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Abstract. The integration of renewable energy is transcendental for sustainable development. This article
analyses a hybrid grid-connected system composed of renewable energy technologies (photovoltaic-
hydrokinetic), where several scenarios for energy management are proposed. They include a battery system
as energy storage and a system without storage but with resale fee to grid, with the aim of determining the
best economic and environmental balance. The results show that, by having a (PV-HKT-GRID) system with
energy storage and no resale fee to the grid, the Net Present Cost (NPC) is increased by USD $ 132,760 and
the Cost of Energy (COE) decreases $ 0.013/kWh when compared to the grid. In addition, the same hybrid
system without energy storage and no resale fee to grid, presents an energy cost savings of $ 0.043/kWh,
and an additional cost of USD $ 43,630. Finally, if a grid resale rate is included in the renewable hybrid
system, then the difference is noticeable, the savings in the Cost of Energy is $ 0.073/kWh and presents a
saving in the NPC of USD $ 39,930. In all cases, CO2 emissions have been avoided.

1. Introduction

Nowadays, in the 21 century, there are villages that are
far from the grid where it is a challenge to supply them
with electricity. In [1] a technical analysis was carried out
for the construction of a renewable electrification project
in Peru. In reference [2], a hybrid system has been
analyzed in order to meet the energy needs of a village
grid-connected located in eastern Iran. The results
indicate that the system is technically and economically
viable. These systems are viable due to the low
production cost of photovoltaic panels [3]. However,
batteries could be used at peak times where it is more
economical to supply the load from batteries than from
the grid, and at dawn, grid power could be used to
recharge the storage system [4]. In [5] the optimal sizing
of a PV-Wind-Battery Bank system grid-connected has
been analyzed, where the customer is less grid dependent
by overcoming variations in electricity prices. Software
tools such as Homer and Matlab are widely used for these
types of analysis [6]-[8]. Another energy source,
hydrokinetic technology (HKT), is reaching increasing
acceptance since its operation takes advantage of the
ecological flow of a river with a minimum environmental
impact [9]. Currently this type of turbines includes a
converter that regulates the output always extracting the
maximum usable power [10]. By combining hydrokinetic
and photovoltaic technology, the annual productivity of
renewable-based electricity is increased. In [11], the
energy control and optimization of the size of a
renewable hybrid system (HRES) has been analyzed. The
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result indicates that the two renewable sources are
complementary and their efficiency can be increased
through proper energy control [12]. Once the problem has
been identified, it is necessary to perform an analysis of a
grid-connected renewable system and the feasibility of
using Dbatteries as an energy storage system. The
originality of the study lies in the use of hydrokinetic
technology combined with PV energy within a grid-
connected system. In addition, indicators such as: NPC,
COE, operation and maintenance cost, renewable
penetration, CO; emissions, purchase and sale of energy
to the grid, among others, have been used to determine
new behaviors about the system using Homer software.
This article is organized as follows: Section 2 presents
the methodology that consists of the evaluation of the
demand of the site under study, as well as the analysis of
renewable resources (river speed and global solar
radiation). The mathematical representation of each
component that makes up the system is also included.
Section 3 presents the results of the study, comparing
each system based on the proposed parameters, and
finally the conclusions of the study are discussed in
section 4.

2. Methodology

2.1. Background

The case study is carried out in a University located in
the south of Ecuador, with a power load as shown in
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Figure 1 [13]-[14]. The peak demand time is presented at

modules that have been chosen for the place, of 285 Wp
7:00 p.m. with 30 kW and the minimum demand at dawn

with 10 kW as shown in Fig. 1 [12]-[14].
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Fig. 1. Daily demand profile in kW
The solar irradiance at the site is shown in Fig. 2. Since

the site is located in Ecuador the annual radiation is
approximately constant [12]-[14].
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Fig. 2. Annual Solar radiation in kW/m?

Regarding the water resource, it is observed in Fig. 3 that
there are periods of dryness during the months of July
and August. The rest of the months present a regular
behavior, and in some days, there are peaks of 5.5 m/s
due to the high rainfall of the place.
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Fig. 3. River speed in m/s
2.2. Mathematical modeling

2.2.1. PV System

The PV system is made up of a set of cells, which are
generally represented by equation (1), [15].

G
Pev=Pstc ™1, (ﬁ) *[1+k*(Te-To)] )

Where: Ppy, is the PV power output, Psrc, is the
power in standard conditions (GSTC = 1000W/m? and 25
°C), Gag, is the global incident radiation; Gsrc, is the
incident radiation under standard conditions, 7., is the
cell temperature; 7., room temperature; & and f,,, are the
coefficient of temperature and degradation respectively of
the solar panels. Table 1 presents the details of the PV

and an efficiency at standard conditions of 17.40% [12].

Table 1. PV generator parameters

PV Parameters
Pmax at STC 285W
Capital Cost USD $ 295/285 Wp
Replacement Cost USD § 290/285 Wp
Temperature coefficient -0.35%/°C
Lifetime 25 years
2.2.2. HKT System

Hydrokinetic turbines can be placed in an artificial
channel or in a river directly [16]. The Homer program
uses the data entered to calculate the electrical power

generated by the HKT [17], and is given by equation (2)
[18].
P.=p* *V-?— * Kk, * (2)
h=p AT o *Cp*ig *Nr

Where: Vr is section flow rate in m/s; Ar is Area of
passage through the turbine rotor in m? C, is power
coefficient is 0.3; 7 ¢ is efficiency of the electric
generator (adopted as 90%) and Nr is the number of HKT

per cross section, the parameters of the HKT are
presented in Table 2 [12].

Table 2. HKT generator parameters

HKT Parameters
Model Smart Monofloat
Capital Cost USD § 9,000
Replacement Cost USD $ 9,000
O&M Cost USD $ 100

2.2.3. Energy Storage System

The SOC value is recommended to remain from 40% to
100% for guaranteeing the life of lead acid batteries.
Equations (3) and (4) show the state of charge and the
capacity of the batteries at time t [19].

.
SOC(ti):m*I ﬂc(t)*l(t) *ot (3)

Where:
C(t;), is the capacity of the battery in amp-hours, 7.

() is the charging efficiency, /(?) is the current flowing
through the battery.

Cnominal*(-:tcoef
1+Acap({L0L o

I nominal

)= *[L+a ATOHFATA] (4)

Chominal, 18 the estimated capacity of the battery, Cicoe,
Acap and Begp; they are parameters of the battery model,
AT is the variation of the temperature with respect to the
reference of 25 °C, limina 1s the discharge current
corresponding to the nominal capacity, ¢ and B are the
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temperature coefficients. The battery current is calculated
by equation (5) [5].

PPV(t)"'Ph(t)'Pload (t) (5)
\Y

lhat (D=

Where: Pjqa represents the power of the load and V'
the battery voltage. The characteristics of the selected
lead acid battery are shown in Table 3.

Table 3. Battery parameters

Lead Acid Battery Parameters
Nominal Capacity 1 kwWh
Capital Cost USD $ 300
Replacement Cost USD $ 300
O&M Cost USD 10 $/yr

2.3. Cost analysis

A way to evaluate a project economically is through the
NPC in ($), since it represents the current cost of the
project at the end of its useful life. The COE in ($/kWh)
indicates the price to be paid by users for each kWh
consumed. In this article, the NPC, COE and rescue costs
are analysed as they implicitly represent the other
indicators mentioned above [11], [20]. The total
annualized cost (Cy,) is calculated using equation (6) [11],
[20].
Cta:Ccap+Crep+CO&M
(6)
Where: C.qp represents the investment cost or capital
cost, Crp the replacement cost of the system components
and C(ogm) is the maintenance operation cost. The capital
recovery factor (CRF) is calculated with equation (7)
[11], [20].
i*(1+i)"

CRF (0= iyt

()

Where: n represents the years of useful life of the
project, i is the annual interest rate calculated with
equation (8) [11], [20].

=1t ®)

Where : i’ represents the nominal interest rate and f'is
the annual inflation rate. Therefore, the NPC is given by
equation (9) [11], [20].

NPC=

ta

CREGN) ©)

In addition, the Cost of Energy is calculated with
equation (10), [11], [20].

_Cia
COE=—2 (10)
Es

Where: E; is the total energy served in a year. The
cost of energy purchased from the grid (Cpuygria) i
represented as follows:

(11)

Cbuy, grid :LEp*(COEgrid*Pshortage)

Where: LE, represents the life expectancy of the
project, COEg.q is the cost of energy purchased from the
grid in ($/kWh) and Psporage is the power shortage. The
load profile is similar to the residential load, the COE in
grid is $ 0.09/kWh [21], which remains constant
throughout the day.

2.4. Energy Control

2.4.1. First Case

The grid has been considered as the backup system and
the excess electricity of the project is sold to the grid. The
total power of HRES is calculated with equation (12).

Ppy+Ph @)
P. = { 12
Total, HRES PPV+Ph+Pgrid (b) ( )
If the renewable power is enough to meet the demand, it
is supplied from the PV and HKT generator, the excess
energy is sold to the grid. If the renewable power is not
enough to meet the demand, energy is purchased from the
grid.

2.4.2. Second case

The grid and the battery system are considered as backup.
The load cycle energy control has been used, so if the
renewable power is not enough to supply the demand,
energy must be purchased from the grid, see equation
(14). The priority here is to recharge the batteries in low
demand hours, at peak hours the demand must be
supplied from the storage system and not from the grid.

Ppy+Pp (@
Protal, HRES = PPV+Ph+{|;grid Eg)) )
bat

If the renewable power is enough to meet the demand,
energy is supplied from the PV and HKT generator, the
excess energy is sold to the grid. If the renewable power
is not enough to meet the demand, energy is purchased
from the grid. If the renewable power is not enough to
meet the demand, the demand is supplied from the battery
bank, if SOC > SOChin. The third case is the same, it only
includes resale to the grid

3. Results

Figure 4 shows the result of the conditions raised. It is
evident that at hour 85 the state of charge of the batteries
is approximately 45%, the demand is 15 kW and the total
renewable power (PV + HKT) is 23 kW. In this moment,
renewable production decreases gradually and demand on
the contrary grows, the state of charge of the batteries is
the minimum and the cost of kWh is low, so it is
convenient to buy energy from the grid to recharge the
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batteries and supply part of the demand to ensure an
enough SOC. The main objective of this scheme is to
maintain high levels of reliability and quality of
electricity supply.
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Fig. 4. Energy control under random conditions

The comparison of different alternatives has been
performed. Table 4 shows the simulation results.

Table 4. Results of simulation

Parameters | 1% Case | 2" Case | 3" Case | Grid
PV 50 kW 50kW | 50kW -
HKT 10 units 10 units | 10 units -
AC/DC 66 kW 36 kW | 40 kW -
LAB capacity | 120 kWh - - -
NPC system | $258,930 | $170,340 | $86,780 | $126,710
COE system 0.08 0.05 0.02 0.093
$/kWh $/kWh | $/kWh $/kWh
Rescue ($) -9,848 -5,145 -5,145 -
PV 20.74 % | 20.81 % | 20.81 % -
HKT 70.24% | 70.45% | 70.45 % -
Grid 922% | 874% | 874% | 100%
purchases
Grid sales 57.34% | 57.46 % | 57.46 % -
CO: -82,855 | -76,855 | -76,855 | 67,361
emissions kg/year kg/year | kg/year | kg/year

In the first case (On grid + Battery), a grid-connected
renewable system with batteries, the COE is 0.08 $/kWh
and the NPC of $ 258,930. This system has an expense
with respect to purchasing energy from the grid, it is
USD $ 132,760 and a saving in the COE of 0.013 $/kWh.
However, HRES has avoided 82,855 kg/year of CO;
emissions. In this case there is no payment for resale of
energy to the grid. In the second alternative (On grid
without Battery and resale fee), since the batteries are not
available, the system is cheaper because there is no resale
fee to the grid. In this case the savings in the COE is
0.043 $/kWh, with an additional expense of NPC = USD
$ 43,630. Moreover, a saving of 76,855 kg/year of CO,
emissions. The third case is like the first, the difference
lies in the existence of an energy resale rate from HRES
to the grid. According to [21] the cost per kWh of a
hydroelectric plant of less than 10 MW is $ 0.0207/kWh
and $ 0.118/kWh for photovoltaic installations. Since a
real price for HKT technology has not been defined, the
price of the hydroelectric plant has been used due to its
similarity. Since it is a HRES, for the simulation an
average value of $ 0.069/kWh was used. It is worth
mentioning that, in Ecuador the regulation [21] has been

repealed by [22]. At this time it is not clear the situation
of tariffs for renewable energy in the country in 2019, so
the values of [21] have been used. In this case, the
difference is remarkable, the savings in the COE is §
0.073/kWh and also presents a savings in the NPC of
USD $ 39,930. In addition, the emission of 67,361
kg/year of CO2 has been avoided.

4.Conclusions

The use of renewable sources to supply the energy
demand requires the development of new design methods
of grid connected HRES, and the possibility of adding
storage systems to take advantage of the variation in
electricity prices and reduce emissions. The proposed
energy management has shown that, when electricity is
produced using an HRES composed of PV/HKT without
a resale fee to the grid, it is more expensive than buying
power directly from the grid in terms of NPC. This is
because in the national interconnected electric system of
Ecuador, the cost of kWh is relatively cheap and constant
during the day. However, having a basic resale rate, the
system is cheaper than the grid. Nevertheless, without an
energy storage system and no resale fee to the grid, there
is an energy cost savings of $ 0.043/kWh, an additional
cost of USD § 43,630. Finally, if a grid resale rate is
included in the renewable hybrid system, the difference is
notable, the COE savings are $ 0.073/kWh and it also
presents a savings in the NPC of USD $ 39,930. In
addition, in all the proposed systems, the COE is cheaper
compared to the grid with a very important additional
aspect, such as avoiding tons of CO, emissions into the
atmosphere. Further, it increases the reliability of the
system by having more sources of generation and adding
a positive economic term consisting of the possibility of
selling excess energy to the grid. In future studies, those
analyzes should be covered. Additionally, different
energy storage technologies must be studied to have a
clearer impact on HRES.
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