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Abstract: This paper presents a technical, economic, and environmental analysis and optimization of
the impact of the reduction of diesel fuel subsidy in the design of an off-grid hybrid power system
(OHPS). The OHPS includes a diesel generator, battery energy storage system (BESS), and a solar
power system (SPS). This impact will focus on the electricity production levels of each of the OHPS
components according to the increase of the fuel price and the SPS size. The Bellavista community in
Ecuador was selected as the case study for this work. In this South American country, the government
has begun a gradual increase in the diesel fuel price until it reaches international prices. Fifteen
scenarios of OHPSs were simulated, in Homer Pro software, considering three SPS sizes and varying
the diesel fuel price in five values. The annual load profile for the simulations was built based on the
information of a previous study in this community. The results showed that for lower fuel prices
(USD$0.26/L and USD$0.35/L), the OHPSs worked mostly with their diesel generators with reduced
use of their BESSs. However, there was a higher penetration of the power delivered from the SPSs
and BESSs, with higher fuel prices (USD$0.44/L, USD$0.53/L, and USD$0.62/L). These OHPSs
considerably reduced their CO2 emissions compared with the standalone diesel generator scenario.

Keywords: solar power system; diesel generator; autonomous hybrid system; CO2 emissions; BESS

1. Introduction

Access to affordable, clean, and reliable energy has attracted much attention from the
research as well as the humanitarian community in recent years. Driven by the United
Nation’s Sustainable Development Goals (SDGs) [1], researchers and practitioners are
exploring innovative approaches to provide access to electricity, particularly for remote
and isolated areas removed from a viable utility grid. Remote isolated areas usually rely on
standalone diesel generators (DGs) to supply the electricity demand in these communities.
However, fuel security is a great concern for community members, as fuel prices and
transportation costs can vary dramatically and unexpectedly. This is more evident in the
current global pandemic, where the effects of COVID-19, such as reduction of gasoline and
fuel consumption, as well as reduction in electricity demand and CO2 emissions, are still
being analyzed [2,3]. Renewable energy sources, particularly solar and wind energy, have
been implemented in isolated communities to reduce greenhouse gas (GHG) emissions.
Nonetheless, the intermittent nature of renewable resources can limit the efficiency and
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reliability of such systems. Hybrid systems combine various power sources such as diesel
generators, solar power systems, and battery energy storage systems (BESSs) to provide
a reliable, more efficient electricity production, with fewer emissions and maintenance
requirements when compared to a standalone DG. Nevertheless, the techno-economic
performance of these systems is also dependent on the conditions of the site to be installed,
such as the dominant energy mix and the energy costs. In the Ecuadorian context, the
government subsidized the price of diesel fuel until 2020. Nowadays, this subsidy is being
gradually reduced until the fuel price reaches international market values. Then, the main
contribution of this paper is to know the impact of the rise of diesel fuel price on the
costs, electricity productions, renewable energy penetrations, and CO2 emissions in each
analyzed scenario.

2. Literature Review

Hybrid systems have been extensively analyzed in the literature to determine techno-
economic feasibility, sensitivity, and size and production optimization analysis of different
combinations of power systems [4–6]. In [7], Lau et al. describe the performance analysis
of a hybrid solar power system (SPS)/DG configuration in Malaysia. NREL’s Homer
Pro was used to analyze the impact of SPS penetration and costs under various hybrid
configurations. The emphasis of the analysis was on fuel savings and the reduction of
carbon emissions. The optimization analysis results showed that the standalone DG design
would produce the lowest cost of energy (COE) as well as the lowest total net present
cost (NPC) given the price of diesel, however, the hybrid SPS/DG configuration provided
significant carbon emission reductions and is still a viable option in remote locations in
Malaysia. In [8], Hossain Lipu et al. describe the design optimization and sensitivity
analysis for a Hybrid SPS/wind/DG configuration for Saint Martin Island in Bangladesh.
Homer Pro is used to perform the simulation and optimization based on NPC and COE for
different scenarios. The results show that a hybrid SPS/wind/DG configuration provides
the lowest NPC and COE parameters than wind/DG, wind/SPS, SPS/DG, standalone SPS,
and standalone wind scenarios. These results were validated and compared to other hybrid
renewable energy systems in locations such as Bangladesh, India, Malaysia, Thailand, and
Turkey, resulting in one of the minimum NPC and COE indicators of the projects analyzed.

In [9], the authors considered the performance analysis of an off-grid hybrid wind/SPS/
DG and battery system for a remote area. The analysis was performed on Homer Pro using
solar radiation and wind data for the site in Malaysia. The results show that an optimized
system including an 18 kW SPS, 2–10 kW wind turbines, and a 15 kW DG produces a
COE of USD$1.88/kWh, which is lower than conventional power plants. In addition,
the hybrid system provides a reduction of CO2 and greenhouse gas (GHG) emissions,
as well as limiting the requirements for fuel transportation which is an issue for remote
locations. In [10], the authors present the feasibility study of a hybrid SPS/wind/biomass
configuration including battery storage for an islanded microgrid in a rural location in
Punjab, India. The optimal sizing of components was achieved through a swarm-based
artificial bee colony (ABC) algorithm, to minimize the NPC to select the system with
the least levelized cost of energy (LCOE). The optimization was also validated using
Homer Pro. The results show that the ABC algorithm provides a better estimation for the
optimal system showing a combination of 250 kW of solar PV, 19 kW of wind turbines,
1400 batteries, and a 40 kW gasifier with an annualized system cost of USD$63,006/year
and an LCOE of USD$0.173/kWh. In [11], the authors propose a co-optimization scheme
for distributed energy resource (DER) planning in community microgrids to minimize
total annualized cost at maximal fuel savings. A combination of Lagrange multipliers,
Fourier transform, and particle swarm optimization methods are used to determine the
optimal system. The results are compared with a simulation using Homer Pro. The optimal
system is sized by identifying renewable energy resources, considering fuel savings and
CO2 emissions reductions as a first step; then, sizing dispatchable generation units such as
BESSs; performing parity checks; and using technical and economical evaluation indices
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such as renewable energy utilization, fuel savings, and annualized cost. A case study of
a village community in Ohio, USA, shows the validity of the model by sizing a hybrid
wind/SPS/biomass configuration, which was validated through cost minimization using
Homer Pro.

Ecuador is a country that has greatly subsidized fuel prices. Currently, the National
Government is seeking to eliminate fuel subsidies progressively over the next few years [12],
bringing the local fuel prices to match regional and international prices. Diesel fuel
prices in neighboring countries such as Peru, Argentina, Colombia, Chile, and Brazil
are over USD$0.57/L, at the start date of this work [13]. Having a current fuel price of
USD$0.26/L, the Ecuadorian Government is subsidizing at least 50% of the real price of
this oil derivative [14].

This paper presents a technical, economic, and environmental analysis and optimiza-
tion of the impact of the reduction of diesel subsidy in the design of an off-grid hybrid
power system (OHPS). The Bellavista community in Ecuador was selected as the case study
for this work due to the ongoing relationship with stakeholders in neighboring islands
built through the deployment of renewable energy projects. This impact will focus on
the electricity production levels of each of the OHPS components (SPS, DG, and BESS)
according to the increase of fuel price and the SPS size within the optimization model in
Homer Pro [15]. The SPSs changed in three sizes, which were 8 kW, 10 kW, and 13 kW. The
diesel fuel price was USD$0.26/L at the start time of this work [13], whose price was also
increased in USD$0.35/L, USD$0.44/L, USD$0.53/L, and USD$0.62/L.

3. Methodology

The methodology of this study is divided into different subsections to provide a clear
explanation of the methodological sequence. First, we describe the general characteristics of
the site location and climate, where the studied community is located. Then, we introduce
the case study, the aspects of the systems to be simulated in Homer Pro. Finally, we define
the scenarios, which depend on the fuel price and the SPS size.

3.1. Site Location

The Bellavista community is a small settlement of people in an isolated island in the
Gulf of Guayaquil, Province of Guayas—Ecuador (Figure 1). The GPS coordinates of this
place are 2◦27′33.09′′ S and 79◦55′21.33′′ W with an elevation of 9 meters above sea level.
The community has a population of 136 people where there are 22 homes [16]. Other
buildings found in this place are a church, school, and health center. In addition, this
community has street lighting, which has eight LED lamps (each of 150 W).
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3.2. Climate Conditions

The Bellavista community is characterized by a semi-arid and hot climate accord-
ing to the BSh group of the Köppen–Geiger classification [17]. In Ecuador, there are two



Energies 2021, 14, 1730 4 of 16

well-defined seasons, the wet (Jan–Apr) and dry (May–Dec) seasons. Figure 2 shows the
behavior of the air temperature (average, maximum, and minimum) and the global hori-
zontal radiation during a typical year in this community [18]. In addition, the community
has low wind speeds during the year with an annual average of less than 2 m/s.
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Figure 2. Climate conditions in the Bellavista community (from [18]).

3.3. Load Profile

Table 1 shows the electrical load of the 22 homes in the community. It is according
to information obtained in the community during 2019 [16]. Here, we can identify five
load sectors, which are the home sector, street lighting, school, health center, and church.
The community annual load profile was estimated with a daily random variation of ±5%
with a daily base electricity consumption of 56.22 kWh. With this profile, we obtained
an annual average daily electricity consumption of 55.18 kWh, a maximum hourly peak
power of 7.77 kW, and an hourly average power of 2.3 kW. Figure 3a shows the hourly
power demand of the community through each month of the year. Figure 3b shows the
daily electricity consumption for each month. It should be mentioned that the annual
electricity consumption increased by 1% per year for design considerations for the 15-year
time horizon.

Table 1. Electrical load in Bellavista community (from [16]).

Load Sector Appliances Power (kW/Unit) Quantity

Home sector

Computer 0.065 1
LED light 0.009 88

Washing machine 0.400 18
Cellphone 0.015 15

Electric iron 1.200 1
Refrigerator 0.025 8

TV 0.095 22
DVD player 0.010 11

Street lighting LED light 0.150 8

School
Computer 0.065 1
LED light 0.018 16

Health center LED light 0.018 8

Church LED light 0.018 8

Electricity in the community is currently being supplied by a 45 kW diesel genera-
tor [19]. According to information obtained from a survey administered to the inhabitants
of this community, this generator is very old, and it is dealing with frequent breakdowns
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in its operation. This electric machine was donated by an Ecuadorian government entity
several years ago.
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3.4. Design Configuration of an Off-Grid Hybrid Power System

The configuration of the OHPS consists of an SPS (including solar charge controller),
DG, DC/AC power converter, BESS, and the electrical load. Figure 4 shows the design of
the proposed hybrid configuration, which was modeled in Homer Pro software. The fuel
used by the electric generator is diesel.
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3.5. Modeling in Homer Pro

Homer Pro software is a tool that optimizes renewable systems according to the
different parameters taken into account in the proposed model [15]. Some of the main
expressions considered in the modeling in Homer Pro are described below.
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3.5.1. Solar Power System

The calculation of the power output of the SPS (Pout SPS) can be obtained by the
following equation:

Pout SPS = YSPS fSPS

(
GT

GT,STC

)(
1 + αp(Tc − Tc,STC)

)
(1)

where YSPS is the nominal capacity of the SPS, fSPS is the derating factor of the SPS, GT is
the incident radiation in the current time step (kW/m2), GT,STC is the irradiation under
standard test conditions (1 kW/m2), αp is the temperature coefficient of power (%/◦C),
Tc is the cell temperature of the SPS (◦C), and Tc,STC is the temperature of the SPS under
standard test conditions (25 ◦C). For the model, data of hourly global horizontal irradiation
and hourly ambient temperature of the community was obtained from the Meteonorm
meteorological database [18].

3.5.2. Battery Energy Storage System (BESS)

The maximum power that can be accumulated (Pbatt,dmax,kbm) and discharged
(Pbatt,cmax,kbm) in a specific length of time (∆t) are given by Equations (2) and (3), respec-
tively.

Pbatt,dmax,kbm =
−kcQmax + kQ1e−k∆t + Qkc

(
1− e−k∆t

)
1− e−k∆t + c

(
k∆t− 1 + e−k∆t

) (2)

Pbatt,cmax,kbm =
kQ1e−k∆t + Qkc

(
1− e−k∆t

)
1− e−k∆t + c

(
k∆t− 1 + e−k∆t

) (3)

where k is the constant rate, c is the capacity rate, Qmax is the maximum theoretical storage
capacity, Q1 is the available energy, and Q is the amount of energy stored in the storage
component at any one time.

3.5.3. Net Present Cost (NPC)

The NPC is the present value of all the costs that a system obtains over its lifespan,
minus the present value of all revenue it earns over its lifespan. It is given by the following
expression:

NPC =

[
i(1 + i)N − 1

]
Cann,tot

1− (1 + i)N (4)

where i is the real discount rate, N is the number of years in the project lifespan, and
Cann,tot is the total annualized cost of all the system components. Cann,tot is expressed as
follows [20]:

Cann,tot = Cann,cap + Cann,rep + Cann,O&M + Cann, f uel − Rann,salv (5)

where Cann,cap is the annualized capital cost, Cann,rep is the replacement cost, Cann,O&M is
the cost of operation and maintenance, Cann, f uel is the cost of diesel used powering the
generator, and Rann,salv represents the annualized total salvage value. Each of the terms in
Equation (5) are related to the costs of all the components.

3.5.4. Cost of Energy (COE)

The COE is the average cost of electricity per kWh of the electrical energy produced
by the hybrid system. It is given by equation:

COE =
Cann,tot

Eaec
(6)

where Eaec is the total annual energy consumed by the electrical load.
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3.5.5. Renewable Fraction (Ren.Frac.)

The renewable fraction (Ren.Frac.) is the fraction of the energy delivered to the
electrical load that is produced from microgrids or other renewable power systems. It is
given by the expression:

Ren.Frac. = 1−
Egen

Eaec
(7)

where Egen is the annual energy produced by the generator. This equation does not take
into account thermal loads and energy production of this type.

3.6. Model Input Data

The input data for the simulations of SPS in Homer Pro are based on the information
in Table 2.

Table 2. Capacities, costs, lifetimes, and efficiencies of system components.

Components Capacity Capital Cost
(USD$)

Replacement Cost
(USD$/kW)

O&M Cost
(USD$/op.hour)

Estimated
Lifetime (Years) Efficiency (%)

PV module 0.36 kW 220 0.00 0.00 20 20
DG 10 kW 8900 0.00 0.25 20 31

DC/AC power
converter 6 kW 8625 8625 0.00 8 95

BESS 750 Ah 885 885 0.00 8-12 85

All this information was obtained from the equipment’s technical data sheets [21–24].
Likewise, the estimated prices of all the equipment are according to the Ecuadorian market.
Other economic–technical details are considered as follows:

• The system’s fixed costs were considered to be USD$35,000, where these costs in-
cluded solar charge controllers, energy management system (EMS), transportation of
equipment to the community (via boat), their assembly, electrical wiring, etc.

• The real interest rate was 8% with a simulation horizon of 15 years.
• The SPSs for the OHPS change in three sizes, which are 8 kW, 10 kW, and 13 kW. The

photovoltaic (PV) module used in Homer Pro has the characteristics found in [21]. The
derating factor considered for each PV module of the SPS was 90% and a temperature
effect on the power generation of −0.35%/C. Likewise, the degradation module was
considered to be 0.32%/year.

• The fuel prices considered were USD$0.26/L, USD$0.35/L, USD$0.44/L, USD$0.53/L,
and USD$0.62/L.

• The proposed battery was valve-regulated lead–acid (VRLA) which typically has a
nominal voltage of 2 V and is maintenance-free [24]. The operating voltage of the DC
bus is 48 V; thus, the BESS had 24 batteries. The minimum state of charge of the BESS
is 20% and the maximum 100%.

• Additional technical features of the DG and the DC/AC power converter can be found
in [22,23], respectively.

• The hourly data of the load profile, average air temperature, and global horizon-
tal radiation of the community were loaded into the Homer Pro according to the
information in Sections 3.2 and 3.3.

• The dispatch strategy used in the Homer Pro is load following (LF).

3.7. Fuel Characteristics

The characteristics of the fuel for the diesel generator are given in Table 3 [25]. These
values are essential for the calculations of CO2 emissions from the generator. In the case of
the Bellavista community, the fuel always arrives at this location in boats.
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Table 3. Characteristics of the fuel for the diesel generator [25].

Fuel Lower Heating Value
(MJ/kg)

Density
(kg/m3)

Carbon Content
(%)

Sulfur Content
(%)

Diesel 43.96 880 81.21 0.184

3.8. Simulation Scenarios

Each OHPS configuration is considered a different scenario (Figure 4), which depends
on the fuel price and the SPS size. Figure 5 shows the scenarios that are simulated in
the present work. Scenarios 1, 2, 3, 4, and 5 correspond to fuel prices of USD$0.26/L,
USD$0.35/L, USD$0.44/L, USD$0.53/L, and USD$0.62/L, with an SPS size of 8 kW,
respectively. The same corresponds to scenarios 6 through 10 and 11 through 15 with SPSs
of 10 kW and 13 kW, respectively. The fuel price of USD$0.26/L is the current fuel price in
Ecuador at start of this study.
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4. Results

This section shows the results of the simulated scenarios in Homer Pro according to
the configuration from Section 3.4.

4.1. Summary of Costs of the Scenarios

Table 4 shows the NPC, COE, mean operating costs, and mean fuel costs over the
15-year project period. In scenarios 1, 6, and 11, it can be seen that while the SPS increased
in size, the fuel cost decreased in the generator, but with an increase in NPC and COE.
Higher initial capital per scenario occurred with increasing of SPS size. Scenario 1 resulted
in the optimal system with an NPC of USD$102,027, but with a fuel cost of USD$1576/year.
Scenario 11 shows the lowest fuel cost compared with scenarios 1 and 6. The latter resulted
in the higher presence of power delivered by the SPS. The trend in the scenarios with diesel
price USD$0.26/L is maintained in scenarios with fuel price of USD$0.35/L. When the
fuel price reached USD$0.44/L, scenario 8 was the optimal compared to scenarios 3 and
13. Scenario 8 had an NPC of USD$107,133 and a COE of USD$0.587 with SPS of 10 kW.
However, scenario 13 had the lowest fuel cost. Similarly, the SPS of 10 kW was the optimal
system for the scenarios with fuel prices of USD$0.53/L, scenario 14 being the one with the
lowest fuel cost. In the scenarios with USD$0.62/L, scenario 15 with 13 kW of SPS had the
lowest NPC (USD$113,053) but with a lower fuel cost (USD$2203/year). The increase in fuel
costs in the scenarios for each SPS does not necessarily imply an increase in the amount of
fuel. The optimal system of scenarios for each SPS ensures a reliable cost–benefit solution.

In the scenarios for each fuel price, we can also observe that while the SPS increased
the installed capacity, the OHPS also reduced project operating costs due to the reduction
of generator operation. For example, in scenarios 5, 10, and 15, scenario 15 with the higher
SPS size had an operating cost of USD$3662, while the one with the smaller SPS size
was USD$4232.
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Table 4. Costs of the scenarios over the 15-year project period.

Scenario Fuel Price
(USD$)

SPS Size
(kW) NPC (USD$) COE

(USD$/kWh/year)
Mean Operating
Cost (USD$/year)

Mean Fuel Cost
(USD$/year)

1
0.26

8 102,027 0.559 2731 1576
6 10 102,444 0.562 2637 1538

11 13 103,515 0.567 2548 1501

2
0.35

8 104,339 0.572 3001 1837
7 10 104,478 0.573 2874 1774

12 13 105,422 0.578 2770 1726

3
0.44

8 107,730 0.591 3397 1995
8 10 107,133 0.587 3184 1720

13 13 107,467 0.589 3009 1582

4
0.53

8 111,373 0.611 3823 2409
9 10 110,260 0.604 3550 2062

14 13 110,303 0.611 3341 1883

5
0.62

8 114,881 0.630 4232 2820
10 10 113,280 0.621 3903 2413
15 13 113,053 0.620 3662 2202

4.2. Energy Production of the Generator

Figure 6 shows the mean electricity production of DG according to diesel price and
SPS size. As can be seen in the scenarios for each fuel price, while the SPS increased in
installed capacity, the generator was required to produce less electricity. Likewise, we can
also observe that the increase in fuel prices considerably reduced the generator’s electricity
production between comparable scenarios. Comparing the scenarios with 8 kW of SPS
and their different fuel prices, the reduction in the production was considerable from
USD$0.44/L, whose values were similar for scenarios with USD$0.53/L and USD$0.62/L.
Scenario 3 showed a reduction of 21.22% in the generator production compared to sce-
nario 1. Similarly, in the scenarios with SPS of 10 kW, the production of this machine was
reduced and kept almost constant from USD$0.44/L. The reduction in generator operation
between the scenarios 6 and 8 was 29.16%. Similarly, for the scenarios with SPS of 13 kW,
the maximum reduction in generator operation was 32.72% between scenarios 11 and 13.
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The results obtained in this section show that the Homer Pro optimizes according to
the price of the fuel, e.g., if the fuel has a low price, the generator produces more electricity
because this option is more cost-effective. However, when the price increases to a certain
value (USD$0.44/L), the penetration of solar energy considerably increases mainly for the
SPSs of 10 kW and 13 kW.

4.3. Comparison between the Electricity Production of the SPS and DG

Table 5 shows the electricity production of DG, converter mean energy output, and
BESS mean energy output according to each SPS size with its fuel prices. In addition,
other operating details, such as mean fuel consumption and mean renewable fraction, are
included in the table. As can be seen in the scenarios by each SPS, when the fuel price
increased, the power converter increased its mean energy output as well as the BESS.
These increases in energy outputs were considerable from USD$0.44/L. This latter can be
reflected on renewable fraction where the highest renewable penetration occurred from this
price or higher. For example, scenario 5 achieved a renewable fraction of 38.7% compared
to scenario 1 with 22.3%, between all scenarios with SPS of 8 kW. Similarly, scenario 10 had
46.7% renewable penetration compared to 24.3% from scenario 6, for all scenarios with SPS
of 10 kW. Scenario 15 achieved the highest penetration with 51.3% among all the scenarios
with SPS of 13 kW. It should be highlighted that a higher penetration of electricity from the
SPS and BESS leads to a reduction in the operating hours of the generator, which reduces
the consumption of fuel used for this machine. Consequently, the latter helps to reduce the
emissions of polluting gases from the generator.

Table 5. Electricity production from DG, power converter, and battery energy storage system (BESS) according to each SPS
size with its fuel prices over the 15-year project period.

Scenario Fuel Price
(USD$/L)

SPS Size
(kW)

Converter Mean
Energy Output

(kWh/year)

Mean Generator
Production
(kWh/year)

Mean BESS
Energy Output

(kWh/year)

Mean Fuel
Consumption

(L/year)

Mean Ren.
Frac. (%)

1 0.26

8

4819 16,792 1572 6121 22.3
2 0.35 6441 15,246 2725 5483 29.7
3 0.44 8422 13,229 4688 4652 38.9
4 0.53 8374 13,264 4714 4666 38.7
5 0.62 8377 13,269 4711 4668 38.7

6 0.26

10

5253 16,363 1391 5970 24.3
7 0.35 6923 14,779 2554 5318 31.9
8 0.44 10,074 11,591 5250 4003 46.5
9 0.53 10,133 11,519 5352 3974 46.8
10 0.62 10,097 11,524 5355 3976 46.7

11 0.26

13

5706 15,908 1199 5823 26.4
12 0.35 6724 14,355 2336 5183 31.9
13 0.44 10,963 10,703 5315 3677 50.6
14 0.53 11,104 10,541 5476 3611 51.3
15 0.62 11,103 10,540 5482 3610 51.3

Figure 7 shows the amount of total CO2 emissions by each SPS size with its fuel
prices over the 15-year project period. The reduction of CO2 emissions is related to the
decrement in fuel used by the generator (as shown in Table 5). As can be seen in the
figure, when the price of fuel increased by each SPS, the generator produced fewer CO2
emissions. Comparing the scenarios with fuel prices of USD$0.26/L, CO2 emissions did
not decrease considerably, while the SPS increased its size. A similar trend can be observed
with the scenarios with fuel prices of USD$0.35/L. Considerable CO2 emissions reductions
were achieved in scenarios with fuel prices of USD$0.44/L, USD$0.53/L, and USD$0.62/L,
where the mean renewable fractions were over 35% (Table 5). The amount of emissions
was similar, starting from USD$0.44/L in the scenarios by each SPS.



Energies 2021, 14, 1730 11 of 16

Energies 2021, 14, x FOR PEER REVIEW 11 of 17 
 

 

Table 5. Electricity production from DG, power converter, and battery energy storage system (BESS) according to each 
SPS size with its fuel prices over the 15-year project period. 

Sc
en

ar
io

 

Fuel Price 
(USD$/L) 

SPS 
Size 
(kW) 

Converter Mean  
Energy Output 

(kWh/year) 

Mean Genera-
tor Production 

(kWh/year) 

Mean BESS  
Energy Output 

(kWh/year) 

Mean Fuel 
Consumption 

(L/year) 

Mean Ren. 
Frac. 
(%) 

1 0.26 

8 

4819 16,792 1572 6121 22.3 
2 0.35 6441 15,246 2725 5483 29.7 
3 0.44 8422 13,229 4688 4652 38.9 
4 0.53 8374 13,264 4714 4666 38.7 
5 0.62 8377 13,269 4711 4668 38.7 
6 0.26 

10 

5253 16,363 1391 5970 24.3 
7 0.35 6923 14,779 2554 5318 31.9 
8 0.44 10,074 11,591 5250 4003 46.5 
9 0.53 10,133 11,519 5352 3974 46.8 

10 0.62 10,097 11,524 5355 3976 46.7 
11 0.26 

13 

5706 15,908 1199 5823 26.4 
12 0.35 6724 14,355 2336 5183 31.9 
13 0.44 10,963 10,703 5315 3677 50.6 
14 0.53 11,104 10,541 5476 3611 51.3 
15 0.62 11,103 10,540 5482 3610 51.3 

Figure 7 shows the amount of total CO2 emissions by each SPS size with its fuel prices 
over the 15-year project period. The reduction of CO2 emissions is related to the decrement 
in fuel used by the generator (as shown in Table 5). As can be seen in the figure, when the 
price of fuel increased by each SPS, the generator produced fewer CO2 emissions. Com-
paring the scenarios with fuel prices of USD$0.26/L, CO2 emissions did not decrease con-
siderably, while the SPS increased its size. A similar trend can be observed with the sce-
narios with fuel prices of USD$0.35/L. Considerable CO2 emissions reductions were 
achieved in scenarios with fuel prices of USD$0.44/L, USD$0.53/L, and USD$0.62/L, where 
the mean renewable fractions were over 35% (Table 5). The amount of emissions was sim-
ilar, starting from USD$0.44/L in the scenarios by each SPS. 

 
Figure 7. Amount of total CO2 emissions by each SPS size with its fuel prices over the 15-year pro-
ject period. 

4.4. Analysis of Configurations with Fuel Price of USD$0.44/L in the 15th Year of the Project 
Given how the Ecuadorian government is looking to eliminate the subsidy for diesel 

fuel in coming years, and the preliminary results shown in Sections 4.1–4.3., it is worth 

Figure 7. Amount of total CO2 emissions by each SPS size with its fuel prices over the 15-year
project period.

4.4. Analysis of Configurations with Fuel Price of USD$0.44/L in the 15th Year of the Project

Given how the Ecuadorian government is looking to eliminate the subsidy for diesel
fuel in coming years, and the preliminary results shown in Sections 4.1–4.3, it is worth
analyzing in more detail the performance of scenarios with a fuel price of USD$0.44/L
(scenarios 3, 8, and 13). These scenarios appear to be the turning point for renewable energy
penetration and CO2 emission reduction. This section looks at year 15 of operation of the
project, where the electrical load of the Bellavista community is expected to be 23,151 kWh
for each of these scenarios.

4.4.1. Operating Parameters of the Hybrid Systems

Figure 8 shows the electricity production of the SPS and the DG for scenarios 3, 8, and
13. Scenario 8 was the optimal system, according to the results of Table 4. As can be seen in
the figure, when the SPS increases the size in each scenario, the DG decreases its electricity
production.
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Figure 8a shows the total electricity production of SPS which was 10,380 kWh/year,
and the generator supplied total of 15,025 kWh/year. The excess electricity in this scenario
was 1058 kWh/year (4.17%), with a renewable fraction of 35.1%. In the BESS, the energy
input from the SPS was 4796 kWh/year and the energy output was 4077 kWh/year, with
losses of 719 kWh/year. The DC/AC power converter delivered a maximum power output
of 3.77 kW, with an energy input of 9517 kWh/year and energy output of 9041 kWh/year.
The latter was due to losses produced by the efficiency of the power converter. In scenario
8 (Figure 8b), the electricity production from SPS of 10 kW was 12,974 kWh/year and DG
delivered 13,277 kWh. The excess electricity in this scenario was 1736 kWh/year (6.61%)
with a renewable fraction of 42.7%. The BESS had an energy input of 5469 kWh/year,
4649 kWh/year of energy output, and 820 kWh/year in losses. The power converter
delivered a maximum output power of 4 kW, with an energy input of 10,869 kWh/year and
energy output of 10,325 kWh/year. The mean power output of this equipment was 1.18 kW.
Figure 8c shows the total electricity production of SPS which was 16,867 kWh/year and
the generator supplied total of 12,316 kWh/year. The excess electricity in this scenario
was 4614 kWh/year (15.8%) with a renewable fraction of 46.8%. In the BESS, the energy
input from SPS was 5556 kWh/year and the energy output was 4723 kWh/year, with
losses of 833 kWh/year. The DC/AC power converter delivered a maximum power
output of 5.19 kW, with an energy input of 11,676 kWh/year and an energy output of
11,092 kWh/year.

4.4.2. CO2 Emissions for the Duration of the Project

Figure 9 shows CO2 emissions produced by the DG in each of the scenarios 3, 8, and
13 over the 15-year project period. In addition, emissions when the DG is in standalone
configuration and is the only power source in this community were considered as a baseline.
The value of emissions during the 15 years using only the DG was 425,617 kg of CO2 with
an average annual value of 28,374 kg of CO2. The total emissions were 180,518 kg of CO2,
155,363 kg of CO2, and 142,708 kg of CO2 for scenarios 3, 8, and 13, respectively.
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The rising trend in the CO2 emissions of each of the scenarios was due to the fact that
the annual electricity consumption of the community is growing by 1% per year. Although
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scenario 8 was the optimal system among these scenarios (Table 4), scenario 13 presented
the lowest emission levels.

5. Discussion

Hybrid systems based on SPS/DG/BESS configurations are viable options that have
been explored to supply electricity to isolated communities such as Bellavista [5,26,27].
One of the main advantages of the SPS/DG/BESS configuration is that it can ensure
uninterrupted power supply to the electrical load even at times of low solar radiation
and during nighttime. In addition, the use of the BESS helps to improve the penetration
of energy from renewable sources as well as to cope with their variabilities due to their
intermittent nature [28].

The Bellavista community is a site with high potential for solar energy generation [29],
while other sources, such as wind energy, are not suitable due to the low wind speeds
(under 2 m/s) based on weather databases such as Meteonorm [18]. The study of hybrid
systems based on renewable energy systems are relevant to ensure reliable electrification
for remote locations such as the case of the Bellavista community [6,19,30].

In our analysis, the OHPSs provide technical–economic solutions to the community’s
electricity access problem. These solutions depend on the size of the SPS and the price
of fuel. The present hybrid system (SPS/DG/BESS) is a feasible configuration for this
location. Other authors have analyzed the same configuration, such as Olatomiwa et al. [26],
who compared two hybrid systems: (1) SPS/DG/BESS and (2) SPS/Wind/DG/BESS.
Here, the first system had the lowest NPC with reduced CO2 emissions compared to
the SPS/wind/DG/BESS configuration and standalone DG configuration. Likewise, the
low diesel prices reduced the COE of simulated configurations. The latter situation is
comparable to the analysis in Table 4, where the lowest COE values corresponded to the
scenarios with the lowest fuel prices (USD$0.26/L and USD$0.35/L). In addition, these
scenarios showed low NPC values but high pollution levels due to the fact that these
configurations used higher amounts of electricity from the DGs. Although the scenarios
with fuel prices USD$0.44/L, USD$0.53/L, and USD$0.62/L showed higher penetration
of renewable energy with a considerable reduction in CO2 emissions, these scenarios had
higher values of NPC and COE.

Likewise, Oulis Rousis et al. [27] studied an SPS/DG/BESS configuration, which
presented better performance when it was compared to SPS/DG, SPS/BESS, DG, and
DG/BESS configurations. Even the renewable fraction of this system was over 70% with a
fuel consumption of 1905 L/year. Similarly, the SPS/DG systems presented high invest-
ment costs with high diesel fuel consumption, which produced high levels of pollution. In
the present paper, scenarios 13, 14, and 15 from Table 5 had renewable fractions above 50%,
whose scenarios had a mean annual fuel consumption of around 3600 L/year (Table 5). The
SPS/BESS configuration was not considered in the present work due to certain inconve-
niences that may occur in its operation, such as the high excess power at times of peak SPS
generation, low load consumption, and fully-loaded BESS. In grid-connected renewable
power systems, these excesses can be injected into the public power grid [31]. In the case
of the off-grid systems, if these surpluses are sizeable, they should be harnessed with
initiatives such as additional water pumping systems [20]. Regarding the three scenarios
studied in Section 4.4, the optimal system (scenario 8) achieved an electricity surplus of
6.61%. Given this relatively low surplus of electricity, it is not required to design complex
configurations for harnessing this excess energy.

6. Conclusions

This paper presents a technical–economic–environmental analysis and optimization
of the impact of the reduction of diesel subsidy in the design of an OHPS for the Bellavista
community, Ecuador. This impact was focused on the electricity production levels of each
of the OHPS components (SPS, DG, and BESS) according to the increase of fuel price and
SPS size within the optimization model of Homer Pro. This configuration was simulated
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in 15 scenarios by varying both the size of the SPS and the fuel price. At the beginning of
this study, USD$0.26/L was the price of fuel throughout Ecuador. Currently, the country is
in a process of gradually eliminating fuel subsidies (gasoline and diesel) until these reach
regional and international prices.

The scenarios with diesel prices of USD$0.26/L and USD$0.35/L showed the lowest
levels of renewable energy penetration, which was reflected in the mean renewable fraction
from Table 5. In addition, reduced power delivery from the BESS can be observed, which
increases the electricity production of the generator as well as the emission of pollutant
gases. However, these mean renewable fractions considerably increased for scenarios
with prices of USD$0.44/L, USD$0.53/L, and USD$0.62/L, even though these scenarios
reached percentages between 38% and 52%. These increases in the energy penetration from
SPSs and BESSs allowed the reduction of costs associated with the hours of operation of
the diesel generator, amount of fuel, and CO2 emissions. This can also be seen from the
USD$0.44/L price in the scenarios for each SPS size (Table 5), the electricity production
levels of the generator reduced and started to vary minimally compared to the obtained
results in the scenarios of USD$0.53/L and USD$0.62/L. This trend was similar for the
electricity output from the power converter and BESS.

Scenarios 3, 8, and 13 with the diesel price of USD$0.44/L were chosen to perform
the analysis of these configurations in their 15th years (Section 4.4). This is because the
generator electricity production of these scenarios was similar for the scenarios with the
same SPS and fuel prices of USD$0.53/L and USD$0.62/L. Here, the performance of these
three scenarios in their last year of operation was shown. Each scenario described the
details of operation such as electricity production (DG, BESS, and SPS), renewable fraction,
energy output/input from the converter, CO2 emissions, and losses. The SPSs supplied
less electricity this year because the PV modules have a degradation of 0.32%/year, which
was set as input in the model. In addition, scenario 8 was the optimal system, although
scenario 13 showed lower CO2 emissions.

Finally, it can be concluded that with fuel prices of USD$0.26/L and USD$0.35/L,
the NPCs and COEs of these scenarios are relatively low compared to those scenarios of
higher prices. However, Homer Pro is a software that optimizes renewable projects, from a
techno-economic perspective, which will favor generator electricity production due to low
fuel prices. It would also reduce the use of energy from the BESS with an increase in CO2
emissions. It was observed that the BESSs in these scenarios had lifetimes that exceeded
the 15-year horizon of the project. Even these lifetimes were of several decades due to the
low discharge rates of these storage systems in each of these scenarios. In contrast, the
scenarios with fuel prices of USD$0.44/L, USD$0.53/L, and USD$0.62/L showed higher
penetration of renewable energy with a considerable reduction of CO2 emissions. Likewise,
the BESSs of these scenarios had the respective replacement within the project horizon.
These scenarios presented slightly higher investment costs compared to the two scenarios
with lower fuel prices. The results obtained show that if the diesel price will increase over
USD$0.62/L, the production of electricity to power the community will have similar values
to the scenarios for each SPS with prices from USD$0.44/L. This price of USD$0.62/L is
more likely to happen as subsidies for diesel get reduced to regional standards.
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Abbreviations
The following acronyms are used in this manuscript:

OHPS Off-grid hybrid power system
DG Diesel generator
BESS Battery energy storage system
SPS Solar power system
CO2 Carbon dioxide
SDGs Sustainable Development Goals
COVID-19 Coronavirus disease
GHG Greenhouse gas
NREL National Renewable Energy Laboratory
COE Cost of Energy
NPC Net Present Cost
ABC Artificial Bee Colony
LCOE Levelized cost of energy
DER Distributed Energy Resource
GPS Global Positioning System
masl Meters above sea level
LED Light-emitting diode
BSh Hot semi-arid climate
DC Direct current
AC Alternating current
PV Photovoltaic
Ren.Frac. Renewable fraction
O&M Operation and Maintenance
EMS Energy management system
LF Load following
VRLA Valve regulated lead-acid
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