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Abstract: The power fluctuations produced by electric vehicles represent a drawback in large-scale
residential applications. In addition to that, short power peaks could pose a risk to the stability of
the electrical grid. For this reason, this study presents a feasibility analysis for a residential system
composed of electric vehicle chargers. The objective is focused on smoothing the power fluctuations
produced by the charge by a supercapacitor through adequate energy control; in addition, self-
consumption is analyzed. Data sampling intervals are also analyzed; the modeling was performed
in Matlab software. The results show that there are errors of up to 9% if the data are measured at
different sampling intervals. On the other hand, if the supercapacitor is considered, the system saves
59.87% of the energy purchased from the utility grid per day, and the self-consumption of electricity
by prosumers can increase up to 73%. Finally, the hydrokinetic/supercapacitor/grid system would
save up to 489.1 USD/year in the cost of purchasing electricity from the grid and would increase by
492.75 USD/ year for the sale electricity.

Keywords: supercapacitor; hydrokinetic energy; power smoothing; self-consumption; renewable
system; electric vehicles

1. Introduction
1.1. Motivation and Incitement

The generation of electricity with alternative sources is increasing, from large wind
farms, solar farms and hydroelectric plants to small generators for residential use; the last
are known as distributed generation and are able to reduce losses through transmission and
distribution [1]. The main challenge of distributed generation is the stability of renewable
systems based on stochastic resources on grid, which, on a large scale, can cause serious
problems of voltage or frequency variations that could cause a collapse of the electrical
power system [2]. To solve this problem, several studies of the literature reviewed propose
various control systems based on high-cost intelligent controllers or reduce renewable
generation to maximum limits established by the regulations in each country [3]. In this
paper, an economical and simple solution is presented when using supercapacitors (SCs) to
smooth the power peaks of a hydrokinetic turbine and a residential load on grid, including
the demand for an electric vehicle that is charged in off-peak hours. In addition, the
self-consumption produced by the renewable source and the SC is studied. All analyses are
compared under different data-sampling intervals for the technical and economic results
presented.

1.2. Related Works

In the literature, various authors have explored various solutions for power smoothing
in renewable systems, taking advantage of various storage technologies, such as batteries
and SCs [4]. In this regard, the authors in Reference [5] developed a control scheme
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for a hybrid storage system comprising SC-batteries, by which the power fluctuations
produced by wind farms can be reduced, thus improving the lifespan of batteries. Similarly,
Jayalakshmi et al. developed, in Reference [6], a grid-side control for peak reduction of
hybrid renewable systems formed by photovoltaic (PV) panels and wind turbines (WTs).
In this case, the power smoothing was achieved by optimally controlling a storage system
formed by SC banks. In Reference [7], the authors developed an energy management
program based on nonlinear predictive control by which the grid-side voltage is kept almost
constant, thus reducing power peaks and large fluctuations. Other particular aspects of
each storage technology were highlighted, noting that a hybrid storage facility formed by
SCs and batteries is more promising than a solution based on each technology separately.
In Reference [8], the authors present a statistical approach to develop the capacity of a
hybrid energy storage system (HESS), using the Monte Carlo simulation. HESS sizing
results are set at different levels of cumulative probability. Then, in Reference [9], they
analyzed a hybrid configuration at the wind turbine level of an energy storage system to
limit power ramp rates and apply power smoothing; the results showed that significant
improvements can be made by using HESS. In this sense, SCs can contribute to expand
the lifetime of batteries by absorbing high peaks, because of their high power rate, and
also to provide inertia to the grid. In Reference [10], a control is proposed to manage the
energy exchange between batteries and supercapacitors based on the photovoltaic power
curves. This innovative contribution not only reduces the voltage levels in the battery and
therefore increases its service life, but also provides a constant injection of energy into
the grid for a defined time interval. Similarly, in Reference [11], an inclusive review of
hybrid energy storage consisting of batteries and supercapacitors is presented. The results
show that supercapacitors can reduce battery charging ramps under power peaks. Storage
systems based on SCs may also find applicability in hydrokinetic systems, since such
generators in particular have similar dynamic behavior to that of WTs [12], where extensive
simulations have been performed to demonstrate the capacity of SCs to reduce power
fluctuations of renewable systems. In Reference [13], the authors proposed a management
system based on polynomial control for an off-grid microgrid comprising a hybrid storage
system, renewable generators and diesel engines, demonstrating that the developed control
program is able to reduce power fluctuations notably, besides reducing the storage capacity.
Similarly, Gonzalez et al. developed, in Reference [14], three different control strategies for
PV arrays with storage systems composed by SCs.

SC banks are able to act rapidly, being so necessary to use high-resolution data,
as pointed out in Reference [15], where the authors explained the advantage of using
high-resolution measurements in control schemes for SCs. This strategy allowed the au-
thors to reduce the storage sizing, because of the accurateness of the results obtained. In
Reference [16], an optimization of photovoltaic household prosumers based on batter-
ies/supercapacitors is presented that provides self-consumption and reserve of frequency
containment according to the influence of the granularity of the temporal data, the model-
ing optimizes the size and the management of the energy from photovoltaic household
consumers. In Reference [17], the authors performed a multi-objective optimization of
the isolated photovoltaic battery system. An optimization and sizing of a photovoltaic
system with a supercapacitor to improve self-consumption is presented in Reference [18];
the low resolution of time load generates up to 37% error during the analysis. These
conclusions were strengthened in Reference [19] through numerical simulations in a mi-
crogrid layout with high renewable penetration. In this last reference, the authors also
highlighted the importance of storage systems to reduce power fluctuations, along with
increasing the efficiency of a household system. Similarly, numerical results presented in
Reference [20] showed that self-consumption of a residential system can be boosted up by
51% by installing batteries, in comparison with the solution in which only PV panels are
installed.

Other references were devoted on studying the impact of storage facilities in off-grid
systems [21], concluding that the behavior in both cases was similar, notably reducing the
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cost of energy. Nevertheless, the proper sizing of grid components is of vital importance,
as pointed out in Reference [22], where the authors highlighted that, for increasing self-
consumption, it is preferable to increase the capacity of storage rather than repower the PV
arrays. In addition, storage systems may help to improve various energy quality indexes,
such as flicker and voltage sags. This aspect was analyzed in Reference [23], where the
authors performed various simulations in a stochastic framework for a storage system
composed by batteries, through which they demonstrated that, by properly controlling the
storage system, the self-consumption can be improved while primary frequency control is
provided complementarily.

Along with the most typical renewable-based configurations based on PV arrays
and WTs, power fluctuations issues appear with other technologies, such as hydrokinetic
turbines (HKTs), which may provoke power fluctuations because the variability of river
speed and swell or turbulences [24]. In this sense, SCs can help to eliminate power
disturbances caused by HKTs, as demonstrated in Reference [25]. John et al. proposed, in
Reference [26], an integrated HKT-PV system supported by batteries for energy supplying
of remote communities. In Reference [27], the authors analyzed a PV-wind-biogas-syngas-
hydrokinetic-batteries layout, for energy provision of an academic municipality in the East
District of Sikkim, India, reducing the cost of energy to 0.09 USD/kWh. Hydrokinetic
generation may improve the efficiency of on-grid houses, as demonstrated by Tani et al. in
Reference [14], where a day-ahead scheduling control for HKTs was proposed, by which the
cost of operation can be reduced maximizing the energy sold to the grid. Finally, it is worth
noting that despite hydrokinetic technology is an emerging renewable generation concept,
its similarity to wind generation enable the possibility of reusing some existing control
schemes of WTs for HKTs, making so easier the implantation of hydrokinetic generation
throughout the world [28].

1.3. Contributions and Paper Organization

In the literature reviewed in this paper, the vast majority studied the smoothing of
power peaks of wind farms and photovoltaic farms; the study of self-consumption and the
resolution of the data sampling is carried out entirely from the latter mentioned. Similar
studies, such as Reference [25], are found in the literature, where they present the smoothing
of HKT power peaks; however, in Reference [25], the authors did not make a comparison of
different data-sampling intervals, nor did they analyze self-consumption. For this context,
this paper further explores the capability of SCs to reduce power fluctuations caused by
some emerging appliances, such as electric vehicles (EVs). It is assumed that the EV is
connected directly at home. In this sense, an SC bank is integrated into an on-grid system
with high penetration of hydrokinetic energy. Thereby, the capacity of SCs to jointly reduce
the fluctuations caused by loads and HKTs was studied. This work is also devoted to
analyzing the influence of SC banks in increasing the self-consumption rate of the system.
To this end, the system was studied with various time intervals in order to determine the
influence of this aspect in final results. Finally, an economical study was performed in
order to discern the economic viability of the proposed system and the considered energy
control scheme.

In the rest of this paper, Section 2 describes the methodology that was followed in
the study. Section 3 provides and comments upon the extensive results obtained in the
simulations. Finally, this paper is concluded with Section 4.

2. Methodology

This paper presents a feasibility study of a renewable system on grid (HKT/SC).
The input variables, namely the river speed, the electricity demand and the cost of the
components, were measured under different sampling intervals (1, 15, 30 and 60 min).
Subsequently, an energy control is proposed for each case, smoothing the power peaks
produced by HKT and by customer load through an SC. The renewable source, together
with the ESS, offers self-consumption to prosumers, e.g., the surplus electricity to the grid
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and, in some cases the purchase of electricity from the grid. These parameters were com-
pared through simulations in Matlab software based on mathematical models presented in
this paper. Finally, the technical and economic results of the proposed study are presented.
Comparisons of the system were made with SC and without it, for all sampling intervals.
Figure 1 shows a diagram of the methodology presented.
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Figure 1. Representative diagram of the proposed methodology.

2.1. Background
2.1.1. Load Demand

The electrical consumption of a typical household on a grid located in the south of
Ecuador, near the city of Cuenca, was measured. It is considered to be a slow charging
station for an EV with a peak power of 6 kW, including residential consumption; the
daily load curve is shown in Figure 2 [29]. It is possible to identify two considerable load
peaks: The first peak, which occurs at around 8:00 p.m., has a power of around 3 kW and
corresponds to the consumption of the prosumers; the EV load was chosen through a
consumption programming in off-peak hours, starting to recharge the EV from 10:00 p.m.
The second power peak reaches 6 kW at approximately 11:00 p.m. The real values were
measured by hourly energy meters.

5
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Electricity demand (kW)
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Time (hour)

Figure 2. Daily demand curve—daily hourly values considering the load of an EV.
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By increasing the data sampling rate, the power peaks are evident. Figure 3 shows
the demand curve measured at different sampling intervals; if the time interval is longer
(values measured every 60 min), the power peaks are not noticeable.

6

***** Sampling 60 min
---Sampling 30 min
—Sampling 15 min |

—Sampling 1 min

(9]

N

Load demand (kW)
[\ (98}

_.
T
===
ST
’

1
=
 —

ey
= G
Pp—
-5

0 200 400 600 800 1000 1200 1400
Sample data

Figure 3. Daily electricity demand curve—values measured at different sampling intervals.

2.1.2. River Speed

The average daily speed of the Paute River, Ecuador, is 1.85 m/s and was measured by
means of a hydrological station installed on the river [30]. These data are used as an example
of the variation in the river speed during a 24-h interval, and they are representative of a
daily cycle. Hourly measurements show a minimum speed of 1.73 m/s and a maximum
speed of 2.02 m/s during a day chosen at random, as shown in Figure 4. Similarly, greater
variations in river speed are observed while the sampling rate is higher (values measured
every 1 min), resembling the real behavior of the system, as shown in Figure 5.
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Figure 4. River speed—hourly average values measured during a day.
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Figure 5. River speed—values measured at different sampling intervals.

2.2. Energy Control

The energy control that is proposed has, as a priority, to supply the demand (household
+ EV) with as much renewable energy as possible. In order to measure this amount of energy
consumed, self-consumption is defined as the energy generated by HKT and consumed by
users. If this parameter increases, the energy purchased from the utility grid will be less. To
achieve this aim, the SC has the goal of storing energy to supply the demand if HKT is not
able to generate electricity; at the same time, the SC smooths the power peaks produced
by HKT and the load. Figure 6 graphically explains the proposed control algorithm in
each given condition. Pj,,; represents the residential electricity demand, including the EV;
Pyir is the electric output power of HKT; Psc is the electric output power of SC; Pryo—grid
represents the surplus electricity produced by HKT sent to the utility grid; and P, grig
represents the unmet load by HKT, it is the electricity purchased from the utility grid;
SOCgc is the state of charge in the SC.

START

Input data
Pioads Pukr, Psc,
Pfrom—grid: Pto—grid

SOCsc
sent to the utility

No
grid by SC

o _gndbyst 1
[ Pukr = Pioga + Pro—gria  [€

S0Csc = 95%

PHKT—PSC+Pload+Pto —grid (

Figure 6. Explanatory algorithm of the proposed energy control.
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State 1:

If the renewable power is less than the power of the load (Pyxt < Pjaq), the algorithm
tests the state of charge of the SC (SOCsc > 5%). If it is greater than 5% (minimum value
to start charging), it means that the SC can supply the load (Psc = Pjg4)-

State 2:

If the renewable power is less than the power of the load (Pyxr < Pjaq), the algorithm
tests the state of charge of the SC (SOCsc > 5%). If it is not greater than 5% (minimum
value to start charging [29]), then there is unmet load and must be purchased electricity

from the utility grid; at the same time, the SC is charged (mem_ grid = Psc — Pl(md).

State 3:

If the output power of HKT is higher than the electric demand (Pyxt > Pjpg4), the algo-
rithm tests the SOC in the SC (SOCgsc = 95%); if fully charged, HKT has priority to supply
demand, and the surplus electricity is sent to the utility grid (PHKT = Piogg + Ppo— gm-d) .

State 4:

If the output power of HKT is higher than the electric demand (Pygr > Paq), the
algorithm tests the SOC in the SC (SOCgc = 95%); if SC is not fully charged, HKT has
priority to supply demand, and the surplus electricity is sent to the utility grid and SC

(PHKT = Psc + Pioaa + Pto—grid)‘

2.3. Power Smoothing

Power smoothing is performed by using the SC to absorb the power peaks produced
by HKT and the load. In a heuristic way, the same power of the SC and HKT (5 kW) was
dimensioned. The power-smoothing equations are presented below.

When the energy flow goes from HKT to the utility grid, the surplus electricity contains
peaks that must first be absorbed by SC before reaching the grid. Equation (1) represents
this state.

Pio—gria = Puxr — Psc (1)

If the power flow goes from the utility grid to the prosumers, the SC must smooth
the power peaks required by the EV and some appliances; this state is represented by
Equation (2).

Pfromfgrid = Psc — Poga ()

2.4. Mathematical Modeling
2.4.1. HKT Modeling

The power output of a hydrokinetic turbine (Pykr) is expressed as Equation (3) [31].

1
Pykr = E-Pw-AHKT-Vrg'Cp-WHKT 3)

where p,, represents the density of water, Akt is the cross-sectional area of the HKT, V; is
the river speed, C, is the power coefficient of HKT and 7pkr is the efficiency of HKT.

Depending on the model, the HKT provides electrical power within certain river
speed limits, as stated the Equation (4).

Viceutin < Ve < Viecur of f 4

where V,_ ., in is the minimum operating river speed of HKT, and V,_; of is the maxi-
mum operating river speed of HKT.
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2.4.2. SC Modeling
The energy of an SC ( Eg¢ in Joules) is calculated with Equation (5) [32].

1

where Cgc is the capacitance of the SC, and V¢ is the potential difference between the
final voltage and the initial voltage of the SC in each state of charge.
The efficiency of the SC is calculated with Equation (6) [5].

Psc
nNsc = —=———.100% (6)
Psc + Psvé

where P, is the power loss in an SC.
The state of charge (SOC) of the supercapacitor is proportional to the voltage of the
equipment, and it can be calculated with Equation (7) [16].

Vse — Vscmi
SOCsc = ——>S——3S"1_ 100% )
VSCmax - VSszn

where Vscpar and Vsein represent the maximum and minimum voltage of the SC respec-
tively during the instantaneous operation of the SC.

SCs in laboratory tests show a different behavior than computer simulations: the
minimum state of charge that they are capable of reaching is 5% and the maximum is 95%.
This has been demonstrated by real tests in the laboratory of the University of Cuenca,
Ecuador [32]. This restriction is expressed with Equation (8).

5% < SOCgc < 95% ®)

In addition, the following voltage and current restrictions must be met:

Vscmin < Vsc < Vscmax )
Ig’émax < ISC < ISDéigZx (10)

where ISE, and I SDCIfnCZx are the maximum charge and discharge current allowed in an SC.

2.4.3. Utility Grid Modeling

The utility grid has been considered an infinite power shunt bus connected with the
proposed renewable system. The utility grid parameters are as follows: electrical power =
10010 VA , voltage = 3.3 kV, frequency = 60 Hz and X/R ratio =7.

The instantaneous power (kW) exchanged between the utility grind and prosumers
has upper limits, as expressed in Equations (11) and (12).

Ptofgrid < Pmaxgrid (11)

Pfromfgrid < Pmaxgrid (12)

where Praxgrig expresses the maximum electrical power exchange between the utility grid
and the residential load.

The purchase and sale of electricity to/from the utility grid is not possible simultane-
ously; this restriction is expressed with Equation (13).

Pf‘rom—grid + Pfo—grid <1 (13)

t
where the Pfrom—grid

time ¢; and the Ptto_g”-d

binary variable = 1 if the utility grid supplies power to the prosumer at

binary variable = 1 if surplus electricity is sent to the grid at time, ¢.
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The restrictions of Equations (14) and (15) represent grid power outages during time,
t; that is, it simulates the grid unavailability [33].

P}rom—grid =0 (14)
Ptto—grid =0 (15)

3. Results
3.1. Electric Flow Balance

The result of the energy balance is shown in Figure 7. The daily common behavior
with sampling every hour is seen in Figure 7d. The HKT output power is relatively constant
during the day; to cover the power peaks produced by customers’ load (residential + EV),
the SC provides output power. By increasing the sampling (30 min intervals), as shown in
Figure 7c, the power fluctuations with respect to the previous case are evident; this is seen
even more so in Figure 7b, where the sampling rate is performed at 15-min intervals. It is
noticeable that the highest peak load in this case presents two maximum values, which in
the two previous cases presented a single maximum value. Then, when the sampling rate
is performed at time intervals every minute, the stochastic behavior more closely resembles
a real system, e.g., load peaks have various maximum and minimum values where the
SC supplies them. The random behavior of the HKT power output varies considerably
every minute.

= (a) ~ (b)
%25 ~Load demand %26 --Load demand
- HKT power output ~ —HKT power output "
o ) 19} '
g 4 SC power output w0 g 4= SC power output I
A " ; . { =%

i o | il | ,\ "
<22 2 SN S I ‘J Wi B2 Reeen T
g Nt i B ety
D | TR g R ks 54 [ L) S .
D% 200 400 600 800 1000 1200 1400 D % 20 40 60 80

Samples (1 minute intervals) Samples (15 minute intervals)
< (© ~ (d)
i 6--Load demand E/ 6 --Load demand
5 —HKT power output 5 —HKT power output
g 4/-SC power output % 4 +SC power output
a a .
Q 2:,AHHNM A Lo Q2
= \ D o DL A W A R N T A ]
LT PO o 5 T S S b
m 10 20 30 40 mO 5 10 15 20
Samples (30 minutes intervals) Time (hour)

Figure 7. Energy balance of the renewable system connected to the grid. Data sampling at different
time intervals: (a) 1 min, (b) 15 min, (¢) 30 min and (d) every hour (60 min).

The relative error when measuring the data at different sampling intervals is shown
in Table 1. As the time interval is longer, the demand consumption, the energy generated
by HKT and the output energy from SC are greater. Relative errors are recorded up to 9%
with respect to the daily SC output energy when comparing the sampling interval every
1 min against 60 min.
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Table 1. Relative error of data measurements at different sampling intervals.
Data Sampling Load Demand HKT Power Output SC Power Output
Intervals (kWh/Day) (kWh/Day) (kWh/Day)
1 27.56 34.97 6.89
15 28.02 35.02 6.92
30 28.96 35.36 7.51
60 29.52 36.06 7.63

On the other hand, the SC supplies the short-time power peaks, and its high power
density allows it to have a fast response; the load states for different data sampling are
shown in Figure 8. The variations in output power of SC are more noticeable in Figure 8a.
If the sampling rate is reduced, the peaks tend to be flattened. Figure 8d shows the common
behavior of the SC but not real.

_ a _ (b)
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o \ \ b
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Figure 8. State of charge in SC. Data sampling at different time intervals: (a) 1 min, (b) 15 min,
(c) 30 min and (d) every hour.

3.2. Power Smoothing and Self~-Consumption Results

The electricity purchased from the utility grid without an HKT/SC system depends
on the load profile of the prosumers, which can have various peaks produced by some
appliances and the EV. When considering these phenomena on a large scale, they can
produce instability in the utility grid. Thus, smoothing out power peaks with an SC
is a promising alternative. Figure 9 shows the comparison between an HKT/Grid and
HKT/SC/Grid system; the reduction of power peaks purchased from the utility grid is
significant, and the SC smoothed out most of the demand fluctuations. Similar to the
previous cases, the higher data sampling rate shows the real behavior of the system; the SC
responds appropriately to the fast electric power fields.

The sold electricity to the utility grid must be smoothed without harming the economic
income it can offer, in contrast to the electricity purchased from the grid, which must be as
low as possible to increase self-consumption. In this case, all excess electricity must be sold
to the utility grid before that in order to avoid stability problems; the power peaks must be
absorbed by an SC if it is discharged. Figure 10 shows the result of the power smoothing by
the SC in the scheme proposed in this paper. The behavior between different data samples
is similar to the previous cases, which is why the case of Figure 10a is highlighted. The
HKT/Grid system (blue line) sends energy with high fluctuations to the grid; by including
an SC, these variations decrease drastically without reducing the net energy sold. This type
of proposed energy control could encourage prosumers to use HKT/SC on the grid.
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Figure 9. Electric power from the utility grid in case of unmet load by HKT. Data sampling at
different time intervals: (a) 1 min, (b) 15 min, (¢) 30 min and (d) every hour.
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Figure 10. Electricity surplus peaks smoothed and sent to the grid. Data sampling at different time
intervals: (a) 1 min, (b) 15 min, (c) 30 min and (d) every hour.

The data measured at different time intervals reveal the errors with respect to the real
behavior of the system. The short-time power peaks measured at small sampling intervals
cause an increase in the energy purchased and sent to the utility grid with respect to larger
samples intervals; this difference is based on the averaging of data at larger intervals, which
causes an inaccurate dimensioning of renewable sources or the expected cost of sending
and purchase electricity to the utility grid.

Table 2 shows the following results, without considering the SC as an energy storage
system. The energy purchased from the utility grid measured at 1 min intervals is 1.18 times
greater than measured every 60 min; the energy sold is 1.21 times greater with respect to the
same sampling interval. When considering the SC, the difference in the energy purchased
and sold to the utility grid is 1.72 and 1.20 times greater when measuring samples every
minute, rather than every 60 min, respectively.



World Electr. Veh. ]. 2021, 12, 235

12 of 15

Table 2. Relative error of data measurements, self-consumption considering SC.

Energy from Energy Sent to Energy from Energy Sent to

Data Sampling - - 4" out Grid without Grid with SC Grid with SC

Intervals SC (kWh/Day)  SC (kWh/Day)  (kWh/Day) (kWh/Day)
1 12.36 20.51 4.96 20.53
15 11.95 19.24 3.52 19.27
30 11.1 18.37 3.05 18.39
60 10.5 17.03 2.87 17.04

A method of measuring self-consumption is through the reduction of electricity
purchased from the utility grid. Table 3 shows that self-consumption can be increased to
73% with an SC. This result is high because the HKT energy cannot cover certain demand
peaks without the SC; therefore, energy must be purchased from the utility grid, thus
reducing self-consumption. In addition, the energy sent to the grid also increases when
using an SC; this behavior is due to the fact that, in certain cases, the SC stores a surplus of
electricity to send to the utility grid.

Table 3. Increase in self-consumption when using SC in the HKT/On grid renewable system.

Data Sampling Intervals Increase in Increase in Electricity Send
Self-Consumption (%) to Grid (%)
1 60 0.10
15 71 0.16
30 73 0.11
60 73 0.06

3.3. Economic Results

According to Reference [34], the price of electricity for the residential sector in Ecuador
is 0.095 USD/kWh. The Feed-in Tariff (FIT) in Ecuador was established through Regulation
Coded No. CONELEC 001/13, and the same as was repealed in June 2016. In this regulation
no price was contemplated for solar energy photovoltaic or hydrokinetic energy, noting a
strong deficiency for the incorporation of this type of renewable energy, to have a reference,
and in a similar way a cost of 0.0658 USD/kWh has been contemplated for hydroelectric
plants of up to 5 MW [35], current FIT rate and used in this paper. According to the data
presented in Table 2, the USD/day cost of purchased and selling energy to the grid was
calculated; the results are shown in Table 4. It is important to mention that the time interval
used by the energy meters used by the energy supplier is hourly.

Table 4. Daily cost of energy to/from the utility grid.

Cost of Energy Cost of Energy Cost of Energy
Data Sampling from Grid Send to Grid fS (()):r: (grfélxﬁi,\ Send to Grid
Intervals without SC without SC SC (USD/Day) with SC
(USD/Day) (USD/Day) (USD/Day)
1 1.17 1.34 0.47 1.35
15 1.13 1.26 0.33 1.26
30 1.05 1.20 0.28 1.21
60 0.99 1.12 0.27 1.12

Based on the results with data intervals every 1 min, by using SC, the system saves
0.7 USD/day and up to 256 USD/year in the purchase of electricity from the grid and
increases the costs of selling electricity to the grid by 0.1 USD/day. These long-term
results could represent a significant profit, causing the payback time of the project to be
considerably reduced.
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The capital cost of each 56 V, 130F SC Maxwell used in this paper is 1334 (USD/unit),
and the replacement cost is 250 (USD/unit), considering a life expectancy of 12 years, and
the total project of 25 years. To reach 5 MW of capacity, the cost of adding 30 SC units is
40,520 USD [18].

4. Concluding Remarks

In this paper, a feasibility study of a renewable HKT/SC/Grid system was presented
and several data sampling intervals were analyzed (1, 15, 30 and 60 min). The proposed
energy control allows us to increase the self-consumption of prosumers and smoothing the
power peaks produced by some electrical appliances and an EV connected to a residential
load in Southern Ecuador. Real data were used, and the results of the study are as follows:

When comparing the results at different sampling intervals, measurement errors were
observed in short power peaks that were detected at intervals every 1 min and not at
60 min. Relative errors are recorded up to 9% with respect to the daily SC output energy
when comparing the sampling interval every 1 min against 60 min.

Errors were also observed in the energy to/from the utility grid; the energy purchased
from the grid measured at intervals of 1 min is 1.18 times greater than that measured every
60 min if an SC is not considered and 1.72 times if SC is considered. Regarding the energy
sent to the grid, when measured every 1 min, it is 1.21 times greater than when measuring
it every 60 min, considering an SC, and 1.20 times without considering the SC. In summary,
when measuring the data at a higher sampling rate, the energy to/from the utility is higher
due to the power peaks that are detected in high resolution measurements.

If an SC is considered, the system saves 59.87% of energy purchased from the utility
grid each day (7.4 kWh/day) when considering sampling intervals similar to the real
behavior of the system (samples each 1 min). Moreover, the use of SC causes an increase in
the electricity sent to the grid by 20 Wh/day.

On the other hand, the self-consumption of electricity of the prosumers can increase
to 73%, considering the SC in the system under data sampling every 30 and 60 min. If the
sampling rate increases (time interval reduces), the increase in self-consumption is slightly
less; for sampling intervals every 15 min, the increase is 70%, and every 1 min is 60%, so
these are still promising values.

Finally, the use of an SC can reduce the purchase of electricity from the grid by
256 USD/year compared to an HKT system without SC, and it can increase the cost of sale
by up to 0.1 USD/day. According to these data, the HKT/SC/Grid system would save up
to 489.1 USD/year in the cost of purchasing electricity from the grid and would increase by
492.75 USD/year for the sale of electricity to the utility grid if the data sample is measured
from 1 min intervals. According to the results obtained, it is recommended to use energy
meters with sampling intervals of 1 min, since it shows a more realistic data behavior than
the hourly data.
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