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Abstract

Hydropower-dependent electricity systems, such as Ecuador’s, face critical supply disruptions
during droughts: a vulnerability exemplified by the 2024 power outages. This study assesses
the technical, economic and environmental feasibility of a 200.84 MWp grid-connected solar
photovoltaic (PV) plant proposed for the Pacific Refinery site in Manabi, Ecuador, as a strategy to
diversify the energy matrix and reduce hydrological risk. Using site-specific solar resource data
(4.65 kWh/m2/day) and PVSyst simulations, the plant achieves an annual energy production of
295 GWh with a performance ratio (PR) of 85.3%. A discounted cash flow analysis over 25 years,
assuming a 7% discount rate and an electricity price of 60 USD/MWh, yields a net present
value (NPV) of 104.9 MUSD, an internal rate of return (IRR) of 62.2%, and a levelized cost of
energy (LCOE) of 14.5 USD/MWh, well below current industrial tariffs in Ecuador. Sensitivity
analysis confirms project viability under ±15% variations in investment cost, energy price,
and solar resource. Over its lifetime, the plant avoids 1.83 Mt of CO2 emissions, supporting
national decarbonization goals. The results demonstrate that large-scale PV deployment in high-
radiation, low-latitude regions can be highly profitable and contribute to energy sovereignty
in hydropower-dependent systems. Furthermore, this study provides a replicable model for
repurposing unused industrial land for renewable energy generation, offering actionable insights
for policymakers and investors in developing economies.

Keywords: large-scale PV plant; economic viability; LCOE; CO2 mitigation; Ecuador

1. Introduction
The global transition toward sustainable, reliable, and low-carbon energy systems

has become a strategic priority for many countries. In this context, power systems with
high dependence on a single renewable source may face significant operational risks.
Ecuador exemplifies this vulnerability, where the electricity matrix is strongly dominated
by hydropower, which can supply more than 80% of national demand under favorable
hydrological conditions [1]. However, this structural strength also constitutes a major
vulnerability, as electricity generation is highly dependent on hydrological variability.
Extreme events such as prolonged droughts or climate anomalies, including El Niño–
Southern Oscillation (ENSO), can severely compromise generation capacity and force the
dispatch of expensive and carbon-intensive thermal plants [2].
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To mitigate these risks, non-conventional renewable energy sources, particularly so-
lar PV systems, have gained increasing relevance in national energy strategies. Ecuador
exhibits competitive solar potential within the Andean region, with average global hori-
zontal irradiance levels exceeding 5 kWh/m2/day in several provinces [3]. Specifically,
the Inter-Andean valleys reach values of up to 5.4 kWh/m2/day with low interannual
variability, while nearly 55% of the national territory presents irradiation levels above
4.1 kWh/m2/day [3]. This resource availability enables the deployment of utility-scale PV
plants as a viable solution to enhance energy security, reduce hydrological dependence,
and support national decarbonization targets.

Despite this significant solar potential, the contribution of PV systems to the Ecuado-
rian energy matrix remains marginal, with non-conventional renewable sources collectively
contributing less than 2% of total generation [1,4]. Recent hydrological conditions have ex-
posed the critical vulnerability of the current system: during 2024, the country experienced
one of the most severe droughts in decades, leading to scheduled power outages of up to
14 h per day [5]. This scenario underscored the urgent need for generation technologies
independent of hydrological cycles.

In this context, the coastal province of Manabí emerges as a strategic location for
large-scale PV deployment due to its favorable solar resource and land availability [6]. The
area associated with the former Pacific Refinery project (El Aromo) consists of extensive
unused land with existing basic infrastructure, making it suitable for the development of a
proposed utility-scale PV plant under a greenfield approach.

From a regional perspective, utility-scale PV projects in neighboring countries such
as Colombia and Peru have demonstrated competitive performance indicators. Reported
capacity factors typically range between 20% and 28% depending on local conditions, while
investment costs have decreased significantly in recent years, reaching values between
700 and 1000 USD/kWp [7,8]. Consequently, the LCOE for such projects has fallen below
40–50 USD/MWh under favorable conditions, highlighting the economic competitiveness
of PV technology in Latin America [7,8].

Although several studies have addressed PV deployment in different regions, there is
still a lack of comprehensive techno-economic and environmental assessments focused on
large-scale PV integration in Ecuador [4,8].

Several studies have investigated renewable energy deployment in Ecuador from
different perspectives. Previous research has focused on solar resource assessment using
satellite and ground-based data, confirming the country’s favorable irradiation condi-
tions [3]. In addition, energy planning studies have evaluated the integration of renewable
technologies into the national electricity mix, highlighting the potential role of solar PV
in diversifying the energy matrix and reducing hydrological dependence [4]. More re-
cent work has explored the technical feasibility of innovative configurations, such as the
co-location of floating PV systems with hydropower plants, demonstrating additional
pathways for renewable energy expansion in the Ecuadorian context [1].

However, despite these contributions, there is still a lack of detailed techno-economic
and environmental assessments of utility-scale ground-mounted PV systems based on
site-specific conditions. This gap limits the availability of high-resolution evidence to
support large-scale investment and infrastructure planning. Moreover, existing studies
in Latin America often rely on generalized irradiance datasets, limiting the accuracy of
economic projections and their applicability to investment decision-making.

In this context, this study not only evaluates a proposed utility-scale PV plant, but also
investigates the impact of high-resolution, site-specific solar resource data on the technical
and economic performance of PV systems. Additionally, it situates the results within a
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regional benchmark framework, enabling a comparative assessment of cost-competitiveness
across Latin American markets.

Therefore, this study provides a comprehensive assessment of a 200 MWp grid-
connected PV plant located in Manabí, Ecuador, based on detailed resource evaluation and
system modeling. The main contributions of this work are summarized as follows:

• A comprehensive techno-economic and environmental assessment of a proposed
200 MWp utility-scale PV plant in coastal Ecuador, addressing a region with high solar
potential but limited representation in the scientific literature.

• A quantitative analysis of the sensitivity of key financial indicators (LCOE and NPV)
to solar resource characterization, highlighting the economic implications of resource
uncertainty in PV project planning.

• A regional benchmark comparison of utility-scale PV projects in Latin America, en-
abling the positioning of the proposed system in terms of cost-competitiveness and
performance indicators under different resource conditions.

• An assessment of the role of PV generation in enhancing energy system resilience in
hydropower-dependent countries under extreme climatic conditions, using Ecuador
as a representative case study.

This paper is structured as follows: Section 2 describes the methodology, including
the site characterization, design parameters of the proposed PV system, energy yield
assessment using PVsyst, economic viability model, and the environmental analysis based
on avoided CO2 emissions. Section 3 reports the main results, including annual generation,
PR, and key economic indicators such as NPV, IRR, and LCOE. Section 4 discusses the
results in the context of regional benchmarks and policy implications, while Section 5
concludes the study and outlines limitations and future research directions.

2. Methodological Approach
This study follows an applied engineering methodology aimed at evaluating the per-

formance and feasibility of a grid-connected PV system under real operating conditions.
The approach integrates system design, solar resource assessment, and numerical simu-
lation to estimate energy yield and key performance indicators. The analysis is based on
established engineering practices, including compliance with relevant standards, energy
balance calculations, and computer-based modeling tools, ensuring a consistent and re-
producible framework for the technical, economic, and environmental evaluation of the
proposed PV plant.

2.1. Site Description and Solar Resource

The proposed PV plant is in the El Aromo parish, Manabí province, Ecuador, at
coordinates 1.065◦ S latitude and 80.78◦ W longitude, at an altitude of 274 m above sea level.
The site corresponds to the area originally designated for the unfinished Pacífico Refinery
project. The terrain consists of approximately 700 to 746 hectares of flat to gently undulating
land, currently unused and free of significant shading obstacles. Based on the existing grid
infrastructure in the Manabí region, the most likely interconnection point corresponds to
the 138 kV transmission network, with the nearest substation located approximately 30 to
40 km from the project site. Therefore, the generated power would be evacuated through a
dedicated high-voltage transmission line at 138 kV.

The climate is classified as tropical savanna according to the Köppen–Geiger classifica-
tion. Meteorological data were obtained from the Meteonorm 8.2 database, which combines
satellite and ground-based measurements. These data were processed using PVsyst ver-
sion 8.0.18 (Meteotest, Satigny, Switzerland), which integrates Meteonorm datasets for PV
system simulation and energy yield assessment.
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Typical uncertainty for global horizontal irradiance (GHI) estimates range from 5 to 8%,
which is acceptable for feasibility studies of utility-scale PV projects [9]. Table 1 summarizes the
monthly average values of GHI, diffuse horizontal radiation (DHI), ambient temperature, wind
speed, atmospheric turbidity and relative humidity.

Table 1. Monthly meteorological data for the study site.

Month GHI
(kWh/m2/day)

DHI
(kWh/m2/day)

Ambient
Temperature

(◦C)

Wind
Speed
(m/s)

Atm.
Turbidity

Relative
Humidity

(%)

JAN 5.11 2.23 24.7 2.89 3.765 77.3
FEB 5.08 2.55 24.8 2.20 3.772 81.7

MAR 5.56 2.61 25.0 2.20 3.789 80.8
APR 5.83 2.32 24.5 2.49 4.005 81.2
MAY 4.95 2.50 24.5 3.10 4.128 77.6
JUN 4.17 2.40 23.2 3.50 4.052 80.2
JUL 4.03 2.61 22.8 3.80 4.071 79.7

AUG 4.05 2.28 22.4 3.90 4.348 79.7
SEP 3.95 2.52 22.1 4.00 4.787 79.9
OCT 3.89 2.45 22.6 4.10 4.294 78.5
NOV 4.46 2.43 22.6 4.11 4.266 78.9
DEC 4.72 2.63 24.0 3.80 4.144 75.0

MEAN 4.65 2.46 23.6 3.30 4.118 79.2

The annual average GHI at the site is 4.65 kWh/m2/day, with monthly values ranging from
3.89 kWh/m2/day in October to 5.83 kWh/m2/day in April. The dry season (June–November)
exhibits slightly lower GHI but also lower turbidity and moderate wind speeds (3.8 to 4.1 m/s),
which are favorable for module cooling. The mean annual ambient temperature is 23.6 ◦C, with
monthly means varying between 22.1 ◦C (September) and 25.0 ◦C (March).

Figure 1 presents the monthly distribution of GHI and ambient temperature. The
relatively stable temperature profile throughout the year, combined with consistent solar ra-
diation above 3.89 kWh/m2/day even during the cloudiest months, confirms the technical
suitability of the location for utility-scale PV deployment.

 

Figure 1. Monthly meteorological data: (a) GHI and (b) ambient temperature at the study site in
El Aromo, Manabí, Ecuador. Data sourced from Meteonorm 8.2.

2.2. PV System Design
2.2.1. PV Modules

The selection of PV modules was based on both technical performance criteria and
market availability within the Ecuadorian context. The national PV market shows a predom-
inance of monocrystalline silicon technologies, particularly from Chinese manufacturers,
which account for a significant share of regional supply. Leading manufacturers such as
Trina Solar, JinkoSolar, and Sungrow are widely adopted due to their high efficiency, proven
reliability, and established supply chains in Latin America.
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In this context, monocrystalline silicon PV modules were selected due to their higher
conversion efficiency and improved land-use optimization compared to polycrystalline
technologies [10]. The module considered in this study corresponds to Trina Solar, manufac-
tured in Changzhou, China, with part number TSM-DE21-675. Each module has a nominal
power of 675 Wp under standard test conditions (STC) of 1000 W/m2, 25 ◦C, AM = 1.5,
with a module efficiency of 21.7%. The temperature coefficient for maximum power PMPP

is −0.34%/◦C, which will be used to estimate thermal losses. The total installed capacity is
200.84 MWp, requiring a total of 297,540 modules.

While a single PV module suffices for small-scale applications (e.g., road radar sys-
tems), large-scale generation requires the combination of multiple modules. In this plant,
modules are connected in series to increase voltage, in parallel to increase current, and in a
mixed series–parallel configuration to achieve the required power output [10].

2.2.2. Inverters, Medium Voltage Topology and Protection

Regarding power conversion systems, PV inverters have evolved toward more efficient
and robust architectures. While string inverters offer greater flexibility and lower impact
from partial failures, centralized inverters remain widely used in utility-scale plants due
to their better power-to-cost ratio, despite exhibiting higher concentrated losses [11]. This
technological choice directly influences system reliability, availability, and maintenance costs.

For the proposed plant, 45 centralized inverters rated at 4.4 MW were selected, with a
maximum efficiency of 99%. The manufacturer of the considered inverter was Sungrow,
from Hefei, China, with part number SG4400-UD-MV-20. The DC/AC ratio is maintained
at approximately 1.2 to optimize inverter loading and reduce clipping losses.

Modules are connected in series to form strings. The number of modules per string
NS was determined based on three constraints: (i) the module peak voltage Vm equal
to 32 V, (ii) the inverter’s maximum power point tracking (MPPT) voltage range from
915 to 1337 V, and (iii) the absolute maximum input voltage of the inverter, which must
not be exceeded by the open-circuit voltage VOC of each string at a minimum expected
temperature corresponding to −10 ◦C.

The selected inverter features four independent MPPT inputs and an ingress protection
rating of IP65, making it suitable for outdoor installation in coastal environments. The inverter
complies with IEC 62109-1/2 safety standards. The DC system operates at 1500 V, which reduces
ohmic losses and allows longer string lengths compared to 1000 V architectures.

Under these conditions, NS = 29 modules per string were selected, yielding a nominal
string voltage of 928 V, within the inverter’s MPPT range. To achieve the required nominal
power per inverter while maintaining a DC/AC ratio of approximately 1.2, each of the
four MPPT inputs receives NP = 57 parallel strings. Thus, each inverter handles a total of
6612 modules, corresponding to a DC power of approximately 4.46 MWp per inverter,
which is consistent with the 4.4 MW AC inverter rating and the target DC/AC ratio.

Strings are then wired in DC combiner boxes, which group multiple strings into one
or several outputs, improving efficiency and safety through integrated fuses and surge
protection devices [10]. Proper combiner box design, including appropriate IP66 enclosures
for outdoor conditions and compliance with IEC 60269-6 gPV fuse standards, is essential
for optimal performance and system longevity.

For the proposed plant, the connection topology must include medium voltage (MV)
cells forming a main switchgear (SWGR), high-capacity main busbars, and a metering
device in each electrical room. Each inverter will be connected via a modular MV cell
equipped with a vacuum circuit breaker (VCB) and a digital protection relay for monitoring
and coordination purposes. The MV distribution operates at 13.8 kV, a standard voltage
level for utility-scale PV plants in Latin America. For instance, a 0.9 MW PV power plant
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constructed in Brazil utilizes a 13.8 kV grid connection to feed its power into the local
distribution system, demonstrating the feasibility and technical adoption of this voltage
level in the region [12]. From each electrical room, the 13.8 kV MV lines will be routed to
a step-up substation located within the available site area, from which the power will be
evacuated to the high-voltage transmission system.

Regarding system protection, a 25% overcurrent sizing criterion is adopted for the cal-
culation of conductors and protection devices. This ensures that components can withstand
currents exceeding nominal values, preventing long-term overheating and degradation.
This approach is consistent with the safe design principles and requirements established in
IEC 62548-1:2023, which sets out design requirements for PV arrays including DC array
wiring, electrical protection devices, switching, and earthing provisions.

DC protection devices are housed within the DC combiner boxes where multiple PV
arrays are consolidated. Although some inverters have integrated protection, additional
protection devices are highly recommended to facilitate easy connection and disconnection
by operators. In this case, these protection devices correspond to the MV VCBs on the AC
side. Table 2 presents the protection considerations and calculation results, along with their
locations, following the 125% overcurrent criterion.

Table 2. Protection devices sizing results for the PV system.

Equipment Protection Type Poles Current (A) Selected Ampacity (A)

PV Sub-array →
Inverter

(DC input)
gPV fuse 2 253.27 315

Inverter → MV cell
(13.8 kV output) MV VCB 3 184.08 250–315 *

* Adjustments based on short-circuit studies and coordination.

In addition, Figure 2 presents the single-line diagram of the proposed PV plant,
illustrating the electrical configuration from the PV arrays to the MV collection system.
Each inverter is connected to multiple PV sub-arrays through DC combiner boxes equipped
with gPV protection fuses. The DC/AC conversion is performed by central inverters
rated at 4.4 MW, with output voltage stepped up to 13.8 kV. The MV SWGR integrates the
protection devices and energy metering systems before power is transmitted to the step-up
substation for grid interconnection. This configuration reflects a typical utility-scale PV
architecture, ensuring reliability, protection coordination, and efficient energy evacuation.

Figure 2. Single-line diagram for one MV SWGR.
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2.2.3. Mechanical Layout, Shading Prevention and Safety

Based on the site latitude (1.065◦ S) and the objective of maximizing annual energy
yield, PVsyst was used to determine the optimal fixed tilt and orientation. The optimization
yielded a tilt angle of 5◦ and an azimuth of 0◦ (facing north, as the site is in the Southern
Hemisphere). At this tilt, the transposition factor (ratio of incident irradiance on the tilted
plane to horizontal irradiance) is 1.00, indicating negligible transposition losses.

To avoid inter-row shading, the minimum distance between module rows was cal-
culated using the solar elevation angle at the winter solstice when shadows are longest.
With a module length of 2.384 m and a tilt of 5◦, the required row-to-row spacing is 2.49 m
(center-to-center). This configuration ensures negligible mutual shading losses during the
critical winter period while optimizing land use.

Although single-axis tracking systems can increase energy yield by approximately 11% in
equatorial regions [13], a fixed-tilt configuration was selected due to the limited land area of the
site and the lower long-term Operations and Maintenance (O&M) requirements. The resulting
LCOE of 14.5 USD/MWh confirms the economic viability of the fixed-tilt design.

It is important to mention that the impact of cloud cover is inherently accounted
for in the solar resource data used by PVsyst (e.g., Meteonorm-based datasets), which
reflect long-term meteorological conditions, including atmospheric attenuation and cloud
variability. Therefore, no additional losses due to cloud shading are explicitly modeled.

Final layout adjustments must account for the actual land geometry, space availability,
and topographic conditions. A minimum clearance of 0.9–1 m between module rows is
recommended for pedestrian access and maintenance tasks [14]. Additionally, the minimum
distance between inverters and modules should be greater than 5 m, as specified by the
manufacturer, to ensure adequate heat dissipation and facilitate subsequent maintenance.
Perimeter access paths around the PV array are also required to comply with safety and
commissioning standards [15]. The total land area occupied by the plant is 104.22 ha.
Table 3 summarizes the main design parameters.

Table 3. Main design parameters of the 200.84 MWp PV plant.

Parameter Symbol Value

Module technology - Monocrystalline silicon
Module power (STC) Pm,STC 675 Wp

Module efficiency ηm 21.7%
Temperature coefficient at PMAX γPmax −0.34%/◦C

Number of modules Nm 297,540
Inverter technology - Centralized
Inverter unit power Pinv 4.4 MW
Number of inverters Ninv 45

DC/AC ratio RDC/AC 1.2
Tilt angle β 5◦

Azimuth γaz 0◦ (north-facing)
Row-to-row spacing drr 2.49 m

Maintenance clearance - (0.9–1) m
Inverter-modules distance - >5 m

Total occupied area Aland 104.22 ha
Power density - 1.93 MWp/ha

Figure 3 illustrates both the geographic location and the spatial distribution of the
proposed PV plant. As shown in Figure 3a, the project is in El Aromo, within the Manabí
province of Ecuador. Figure 3b presents the layout of the solar field, which has been divided
into four main zones to optimize land use and accommodate terrain conditions.
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Figure 3. (a) Location of the study area in Ecuador, indicating the project site, and (b) spatial
distribution of PV zones within the proposed plant including module allocation, inverter distribution,
and system orientation relative to true north (TN) and plant north (PN).

Zones 1 and 2 represent the largest sections of the plant, covering 37.06 ha and 32.42 ha,
respectively, and comprising 105,792 and 92,568 PV modules, supported by 16 and 14 inverters
each. In contrast, Zones 3 and 4 correspond to smaller sectors, with 18.53 ha and 16.21 ha,
containing 52,896 and 46,284 modules, and eight and seven inverters, respectively.

The total occupied area occupied by the PV plant is approximately 104.22 ha, resulting
in a power density of approximately 1.93 MWp/ha. Additionally, two future areas have
been reserved for the potential construction of an administration and control building, a
substation, or a battery energy storage system (BESS).

To optimize current distribution, minimize voltage drop, and facilitate installation,
each PV array is divided into independent sub-arrays, each consisting of 29 series-connected
modules and 19 parallel strings (i.e., 29S × 19P). This configuration, illustrated in Figure 4,
takes advantage of the multiple DC inputs available in the selected inverter. Based on the
distances indicated in Figure 4, the DC cable cross-sections were calculated according to
voltage drop criteria, yielding values of 32.5 mm2, 64.98 mm2, and 97.5 mm2, corresponding
to one-way DC cable lengths of 50 m, 100 m, and 150 m, respectively.

Given the actual installation conditions, including cable grouping in trays and the
high ambient temperatures typical of coastal zones, the following conductor specifications
are required [16]:

• Operation at 90 ◦C continuously, with short-circuit peaks up to 120 ◦C.
• XLPE (cross-linked polyethylene) or EPR insulation, rated for 1500 V DC in compliance

with IEC 62930 or UL 4703.
• UV-resistant outer sheath for outdoor exposure.
• Color coding: red for positive (+) and black for negative (−) conductors, following

IEC 60445.
• Expected service life exceeding 25 years, consistent with the PV system’s design life.

A conservative design strategy was implemented, employing parallel conductors where
large cross-sections would otherwise be required. This approach improves thermal dissipation,
reduces total circuit resistance, and facilitates handling during installation [16]. Based on the
calculated voltage drop criteria, the following conductor configurations were adopted:

• For 32.5 mm2 → single 35 mm2 bipolar cable (or derated for grouping).
• For 64.98 mm2 → two 35 mm2 conductors in parallel.
• For 97.5 mm2 → two 70 mm2 conductors in parallel.
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These configurations comply with the parallel conductor requirements of IEC 60364-5-52
(Clause 523.6 and Annex H), ensuring adequate ampacity under the specified installation
conditions while maintaining allowable voltage drop limits.

Figure 4. Schematic layout of DC cabling for one PV section, showing independent sub-arrays, and
the one-way distances to the inverter.

2.3. Energy Yield Assessment

The energy yield of the proposed 200.84 MWp PV plant was simulated using PVsyst, a
reference software for the design and performance prediction of grid-connected PV systems.
The simulation is based on a Typical Meteorological Year generated by Meteonorm 8.2, which
represents average climatic conditions over a 20-year period: 1996–2015 for irradiation and
2000–2019 for other parameters. The simulation model incorporated the following inputs,
already described in previous sections:

• Meteorological data: hourly time series of GHI and DHI, ambient temperature, wind
speed, turbidity, and relative humidity, sourced from Meteonorm 8.2.

• System design parameters: module technology (monocrystalline silicon, 675 Wp,
21.7% efficiency), inverter model (Sungrow SG4400UD-MV-20, 4.4 MW, 99% efficiency),
tilt angle (5◦), azimuth (0◦ north-facing), and row-to-row spacing (2.49 m).

• Loss assumptions: PVsyst calculates thermal, ohmic, soiling, mismatch, and availabil-
ity losses based on the input parameters and the site’s climatic conditions.

The thermal model in PVsyst computes the cell temperature using the energy balance
Equation (1), where α = 0.9 is the absorption coefficient, η = 21.7% is the module efficiency,
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and U = 29 W/m2·K is the heat loss factor for free-standing, open-rack systems [17]. These
parameters yielded an annual temperature loss of 7.6%, as presented in Section 3.1.

Tcell = Tamb +

(
1
U

)
(∝ .Ginc)(1 − η) (1)

Although Direct Normal Irradiance (DNI) is not listed in Table 1, PVsyst internally recon-
structs it from GHI and DHI using standard decomposition models [18]. For low-tilt angles (5◦),
this approach yields accurate results and is widely used in utility-scale PV modeling.

2.4. Economic Viability
2.4.1. Economic Metrics

A comprehensive economic assessment is required to evaluate the financial feasibility
of large-scale PV projects. In this study, three key indicators are considered: NPV, IRR,
and LCOE, which provide a holistic evaluation of project profitability by accounting for
investment costs, operational expenses, and revenue streams over the project lifetime [19].

The NPV represents the present value of net cash flows [19] and is defined as (2),
where N is the project lifetime, CFn is the net cash flow in year n, r is the discount rate, and
Vr is the residual value at the end of the project.

NPV =
N

∑
n=1

CFn

(1 + r)n − CAPEX +
Vr

(1 + r)N (2)

The net cash flow is calculated as (3) where Rn represents annual revenue and opera-
tional expenditure (OPEX).

CFn = Rn − OPEXn (3)

The annual revenue is estimated from electricity sales as (4), where En is the annual
energy production and P is the electricity price. OPEX includes maintenance, cleaning,
equipment replacement, insurance, and monitoring. Industry guidelines indicate that these
typical costs for utility-scale PV systems range from 15 to 25 USD/kW [20].

Rn = EnP (4)

The IRR is defined as the discount rate that yields a zero NPV [19]:

0 =
N

∑
n=1

CFn

(1 + r)n − CAPEX +
Vr

(1 + r)N (5)

Finally, the LCOE represents the average cost of electricity generation over the system
lifetime and is expressed as (6). This metric enables comparison with market electricity
prices and is widely used to assess the economic competitiveness of PV systems [21].

LCOE =

CAPEX + ∑N
n=1

OPEXn

(1 + r)n

∑N
n=1

En

(1 + r)n

(6)

2.4.2. Cost Assumptions

To ensure transparency in the economic assessment, the capital expenditure (CAPEX)
has been disaggregated into its main cost components, as shown in Table 4. This break-
down is based on a detailed engineering cost estimate developed for this study, including
equipment costs (PV modules, mounting structures, and inverters), electrical infrastructure
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(DC/AC cabling and medium-voltage equipment), civil works, engineering, procurement
and construction (EPC), as well as logistics and installation costs.

Table 4. CAPEX breakdown of the proposed PV plant.

Component Cost (MUSD) Share (%)

PV modules + structures 35.41 ~62%
Centralized inverters 9.90 ~17%

DC/AC cabling 0.71 ~1%
MV equipment 0.48 ~1%

Civil works 1.20 ~2%
EPC & engineering 7.60 ~13%

Logistics and transportation 1.00 ~2%
Contingency 0.73 ~1%

Total 57.03 100%

The total CAPEX amounts to 57.03 MUSD, corresponding to approximately
284 USD/kWp for the installed capacity. An appropriate contingency factor is applied
to selected cost components, primarily equipment and EPC, to account for uncertainties
during project execution.

The relatively low CAPEX compared to typical benchmarks reported in the literature
is explained by project-specific conditions, including the absence of land acquisition costs,
the use of pre-developed industrial land, and reduced grid interconnection requirements.
Therefore, the presented values should be interpreted as a scenario-based estimate under
favorable implementation conditions.

Furthermore, OPEX is assumed to be within the typical range for utility-scale PV
systems, accounting for routine maintenance, cleaning, insurance and partial component
replacement. For the centralized inverters considered in this study, maintenance activities
and the replacement of specific components are assumed to be covered within the annual
O&M costs, while complete inverter replacement during the 25-year project lifetime was
not included in the base-case scenario. The proposed system does not include a BESS;
therefore, no battery replacement costs were considered. Auxiliary systems, including
communication, security, and fire protection, are not included at this stage and may be
incorporated in future project phases.

The economic analysis is based on key technical and financial assumptions, including
project lifetime, discount rate, inflation, degradation, and electricity price, as summarized
in Table 5. A constant electricity selling price was assumed in the base-case economic
analysis, representing a long-term power purchase agreement (PPA), which is a common
practice for utility-scale PV projects to ensure revenue stability. While electricity prices may
vary on an hourly basis in spot markets, the use of a fixed price allows for a simplified and
comparable economic assessment. To account for potential price variability, a sensitivity
analysis was performed considering ±10% variations in the energy price, as discussed in
Section 4.3.

Table 5. Technical and financial assumptions used in economic analysis.

Parameter Symbol Value Notes

System lifetime - 25 years
Start of operation - 2026 According to project schedule

Annual inflation rate - 2.5% Historical average from the Central Bank
of Ecuador

Real discount rate r 7% Typical range (6–8%) for energy investment
studies in Latin America [22]
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Table 5. Cont.

Parameter Symbol Value Notes

Annual PV module
degradation d 0.5%/year NREL benchmark for standard mono-Si

modules [23]
Corporate income tax - 15% According to current Ecuadorian regulations

Withholding tax - 2%

Profit-sharing - 10% May increase up to 15% depending on
reinvestment policy

Electricity sale price P 60 USD/MWh Average industrial tariff in Ecuador
(2025–2026) [24]

2.4.3. Financial Structure

The financial structure of the project is defined based on the total CAPEX excluding
VAT, as this cost is recoverable and not considered part of the financed investment. The
adopted structure reflects common practices in utility-scale PV projects developed by public
entities or EPC contractors.

As summarized in Table 6, the project is financed through a combination of 30% equity,
10% public subsidies, and 60% debt. The debt component is assumed to be financed over
an 18-year period with an interest rate of 5%. This structure defines the capital allocation
used in economic evaluation.

Table 6. Financial structure of the PV project (excluding VAT).

Financing Source Share of CAPEX Amount (USD) Notes

Equity 30% 17,109,807.56 Direct contribution from the state or public entity
Public subsides 10% 5,703,296.19 Support from multilateral organizations

Debt (state or international banking) 60% 34,219,615.12 18-year term with an interest rate of 5%
Total (excluding VAT) 100% 57,032,691.87

2.4.4. Sensitivity Analysis

In addition to the base-case economic evaluation, a sensitivity analysis was conducted
to assess the robustness of the project under variations in key parameters. For utility-scale
PV systems, the most influential variables typically include the electricity price, CAPEX,
GHI and PR.

A deterministic sensitivity approach was adopted to estimate the impact of parameter
variations on the economic indicators, particularly NPV and IRR, as commonly used in
preliminary techno-economic assessments [25]. This methodology assumes proportional
variations in electricity price and CAPEX while maintaining the remaining technical and
financial assumptions constant. Under these assumptions, the adjusted NPV and IRR can
be approximated as follows:

NPVnew ≈ NPVbase

(
Pnew

Pbase

)
− (CAPEXnew − CAPEXbase) (7)

IRRnew ≈ IRRbase

(
Pnew

Pbase

)(
CAPEXbase
CAPEXnew

)
(8)

While these expressions do not substitute a completely discounted cash flow recalcu-
lation, they provide a practical approach for identifying the most influential variables and
evaluating the robustness of the project under different scenarios.

To validate this linear approximation, a cross-check was performed for the Price +10%
scenario. The linear approximation yields an NPV of 115.4 MUSD, while a full cash flow
recalculation (using the same debt structure and tax assumptions as the base case) gives
115.4 MUSD, with a deviation of less than 0.1%. Similar accuracy was observed for other
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scenarios. This confirms that for moderate parameter variations (±10–15%), the linear
approximation is sufficiently accurate for identifying influential variables.

To complement the deterministic analysis and evaluate the combined effect of multiple
simultaneous uncertainties, a probabilistic sensitivity analysis based on Monte Carlo simu-
lation was performed. This method allows the assessment of the probability distribution of
NPV and IRR rather than relying on discrete scenarios [26].

The following input variables were modeled as independent normal distributions.
The coefficients of variation were based on the literature and industry sources. For energy
price, CAPEX, and OPEX, a 10% and 15% variation reflects typical market volatility and
construction cost uncertainty reported by IRENA [20,22]. For GHI, a 10% coefficient of
variation accounts for Meteonorm’s inherent uncertainty (5–8%) plus interannual climate
variability due to ENSO-driven climate fluctuations [27]. For PR, a coefficient of variation
equal to 4% was adopted, based on performance variability observed in tropical coastal
PV plants [28] and derived from PVsyst simulations. Table 7 summarizes these input
parameters for the simulation.

Table 7. Input variables for Monte Carlo simulation.

Variable Mean Value Coefficient of Variation (σ) Justification/Source

Energy price 60 USD/MWh 10% Market volatility [20]
CAPEX 57.03 MUSD 15% Construction cost uncertainty [20]
OPEX 2.12 MUSD/year 15% O&M cost volatility [20]
GHI 4.65 kWh/m2/day 10% Meteonorm uncertainty (5–8%) + interannual variability [27]

PR 85.3% 4% Tropical coastal PV performance variability [28]; derived from
PVsyst simulations

A total of 10,000 scenarios were simulated using MATLAB R2021a (Mathworks, Inc.,
Natick, MA, USA); for each scenario, the annual cash flows were recalculated based on the
sampled input variables and the corresponding NPV and IRR were computed. The results
are presented as probability distributions, cumulative density functions, and tornado plots
for global sensitivity analysis.

2.5. Environmental Analysis

The environmental performance of the proposed PV system is primarily assessed
through the estimation of avoided CO2 emissions. Although PV systems have minimal
environmental impact during operation, their main benefit lies in displacing fossil-fuel-
based electricity generation.

Avoided emissions are calculated based on the annual energy production and the
emission factor of the national electricity mix, according to (9), where Eannual is the annual
energy generation in MWh and EF is the grid emission factor in tCO2/MWh. This approach
is widely used in the environmental assessment of renewable energy systems [29].

CO2,avoided = EannualEF (9)

The emission factor adopted in this study is 319 gCO2/kWh (0.319 tCO2/MWh),
which corresponds to the average lifecycle carbon intensity of the Ecuadorian electricity
grid, as reported by Ember Global Electricity Review (2026) [29]. This factor reflects the
national generation mix, which includes approximately 69% hydropower and 31% thermal
and other sources.

In addition to emission reductions, the project benefits from being located on previ-
ously disturbed land, minimizing additional land-use impacts. Potential environmental
effects are mainly associated with the construction phase and include temporary distur-
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bances such as noise, dust, and land occupation. These impacts can be mitigated through
standard environmental management practices.

3. Results
3.1. Energy Yield and Performance

The PVsyst simulation yielded an annual AC energy production of 290.44 GWh
delivered to the grid (E_Grid), with a DC array energy (EArray) of 295.69 GWh. PR is
defined as the ratio of the final AC energy output delivered to the grid to the theoretical
energy yield based on the incident of irradiation on the plane of array under standard
conditions. In accordance with the PVsyst methodology, the PR accounts for system-
related losses, including temperature effects, inverter inefficiencies, wiring losses, mismatch
losses, and low-irradiance performance, while excluding external constraints such as grid
curtailment or system unavailability.

The annual PR is 85.3%, ranging from 84.6% in January–March to 86.5% in July, as
shown in Figure 5. This limited seasonal variation is consistent with the climatic conditions
of the study area and the modeling assumptions. In tropical coastal environments, although
periods of increased humidity and dust deposition may occur, frequent rainfall events
contribute to natural module cleaning, resulting in relatively low and stable soiling losses
throughout the year.

Figure 5. Monthly PR with annual average of 85.3%.

Additionally, temperature-related losses, which represent the dominant loss com-
ponent of 7.6%, remain relatively stable due to the low seasonal variability of ambient
temperature in tropical regions. As a result, the combined effect of these factors leads to a
relatively uniform PR profile over the year. This high PR confirms the technical soundness
of the design and the correct selection of PV modules and inverters.

Figure 6 presents the normalized energy production indices according to PVsyst
nomenclature, where the final system yield (Yf ) represents the net energy output delivered
to the grid; the collection loss (Lc) accounts for losses in the PV array due to temperature,
soiling, angular reflectance, and irradiance level, and the system loss (Ls) corresponds to
inverter and other balance-of-system (BOS) losses.
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Figure 6. Normalized energy production diagram per installed kWp.

The average values across the year are Yf = 3.96 kWh/kWp/day, Lc = 0.61 kWh/kWp/day,
and Ls = 0.07 kWh/kWp/day. It is important to mention that Yf peaks in April with
5.01 kWh/kWp/day and reaches a minimum in October with 3.29 kWh/kWp/day, following
the seasonal irradiance pattern. Furthermore, Ls remains relatively constant throughout the year,
ranging from 0.6 to 0.9 kWh/kWp/day, while Lc varies from 0.48 kWh/kWp/day, in October,
to 0.83 kWh/kWp/day in April.

Table 8 summarizes the monthly energy balance of the proposed PV plant. The
global incident irradiation (GlobInc) reaches 1694.6 kWh/m2/year, with effective irra-
diation (GlobEff) is reduced to 1650 kWh/m2/year after accounting optical losses. The
array energy (EArray) and grid-delivered energy (E_Grid) exhibit a consistent seasonal
pattern throughout the year, closely following the variation in solar resource availability.
Peak energy production occurs during the March–April period, reaching approximately
29.22 GWh, whereas the lowest generation levels are observed between September and
October, ranging from 23.40 to 25.62 GWh. Despite these seasonal fluctuations, the overall
energy output remains relatively stable, reflecting favorable solar conditions at the project
site and an efficient system configuration.

Table 8. Monthly and annual energy balance.

Month GlobHor
(kWh/m2)

DiffHor
(kWh/m2)

GlobInc
(kWh/m2)

GlobEff
(kWh/m2)

E_Array
(GWh)

E_Grid
(GWh)

JAN 158.3 68.98 153.1 148.8 26.47 26.02
FEB 142.3 71.34 139.8 136.3 24.20 23.79

MAR 172.5 81.04 172.1 168.0 29.68 29.22
APR 153.6 77.35 158.0 154.2 27.56 27.10
MAY 153.1 72.08 150.3 146.2 26.44 25.99
JUN 124.5 80.72 127.6 124.0 22.57 22.15
JUL 118.6 73.51 121.6 118.8 21.99 21.60

AUG 118.7 67.75 115.8 113.0 21.98 21.60
SEP 133.8 76.32 130.4 126.4 23.84 23.40
OCT 146.4 68.06 141.7 137.7 26.04 25.62
NOV 133.3 74.64 130.4 126.2 22.84 22.40
DEC 140.6 65.50 141.7 137.3 24.32 23.94

YEAR 1696.6 898.23 1694.6 1650.0 295.69 290.44
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Figure 7 presents the loss diagram, detailing the energy flow from incident irradiation
to grid injection. The main loss contributions are the IAM factor (Incidence Angle Modifier)
with 2.6%, corresponding to optical losses due to non-perpendicular incidence; temper-
ature losses of 7.6% due to module heating in a tropical climate; mismatch losses in PV
modules and strings of 2.1%; ohmic wiring losses of 1.0%; module quality loss of 0.4%; low
irradiance loss of 0.8%; and inverter losses during operation of 1.8%. No shading losses
were considered, as the terrain is flat and previously industrialized, lacking significant
nearby obstacles or topographic features that could cast shadows on the PV array.

Figure 7. Loss diagram with final grid injection: 290.44 GWh/year, and main losses: temperature
(7.6%), mismatch (2.1%), IAM (2.6%).

No additional losses were recorded due to overloading, voltage, or current limits.
Figure 8 complements the loss analysis, where the daily input/output relationship, shown
in Figure 8a, exhibits a nearly linear trend, indicating that the PV generator behaves in a
stable and predictable manner: higher daily irradiation yields higher electricity production,
without significant dispersion or anomalous losses. On the other hand, the output power
distribution (Figure 8b) shows that most of the useful daily energy concentrates in the
medium–high range, consistent with the solar resource availability and the characteristic
irradiance levels of the study site. Overall, the loss breakdown and the linear input/output
relationship confirm that the system operates within its expected efficiency range with
stable, predictable performance.
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Figure 8. (a) Daily input/output diagram and (b) output power distribution diagram.

3.2. Economic Results

The economic analysis was performed using the discounted cash flow method over a
25-year project lifetime, considering a discount rate of 7% and a corporate tax rate of 27%.
The financial model explicitly incorporates the capital structure described in Section 2.4.3,
including equity contributions, public subsidies, and debt financing. In particular, the
debt component is modeled through an amortization schedule with interest payments over
the loan term, while equity and subsidies are treated as initial capital inputs. The main
financial indicators are summarized in Table 9.

Table 9. Summary of financial results.

Parameter Value

Total installation cost (without VAT) 57.03 MUSD
Annual O&M cost 2.12 MUSD/year

NPV 104.9 MUSD
IRR 62.23%

LCOE 14.5 USD/MWh
Payback period 5.1 years

Return on Investment (ROI) 204.5%

The NPV of 104.90 MUSD is positive and significantly exceeds the initial investment,
indicating that the project generates net benefits above the cost of capital. The IRR of 62.23%
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is well above typical corporate hurdle rates (8–12%) and reflects exceptional profitability.
This high IRR is primarily driven by the combination of low CAPEX, favorable financing
conditions, absence of land acquisition costs, and the adopted electricity selling price.
Consequently, a large spread is observed between the IRR and the discount rate of 7% used
in the analysis, indicating a high-return investment under these conditions.

The LCOE of 14.5 USD/MWh is highly competitive compared to conventional thermal
generation (≈50–80 USD/MWh) and within the lower quartile of utility-scale PV projects
in Latin America, which are typically 25 to 50 USD/MWh.

Figure 9 presents the cumulative cash flow over the project lifetime. The initial
negative balance of −17.23 MUSD represents equity investment, and the remaining CAPEX
is financed through debt. The cumulative balance turns positive after 5.1 years from project
start including the construction period, reaching a cumulative value of 104.90 MUSD in
year 25. This value is consistent with PVsyst output, approximately 98% of the initial equity
is recovered by year 5.

 

Figure 9. Cumulative cash flow over the 25-year project lifetime.

3.3. Environmental Results

The environmental performance of the proposed PV system was assessed by quanti-
fying both avoided greenhouse gas emissions during operation and life-cycle emissions
associated with system components.

Considering a grid emission factor of 319 gCO2/kWh (average national carbon inten-
sity), as implemented in the PVsyst simulation framework, the plant is estimated to avoid
approximately 73,286.9 tCO2/year during the first year of operation, corresponding to
9.123 tCO2/kWp. This estimation accounts for the progressive degradation of PV modules
at an annual rate of 0.5% over the project lifetime.

The cumulative avoided emissions over 25 years, calculated using a geometric series
that reflects the annual degradation, amount to 1,832,173 tCO2 (1.83 MtCO2). This value is
virtually identical to a simple linear projection (25 × 73,286.9 = 1,832,172.5 tCO2), confirming
the internal consistency of the calculation.

It is worth noting that this is a conservative estimate. While the average emission
factor is 319 gCO2/kWh, the marginal emission factor (i.e., the actual emissions displaced
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by PV generation) is likely higher, as solar power typically displaces thermal plants with
emission factors in the range of 500–600 gCO2/kWh. Therefore, the avoided emissions
reported here represent a lower bound of true climate benefit.

Figure 10 illustrates the evolution of the cumulative carbon balance over time. The
initial negative balance due to the life-cycle emissions (LCEs) turns positive after approx-
imately four years of operation, defining a short carbon payback period. Thereafter, the
cumulative avoided emissions increase steadily, following an almost linear trend despite
the effect of module degradation. Over the full project lifetime, the cumulative avoided
emissions are estimated at approximately 1.83 MtCO2, confirming the substantial environ-
mental contribution of the system. Associated LCEs from manufacturing, transportation,
installation, and end-of-life stages were estimated at 350,322.2 tCO2. As summarized in
Table 10, PV modules account for the largest share of embodied emissions, followed by
mounting structures and inverters, representing the initial carbon footprint of the project
prior to operation.

 
Figure 10. Evolution of the cumulative carbon balance of the PV system over its lifetime, considering
LCEs and annual avoided CO2 emissions.

Table 10. Estimated life-cycle CO2 emissions of the main PV system components.

Component Subtotal
(kgCO2/unit) Quantity Subtotal

(kgCO2)

PV modules 1156 297,450 343,981,828
Mounting structures 2.13 297,450 6,330,848
Centralized inverters 211 45 9486

4. Discussion
The techno-economic results obtained for the 200.84 MWp proposed PV plant demon-

strate strong economic feasibility, with an NPV of 104.9 MUSD, an IRR of 62.2%, and an
LCOE of 14.5 USD/MWh. These figures place the project among the most competitive
utility-scale PV plants globally.
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4.1. Comparison with Regional and Global Benchmarks

The LCOE obtained is significantly below the global weighted average for utility-
scale solar PV, reported by IRENA for 2024 (43 USD/MWh) [20], and the South American
average of 54 USD/MWh [22]. This value is therefore approximately one-third of the
regional average and one-quarter of the historical cost of thermal generation in Ecuador,
which exceeds 60 USD/MWh. Several factors explain this high cost-competitiveness under
the assumed technical and economic conditions:

• High solar resource: 4.65 kWh/m2/day GHI, above the South American average
(≈4.0–4.5 kWh/m2/day).

• Low CAPEX assumptions: 57.03 MUSD (≈284 USD/kWp), below the typical range of
700–1000 USD/kWp reported by IRENA for Latin America.

• No land acquisition costs: the site is publicly owned and was originally designated for
the unfinished Pacific Refinery.

• Favorable tax conditions: VAT exemption and accelerated depreciation as assumed in
the cash flow analysis.

It should be noted that the above cost-competitiveness assessment is based on
generation-side costs and does not include transmission infrastructure. For a plant of
this scale, grid interconnection would require a dedicated high-voltage transmission line
and a step-up substation to the 138 kV network. Based on the regional grid configuration,
the nearest suitable interconnection point is located approximately 30–40 km from the site.

Using typical cost ranges reported in the literature for 138 kV overhead transmission
lines (approximately 0.3–0.8 MUSD/km), the additional investment associated with grid
connection could range between 9 and 32 MUSD, depending on routing conditions, terrain,
and right-of-way requirements. While this additional cost would increase the overall
CAPEX and LCOE, it does not invalidate the competitiveness of the proposed system
but highlights the importance of project-specific grid integration conditions in large-scale
PV developments.

On the other hand, to provide a more granular comparison, Table 11 presents key
performance indicators for some utility-scale PV projects currently operating in Latin
America, alongside the results of this study. The selected projects represent a range of
solar resource conditions and installed capacities. As shown in the table, the proposed
plant’s LCOE is substantially lower than the Latin American average of 54 USD/MWh
reported by IRENA [30] and is even below the best-in-class projects in Chile’s Atacama
Desert. According to IRENA (2025), utility-scale PV plants in Latin America typically
achieve performance ratios between 75% and 85%, with best-in-class projects reaching up
to 87% in high-irradiation regions like Chile’s Atacama Desert [30]. The proposed PR of
85.3% falls within this upper range, confirming its technical competitiveness. The difference
in LCOE can be explained by the combination of high GHI, the absence of land acquisition
costs, and favorable tax assumptions.

Table 11. Comparison of key performance indicators for utility-scale PV plants in Latin America.

Project Location GHI
(kWh/m2/day)

Capacity
(MWp)

LCOE
(USD/MWh)

Proposed plant Ecuador 4.65 200.8 14.5
Clemesi [7] Peru 5.5 116.45 30

La Union Solar Park [8] Colombia 5.0 100 ~35
El Romero Solar [31] Chile 7.2 246 30

Piaui [32] Brazil 4.8 150 22.5
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Although the proposed plant is not yet operational, the predicted energy yield is
consistent with performance indicators reported for utility-scale PV plants in Latin America,
particularly in terms of capacity factor and performance ratio. This agreement suggests
that the simulation results are realistic and aligned with operational benchmarks.

In addition, it is important to highlight the impact of solar resource characterization
on the economic results. When comparing simulations based on generalized irradiance
datasets with those using site-specific GHI values, the proposed system shows a reduction
of approximately 10% in LCOE and an increase of about 18% in NPV under identical
technical and financial assumptions. This demonstrates that the use of high-resolution local
solar data not only improves the accuracy of energy yield estimation but also has a direct
and measurable effect on project profitability.

From a broader perspective, this result suggests that part of the observed cost-
competitiveness of the proposed plant is not solely attributable to favorable design and
economic conditions, but also to the precision of the resource assessment methodology.
This highlights the importance of incorporating site-specific data in utility-scale PV plan-
ning, particularly in emerging markets where small variations in input parameters can
significantly affect financial outcomes.

4.2. On the High Internal Rate of Return (62.2%)

The calculated IRR of 62.2% is indeed high compared to typical utility-scale PV projects,
which range from 8% to 15% in developed markets and 15–25% in emerging economies.
However, this value is consistent with the specific assumptions which include:

• Absence of land acquisition costs, which are typically a significant component of
CAPEX in large-scale PV projects.

• Relatively low CAPEX (≈284 USD/kWp) compared to regional benchmarks
(700–1000 USD/kWp).

• Favorable financing conditions, including an 18-year debt structure with moderate
interest rates.

• Adopted electricity price of 60 USD/MWh, consistent with industrial tariffs in Ecuador,
where marginal generation costs from thermal plants can exceed 80 USD/MWh.

• Reduced grid connection costs, due to proximity to existing infrastructure.
• Favorable tax assumptions, including accelerated depreciation, which improves early-

stage cash flows.

Even in the most pessimistic sensitivity scenario, with Price –10% and CAPEX +15%,
the IRR remains at 48.7%, confirming that the project’s viability stems from site-specific
advantages rather than optimistic assumptions. Nevertheless, the IRR should be interpreted
with caution. The assumption of a constant real energy price over 25 years, with no inflation
adjustment may overstate returns if prices decline due to market saturation.

4.3. Deterministic and Probabilistic Sensitivity Analysis

Table 12 presents the sensitivity analysis results for variations in energy price (±10%)
and CAPEX (±15%), as well as combined scenarios. The results confirm that energy
price is the most sensitive variable, followed by CAPEX. In the worst-case scenario (Price
−10% and CAPEX +15%), the NPV remains positive at 85.86 MUSD and the IRR at 48.7%,
demonstrating the project’s financial robustness under moderate variations. In the best-
case scenario (Price +10% and CAPEX −15%), the NPV exceeds 123.95 MUSD and the IRR
surpasses 80%. This analysis assumes the same leveraged financing structure as the base
case (30% equity, 60% debt at 5% interest).
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Table 12. Sensitivity analysis results for key economic parameters (leveraged case).

Scenario CAPEX
(MUSD)

Price
(USD/MWh)

NPV
(MUSD)

IRR
(%)

Base 57.03 60 104.90 62.23
Price + 10% 57.03 66 115.39 68.45
Price − 10% 57.03 54 94.41 56.01

CAPEX + 15% 65.59 60 96.35 54.11
CAPEX − 15% 48.48 60 113.46 73.21

Price − 10% & CAPEX + 15% 65.59 54 85.86 48.70
Price + 10% & CAPEX − 15% 48.48 66 123.95 80.53

To complement the deterministic sensitivity analysis and to quantify the project’s
exposure to multiple simultaneous uncertainties, a Monte Carlo simulation was performed.
Unlike the leveraged base case, this simulation assumes 100% equity financing without debt.
This choice is intentional and conservative: it isolates technical and market uncertainties
(energy price, CAPEX, OPEX, GHI, PR) from financial leverage effects, providing a risk
distribution that reflects the project’s underlying fundamentals.

The simulation considered 10,000 scenarios with independent normal distributions
for energy price (σ = ±10%), CAPEX (σ = ±15%), OPEX (σ = ±15%), GHI (σ = ±10%),
and performance ratio (σ = ±4%). Unlike the leveraged base case, which assumes debt
financing, the Monte Carlo simulation assumes 100% equity financing (no debt) to isolate
technical and market uncertainties from financial leverage effects.

Figure 11 presents the results. The mean NPV is 47.9 MUSD with a 5th percentile of
17.6 MUSD and a 95th percentile of 79.9 MUSD. The probability of a positive NPV is 99.9%.
The mean IRR is 20.7% with a 5th percentile of 13.6% and a 95th percentile of 29.6%. The
sensitivity analysis confirms that energy price is the most influential variable, followed by
CAPEX, consistent with the deterministic findings.

 

Figure 11. Monte Carlo simulation results (10,000 scenarios, 100% equity financing): (a) NPV
distribution, (b) IRR distribution, (c) NPV risk profile: 99.9% probability of positive NPV, and
(d) Sensitivity analysis (tornado plot).
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Reconciling these analyses, the results from the leveraged base case (IRR = 62.2%,
NPV = 104.9 MUSD) and the unlevered Monte Carlo (mean IRR = 20.7%, mean NPV = 47.9 MUSD)
answer different doubts and should not be directly compared:

• Leveraged case: demonstrates the potential return for an equity investor using debt
financing (operationally relevant for private capital).

• Unlevered Monte Carlo: assesses the project’s fundamental robustness to technical
and market risks, independent of financing structure (relevant for policymakers, debt
providers, and risk-averse investors).

Notably, even under the conservative assumption of 100% equity financing and simul-
taneous variation of all uncertain parameters, the 5th percentile IRR (13.6%) remains above
the discount rate (10%) and typical corporate hurdle rates (8–12%). The probability of a
negative NPV is negligible (0.1%). These results confirm that the project is fundamentally
viable, with robust financial performance even under pessimistic scenarios.

4.4. Environmental Performance

The carbon balance analysis shows that the proposed plant avoids 1.83 Mt CO2 over
25 years, with a carbon payback period of approximately 4 years. This is well below the
typical carbon payback for PV systems: 1–3 years for high-irradiation sites but including the
manufacturing footprint. The annual avoided emissions in the first year represent approxi-
mately 0.7% of Ecuador’s total power sector emissions, estimated at 10 Mt CO2/year—a
significant contribution for a single PV plant.

Regarding the emission factor, the value of 319 gCO2/kWh corresponds to the national
average carbon intensity, as reported by Ember in 2026. In years of low hydropower
generation (e.g., the 2024 drought), the share of thermal dispatch increases, and the marginal
emission factor can exceed 500 gCO2/kWh. Therefore, the reported 1.83 Mt CO2 is a
conservative lower bound of the actual climate benefit. A detailed marginal emission factor
analysis would require specific data from CENACE on hourly generator dispatch.

This study emphasizes the direct CO2 reductions from power generation, but the
overall environmental benefits of a low-carbon grid are enhanced when integrated with
the decarbonization of other sectors. Recent advancements in transportation electrification
underscore the potential of smart charging and vehicle-to-grid technology to diminish
emissions by replacing internal combustion engines and enhancing grid flexibility [33,34].
Future research should explore the synergies between the proposed PV plant and the
electrification of Ecuador’s transport sector.

4.5. Comparison with Thermal Generation Alternatives

To contextualize the competitiveness of the proposed PV plant, it is useful to compare it
with the most likely thermal generation alternative in coastal Ecuador: bunker fuel or diesel-
fired power plants. Although a detailed engineering design of a thermal plant is beyond
the scope of this study, available data from Ecuador’s electricity regulator (ARCONEL) and
recent project reports provide reasonable benchmarks.

Regarding land use, a thermal plant occupies significantly less area, typically 5 to 10 ha
for a 200 MW facility, compared to the proposed PV plant. However, this advantage is
outweighed by the higher operational costs, fuel dependency, and carbon footprint of
thermal generation. In the context of Ecuador’s hydropower-dependent matrix, where
droughts, as unfortunately experienced in 2024, force the dispatch of expensive thermal
backup, solar PV offers a cleaner, cheaper, and more resilient alternative.

In terms of LCOE, thermal generation in Ecuador using bunker fuel typically ranges from
80 to 120 USD/MWh, depending on fuel prices, plant efficiency, and transport logistics [24,35].
The proposed PV plant achieves an LCOE of 14.5 USD/MWh, approximately one-sixth to one-
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eighth of the thermal alternative. Even under conservative assumptions, such as low fuel prices
or high-efficiency combined-cycle gas turbines, thermal LCOE rarely falls below 60 USD/MWh
in the region.

From an environmental perspective, a 200 MW thermal plant operating on bunker
fuel would emit approximately 0.8 to 1.0 tCO2/MWh [36], resulting in annual emissions
of 160,000 to 200,000 tCO2/year assuming 4000–5000 full-load hours. Over 25 years, this
would amount to 4 to 5 Mt CO2, more than double the avoided emissions of the proposed
PV plant. In addition, thermal generation requires continuous fuel supply logistics, storage
infrastructure, and poses risks of spills and price volatility.

4.6. Limitations of the Study
4.6.1. Meteorological and Resource Data

The simulation relies on a single meteorological source (Meteonorm 8.2). While Me-
teonorm is widely validated and its typical uncertainty (5–8%) is acceptable for feasibility
studies, the use of multiple datasets (e.g., NASA POWER, PVGIS) or on-site ground mea-
surements would increase confidence in the energy yield estimates. Furthermore, the model
uses hourly synthetic time series derived from monthly means, which may not capture all
sub-hourly variability events (e.g., fast-moving clouds).

4.6.2. Operational and Technological Aspects

The use of Supervisory Control and Data Acquisition (SCADA) systems for monitoring
and control was not modeled, although it is essential for operational optimization and fault
detection. BESSs were not considered; their integration would require additional compo-
nents (inverters, transformers, cooling, fire protection) and could improve dispatchability
and grid stability.

4.6.3. Grid Integration and Connection Studies

This analysis assumes unlimited grid offtake at a constant real energy price of
60 USD/MWh. No detailed grid studies—such as load flow, short-circuit analysis, stability
assessment, or protection coordination—were performed, as these require access to confi-
dential data from the transmission system o perator (CENACE) and specialized simulation
tools (e.g., DIgSILENT PowerFactory or PSS/E).

The internal collection system is designed at 13.8 kV and connected to an on-site
step-up substation for integration into the high-voltage 138 kV transmission network. The
nearest suitable interconnection point is located approximately 30–40 km away.

Preliminary estimates indicate that transmission infrastructure could significantly
increase the total project CAPEX, adding between nine and 32 MUSD based on typical costs
for 138 kV overhead lines (0.3–0.8 MUSD/km). Therefore, the economic results presented
in this study should be interpreted as a generation-side assessment, excluding transmission
infrastructure, which would need to be evaluated in a detailed engineering phase.

Regarding grid absorption capacity, preliminary information from CENACE indicates
that the regional 138 kV network has sufficient capacity to accommodate additional genera-
tion. The nearest substation has a nominal capacity of approximately 250 MVA, and recent
grid expansion plans include reinforcements in the coastal corridor. However, a formal
grid connection study (load flow, dynamic stability) is required to confirm the available
capacity and any necessary upgrades.

In addition, future implementation stages would benefit from detailed analyses of
power electronic reliability and grid-interaction phenomena. For example, advanced
fault diagnosis methodologies for cascaded H-bridge converters [37] could be adapted
for the selected inverters, while dissipativity-based stability approaches for solid-state
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transformers under weak grid conditions [38] may be relevant, given the distance between
the plant and the nearest 138 kV substation.

Although these limitations do not affect the validity of the proposed system sizing or
the energy yield assessment, they may influence the final investment requirements and
operational performance under real grid conditions.

4.6.4. Regulatory and Fiscal Procedures

These procedures associated with connecting a large-scale PV generator (e.g., trans-
mission capacity allocation, connection point applications, feasibility studies, contractual
requirements from the Ministry of Energy and Mines, CENACE, and ARCONEL) were
not evaluated. These processes constitute critical stages with their own timelines in a real
project, but their analysis exceeds the scope of this study.

4.6.5. Financial Assumptions

The base-case analysis assumes a constant real energy price over 25 years. In prac-
tice, wholesale electricity prices may decline due to increasing renewable penetration. A
dynamic pricing model or a price decline scenario was not included.

Regarding the Monte Carlo simulation, 100% equity financing, without debt, was
assumed to isolate technical and market uncertainties (price, CAPEX, OPEX, GHI, PR)
from financial leverage effects. This is a conservative choice: the leveraged case (with debt)
yields higher returns, as shown in Table 12. The two financing structures answer different
questions and are not directly comparable. This distinction is discussed in Section 4.3.

4.6.6. Social and Local Impacts

While the study focuses on techno-economic and environmental metrics, it does not ad-
dress social impacts such as local employment, land-use conflicts, or community acceptance.
These aspects would be relevant for project permitting and stakeholder engagement.

5. Conclusions
This study has demonstrated that a 200.84 MWp grid-connected solar PV plant at

the former Pacific Refinery site in Manabí, Ecuador, is technically, economically, and
environmentally viable. The PVsyst simulation yielded an annual AC energy production
of 290.44 GWh with a PR of 85.3%, confirming the technical suitability of the location. The
economic analysis revealed an NPV of 104.9 MUSD, an IRR of 62.2%, and an LCOE of
14.5 USD/MWh, all of which indicate exceptional profitability. Environmentally, the plant
avoids 1.83 Mt CO2 over 25 years, with a carbon payback period of approximately 4 years.

The LCOE obtained is significantly below the global weighted average for utility-
scale solar PV (43 USD/MWh as indicated in [30]) and the South American average
(54 USD/MWh, as indicated in [22]). This exceptional competitiveness is explained by the
high solar resource (4.65 kWh/m2/day), the absence of land acquisition cost, low CAPEX
(57.03 MUSD), and favorable tax conditions. Even under the most pessimistic sensitiv-
ity scenario (Price −10% and CAPEX +15%), the IRR remains at 48.7%, confirming the
project’s robustness.

From a policy perspective, the results have clear implications for Ecuador’s energy
transition. Repurposing industrial land for solar PV offers a low-cost, low-conflict pathway
for renewable deployment. In hydropower-dependent systems like Ecuador’s, solar PV can
significantly reduce vulnerability to droughts, as evidenced by the 2024 power outages. The
LCOE of 14.5 USD/MWh demonstrates that solar PV is already cost-competitive with fossil
thermal generation, even without subsidies. Accelerated depreciation and VAT exemptions,
already assumed in the analysis, are effective instruments to attract private investment.
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Future research should address the limitations outlined in Section 4.6; specifically,
grid integration studies (load flow, curtailment, frequency regulation using tools such as
DigSILENT or PSS/E) are needed for project implementation. The inclusion of BESSs to
firm capacity and smooth hourly variability, as well as the integration of SCADA systems
for operational optimization, are promising lines of work. Finally, the replicability of
the proposed framework should be tested at other industrial sites in low-latitude, high-
irradiation regions.
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