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Abstract: This paper shows the technical–economic assessment of two power systems based on
renewable electricity to cover the energy consumption requirements of a drinking water treatment
plant in the town of Pile, Ecuador, with a planning horizon of 15 years. A stand-alone and a grid-
connected solar PV system were proposed to power this plant, which was designed considering the
maximum daily potable water supply condition. This plant operated under two scenarios: (1) 12 h
during daylight hours and (2) 24 h. Both schedules were proposed to assess the impact of PV power
systems on plant operation. We modeled and optimized a total of four scenarios, where each scenario
consisted of one of the proposed PV power systems and the plant with one of its operating schedules.
Homer Pro software was used to size and find an optimal solution in each scenario, considering the
net present cost (NPC) as the main criterion for optimization. The results showed that the change
in the plant operation schedule significantly influenced the parameters of each scenario, such as
component sizing, electricity production, initial capital, NPC, and electricity purchase/sale capacity
from the plant as a grid power service user to the electric utility company.

Keywords: power systems; PV systems; rural communities; techno-economic performance; drinking
water

1. Introduction

According to World Bank’s statistics, the world population is growing considerably
every year [1], and projections indicate that there will be 9.7 billion people living in 2050,
approximately two billion more than in 2020 [2]. Currently, 55% of this population lives
in urban areas, expected to increase to 68% by 2050 [3]. Urban areas in each country have
the most significant infrastructure coverage for social services such as health, education,
housing, sewerage, sanitation, clean drinking water, and electricity. However, in many
rural areas around the world, all these services are reduced or often non-existent [4], which
are reasons for the rural population migrating to the cities in search of significant social
and work opportunities. Clean drinking water and electricity supply services are two
fundamental requirements for improving the quality of life of rural inhabitants. These areas
are of vital interest to developing countries due to the high potential for economic growth
linked to food production [5]. Given this, governments, non-governmental organizations,
and the scientific community should increase financial and technical efforts to ensure
that more rural communities have access to these essential services to achieve the United
Nations Sustainable Development Goals, mainly Goal 3: Good Health and Well-Being [6],
Goal 6: Clean Water and Sanitation [7], and Goal 7: Affordable and Clean Energy [8].

In the case of clean drinking water, the expansion or creation of water treatment
projects in rural areas becomes difficult mainly due to economic and technological con-
straints in many developing countries [9]. This infrastructure deficiency often forces people

Energies 2023, 16, 2027. https://doi.org/10.3390/en16042027 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16042027
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6183-8048
https://orcid.org/0000-0001-7516-4665
https://orcid.org/0000-0002-2335-5635
https://orcid.org/0000-0003-2314-4712
https://doi.org/10.3390/en16042027
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16042027?type=check_update&version=1


Energies 2023, 16, 2027 2 of 21

to use this vital liquid without prior disinfection and treatment. According to the World
Health Organization, about two billion people consume raw water mainly contaminated
with stool, transmitting diarrhea, cholera, dysentery, typhoid, and polio [10]. These diseases
are caused by intestinal parasites, which mainly affect people in rural areas of low-income
countries [11], considering that these can also lead to chronic malnutrition in children [12].
In addition, this issue causes people to incur more medical expenses, reducing their eco-
nomic capacity. Similarly, in many regions of Latin America, the availability of clean
drinking water has decreased due to the considerable increase in the demand for this vital
liquid [13]. According to UNICEF, Ecuador still has deficiencies in this type of infrastruc-
ture, affecting about 30% of the total population, who do not have access to safe water [14].
In 2015, clean drinking water coverage in this country reached 80.4% [15]. In the province
of Manabi, where Pile is located, the clean drinking water coverage reached 64.7%. Given
this, the lack of or reduced access to clean drinking water often forces people in rural areas
to develop habits that can negatively affect their health, such as drinking untreated water
directly from natural sources (wells, lakes, and rivers).

Limited or no access to electricity is another major problem facing rural inhabitants
worldwide. According to the World Bank’s statistics, about 82% of the world’s rural
population had access to electricity in 2019 [16]. Although electricity coverage reached 97%
in Ecuador in 2018 [17], there are still rural communities that have limited access and even
do not have this service. These communities present these issues due to their geographic
locations in inaccessible sites, the dispersion of homes in these areas, and their considerable
distances from the utility grid. Likewise, in the case of the existence of a grid, considerable
distances can cause deficiencies or a decrease in the quality of the electricity supply service
due to problems such as voltage and frequency instability [18]. Projects for improving or
expanding the electrical grid to these areas require high levels of investment, which makes
these projects economically unfeasible [18,19].

This paper shows the technical–economic assessment of two power systems based on
renewable electricity to cover the energy consumption requirements of a drinking water
treatment plant (DWTP) in the town of Pile, Ecuador. The power consumption profile
to meet the community’s clean drinking water needs over a 15-year period, including
other operating details, was obtained from a plant model developed in the literature [20].
Moreover, the plant’s electrical load was mainly composed of pumping systems and other
auxiliary electrical systems. A stand-alone and a grid-connected solar PV system were
proposed to power this plant. These systems were proposed due to the considerable solar
resource of the area under study. A total of four scenarios were modeled and optimized
using Homer Pro software. We have considered that the grid guarantees quality and an
adequate electricity supply in the community, considering Pile is connected to the grid.
Given this, we have assumed that the plant in the grid-connected scenario does not produce
stability problems due to its operation. This DWTP was designed considering the maximum
daily potable water supply condition, which occurs with the maximum population growth
in the 15th year (445 m3/day). The DWTP operated under two operating scenarios: (1) 12 h
during daylight hours and (2) 24 h. Both schedules were proposed to assess the impact of
PV power systems on DWTP operation. The 12 h plant operation schedule was considered
to take advantage of the solar resource at the site to supply power to the plant from the
selected renewable system. This schedule does not indicate that the plant will work 12 h
daily from the first year, but that it will work 12 h maximum to meet the community’s
clean drinking water requirements in year 15. On the other hand, the 24 h plant operation
schedule was considered due to the lower peak power consumption of the plant’s pumping
system to meet the same clean drinking water requirement of the community as the 12 h
plant operation.

2. State of the Art

Microgrids based on renewable energy can deliver power to plants operating with
different drinking water treatment technologies to provide safe drinking water to their
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communities [21]. Usually, the electricity consumed by treatment plants is obtained from
high- or low-voltage transmission grids from large-scale power plants [22], because these
are energy-intensive technologies [23]. This section focuses on the electricity supply to a
drinking water treatment plant (DWTP) because this technology is suitable for treating the
raw water existing in the community studied in this work. This plant technology is based on
physical and chemical treatment processes of raw water to eliminate microorganisms [24],
considering this is intended to supply water to the local population through water supply
systems [25]. The construction of water treatment infrastructure in rural areas is more
challenging than in urban centers due to its high costs, including costs related to operation
and maintenance, and its limited expansion opportunities [26]. In terms of the energy use of
this infrastructure, microgrids can supply the high amounts of electricity that are required in
processes related to drinking water treatment, such as water extraction, treatment, storage,
and distribution.

The use of electricity from distributed generation (DG) with renewable energy sources
can help to significantly reduce the electricity consumption of DWTPs connected to the
utility grid. In distant or remote sites, this generation applied to a DWTP also benefits the
environment and the improvement of the power quality of electricity service [27]. F. Wang
et al. [22] found that a grid-connected storage/PV/wind system was optimal for several
DWTPs in the Huili County area, China, indicating that this system reduces long-term
electricity utilization costs and can even help energy consumers to cope with electricity
price variation risks in the future. S. Bukhary et al. [28] also studied the advantage of
using a solar PV system, with and without a battery energy storage system (BESS), in a
large-scale DWTP, where they also quantified the net reduction in the carbon emissions
of these configurations. The findings were obtained through a rigorous analysis of the
energy consumption in each of the plant’s water treatment stages in Colorado River, USA.
M. Soshinskaya et al. [21] studied a DWTP that was powered by a grid-connected system
with 5.6 MWp PV panels, 8 MW wind turbines, and no BESS in Nieuwegein, Netherlands,
where there are high renewable resources (solar–wind). The investment worthiness of this
stand-alone renewable system showed a negative value with high excess electricity that
should be harnessed, and the authors even mentioned that a 100% renewable system would
require a large-capacity BESS, which makes this type of system highly expensive. Similarly,
Bukhary et al. [29] modeled the use of a solar PV system with and without a BESS, finding
reductions of 950 and 570 tCO2e year−1, respectively, and that this stand-alone solar PV
system had a sizing of 15 MW PV panels and 30 MWh of battery capacity. Additionally, the
grid-connected system without a BESS covered 60% of the plant’s total load located in the
southwestern region of the USA.

One of the main advantages of using grid-connected renewable systems is the possi-
bility of injecting surpluses into the utility grid [30]. The monetary value of these surpluses
can reduce the DWTP’s electricity bill payments to electric utility companies [22,25] and
improve the quality of electric power services in the area because the plant will use less
energy from the local grid. In the case of 100% renewable (off-grid) systems, these require
BESSs with considerable capacities, which raise the investment costs of microgrids and,
in some cases, may make them unprofitable [21]. A 100% renewable microgrid design
must also include additional costs related to infrastructure construction to take advantage
of the surplus [31,32]. However, it would be desirable to use BESSs for any on-site water
treatment process with renewable DG in areas with limited or no access to the public power
grid.

3. Methodology
3.1. Location

The rural community of Pile is located in the coastal region of Ecuador in the province
of Manabí, whose coordinates are 1◦09′59” S and 80◦50′28”, with an elevation of 70 masl
(Figure 1). In 2021, this community had an estimated population of around 1552 people
concentrated in an area of 300 m2. It is supplied with water from a 40 m-deep groundwater
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well, which stores high-alkalinity water. There is no drinking water treatment plant, and
according to studies, this raw water contains coliform bacteria, which frequently causes
health problems for the inhabitants [33]. Although the community is served by electricity
from the grid, this site has problems related to power quality due to the distance between
this point of consumption and transmission (or sub-transmission) lines [34].
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Figure 1. Google Earth view of Pile community, highlighting its location.

3.2. Weather Conditions

The rural community of Pile usually has a semi-arid and warm climate, with a mod-
erate rainy season and intense but brief precipitation, and a predominantly dry climate.
According to the Köppen–Geiger classification, the climate is hot and arid, belonging
to the BWh group [35,36]. In addition, this area (like the rest of Ecuador) has two well-
defined seasons: winter (December–May) and summer (June–November). The average
monthly temperature varies between 23.3 ◦C and 25.9 ◦C. The average annual wind speed
is 3.4 m/s. Monthly global horizontal radiation varies between 3.89 and 6.29 kWh/m2,
with a minimum value in July and a maximum value in March. Table 1 shows average
annual and monthly weather data for the area under study, obtained from the Meteonorm
meteorological database [37].
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Table 1. Average annual and monthly weather data for the Pile community from Meteonorm
software [37].

Month Air Temperature
(◦C)

Global Horizontal
Radiation

(kWh/m2/Day)

Wind Speed
(m/s)

January 25.6 5.10 3.0
February 25.7 5.83 2.3

March 25.9 6.29 2.3
April 25.7 5.88 2.5
May 25.1 5.17 3.1
June 23.9 4.33 3.6
July 23.7 3.89 3.8

August 23.5 4.16 3.9
September 23.3 4.74 4.0

October 23.6 4.29 4.1
November 24.0 4.22 4.0
December 24.8 5.15 3.8

Year 24.6 4.92 3.4

3.3. Description of the DWTP Modeling

The design of a DWTP for the Pile community was presented in [20], where this plant
considered an annual increase in clean drinking water demand of 4.9%. Moreover, the
plant’s operation was based on the rapid filtration process [38]. In the first year of the
DWTP’s operation, it could produce approximately 264 m3 of clean drinking water per
day. Considering that the project had a planning horizon of 15 years, the community’s
clean drinking water consumption could reach 445 m3/day by year 15. Figure 2 shows
the process scheme of the DWTP, which consists of five stages: (1) coagulation: reduction
in water turbidity by adding a coagulant; (2) flocculation: blending stage for sediment
clustering; (3) sedimentation: sediment removal stage; (4) filtration: water clarification
stage; and (5) chlorination: chlorine-dosing stage. In general, the plant operates from a
submersible pump that transports the raw water from the groundwater well to the initial
storage tank. Next, a dosing pump deposits chemical materials for the coagulation stage.
Similarly, the drive pump transports the filtered water to the chlorination stage, while
the distribution pump transports this clean drinking water to the storage tanks. In the
filtration process, a wash-water pump is responsible for cleaning the filters one hour before
beginning the overall drinking water treatment process. The present study analyzed this
plant design, considering grid-connected and stand-alone solar PV systems.
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Figure 2. Process scheme of drinking water treatment plant for Pile’s community.

Table 2 shows the plant considering two configurations based on the operation sched-
ule (12 and 24 h) with the power consumption of its components. As shown in the table,
12H-DWTP indicates the plant with a maximum daily operation of 12 h from 06:00 a.m.
to 06:00 p.m., while 24H-DWTP represents the plant with all-day operation (24 h). Solar
radiation flux commonly occurs from 06:00 a.m. to 06:00 p.m. in the area under study.
Additional power consumption, such as lighting circuits and control systems, were con-
sidered in “Others”. The components of each plant configuration were sized considering
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the highest hourly clean drinking water demand, which was obtained in the last year of
the planning horizon, reaching a maximum capacity of 37.1 m3/h for the 12H-DWTP and
18.5 m3/h for the 24H-DWTP.

Table 2. Components of the DWTP considering power consumption and its operation schedule (12
and 24 h) under the maximum daily potable water supply condition.

Components
Power Consumption (kW)

12H-DWTP 24H-DWTP

Submersible pump 5.74 3.00
Drive pump 1.00 0.70

Distribution pump 16.00 9.00
Wash water pump 2.21 1.21

Dosing pump 0.09 0.09
Others 0.98 0.98

Total 26.02 14.98

Figure 3 shows the plant’s power consumption on a typical day in years 1 and 15,
considering the 12H-DWTP and 24H-DWTP configurations. As can be seen in Figure 3a,
the 24H-DWTP operated fewer hours daily due to the lower demand for clean drinking
water from the community during the first year of operation. This was similar for the
12H-DWTP. In the case of year 15 (Figure 3b), both configurations operated at maximum
clean drinking water supply conditions.
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Figure 4 shows the electricity requirements of the configurations, 12H-DWTP and
24H-DWTP, during the project planning horizon. In the first year, the estimated electricity
consumption of the 12H-DWTP was 78,134 kWh, while the 24H-DWTP was estimated at
75,897 kWh. In the case of year 15, the energy consumptions of both configurations were
estimated at 120,919 kWh and 122,372 kWh, respectively.
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3.4. Topology and Design Principle of the Proposed PV Power Systems (Grid-Connected and
Stand-Alone Systems)

Figures 5 and 6 show the stand-alone and grid-connected solar PV systems that
powered the plant in the 12H-DWTP and 24H-DWTP configurations, respectively. We
have established the following scenarios to facilitate the analysis of these power systems
hereafter:

1. Stand-alone solar PV system supplies power to plant in 12H-DWTP (SPVS12);
2. Stand-alone solar PV system supplies power to plant in 24H-DWTP (SPVS24);
3. Grid-connected solar PV system supplies power to plant in 12H-DWTP (G-SPVS12);
4. Grid-connected solar PV system supplies power to plant in 24H-DWTP (G-SPVS24).
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Homer Pro software was the tool used to simulate these scenarios. Figure 5 shows
a stand-alone solar PV system consisting of a solar photovoltaic system (SPVS), a BESS,
a DC/AC power converter, and solar charge controllers to protect the BESS. Arrays of
PV modules comprise an SPVS, and each PV array can have one or several strings of
these modules (connected in series/parallel). The input characteristics of the solar charge
controller, such as open-circuit voltage and power, restrict these strings. Given this, each
PV array must have its respective solar charge controller. Apart from converting DC to
AC power and supplying a constant voltage and frequency, the power converter is also
responsible for providing or absorbing reactive power in the case of reactive loads [39].
Figure 6 shows a grid-connected solar PV system composed of an SPVS, a DC/AC power
converter, and the grid, without considering storage. Both G-SPVS12 and G-SPVS24 worked
in a grid-tied mode in the present study [40].

3.5. Modeling Approach

The PV power systems shown in Figures 5 and 6 were modeled and optimized
using Homer Pro software [41]. This tool sizes renewable/non-renewable power systems,
including the assessment of their net present cost (or life-cycle cost) [42,43]. Some of the
equations used by Homer Pro are presented below.

3.5.1. Power Output from Solar PV System

The output power of the SPVS, considering the effect of temperature on the PV
modules, is given by the following:

Pout PVarray= Yf
(

GT

GT,STC

)
(1 + αp(T c−Tc,STC)) (1)

where Y is the nominal capacity of the SPVS (power output under Standard Test Conditions—
STC); f is the derating factor of the SPVS; GT is the incident radiation in the current time
step (kW/m2); GT,STC is the irradiation under STC (1 kW/m2); αp is the temperature coeffi-
cient of power (%/◦C); Tc is the cell temperature of the PV modules (◦C); and Tc,STC is the
temperature of the PV modules under STC (25◦C).

3.5.2. Discharge/Charge Process of the BESS

The battery model used by Homer allows for defining parameters such as BESS costs,
lifetime, and state of charge (SoC), among others. This model separates the energy available
for electricity generation from the bounded energy that cannot be used. Given this, the
model is a two-tank system. The BESS can discharge its maximum amount of power at
each time step (∆t) according to the following equation:

PBESS,dmax,kbm= ηBESS,dmax

− kcQmax+kcQ1e−k∆t+Qkc
(

1 − e− k∆t
)

1 − e− k∆t+c
(

k∆t − 1 + e− k∆t
)

, (2)

where Q1 is the available energy in the BESS at the beginning of the ∆t (kWh); Q is the total
amount of energy in the BESS at the beginning of the ∆t (kWh); Qmax is the total capacity
of the BESS (kWh); c is the BESS capacity ratio (unitless); k is the BESS rate constant (h−1);
and ηBESS,dmax is the BESS discharge efficiency.

The BESS’s maximum charge power (PBESS,mcp) results in the minimization of three
expressions: the maximum amount of power that is absorbed (PBESS,cmax,kbm), the maxi-
mum charge rate (PBESS,cmax,mcr), and the maximum charge current (PBESS,cmax,mcc). These
expressions are given as follows:

PBESS,cmax,kbm =
kQ1e−k∆t+Qkc

(
1 − e− k∆t

)
1 − e− k∆t+c

(
k∆t − 1 + e− k∆t

) , (3)
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PBESS,cmax,mcr =

(
1 − e− α∆t

)
(Q max − Q)

∆t
, (4)

PBESS,cmax,mcc =
NBESSImaxVnom

1000
, (5)

PBESS,mcp =
MIN (P BESS,cmax,kbm, PBESS,cmax,mcr, PBESS,cmax,mcc

)
ηBESS,c

, (6)

where α is the BESS’s maximum charge rate (A/Ah), NBESS is the number of batteries in the
BESS, Imax is the BESS’s maximum charge current (A), Vnom is the BESS’s nominal voltage
(V), and ηBESS,c is the storage charge efficiency.

3.5.3. Net Present Cost (NPC)

The NPC of a power system is the present value of all the system’s costs incurred over
its planning horizon, minus the present value of all the revenue it earns over its horizon [41].
The optimal power system is chosen according to the lowest NPC of all optimized system
scenarios [44]. It is given by the equation:

NPC =
[i (1 + i)N − 1] Cann,tot

1 − (1 + i)N , (7)

where i is the real discount rate, N is the number of years of the planning horizon, and
Cann,tot is the total annualized cost of all the system components. The latter is given by:

Cann,tot= Cann,cap+Cann,rep+Cann,O&M − Rann,salv, (8)

where Cann,cap is the annualized capital cost, Cann,rep is the replacement cost, Cann,O&M is
the cost of operation and maintenance, and Rann,salv represents the annualized total salvage
value.

3.5.4. Levelized Cost of Energy (LCOE)

To calculate the LCOE, the software divides Cann,tot for the total electric load served
(ETELS), using the following expression:

LCOE =
Cann,tot

ETELS
, (9)

3.5.5. Renewable Fraction (RF)

The RF is the fraction of the energy delivered to the load that originated from renewable
energy sources. It is calculated through the following equation:

RF = 1− Enrs

ETELS
, (10)

where Enrs is the annual energy produced by non-renewable resources.

3.6. Components of PV Power Systems

Table 3 shows the costs and the technical details obtained from datasheets of the
different components used in the PV power systems (Figures 5 and 6). The costs of each
component were estimated according to the Ecuadorian market. In the present simulations,
the interest rate for the calculations was 6%, with a planning horizon of 15 years, considering
the replacement cost of each component was the same value as its capital cost. Moreover,
each PV power system considered fixed costs.
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Table 3. Costs and technical details of the components used in the PV power systems obtained from
their datasheets.

Component Description Source

PV modules
Capacity, 0.45 kWp; efficiency, 20.3%; type, monocrystalline; annual
degradation, 0.55%; temperature coefficient, −0.35%/◦C; operating
temperature, 45 ◦C; lifetime, 25 years; capital cost, USD 340.

[45]

BESS
Nominal capacity, 2900 Ah; nominal voltage, 2 V; type, stationary
lead acid served OPzS rechargeable batteries; minimum SoC, 20%.
Capital cost, USD 1950.

[46]

Power Converter Efficiency, 96%; lifetime, 10 years; capital cost, USD 5670 each 6 kW. [47]

Solar charge controller

1. Type, MPPT; efficiency, 98%; lifetime, 10 years; maximum
voltage of PV array, 750 V; maximum capacity of PV array, 16.5 kW;
capital cost, USD 1820.
2. Type, MPPT; efficiency, 98%; lifetime, 10 years; maximum
voltage of PV array, 750 V; maximum capacity of PV array, 13 kW;
capital cost, USD 1490.

[48]

Table 4 shows the energy costs according to the daily schedule in the community
obtained from the Ecuadorian Electricity Company [49]. Moreover, this region’s demand
rate for national grid customers was USD 2.62/kW per month. In Ecuador, the electricity
sale prices from renewable power systems to the grid are the same as the purchase prices,
as shown in the table [50,51].

Table 4. Energy purchase prices to the main grid in Manabí-Ecuador [49].

Days Daily Schedule Price (USD/kWh)

Monday to Sunday 08:00–18:00 0.056
22:00–08:00 0.045

Monday to Friday 18:00–22:00 0.095
Saturday and Sunday 18:00–22:00 0.056

4. Results

This section shows the analysis, optimization, and simulation of the SPVS12, SPVS24,
G-SPVS12, and G-SPVS24 scenarios, as shown in Section 3.4. Each scenario was sized
according to the maximum volume of potable water supplied by the plant in the last year
of the planning horizon. In addition, these scenarios considered component costs such as
initial capital, operation and maintenance, and replacement.

4.1. Stand-Alone Solar PV Systems: SPVS12 and SPVS24 Scenarios

SPVS12 and SPVS24 are scenarios with a 100% renewable power system to power the
plant considering its operation schedule, as shown in Figure 5. The range of SPVSs tested
for each scenario was from 100 to 200 kW. This section presents the results of the optimal
scenarios.

In terms of sizing and operation, the SPVS12 had an SPVS of 138 kWp with an average
annual electricity production of 212,211 kWh and a maximum output power of 132 kW.
The number of PV modules required for the SPVS was 307, requiring 11 MPPT solar charge
controllers (each of 13 kW) and a BESS with 90 batteries connected in series, resulting in a
DC-bus voltage of 180 V. The BESS’s nominal capacity was 550 kWh with an autonomy of
about 35 h. The power converter with a nominal capacity of 30 kW provided a maximum
output of 25.7 kW and an average output of 11.4 kW/day. In the case of the SPVS24, it
had an SPVS of 144 kWp with an average annual electricity production of 221,669 kWh
and a maximum power output of 138 kW. The number of PV modules required for the
SPVS was 320, requiring nine MPPT solar charge controllers (each of 16.5 kW) and a BESS
with 120 batteries connected in series, resulting in a DC-bus voltage of 240 V. The BESS’s
nominal capacity was 696 kWh with an autonomy of about 45 h. The power converter
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with a nominal capacity of 20 kW provided a maximum output of 14.5 kW and an average
output of 11.3 kW/day.

Figure 7 shows how the electricity produced annually by the SPVS in each scenario
was distributed to the load (DWTP) and to the BESS, including its excess. Figure 7a shows
this distribution for the SPVS12, where the load was completely covered with electricity
from the SPVS and BESS, but the average annual excess was 105,688 kWh. Similarly,
this average excess was 110,902 kWh for the SPVS24 (Figure 7b). This last figure shows
how the BESS required more electricity for its charging process in the SPVS24 than in
the SPVS12 because the plant obtained power from this storage system during nighttime
hours. However, the plant did not use its pumping systems before 06:00 am and after
5:00 pm in the SPVS12. Given this, the plant made minimal use of its storage system in
the SPVS12. Similarly, considering the SPVS24, its BESS required 52,441 kWh of average
annual electricity for its charging process, while the SPVS12 required 19,039 kWh. For this
reason, the SPVS12’s storage system doubled its lifetime concerning the BESS of SPVS24.
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Figure 8 shows the costs to determine the return on investment for the scenarios (1
and 2) under analysis. Figure 8a shows how the SPVS12 decreased its NPC by 23.6% from
the USD 477,378.09 accrued by the SPVS24. The smaller size of the BESS in the SPVS12
caused this cost reduction. Similarly, the SPVS12’s initial capital was 12.7% lower than
the SPVS24’s value. The COE was USD 0.384/kWh for the SPVS12 and USD 0.508/kWh
for the SPVS24. It should be noted that the NPC considers all costs (capital, replacement,
operation and maintenance, and salvage) of each component of a scenario.
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It is also interesting to know how the scenarios behaved in the last year of the planning
horizon of the project. Figure 9 shows the average hourly power distribution in each
scenario among SPVS, BESS, and load (DWTP). Figure 9a shows how the DWTP received
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power from the SPVS and the BESS in the SPVS12. The BESS frequently delivered power
from 06:00 a.m. to 09:00 a.m. and again between 3:00 p.m. to 6:00 p.m. The smaller loads
(“Others” in Table 2) required minimal power consumption from the BESS during the
nighttime hours. Between 9:00 a.m. and 3:00 p.m., the SPVS completely covered the power
requirement of the plant, but there were still considerable surpluses during these hours,
reaching maximum values around 12:00 p.m. This scenario made it possible to take more
advantage of the solar resource in the area, considerably reducing the power discharges
from the BESS. Figure 9b shows the average hourly power distribution among SPVS, BESS,
and load (DWTP) for the SPVS24. Due to the operating schedule of the plant, the BESS
supplied power during nighttime hours; therefore, its discharge processes were deeper
than the SPVS12, and consequently, its charge processes started from 06:00 a.m. to 06:00
p.m., reaching maximum values at around 10:00 a.m. The SPVS entirely covered the power
demand of the plant from 08:00 to 16:00. The power surpluses started from 10:00 a.m. to
4:00 p.m., obtaining maximum values around 01:00 p.m. Due to the sizing of the SPVS in
this scenario, the excesses were higher compared to the SPVS12.
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4.2. Grid-Connected Solar PV System: G-SPVS12 and G-SPVS24 Scenarios

In the scenarios (3 and 4) analyzed in this section, the DWTP as a company has the
role of a grid power service user. For this reason, the plant should monitor the levels of
solar power penetration to the load and purchase/sell electricity to/from the electric utility
company for both scenarios. According to the simulator control logic, the electricity from
the SPVS has priority over the grid to feed the load. It should be noted that purchasing
electricity from the grid occurs when the SPVS energy does not cover the entire load, so
it needs to extract electricity from the grid to complete the remaining load. The sale of
electricity happens when the SPVS electricity covers the load, and any surplus is injected
into the grid.

The DWTP in the G-SPVS12 and G-SPVS24 scenarios operated on electricity from
an SPVS and the grid, as shown in Figure 6. These scenarios were analyzed considering
SPVS sizes between 20 to 60 kW, where the optimum result achieved was 50 kW by each
scenario. This SPVS had an average annual electricity production of 76,900 kWh with a
maximum output power of 47.9 kW and an average of 8.8 kW/day. The number of PV
modules required for its SPVS was 307, where its power converter had a nominal capacity
of 50 kW with an average output of 8.4 kW/day.

Figure 10 shows how the load was covered annually with electricity in each scenario
from both the SPVS and the grid, including surplus energy for the sale from the SPVS to the
grid. The plant in the G-SPVS12 received an annual average of 35,813 kWh from the grid
and 66,848 kWh from its SPVS (Figure 10a). In addition, the average annual electricity for
sale to the grid was 10,052 kWh. Similarly, the plant in the G-SPVS24 (Figure 10b) received
an annual average of 51,881 kWh from the grid and 50,131 kWh from its SPVS, considering
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that the average annual electricity for sale to the grid was 26,764 kWh. Due to the PV
module degradation, the sale of electricity from the SPVS has been reduced over the years.
However, the purchase of electricity increased annually for the DWTP for both scenarios.
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surplus energy for the sale from the SPVS to the grid, (a) G-SPVS12, and (b) G-SPVS24.

Figure 11 shows the NPC of scenarios 3 and 4 to determine their return on investment.
The G-SPVS12 and G-SPVS24 scenarios had NPC values of USD 149,598.79 and USD
149,176.93, respectively. Both scenarios had a similar NPC value, i.e., this was indifferent
to the operating time and size of the plant pumping system in each scenario. Similarly,
the initial investment for both scenarios was USD 110,577.78 due to their equal size. In
addition, the COE was USD 0.158/kWh for the G-SPVS12 and USD 0.159/kWh for the
G-SPVS24.
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Similar to the previous section, year 15 was analyzed to show how the G-SPVS12 and
G-SPVS24 scenarios delivered their average hourly power magnitudes under maximum
community clean drinking water requirements. Figure 12 shows the average hourly power
distribution in each scenario among the SPVS, grid, and DWTP. In the G-SPVS12, the plant
received 53.4% of its electricity from the SPVS and the remainder from the grid (Figure 12a).
During daytime hours, the lowest power demand from the grid coincided with peak solar
production. In addition, the total power output of the SPVS did not fully cover the plant’s
power requirements. However, the grid received an injection of 8.3% of the total SPVS
output. In Figure 12b, the load in the G-SPVS24 received 37.9% of its electricity from SPVS
and the remainder from the grid. The nighttime operation of the plant resulted in the higher
use of electricity from the grid. Its SPVS covered the load requirements from 10:00 am to
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02:00 pm, including the injection of its surplus to the grid. In total, the surplus was 32.9%
of the total SPVS production.
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Figure 12. Average hourly power distribution in each scenario among SPVS, grid, and DWTP during
year 15: (a) G-SPVS12 and (b) G-SPVS24.

Table 5 shows the purchases/sales of electricity from the plant through the grid over
15 years. Annual electricity purchases included the monthly demand rates charged by the
utility on the monthly peak demand. In the G-SPVS12, the total values of the purchase
and sale of electricity were USD 43,448.67 and USD 8924.38, respectively. The difference
between sales and purchases was USD 34,524.29, which represents the total grid cost.
However, the total grid cost in the G-SPVS24 was reduced by almost USD 500 concerning
G-SPVS12. The electricity sold to the grid reduced the plant’s annual electricity bill with
the Ecuadorian electric utility company in both scenarios. In addition, the ability to sell
electricity from each scenario decreased each year due to increased clean drinking water
consumption and the degradation of the PV modules. The electricity sales never exceeded
the purchases in both scenarios, i.e., the plant always had to pay (but at reduced costs) for
its electricity supply service from the utility.

Table 5. Purchases/sales of electricity from the DWTP for each year of the planning horizon, consid-
ering the G-SPVS12 and G-SPVS24 scenarios.

G-SPVS12 G-SPVS24

Year Purchase
(USD)

Sale
(USD)

Grid Cost
(USD)

Purchase
(USD)

Sale
(USD)

Grid Cost
(USD)

1 2043.72 1182.81 860.91 2319.01 1755.27 563.74
2 2074.70 1004.61 1070.09 2622.87 1734.28 888.59
3 2156.02 876.55 1279.47 2915.17 1713.15 1202.02
4 2247.73 758.78 1488.95 3168.50 1691.96 1476.54
5 2321.29 627.98 1693.31 3439.50 1670.65 1768.85
6 2494.87 586.61 1908.26 3608.91 1649.29 1959.62
7 2675.31 550.73 2124.58 3771.63 1627.85 2143.78
8 2748.82 490.43 2258.39 3942.58 1606.37 2336.21
9 2932.79 461.87 2470.92 4112.17 1584.80 2527.37

10 3108.75 428.01 2680.74 4275.04 1563.18 2711.86
11 3338.51 415.63 2922.88 4446.18 1541.55 2904.63
12 3537.47 403.32 3134.15 4615.95 1519.90 3096.05
13 3819.82 391.12 3428.70 4778.99 1498.20 3280.79
14 3875.37 378.98 3496.39 4950.33 1476.54 3473.79
15 4073.50 366.95 3706.55 5156.04 1454.91 3701.13

Total 43,448.67 8924.38 34,524.29 58,122.87 24,087.90 34,034.97
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5. Discussion

The four scenarios modeled and optimized in this study were technically and economi-
cally viable options, given that they can meet the electrical energy needs to operate a DWTP
during a planning horizon of 15 years for the Pile community. The results showed that the
change in the DWTP operation schedule significantly influenced the parameters of each PV
power system, such as component sizing, electricity production, initial capital, NPC, and
electricity purchase/sale capacity. In addition, the 12 h plant operation schedule allowed
both the SPVS12 and G-SPVS12 scenarios to take advantage of the solar resource in the area,
even with an increased BESS lifetime in the SPVS12 and the system’s renewable fraction
compared to the SPVS24 and G-SPVS24 scenarios, respectively. The cost of implementing
the DWTP was not considered in the simulations and optimizations carried out in the four
scenarios analyzed in the present work.

5.1. Comparative Analysis by PV Power System

The sizing of SPVS12 components was smaller than the other proposed stand-alone
solar PV system. Given this, the size of the SPVS in the SPVS12 was 138 kWp with a BESS
of 90 batteries connected in series, reaching a nominal capacity of 550 kWh. The installed
capacity of PV modules in the SPVS24 was 4.3% higher than the SPVS12, also considering
an increase of 33.3% in its number of batteries. Due to this, the NPC of the SPVS12 had a
23.6% reduction compared to the renewable system with all-day DWTP operation. This
increase in NPC for SPVS24 was primarily due to costs related to the increased use of
its BESS. However, both scenarios presented high electricity surpluses from their SPVSs
during the planning horizon. The utilization of these surpluses is not within the scope
of this work, but in the literature, they can be used for deferrable or dump loads such as
auxiliary pumping systems for clean drinking water distribution [52], electrolyzers for
green hydrogen production [53], or thermal loads. Adding these options to these proposed
scenarios can raise their initial investment costs and NPCs. The technical and economic
results of these two scenarios showed that the power system feeding the DWTP in its 12 h
daily operation was the better option than the SPVS24. It is important to note that the use of
renewable power systems (including BESS) is desirable for on-site drinking water treatment
processes in areas with limited or no access to electricity from the grid, considering that
this storage system has a considerable economic cost.

According to the modeling and optimization of the two scenarios with grid-connected
solar PV power systems, the SPVS was 50 kWp; therefore, the capital cost was the same
in both scenarios. Annually, the G-SPVS24 consumed an average of 45% more electricity
from the grid and used 25% less electricity from the SPVS to power the DWTP than the
G-SPVS12. However, one of the main advantages of using these systems is the possibility
of injecting surpluses into the grid. In the G-SPVS12 and G-SPVS24 scenarios, the monetary
value of these surpluses reduced their electricity bill for each year. The operating schedule
of the DWTP had a significant impact on the ability of these scenarios to sell electricity.
Given this, although the G-SPVS24 sold almost three times more electricity to the grid than
the G-SPVS12, both scenarios had similar total grid costs over the 15 years of the project, as
shown in Table 5. However, the G-SPVS24 had a slightly lower NPC than the G-SPVS12, so
the first scenario would be the better choice for implementing a grid-connected PV power
system for the DWTP at this location.

5.2. Comparative Analysis among All Scenarios

Figure 13 shows the results related to cost analysis (initial capital, replacement, total
grid cost, and NPC) for each PV power system. As shown in this figure, the stand-alone
scenarios had higher initial capital and replacement costs than the grid-connected scenarios.
Among the four configurations, SPVS24 had the highest NPC (USD 477,378), including
initial capital (USD 423,363) and replacement costs (USD 289,280), with a COE of USD
0.384/kWh. The high NPC of this scenario resulted from the implementation of the BESS.
The BESS represented 54.7% of the NPC, while the SPVS was 22.8%. On the other hand, the
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NPC of SPVS12 was reduced by 23.6% compared to SPVS24 and obtained a COE of USD
0.384/kWh. In the case of grid-connected systems, the management of the intermittency of
the solar resource is their main advantage because the grid acts similarly to the task of the
BESS in stand-alone systems [21]. However, these systems must be disconnected from the
grid when their power lines present faults (blackouts and emergencies) [40]. Given this,
the G-SPVS12 and G-SPVS24 scenarios did not use battery storage systems, which notably
reduced their NPC costs. The NPC had a similar value for both scenarios, and, therefore,
this cost reached a reduction of about 74% in initial capital costs and 84% in replacement
costs for these scenarios compared to the same costs in the SPVS24. In general terms, the
G-SPVS24 had the lowest NPC value of all scenarios analyzed, reaching $149,177. The costs
of its power converter and SPVS represented 34.2% and 25.3% of the NPC, respectively.
The total grid cost reached a value of USD 34,524, representing 22.8% of the NPC and being
lower than that of the G-SPVS12.
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Figure 14 shows comparisons among the different scenarios considering the magni-
tudes of average electricity over the planning horizon, such as SPVS production, surpluses
and sales to the grid, purchases from the grid, and electricity delivered by the BESS to the
load. As shown in the figure, the stand-alone scenarios obtained higher electricity produc-
tion from renewable resources than the grid-connected scenarios, i.e., the renewable fraction
was 100% in each stand-alone system. The SPVS in SPVS24 produced 221,669 kWh/year,
with the highest surplus (110,902 kWh/year). The PV electricity production in the grid-
connected scenarios was similar, therefore, the G-SPVS24 (or G-SPVS12) produced around
65% less electricity than the SPVS24. The electricity surpluses from G-SPVS12 and G-SPVS24
were around 13% and 35% of their average annual SPVS production in each scenario, re-
spectively. Consequently, these surpluses were injected into the grid, corresponding to
sales to the grid. The average annual electricity surpluses of the 100% renewable power
systems were considerably higher than the grid-connected power systems. In the case
of the G-SPVS24, it had about 76% fewer surpluses than the SPVS24. In the stand-alone
scenarios, the BESS of the SPVS24 showed a higher electricity discharge to cover the load
requirements than the SPVS12.
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6. Conclusions

This paper shows the technical–economic assessment of two power systems based on
renewable electricity to cover the energy consumption requirements of a DWTP in the town
of Pile, Ecuador, within a planning horizon of 15 years. A stand-alone and a grid-connected
solar PV system were proposed to power this plant, which operated under two scenarios:
(1) 12 h during daylight hours and (2) 24 h. Both schedules were proposed to assess the
impact of PV power systems on plant operation. We modeled and optimized a total of four
scenarios, where each scenario consisted of one of the proposed PV power systems and the
plant with one of its operating schedules. Homer Pro software was used to size and find an
optimal solution for each scenario, considering the net present cost as the main economic
output.

The results of the two 100% renewable scenarios (SPVS12 and SPVS24) showed that
the SPVS12 is the most suitable option for application to the DWTP in the Pile community,
which was established according to its lower NPC value. The DWTP operating at SPVS24
required a higher storage capacity to cover the load requirements during nighttime. This
increased charge/discharge cycling of the storage system also reduced its useful life,
resulting in a higher replacement cost for this component. In addition, the SPVS12 and
SPVS24 scenarios had high annual electricity surpluses suggesting that deferrable or dump
loads should be used. It should be noted that a 100% renewable scenario must consider
powering electrical loads at sites without access to or poorly served by grid electricity
supply.

In the case of the two grid-connected scenarios, the G-SPVS12 had a higher renewable
fraction than the G-SPVS24, i.e., the DWTP received more electricity from the SPVS than
the grid, considering that both scenarios had the same SPVS size (50 kW). Unlike stand-
alone scenarios, these scenarios can inject surplus electricity into the grid, which can
economically help the user (DWTP) by reducing the electricity bill and increasing the
power quality of the community’s electric distribution system, among other advantages.
The G-SPVS24 sold more electricity to the grid than the G-SPVS12 because the power
consumption of the DWTP was exceeded by the power produced by the SPVS, which was
frequent during daytime hours. However, the nighttime operation of the DWTP resulted in
a more significant purchase of electricity from the grid. Regarding NPC, the G-SPVS24 had
a slightly lower value than the G-SPVS12, so the first scenario must be the most suitable
solution for implementing a grid-connected renewable power system.

The comparison among all scenarios shows that the change in plant operation schedule
substantially influenced economic aspects among the stand-alone systems (SPVS12 and
SPVS24). However, this change was almost negligible among the grid-connected systems
(G-SPVS12 and G-SPVS24). Given this, G-SPVS24 is the most cost-effective alternative
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among the four proposed scenarios, while SPVS24 is the most expensive solution. The cost
of the BESS was the factor that most affected the NPC in the SPVS12 and SPVS24 scenarios,
and in the case of SPVS24, this system had higher usage of the BESS and hence higher
replacement costs. However, the plant load profiles have a certain level of uncertainty in
each scenario because they were obtained from DWTP modeling, which is a limitation of
this work. Therefore, each scenario with its respective sizing may vary in economic results
and performance perspectives, considering actual electricity consumption data at the time
this location will have a DWTP.

In this paper, we have considered that the grid guarantees quality and an adequate
electricity supply in the community. Given this, we have assumed that the plant does
not produce stability problems during its operation in grid-connected scenarios. Future
work can evaluate the state of the grid and its possible interconnection with distributed
systems with renewable generation to choose the most suitable solution for the DWTP. If
this interconnection presents problems, the SPVS12 scenario should be the best option to
cover the community’s power requirements. In addition, increasing the area of solar panels
would not imply a higher penetration of renewable energy in the load in the proposed
grid-connected systems. This increase may produce a higher amount of surplus electricity,
so the DWTP will have more capacity to sell to the grid.

Author Contributions: Conceptualization, F.A., R.H.-L., K.M., J.U., P.S. and G.S.; methodology, F.A.,
R.H.-L. and K.M.; software, F.A., R.H.-L. and K.M.; validation, R.H.-L., J.U., P.S. and G.S.; formal
analysis, F.A., R.H.-L., K.M. and J.U.; investigation, F.A., R.H.-L., K.M. and J.U.; resources, G.S.; data
curation, F.A., R.H.-L., K.M. and J.U.; writing—original draft preparation, R.H.-L.; writing—review
and editing, F.A., K.M., J.U., P.S. and G.S.; visualization, R.H.-L.; supervision, P.S. and G.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AC Alternating current
BESS Battery energy storage system
DC Direct current
DG Distributed generation
G-SPVS12 Grid-connected solar PV system supplies power to plant in 12H-DWTP
G-SPVS24 Grid-connected solar PV system supplies power to plant in 24H-DWTP
LCOE Levelized Cost of Energy
MPPT Maximum power point tracker
masl Meters above sea level
NPC Net present cost
PV Photovoltaic
RF Renewable fraction
SPVS Solar photovoltaic system
SPVS12 Stand-alone solar PV system supplies power to plant in 12H-DWTP
SPVS24 Stand-alone solar PV system supplies power to plant in 24H-DWTP
UNICEF United Nations International Children’s Emergency Fund
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