dispatch, pump storage has shown the
lowest level of CO2 emissions followed by Li-lon and VRF
batteries. It is worth mentioning that for the vanadium
flow system it is not profitable to apply the combined
control. Similarly, using the combined cycle it can be
seen that the emissions produced by lead-acid batteries
have decreased considerably and the emissions in pump
storage have increased, the other systems still have high

CO5 emissions. These results are the product of the
ESS type, its response time to load peaks and the state of
charge of each system. The results are shown in Figure
9. The system with the lowest C'O5 emissions is pumped
hydro under load following control. Table 2 shows the size

veF [0 [ sss e

Supercapacitor 13335

Pumped Hydro 245 kWh 12631

Li-lon 13243

Lead acd | 55
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Figure 9 CO5 emissions

optimization for the proposed systems. The result of the
DG is the same for all systems (37 kW) except for VRF under
CD control, since it is not economically viable. Regarding
diesel consumption, lead-acid batteries under CD control
have obtained a favorable result. However, to achieve this,
the number of solar panels had to be increased to 20 kW
and the number of WT to 86 raising the NPC to $784,000.
On the other hand, lithium-ion batteries show a different
result, under the CC control the lowest penetration of
the DG has been obtained with 470 h/yr of operation and
consumption of 4000 l/yr. Moreover, the NPC is relatively
lower ($319,000) and it has been recommended not to use
solar panels, therefore it has been used 10 WT and 10 HKT.

The VRF and the SC present greater penetration values
of the DG both with optimal values under the CC control.
However, the system with the lowest NPC penetration is
the storage by pumping with NPC =$300,000; even though
the DG penetration is still high with 644 h/yr and fuel
consumption of 3,100 l/yr under the LF control. Therefore,
the recommended system is Li-ion under CC control.

Sensitivity analysis

The objective of the sensitivity analysis is to verify the
impact of the increased demand on the penetration of the
diesel generator, using the different ESS proposed. Figure
10 shows the result of the sensitivity analysis under the
CC control. It is obvious that, increasing demand also
increases fuel consumption. However, the increase is
different for each ESS. It can be noted that, the storage by
pumping has the largest slope followed by the SC and LAB
alternative; lithium batteries have a smaller slope. On
the other hand, VRF presents an approximately constant
behavior, being the one with the least sensitivity to the
demand increase. The different behavior is due to the



P. Arévalo-Cordero et al., Revista Facultad de Ingenieria, Universidad de Antioquia, No. 98, pp. 1-12, 2021

Table 2 Optimization results

Parameters Lead Acid Li-lon PH VRF SC

CC LF cb|cCc LF cb|cCc LF cb|cc LF cb|lcc LF cD
NPC ($)x1000 554 492 784 | 319 327 505 | 315 300 376 | 396 398 0 | 311 340 470
DG (kW) 37 37 37 | 37 37 37 | 37 37 37 | 37 37 0 | 37 37 37
Fuel consumption
(Uyrlx1000 39 49 22| 4 47 51| 46 31 49| 49 5 0|49 5 5.1
33;’;"3“” 422 950 354 | 470 937 691 | 570 644 539 | 930 1,000 0 | 565 990 576
PV (kW) 10 10 20 | 0 0 40 | 2 0 60 | 0 4 0] 0 4 60
WT # 15 14 8 | 10 13 31 | 8 11 18 | 13 13 0 | 9 22 39
HKT # 5 5 1 |10 8 0|8 8 0 |10 8 0] 10 5 0

type of batteries and their energy and power density.
In addition to increasing demand, excess energy from
renewable sources is used in the analysis.
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Figure 10 Fuel consumption under CC control

In the case of the LF control, the trend is similar to the
previous case with a difference in the pump storage
system, which presents larger variations. The DG must
start at full power but for a shorter time interval. On the
other hand, under the control LF the DG starts with less
power but more time. The sensitivity analysis under the
LF control is shown in Figure 11. Under the CD control,
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Figure 11 Fuel consumption under LF control

a more constant behavior is observed in Figure 12, the
increase in fuel consumption is the same at the beginning
of the demand growth and the end. This is the result of
the combination of the CC and LF controls. Again, the

pump storage system is the one that has presented the
highest sensitivity to the increase in demand and the
SC is the one that has remained almost constant. In
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the autonomous system, while the electricity demand
grows, the diesel generator’s operating hours decrease,
except for the SC under CC control. Figure 13 shows the
behavior of the diesel generator against the increase in
demand. The reason for this behavior is that, it is cheaper
to generate more renewable energy or increase energy
storage than to operate the diesel generator. Therefore,
VRF, Li-ion, LAB present a decrease in the hours of
operation of the DG, while the storage by pumping at the
beginning has an increase to finally decrease to the same
starting point. On the other hand, SC needs the DG to
operate more hours to supply the demand. As for the
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Figure 15 DG operating under CD control

LF control (see Figure 14), the hours of operation of the
diesel generator decrease while increasing the demand
for several proposed storage systems. However, at the
beginning of the increase in demand, there is an increase
in the operating hours of the diesel generator. Due to the
type of pump storage technology, at the beginning, it has
presented a considerable increase to finally decrease to
a greater point than the initial one. In this type of control,
the DG starts with the power required by the load, so it can
operate less time at higher power. Finally, the technology
that has presented the greatest variation is LAB.

The result of the analysis under the CD control is
observed in Figure 15. It is well known that the hours
of operation of the diesel generator always decrease
while the demand increases, in this case, the system that
has shown the greatest variation is the SC followed by LAB.

The results obtained are novel, since it has been
demonstrated the possibility of supplying the demand
through the proposed hybrid system. Also, it has been
possible to reduce the penetration of the diesel generator
using energy control techniques by observing the impact
on different energy storage systems.

The output power of the diesel generator is shown in
Figure 16. Lithium-lon technology is taken as an example.
It is observed that for the CC control the generator always
starts at full load, in LF control it starts as required
demand and the CD control is a combination of the CC and

LF controls. It is important to mention that under the load
cycle control the penetration of the DG is lower.
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Figure 16 DG Power output: (a) Cycle charging, (b) Load
following, (c) Combined dispatch

3. Conclusions

In this work, a strategy for reducing diesel consumption
has been carried out for a hybrid off-grid system
(PV-HKT-WT-DG). The strategy defines the optimal sizing
of the system and minimizes the fuel consumption of a
diesel generator, using three different energy dispatch
controls (CC, LF, and CD) and energy storage systems
(LAB, Li-ion, VRF, Pumped storage, and SC]. When
starting the diesel generator to directly recharge the
energy storage system with CC control(using, Li-ion,
VRF and SCJ it has been proven that the diesel generator
consumes less fuel and operates fewer hours per year as
compared to the LF and CD controls.

In the case of the lead-acid storage system, it is possible
to further reduce fuel consumption (2200 l/yr) and DG
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operating hours (354 h) by increasing the installed power
of PV to 20 kW, WT to 86 units. However, in this case,
the NPC is not profitable ($784,000). The most favorable
system is the one made up of lithium-ion batteries under
CC control, which has presented a diesel consumption of
4000 l/yr and 470 h/yr of DG operation. In this case, the
optimal sizing does not include PV technology and the cost
of the system is fair.

In addition, the sensibility analysisof scaled annual
average [kWh/day] vs diesel consumption [L] has shown
that while the demand increases, diesel consumption
under the CC and LF controls increases in two phases,
the first part exponentially and finally linearly. In the
case of the CD control, it is always linear. In some higher
demand values, diesel consumption decreases and this
behavior is due to the possibility of using excess energy
from renewable sources with their random resources
and the type of ESS, because each storage system has
different technical characteristics such as its power and
energy densities.

Finally, the sensibility study of scaled annual average
[kWh] vs operating hours diesel generator [h] has shown
novel results, since while the demand increases, the hours
of operation of the diesel generator are reduced, due to the
cost of fuel with respect to the cost of renewable sources.
When calculating the optimal configuration, renewable
sources are always prioritized, thus C'Os emissions will
also be reduced. The acid lead storage systemhas shown
a greater reduction of DG penetration under CC and LF
control, followed by VRF, Li-ion. On the other hand, the
storage of pumping and SC present an increase of DG
penetration at the beginning and decreases at the end of
interval.

In the CD control, SC always shows a decrease of DG
penetration and is the most prominent, followed by acid
lead, li-ion and pumping storage.

To gather the information that allows the study to be
evaluated more precisely, it is advisable to analyze more
variables for verifying the impact of the evolution of certain
system indicators such as SOCmin, time step, etc. In
addition, it would be of great interest to analyze the same
system on the grid. These studies will be carried out in
future work.
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