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Abstract

Solar and wind variability can limit renewable generation under contrasting regional condi-
tions. This study evaluates a solar-wind-biomass hybrid system for Puerto Quito, Valencia,
and Tena, Ecuador, using MATLAB/Simulink R2024b with NASA POWER meteorological
inputs, PVGIS as a complementary solar reference, and biomass assumptions informed
by the Ecuadorian Bioenergy Atlas. Under a controlled biomass scenario of 1500 t/year,
the biomass subsystem supplied 87.7 kW. Mean hybrid outputs were 137, 130, and 128 kW,
equivalent to 1200.1, 1138.8, and 1121.3 MWh/year, respectively. Adding the common
biomass contribution reduced the relative regional spread from 22.3% to 7.0%, while the
absolute Puerto Quito-Tena difference remained 9 kW. Biomass sensitivity and analytical un-
certainty screening further characterized the influence of resource and model assumptions
on the comparative results.

Keywords: hybrid renewable energy; regional resource variability; biomass sensitivity;
solar photovoltaic; wind generation; energy-performance assessment; Ecuador

1. Introduction

The transition toward low-carbon energy systems requires greater deployment and
diversification of renewable electricity technologies [1]. Solar photovoltaic (PV) and wind
generation offer modularity, scalability, and low operational emissions, but their dependence
on meteorological conditions produces variable output. Combining resources with different
availability patterns can reduce dependence on a single source, although complementarity
remains strongly location-dependent [2].

Solar-wind systems have been widely studied to exploit daily and seasonal com-
plementarity [3]. Their assessment requires subsystem modeling and combined-output
evaluation [4], while architecture, sizing, and control also influence performance [5]. Op-
timization has been investigated under specific resource and operating conditions [6],
including heuristic and multi-objective approaches [7], while recent work emphasizes
forecasting, uncertainty, location-specific sizing, and multiresource integration [8].

Agricultural biomass can complement weather-dependent generation because residues
may be stored and converted independently of instantaneous solar and wind conditions.
Its use can support circular-bioeconomy strategies and reduce uncontrolled disposal [9],
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although deployment depends on seasonality, moisture, transport, storage, and com-
peting uses [10]. Gasification converts biomass into combustible gas through partial
oxidation [11]; performance depends on feedstock, reactor conditions, equivalence ratio,
and gas cleaning [12], while tar formation, feedstock heterogeneity, and conversion effi-
ciency remain important challenges [13].

PV-wind-biomass systems combine variable and comparatively controllable renew-
able sources [14]. Previous studies have mainly focused on optimal sizing [15] and cost—
environmental trade-offs [16], while cross-regional comparisons of the same three-source
architecture under controlled biomass assumptions remain limited.

Ecuador provides a relevant case because its geographic diversity produces marked
renewable-resource differences. Autonomous solar-wind systems have been modeled na-
tionally [17], whereas biomass integration remains comparatively underexplored. The
Ecuadorian Bioenergy Atlas provides residue and energy parameters [18], PVGIS provides
solar resource and PV performance information [19], and NASA POWER supplies me-
teorological data for energy applications [20], with reproducible computational access
documented in [21]. Accordingly, this study evaluates Puerto Quito, Valencia, and Tena
using a unified MATLAB/Simulink R2024b framework to (1) integrate solar, wind, and
biomass at the energy level; (2) compare mean power and equivalent annual energy under
a common controlled biomass scenario; and (3) assess relative regional dispersion, biomass
sensitivity, and analytical uncertainty.

2. Methodology
2.1. Study Framework

A comparative simulation methodology was applied to the solar-wind-biomass sys-
tem under contrasting Ecuadorian conditions. The workflow comprised resource data
preprocessing, independent subsystem modeling, and energy-signal aggregation, and re-
gional assessment of mean power, equivalent annual energy, relative dispersion, sensitivity,
and uncertainty. Puerto Quito, Valencia, and Tena represented humid subtropical, coastal,
and Amazon conditions, respectively. A common architecture and controlled biomass as-
sumptions isolated regional solar and wind differences. Figure 1 summarizes the workflow
using NASA POWER meteorological inputs, PVGIS as a complementary solar reference,
and biomass assumptions informed by the Ecuadorian Bioenergy Atlas.
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Figure 1. Workflow for resource processing, subsystem modeling, energy-level integration, regional
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2.2. Resource Data and Model Inputs

Daily 2024 meteorological inputs were obtained for Puerto Quito (0.150° N, 79.240° W),
Valencia (0.940° S, 79.350° W), and Tena (0.994° S, 77.814° W). NASA POWER supplied
global horizontal irradiation (ALLSKY_SFC_SW_DWN), ambient temperature (T2M, 2 m), and
wind speed (WS10M, 10 m), with native spatial resolutions of 1° x 1° for solar radiation
parameters and 0.5° x 0.625° for meteorological parameters. PVGIS was used as a com-
plementary solar resource reference. Before MATLAB/Simulink R2024b import, records
were chronologically ordered and screened for missing or non-numeric values. Daily solar
irradiation (kWh/m?/day) was converted to equivalent mean irradiance (W/m?); tempera-
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ture and wind speed retained daily mean resolution. The annual series were simulated in
January-June and July—-December intervals without temporal disaggregation and therefore
represent mean daily conditions rather than subdaily variability.

The PV array comprised 600 Jinko Solar Swan 60H modules (192 kWp), and the wind
subsystem used four 50 kW Aeolos-H turbines (200 kW total). Biomass was defined as a
controlled reference scenario based on generic agricultural residues rather than location-
specific inventories. A common availability of 1500 t/year, effective LHV of 9.00 MJ/kg, and
adopted conversion efficiency of 20.5% were applied to all locations, yielding approximately
87.7 kW. Moisture was not modeled separately and was implicitly represented by the
effective LHV. Biomass scenarios of 1200, 1500, and 1800 t/year were assessed. Table 1
summarizes the principal parameters and assumptions.

Table 1. Main system parameters and modeling assumptions.

Component Input or Parameter Value, Source, or Assumption
600 Jinko Swan 60H modules;
Photovoltaic Configuration and model treatment 192 kWp; irradiance- and

temperature-dependent output

Four Aeolos-H 50 kW turbines;

Wind Configuration and model treatment 200 kW total; operating curve-based
output
Generic agricultural residues;
Biomass Controlled reference scenario 1500 t/year; 9.00 MJ/kg; 20.5%;
87.7 kW
Biomass scenarios ~Annual biomass supply 1200, 1500, and 1800 t/year
Integration Assessment approach Energy-signal aggregation without

AC bus synchronization

2.3. Subsystem Models

The photovoltaic subsystem estimated electrical output from irradiance and cell tem-

perature as
G(t)
Ppy(t) = Ppy, < [1+9(T(t) = T,)], (1)
T

where Ppy , is rated power, G(t) and G, are incident and reference irradiance, 7 is the
temperature coefficient, and T,(t) is estimated from ambient temperature and irradiance
(G, = 1000W/m?, T, = 25°C). Additional inverter, wiring, soiling, shading, and degradation
losses were not modeled separately. Wind power was represented by

1
Py (h) = 5pAC, (A, po°(®), (2)

where p was treated as constant, A is swept area, Cp is the power coefficient, and v(f) is
wind speed. The Aeolos-H turbine model included non-generating, variable-power, and
rated power regions; site-specific air-density corrections were not applied. Because daily
mean wind speed was used, Weibull-based temporal uncertainty was assessed: for k = 2-3,
E[v®]/E[v]?= 1.40-1.91, indicating a potential 40-91% underestimation of the unconstrained
cubic term. This range is an uncertainty indicator rather than a correction of turbine output.
The continuous biomass mass flow was calculated as
oo = e 50" ®)
365 x 24 x 3600

and the corresponding electrical output as
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Pbio = mbioLHVbio,efobio X 103/ (4)

where My, is annual biomass supply, LH V), . is the adopted effective lower heating value,
and 7, is the adopted overall conversion efficiency. The reference assumptions produced
approximately 87.7 kW.

2.4. Hybrid Integration and Assessment Criteria
The hybrid output was obtained by aggregating the three generation signals:

Pry (1) = Ppy (£) + Py (1) + Py (£). (5)

Integration was performed at the energy-signal level without synchronization on a
common AC bus. Accordingly, the model assesses generation performance and source
contributions, but not voltage or frequency regulation, transient behavior, power quality, or
grid stability. The contribution of each source was calculated as

C = PP—Z x 100%, (6)
hyb
where P; represents the photovoltaic, wind, or biomass output. The representative output
for each location was the mean of the simulated daily power series over 2024. Equivalent
annual energy was calculated as
Eq = P x 8760, (7)

where P is the representative mean power in kW and E.q is expressed in kWh/year.
Regional output spread was quantified as

P

G — _max

P

= Prin 100%, (8)
where P and P, denote the highest and lowest regional mean outputs. The indica-
tor was applied to both the combined PV-wind output and the complete hybrid system.
Biomass availability was varied by £20% around 1500 t/year. Additional analytical screen-
ing considered effective LHV, conversion efficiency, operational availability, PV losses, and
wind resource uncertainty.

3. Implementation and Results
3.1. Model Implementation and Biomass Performance

The solar-wind-biomass framework was implemented in MATLAB/Simulink R2024b
using regional PV and wind inputs and a controlled biomass reference. Independent
subsystem implementation checks preceded energy-level aggregation; no experimental
subsystem validation was conducted. Figure 2 shows the model structure.

The biomass branch was held identical across locations to isolate regional solar and
wind differences. Under the reference scenario (1500 t/year, 9.00 M]/kg effective LHYV,
20.5% conversion efficiency), it supplied approximately 87.7 kW. The adopted efficiency is
close to the 19.9% value reported in the Ecuadorian Bioenergy Atlas (relative difference ~
3.0%), indicating parameter consistency rather than independent validation. Gas cleaning
losses, transient gasifier operation, and engine dynamics were not modeled.
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Figure 2. Functional architecture of the solar-wind-biomass model, including subsystem modeling,
energy-level aggregation, regional comparison, and sensitivity and uncertainty assessment. Dashed
arrows indicate the signal paths for solar inputs (orange), wind (blue), and biomass (green).

3.2. Regional Energy-Performance Results

Puerto Quito showed the highest mean hybrid output, followed by Valencia and Tena,
with 137, 130, and 128 kW, equivalent to 1200.1, 1138.8, and 1121.3 MWh/year, respectively.
Table 2 summarizes the modeled outputs, equivalent annual energies, and source contri-
butions. These values represent modeled mean-condition performance and should not
be interpreted as installed capacities, measured generation, or independently validated
subsystem outputs.

Table 2. Representative modeled power and equivalent annual energy results.

Indicator Puerto Quito Valencia Tena
Mean hybrid output (kW) 137.0 130.0 128.0
Combined PV-wind output (kW) 49.3 423 40.3
Biomass output (kW) 87.7 87.7 87.7
Equivalent hybrid energy (MWh/year) 1200.1 1138.8 1121.3
Equivalent PV-wind energy (MWh/year) 4319 370.5 353.0
Biomass contribution (%) 64.0 67.5 68.5

As the combined PV-wind output decreased across the three locations, the biomass
share increased from 64.0% in Puerto Quito to 68.5% in Tena. The relative regional spread
was 22.3% for PV-wind [(49.3 — 40.3)/40.3] and 7.0% for the complete hybrid system
[ (137 — 128)/128]. This reduction is mathematical: adding the same 87.7 kW biomass refer-
ence increases the common output baseline while the absolute Puerto Quito-Tena difference
remains 9 kW. Thus, biomass reduces relative regional dispersion without reducing the
underlying PV-wind difference or demonstrating lower temporal variability.

Figure 3 compares the hybrid outputs with the common biomass reference.

- == Biomass reference output (87.7 kW)
140 137 kW

128 kW

Modeled hybrid output (kW)

Puerto Quito Valencia Tena

Evaluated location Regional spread: 7.0%

Figure 3. Mean hybrid outputs under the common biomass reference scenario. The dashed line
denotes 87.7 kW; the relative regional spread is 7.0%, while the absolute Puerto Quito-Tena difference
remains 9 kW.
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3.3. Sensitivity and Uncertainty Analysis

Biomass availability was varied by £20% around the 1500 t/year reference case while
maintaining the effective lower heating value and conversion efficiency constant. The same
biomass levels were applied to all locations as controlled reference scenarios rather than site-
specific residue estimates. Because biomass power is proportional to mass flow under these
assumptions, supplies of 1200 and 1800 t/year produced 70.2 and 105.2 kW, respectively.
Table 3 summarizes the resulting biomass and mean hybrid outputs.

Additional analytical screening was used to characterize other model uncertainties
without treating them as new simulated cases. Because Py, o LH V', offbio, @ £10% relative
perturbation in either parameter would produce the same +10% change in biomass output
(78.9-96.5 kW); a 10% reduction in operational availability would likewise reduce the refer-
ence output to 78.9 kW. Moisture was not varied independently because its effect is implicitly
represented by the effective LHV. A hypothetical 10% PV loss would reduce hybrid output by
no more than 4.93, 4.23, and 4.03 kW for Puerto Quito, Valencia, and Tena, respectively, since
PV output cannot exceed the reported combined PV-wind contribution. Wind resource
uncertainty is treated separately through the Weibull-based temporal-resolution analysis in
Section 2.3. The regional spread declined from 8.1% in the low-biomass scenario to 7.0% in
the reference case and 6.2% in the high-biomass scenario. The Puerto Quito-Tena difference
remained 9 kW because an identical biomass increment was applied to all locations. Thus,
greater biomass availability increased total output and reduced relative dispersion without
altering the underlying PV-wind performance gap.

Table 3. Sensitivity of mean hybrid output to annual biomass availability.

Mean Hybrid Output (kW)

Biomass Supply (t/year) Biomass Output (kW)

Puerto Quito Valencia Tena
1200 70.2 119.5 112.5 110.5
1500 87.7 137.0 130.0 128.0
1800 105.2 154.5 147.5 145.5

3.4. Discussion

Regional hybrid performance remained conditioned by local solar and wind resources,
consistent with studies on resource assessment and geographically dependent solar-wind
balances [22,23]. Under the reference case, biomass contributed 64.0-68.5% and reduced
the relative regional spread from 22.3% to 7.0%. This reduction is mathematical: adding
the common 87.7 kW biomass reference increases the output baseline while the absolute
Puerto Quito-Tena difference remains 9 kW. Thus, relative dispersion decreases without
reducing the underlying PV-wind difference or demonstrating lower temporal variability.
Biomass has similarly been identified as a controllable contribution in hybrid systems [24].

Total output and source shares depend on assumed biomass availability. Because
residue supply varies spatially and seasonally [25], the biomass branch represents a con-
trolled reference scenario rather than location-specific or guaranteed continuous generation.
Biomass dominance reflects the adopted resource and sizing assumptions, while storage,
dispatch, cost, and reliability constraints may alter the preferred design [26].

Daily mean wind speed introduces temporal-resolution uncertainty because wind
power depends on v°. The Weibull-based sensitivity (k = 2-3) gives E[v*]/E[v]® = 1.40-1.91;
this is an uncertainty bound, not a direct turbine output correction. No independent
experimental validation of the PV, wind, or biomass branches was performed; therefore,
the results are comparative mean-condition estimates subject also to unmodeled PV losses,
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constant air-density treatment, and biomass assumptions. Signal-level integration assesses
energy performance rather than converter synchronization, power quality, or grid stability.

4. Conclusions

This study evaluated a solar-wind-biomass framework for Puerto Quito, Valencia,
and Tena using MATLAB/Simulink R2024b. The model combined location-dependent PV
and wind generation with a controlled biomass reference scenario. At 1500 t/year, the
biomass subsystem supplied 87.7 kW using an adopted conversion efficiency of 20.5%;
the 19.9% Ecuadorian value served only as a parameter consistency benchmark, not as
independent validation.

Mean hybrid outputs were 137, 130, and 128 kW, equivalent to 1200.1, 1138.8, and
1121.3 MWh/year, with biomass contributions of 64.0%, 67.5%, and 68.5%, respectively. The
common 87.7 kW biomass reference reduced the relative regional spread from 22.3% to
7.0%, while the absolute Puerto Quito-Tena difference remained 9 kW. Therefore, biomass
increased the common output baseline and reduced relative dispersion without altering
the underlying PV-wind gap or demonstrating lower temporal variability.

Overall, the study provides a controlled regional comparison of mean power, equivalent
annual energy, relative dispersion, and biomass sensitivity. Because no independent experi-
mental validation of the PV, wind, or biomass branches was performed, the results should
be interpreted as comparative mean-condition estimates rather than validated predictions of
actual generation. Future work should incorporate higher-resolution meteorological inputs,
location-specific biomass availability, storage and dispatch, techno-economic and environ-
mental assessment, and subsystem-level experimental or hardware-in-the-loop validation.
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