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This study evaluates the feasibility of wind energy for energy independence in Bangowan Tourist Village, Central
Java, Indonesia, using real-time monitoring via the ThingSpeak Internet of Things (o) platform. The novelty of this
work lies in combining loT-based real-time monitoring with Archimedes tutbines/tegassess renewable energy
feasibility in a rural tourist village context. The average wind speed was 6.04dm.s*1. A single Archimedes turbine
produced 5,284 Wh/day, while two turbines generated 10,568 Wh/day, equal t6¢82.95% of the 32,075 Wh daily
demand. Regression analysis showed a modest but significant correlatiop,between wind’speed and power (p = 0.043;
R2 = 0.049), while Tip Speed Ratio—Coefficient of Performance (TSR—Cp)‘analysis revealed a strong relationship (R?
= 0.867). The most effective configuration combined two turbines, 2 kWp phetevoltaic (PV), and a 5 kVA generator
set (genset) operating 4 h/day, achieving 108.81% adequacy at ~58'million Indonesian Rupiah (IDR). Results confirm
that small-scale wind is feasible if integrated into modular hybfid systems with 10T monitoring for reliable, cost-
effective rural electrification.
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HIGHLIGHTS

— Real-time loT (ThingSpeak) monitoring used40 assess wind energy feasibility in a rural tourist village.

— Archimedes turbines produced up to 10,568 Wh/day, covering 32.95% of village electricity demand.

— Strong TSR—Cp correlation (R2 = 0.867) reveals high@erodynamic efficiency at low wind speeds.

— Hybrid system (wind + 2 kWp PV + genset) achieved 108.81% energy adequacy at low investment cost.

1 Introduction
1.1 Rural Tourist

Tourism in rural areas is critical in achieving progeess in the economic, social, and cultural sectors [1]. Tourist Villages
are essential to sustainable touristidevelopment in Indonesia, with 6,108 tourist villages. The existence of tourist
villages not only provides a unique experience for tourists but also creates opportunities to improve the economy of
rural communities through small businesses, culture-based lodging, traditional cuisine, and handicrafts. The goal of
sustainable tourist development leads to job creation, improvement of local infrastructure, and business opportunities
for the community [2]. ¥arious technologies and innovations have been developed in strategically planning
sustainable tourist destinatiohs, including the Data-Driven Sustainable Smart City Framework (DDSSCF) Platform
[3]. One of the conditions that mustibe met in a tourist village is the guarantee of the availability of electrical energy
in the area. Reliablejelectricity intourist village areas can support the growth of tourist businesses to improve the
community's economy [4j

This research expleresithe:prespect of applying wind as a clean energy source to power generation in tourist village
areas. Although many studies on renewable energy apply wind power to the tourist sector, research on the potential
of data-based wind energy in tourist villages is still minimal. Copping et al. [5] explore applying ecological risk-based
approaches,in managing'wind energy development within wind farm settings. This contrasts with the context of tourist
villagesf'discussed in this study. In addition to discussing ecological aspects, the research also discusses
environmental and social factors, and there is no discussion based on real-time data on wind turbines. The study of
Sedai'et al. [6] is/a large-scale study (estimated at US$7-9 million) addressing the electrification of remote areas
using a‘cembination of solar and wind with a feasibility study-based approach. In contrast, this study evaluates the
performance of wind turbines in real-time based on ThingSpeak, specifically for small tourist villages that are far from
the reach of electricity.

This research is essential because it is directly related to the potential of wind energy, which is the main factor in
managing renewable energy in tourist villages. Please note that wind energy is intermittent [7] (not always available
at all times), so if the tourist village only relies on energy from this renewable energy without paying attention to its
potential availability, it may be at risk. As a result, it can experience power outages when tourists visit in large numbers [8].
This will undoubtedly affect the quality of tourist attractions and the village's attractiveness as a commercial
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destination. By analyzing the feasibility and potential of wind energy, tourist villages can carry out planning and
management to ensure that electricity remains available even when demand is high [9].

The lack of research examining the pattern of renewable energy availability based on real-time data in tourist villages
can hinder stakeholders in making decisions regarding renewable energy management goals. Chiwaridzo [10]
emphasizes the importance of renewable technologies for energy independence in Zimbabwe’s taurism industry,
while Li et al. [11] highlight how the transition to renewable energy plays a crucial role in minimizing thelenvironmental
impacts of international tourism. These insights confirm that accurate, real-time data are essential forisupporting
carbon reduction and promoting environmentally friendly tourism. Osorio-Molina et al. [12] further provide a
systematic review on tourism, energy, and sustainability, showing that the absence of real-time information often
leads to suboptimal investment and infrastructure decisions. Similarly, Jahangiri et al. 4] Stress that relying on
outdated data reduces the accuracy of feasibility assessments and increases the risk of pedr-energy planning.
Therefore, a responsive, real-time data-driven monitoring system is urgently needed to overcome these challenges
and enhance decision-making accuracy.

The Internet of Things (IoT) enables the connection of physical objects to internet-based systems for automatic data
exchange. For example, Tehrani and Atarodi [13] designed a high-precision gnergy)monitoring system for smart
energy applications. Krishna Rao et al. [14] applied 0T for intelligent energy management with forecasting and
optimization capabilities. More recently, Mallala et al. [15] demonstrated loT-basegsystems for power quality analysis
and real-time alerts. These examples highlight the suitability of lIoT for renewable*€@nergy monitoring, particularly in
rural tourist villages where real-time data is crucial for ensuring a reliable,energy supply. For instance, Mallala et al.
[15] demonstrated IoT-based systems capable of monitoring power qualityjwith real-time alerts, while Verma et al.
[16] reviewed environmental parameter monitoring systems to estimate renewable energy generation. Beyond
parameter tracking, Vairavasundaram et al. [17] developed an loT Based monitoring system for Doubly Fed Induction
Generators (DFIGs) wind turbines under voltage dips. Similarly 4Bekirsky et al. [18] provided a systematic review of
actor involvement in multi-renewable complementarity, emphasizing the role of real-time data for system
coordination. BoriCi¢ et al. [19] further reviewed short-term voltage, stability evaluation methods, confirming that
continuous monitoring enhances grid reliability and supports data-driven decision-making. Almihat and Kahn [20]
further demonstrated how centralized control systems for islanded microgrids depend on real-time monitoring to
balance distributed renewable generation.

This research offers a new approach to mapping thé availability of data-based renewable energy in tourist villages,
emphasizing real-time monitoring using the ThingSpeakiplatfomm. This contrasts with previous studies focusing on
historical data [21] and/or simulation [21]. The studydby Singh et al. [22] shows how real-time data may serve to
evaluate wind turbine performance under simulated conditions. A similar approach was used in this study, which
focused more on directly monitoring the winditurbines' performance of the installed setup through the ThingSpeak
IoT platform. In addition, recent research in Indongsia shows that wind energy potential varies between regions. For
example, a study by Wijanarko et al. [28]passessed the wind potential in West Java, Papua, and East Kalimantan,
with the result that Papua has the highestipotential, reaching 36.23 W/m2. This emphasizes the need for a specific
location-based study, such as in the Bangowan Tourism Village. In terms of turbine design, Wijayanto et al. [24]
proved that the combination of fibekglass-made Savonius—Darrieus turbines can improve aerodynamic performance
in urban areas, providing a relevant‘éemparison with the Archimedes turbines selected in this study. Technology
trends also point to the use of five-bladedi8D printing-based micro turbines, which have proven to be more efficient
in wind tunnel tests [25], thus opening up innovation opportunities for small-scale applications in tourism villages.

To assessing energy potential, the operational aspects of wind turbines are also an important concern. For instance,
Shalby et al. [25] investigated, the useé of 3D-printed micro wind turbines and highlighted efficiency challenges in
small-scale applications. In a relatéd study, Shalby et al. [26] analyzed dust accumulation in Ma’an wind farms,
showing how it red@ieges energy production by up to 6.4 million kWh per year. More recently, Shalby et al. [27]
examined how cloggedHilters in the nacelle can increase operating temperatures by more than 15°C, underscoring
the importance @fseffective maintenance strategies.

Recent reviews further highlight the importance of robust modelling frameworks for renewable energy planning. In
the 2024, Samarasinghe [28] analyzed thirty energy modelling tools, highlighting their applicability for achieving net-
zero emission targets.”In the same year, Mundu et al. [29] provided a critical review of simulation-based
methodologiesastressing the need for more robust approaches to capture system dynamics. Likewise,
Thirunavukkarasu [30] in 2023 presented a comprehensive review on hybrid renewable energy system optimization,
while Giedraityte'et al. [31] in 2025 extended the discussion by integrating technical, economic, and environmental
criteria Ate hybrid system evaluations. These most recent contributions indicate that energy system studies are
shifting toward holistic, multi-dimensional approaches, underscoring the necessity of combining technical feasibility
with real-time monitoring to ensure practical relevance.

So, the novelty of this research lies in using data observed in real-time with 10T ThingSpeak to map the availability
of renewable energy sources from wind turbines in tourist villages. Through this approach, the purpose of the
research can be detailed, namely, identifying potential renewable energy sources in tourist villages based on local
environmental conditions, such as wind speed.

The next goal is to measure and map the availability of wind energy using real-time monitoring on the ThingSpeak
loT platform. Once the potential renewable energy sources of tourist villages and their availability are known, we will
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be able to analyze the fluctuations in power and energy produced and evaluate what factors affect the stability of
their production. Finally, we will have loT-based renewable energy mapping model data that can be applied in tourist
villages as a reference for stakeholders in renewable energy management.

1.2 Location and Characteristics of Tourist Villages

This research was conducted in Bangowan Tourism Village, Blora, Central Java (6°56'50.6"S 111, 4.4"E), which

(lowlands to mountains) and a two-season tropical climate. The rainy season lasts from November to April, with high
rainfall accompanied by strong winds and lightning, while the dry season of May to Oc tends to be dry with
temperatures of 22—33°C. The geographical location of Bangowan Village and its surrounding teristics are are
depicted in Fig. 1.

Fig. 1. Map of Bang illage, Indonesia

|s located at an altitude of 126 meters above sea level, with a wind
v and Rosenblum [36], about 10% of studies noted that at low
n operate, although it is recommended that a minimum wind
speed of 7 m's?t is maintained. Bangow illage has a tourist destination called "Bukit Kunci", with an average
number of 600 daily tourists [34]. Communi tivities and the number of tourists visiting them will automatically
affect energy consumption patternSyin the village. The energy available in the Bangowan tourist village is electricity
from State Electricity Company (PL donesia’s state-owned electricity company. Electricity consumption in the
village fluctuates, not always steadily, ughout the year. On weekdays, electricity consumption tends to be
expected, with energy needs coming from households, public facilities, and small businesses such as stalls and
lodgings. But when enteriag school holldays and long holidays, energy consumption increases drastically along with
the increase in the numb , especially in homestays, stalls, and tourist attractions that extend their
operations compared to nor . In Bangowan Village, two units of wind power plants from the Archimedes
turbine have been i lled, as s in Fig. 2.

The Archimedes Wind ine was chosen because it proved efficient at low wind speeds based on simulations and
experimental t bines in the tourist village have a diameter of 1.5 m, a length of 1.2 m, and a sweeping
area of 1.77 m?, a generator of 500 W (12 V direct current (DC)) and a maximum output power of 200 W (220 V
alternating current . The cut-in speed is 1.1 m's'1, and the rated speed is 5.2 m-s-1, while the cut-out is considered
zero because it remains‘operational in strong winds. The circular three-blade design supports efficiency in low-wind
areas, being environmentally friendly and attracting tourists.

The area of Bangowan Village is 600.9 Ha [
speed of 6 m's [35]. Based on research by Do
wind speeds, an average of 4-6 m-s?
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2 Materials and methods

e's electricity needs, sensor installation and
ds of families out of 589 total, based on the
the duration of its use. Public facilities also
collect data to obtain a comprehensive picture of energy needs. The sefsor is installed and validated by comparing
the results against standard measuring instruments (multimeter, tachometer, and anemometer), and the error rate is

The pre-processing stage includes the identification of the to

as a percentage of the total readings. Table 1 su
in this study.

Instrument Model Accuracy Use Reference
RS-FSJT (ZTS- 0 Monitoring wind RS-FSJT
Anemometer 3000 series) 3% FS speed Datasheet [38]

600 VACIDC, | +0.5% (DC V), | Voltage, current,

Mat'i?g::er Ki’gggsge(rﬁ\)’v 11 Up to 10 A, +1.0% (AC V), resistance Kyo”ts[gg'\]"a”“a'
R: up to 40 MQ +1.5% (Current) validation
0-20,000 rpm Rotor speed
Tachometer (rotation), +0.05% reading (RPM) and CT6235B
5 cm/min — 2 + 1 digit torque Manual [40]
km/min (linear) calculations

nd accuracy of the measurement instruments used in this study are summarized in Table 1.
e employed to validate the installed sensors and ensure reliable data acquisition. After
of the sensors into the wind turbine system was carried out, as illustrated in Fig. 3.

The specificatio
These instruments
validation, the integrati
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Consumer
(AC220V)

s T T T e

Wireless Sensor
. (Wind Speed & Power)

with a minimal variance [41]. Key data was ob

which records the performance of wind time, following the steps shown in Fig. 4.

/ Collect Data from Send Data to
| S ensor I\v[l crocontroller

Create Channel in ™ — m&: :
[ ThingSpeak and Sct e ThingSpeak | mpr b ‘: | [ icrocontroller to)
Parameter (Name, Platform \ o . Wi-Fi Network
Description) - : el Ll N _
/Send Sensor Data in™ 7 Visualize Dat\\ /Monitor fonitor Wind
JSON Format or via (Time Graphs, B pced Conditions
\._ HTTPPOST Charts, Map} _in Rcal Time
= ' ' TN
/ 3

Fig. 4. ThingSpeak loT sensor data flow and monitoring diagram [42]

Sensor data monitoring begins with the installation of wind speed sensors. The data obtained is sent to a
microcontroller connected to the Wi-Fi network and forwarded to the server for analysis. On the ThingSpeak platform,
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users can send sensor data in JavaScript Object Notation (JSON) format or via Hypertext Transfer Protocol (HTTP)
POST method [42]. Each user creates a channel in ThingSpeak that stores the data collected by the PZEM-003/017
DC sensor. In addition, users can set parameters such as name, unit, and description. ThingSpeak also provides
tools to visualize data through time graphs, bar charts, and maps, allowing users to monitor conditions and obtain
real-time data on wind speed, voltage, current, power, and energy.

The feasibility of wind turbines is analyzed through two stages. First, energy potential estimatio rried out by
associating wind speed data and turbine power curves, then comparing it with the electricity nee i
[43]. Second, turbine performance was evaluated using wind speed, revolutions per minute (RPM), Tip Sp
(TSR), and power coefficient (Cp) data from February to April 2025.

The TSR and (Cp) are widely used indicators of energy conversion efficiency in wind turbines. explained by Jha
[44], the theoretical maximum value of C, is 0.593, a limit established by Betz's law. Howe n [45] critically
examined this concept and proposed alternative approaches for evaluating wind turbin ormance beyond the
traditional Betz limit. Cp, is calculated using Eq. (2).

_ Pmechanics

Cp

@

Paerodynamics

Where C; is the power coefficient (dimensionless), Pmechanics is the mechanical
and Paerodynamic IS the aerodynamic power available in the wind before interactin
calculated using Eq. (3).

r generated by the turbine (W),
ith the turbine (W). Paerodynamic

@
ity (1,225 kg/m?3), A is the rotor swept area

Paerodynamics = Ep. AV3

Where Paerodynamic is the aerodynamic wind power (W), p is th
(m?), and V is the wind speed (m-s?)

The values of turbine power (P) and wind speed (V) were obtained loT-based ThingSpeak's monitoring system,
while the swept area (A) was calculated using 1r2 based on the turbife radius. The mechanical power was then
calculated using Eq. (4).

W ®)

Where Pmechanics IS the mechanical power output o
and w is the angular velocity of the turbine (rad.s™?),

The post-processing stage consists of two
based on the average wind speed and compa
scenario analysis is carried out, such as.i
The next stage concludes the practical i
system for developing sustainable energy s

energy independence and the effectiveness of the monitoring
ms in tourism villages.

3 Results and discussion
3.1 Data acquisition and sensor validation

Bangowan Tourism Village needs electricity of 32,075 Wh daily to run various facilities. The sectors with the highest

7600
Trade & Industry
Household

Health Facilities

Sector

Education

Worship Facilitiesf

Sports Facilities

0 1000 2000 3000 4000 5000 6000 7000
Energy Demand (Wh)

Fig. 5. Energy needs of tourist villages by sector
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Wind speed data is monitored using the ThingSpeak platform, after sensor validation is carried out by comparing it
with standard measuring instruments. All sensors exhibit a high level of accuracy, which is 96.59% for wind speed,
97.5% for voltage, 96.8% for current, and 96.48% for RPM. These results show that the average error is minimal and
that the sensor is accurate and reliable for measurements [46]. After sensor validation is done with more than 95%
accuracy, the next step is to record the data through ThingSpeak, as shown in Table 2.

Table 2. Summary of Data Recording from the ThingSpeak Platform

- ThingSpeak Recording
No Description X
February March April
1 N Data Valid 102,772 102,77 102,772
Missing 0 0 0
Min i 2.40 2.89
2 Max W'?Eﬂiﬂ)%d 9.80 8.70
Average 6.10 5.80
Min 12.18 7.66
3 Max Vogf)ge 14.36 14.35
Average 12.82 11.87
Min 0.64 0.02
4 Max C“&‘;”t 0.9 1 0.94
Average 0.73 0.57
Min 7.5 0.1
5 Max PE’\)’V")er 14.2 14.6 13.4
Average 9.37 7.09
Min 1,661 8,432
6 Max 8,425 10,764
Average 5,163 9,850
Table 2 shows that over the three months of observati e average wind speed ranged from 5.80 to 6.31 m'st,
enough to operate the turbine above the cut- eed. Voltage and current show stability, with an average voltage of

about 12 V and a current of 0.57-0.75 A. The hi t average power was recorded in February (9.6 W), while energy
production increased significantly from
acquisition runs consistently and reliably*kbe raw data from the ThingSpeak recordings is available in comma-
separated values (CSV) format and can be

er Output (Watt)

Wind Speed (m/s)

Fig. 6. Influence of wind velocity on turbine power generation
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As shown in Fig. 6, the increase in wind speed is directly proportional to the increase in turbine output power,
according to the wind energy productivity theory [36]. To support these findings, Fig. 7 presents the daily wind speed
fluctuations at the study site from February 5 to April 5, 2025. The data showed an average wind speed of 6.04 m's1, with
a maximum of 12.20 m's’t. The average has exceeded the cut-in speed of 1.1 m's, indicating that,the turbine is
viable for operation and generating power. This is in line with [46], which states that the turbine canfstill operate at
low speeds (<2.0 m's't) through improvements in rotor and generator design.

Wind Speed (m/s)

—&— Daily wind Speed
Mean: 6.04 m/s
—-= Maximum: 12.20 m/s

Date

A linear regression analysis between wind speed and power generated is performed to measure how wind speed
affects power output, as shown in Table 3.

Table 3. Simple Linear Regressighn Reldting Wind Velocity and Generated Power

Regression . .

Coefficient B Std. Error Sig R R F
(Constant) -4.228 13.948 .303 0.763

Wind Speed 4.660 2.2 0.043 0.222 0.049 4.238

The regression results (Table 3) showed th

ind speed had a significant effect on electrical power (p = 0.043; F =
4.238), although the contribution relatively

all (R2 = 0.049). The regression equation is:
Po -4.228 + 4.660 x WindSpeed 4

Equation (4) shows that every 1 m-st increase in wind speed is estimated to increase power by 4.66 W. The intercept
value —4.228 is not physicgally significant, but is required as a component of the model. These findings are in line with
[47], that is, at low wind influence of the casing design on turbine performance is relatively small.
e role of the casing design becomes increasingly significant because it is able
the turbine blades, thus increasing or decreasing the overall efficiency of the

to direct airflow m
system.

3.2 Technica

alysis of Wind Turbine

To test the technica

sibility of the Archimedes wind turbine in this study, an estimate of wind power potential was
carried out based on

gspeak data compared to the turbine power in theory presented in Fig. 8.
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tagnate be 25 W. At a mean wind velocity
:s1), it can be said that the turbine is feasible
because the power produced is much lower

recorded of 6.04 m's't, which is higher than the cut-in speed (1.
to operate and generate power. However, this feasibility is no
than the theoretical power produced at higher wind speeds. T related to opinions Sedaghat, et al [48] and
Emeksiz [49], which state that to ensure that the turbine operates optimally, the wind speed must often reach the
Rated Speed or higher, so that the power produced is maximized by the theoretical power.

Furthermore, the potential wind energy that the turbingican generate during the observation period can be observed
in Fig. 9.

—a— Daily Energy - April
—a— Daily Energy - February
—a— Daily Energy - March

500 4

400 4

300

Total Energi (Wh)

100 +

T : T : : :
S N ] > "l 3
2 S nY S ne o
v g & & g &
N o o o ol o
WV v WV v v

Date

Fig. 9. Daily average energy

the weak pility of the energy generated due to wind variability, this small-scale wind turbine system is still
technically feasible if supported by wind condition monitoring and periodic maintenance to keep its performance
optimal. These results align with findings from [50], which emphasize that remote monitoring via wireless systems
can improve turbine operability by reducing the frequency of direct inspections and allowing for rapid response when
needed [26].

3.3 Wind Characteristics at Bangowan

Analysis of wind direction and speed at the Bangowan Village location during the January—July 2025 period is shown
in Fig. 10. The distribution of wind direction based on NASA POWER data ((Wind Direction at 10 m, WD10M; Wind
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Speed at 10 m, WS10M)) shows that the dominant wind gusts originate from the east (E) to East-Southeast (ESE)
sectors, with an incidence frequency of more than 14% of the total daily data. In addition, significant contributions
were also identified from the West—Northwest (WNW) to northwest (NW) direction, albeit with lower intensity.

E ENE

from the east-southeast sector. Meanwhile, spee m-st are relatively rare, with the main contribution
coming from the northwest and east. This condition con at the research location is included in the category of
areas with low to medium wind potential, at the selection of low-wind speed turbines (e.g., Archimedes or

Speed (m/s)
. (-0.001, 2.0)
- (2.0, 4.0]
N (4.0, 6.0]

NNW

Wsw w

Fig. 11. Distribution of wind direction and wind speed classes at 10 m height (January—July 2025); Source: NASA
POWER data [51]
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This wind speed class, direction, and distribution pattern support the strategy of implementing small-scale wind
turbine systems for independent energy needs in the Bangowan area, noting that energy output will be more stable
when combined with other renewable energy sources, such as solar panels.

3.4 Strategy Effectiveness in Addressing Limits and Operational Challenges

The strategies proposed in this study are effective because they combine three key approaches£Fisst, the use of
Archimedes turbines has been proven to be suitable for areas with low to moderate wind sp i

Second, the application of loT-based monitoring systems such as ThingSpeak enables
performance. Viegas et al.[42] demonstrated the reliability of loT platforms for handli
whereas Selvaraj and Selvaraj [50] emphasized the role of IoT in predictive maintenance, e
in efficiency or technical glitches can be detected and addressed before leading to_.major failures.

Third, the hybrid system configuration strategy (wind turbine + solar panels + b 0 enerator) directly addresses
the challenge of intermittent wind energy availability by allowing complement erent energy sources.
Wijayanto et al. [24] illustrated how integrated turbine design supports hybridypsolutions, while Javed et al. [37]
explained how hybrid systems with storage reduce risks associated with weathegyvariability, peak demand, and
maintenance requirements. Overall, the integration of these three approaches ensuresithat the proposed strategy is
not only technically feasible but also resilient in addressing both operatignal limitations and long-term energy
challenges in rural tourist villages

king of turbine
data transfer,
that decreases

Qb

3.5 Performance Evaluation of Wind Turbine Based on Fiel

This analysis was conducted to assess wind turbine performal
and TSR and the association between TSR and the Cp. Fig. 12 il
the TSR.

ploring the correlation between wind velocity
tes the correlation between wind velocity and

o Data TSR
5 ! Optimal TSR Range = 1.5-2.3
' (Dai et al., 2024)
4 -
) 'n %

NN
N —

v
M ®8c0 00 o . .
1 6 8 10
Wind Speed (m/s)
Fig. 12. Graph of Wind Speed and TSR Relationship

1ows the correlation between wind velocity and the TSR, with the shaded area marking the optimal

Tip Speed Ratio (TSR)

to maintain“system performance. Simultaneously, the turbine’s efficiency in converting wind kinetic energy to rotor
mechanical energy was assessed by analyzing the relationship between TSR and C,, as shown in Fig. 13.
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p, With the red dashed line marking the Betz
he C, value increases as the TSR increases,
to the point that it approaches and even appears to exceed the Betz limit at some point. Although theoretically the
C, cannot exceed 0.593, the occurrence of values above that limit is likely due to fluctuations in experimental data,

the excessive electrical load connected to the turbine, ¢ g the blade rotation speed to decrease so that the TSR
becomes lower than optimal [54]. For the tu to work close to the optimal value, all that needs to be done is to
adjust the load or control system of the turbine. imum Power Point Tracking (MPPT) can ensure that the turbine
continues to work at the optimal TSR PT system can adjust to excess electrical loads. In addition,
optimizing the location and height of the ine can also make the turbine work at optimal TSR. The higher the
turbine, the more likely it is to get wind at a e stable speed, so the optimal TSR is easier to achieve with this
Archimedes turbine [55].

A statistical linear regression analys s carried out to strengthen the findings on evaluating the relationship
between TSR and Cy, as presented in Table 4.

Table 4. Statistical analysis of the relationship between C, and TSR

Regression . )
Coefficient B ror t Sig R R F
(Constant) 0.002 -364.924 0.000

TSR 0.000 677.806 0.000 0.931 0.867 459421.125

The lin sion equation is as follows:
Cp=-0.59 + 0.302. TSR (5)
As show . (5), a one-unit rise in the TSR leads to an increase of 0.302 in the C,. This implies that a higher TSR

to wind velocity corresponds to a proportionally improved turbine efficiency in converting wind kinetic energy into
electrical power (Cy).

An R2 value of 0.867 suggests that 86.7% of the variability in C, can be attributed to variations in TSR, and other
factors can explain 13.3%. Some of these different factors include the pitch angle of the bar [56], air density [57],
Wind Turbulence [58], and blade aerodynamic design [59].

To determine the efficiency of the Archimedes turbine compared to other turbines intended for low-speed wind, you
can see the comparison based on the reference Jha [44] in Fig. 14.
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Fig. 14. TSR vs C, comparison for actual

f different types of wind turbines with distinct characteristics.
C, value of about 0.59 at a TSR of 2.4, which is close to

Fig. 14 shows the correlation between the TSR and C
It can be seen that the Archimedes turbine has am
Betz's theoretical limit of 0.593 [45]. Compared to
Multi-Blade, which can only reach C, below O. edes turbine exhibits much better aerodynamic
performance in the low to medium TSR range. Mean h-speed turbine types such as the High-Speed Two-
Blade have high C, values (~0.4-0.45), operate at a TSR"above five, and are unsuitable for areas with low wind
speeds. With this in mind, the capacity of Arc des turbines to achieve high efficiency at low TSRs makes it an
ideal choice for rural or remote areas wi e wind speeds. Its efficient performance also shows excellent
potential to be applied in distributed gen s, especially in regions difficult to reach by conventional power
grids.

3.6 Assessment of Energy Su Adequacyfor Local Electricity Demand

Next, the adequacy of electrical energ duced from wind turbines will be evaluated, and the energy needed in the
location of the tourist village will be compared. The summary of monthly energy can be seen in Table 5.

Table 5: Monthly Energy Summary

Month (0] atiopfDay Total Energy (Wh) Average for the Day (Wh)
Februari 11,931.00 542.36

Maret 31 156,922.96 5,062.03

April 30 307,436.00 10,247.87

Data from Februa April 2025 shows a significant increase in daily energy, from 542.36 Wh in February to
10,247. 87 Wh in April.“The daily average for 83 days reached 5,284.09 Wh. With two turbines, the total energy per
day is € ated at 10,568.18 Wh, only sufficient for about 32.95% of the daily needs of tourist villages, which reach

32,075 hows that wind-based systems have not been able to fully meet energy needs.

This ¢ panson hows that the current wind turbine system only covers about 32.95% of the village's electricity
needs s that even though there are two turbine units, the contribution of wind energy is not entirely
sufficient. There is still a difference of about 21,506.82 Wh per day that must be met from other sources or the backup

system. Several scenarios can be considered to overcome this shortcoming, involving Photovoltaic (PV) panels as
an additional renewable sourceas shown in Table 6.
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Table 6. Tourist Village Energy Fulfillment Scenario

Total Energy

) Adequacy
Scenario Available % Keterangan
(kWh/month) (%)
. Not enough, need additional energy (lhvestment (IDR
2 turbines 317.0 32.95 36,000,000)
I 2 turbines + 4 additional 951.0 98.83 Almost enough, a significant investment (Investment
turbines ’ ’ (IDR 108,000,000)

2 turbines + 1 kWp + 802.0 8335 Almost enough (Investment{(IDR 363000,000 + IDR
Generator set 3 hours/day ’ ’ 5,000,000 + IDR 10,000 = IDR 54,,000,000)

2 turbines + 2 kWp PV + 10470 108.81 Sufficient energy (Investment (IDR,365000,000 + IDR
Generator set 4 hours/day ’ ’ 10,000,000 + IDR 10,000,000 = IDR 56,000,000

Notes: IDR = Indonesian Rupiah.

Table 6 summarizes four energy supply scenarios for tourist villages based ofitotaldnonthly energy, adequacy, and
estimated investment. Scenario | only use two turbines with insufficient output (33%;,.IDR 36 million). Scenario Il adds
four turbines, increasing sufficiency to 99% with a high investment (xIDR 108 millien). Scenario Il combines two
turbines, a 1 kWp solar panel, and a 3-hour/day generator, achievingp83% sufficiency with a more moderate
investment (xIDR 51 million). Scenario IV is the most technically feasible cenfiguration, with two turbines, a 2 kWp
PV, and a 4-hour/day generator, resulting in 108.81% energy adequacy with an investment of £IDR 56 million, making
it the most balanced solution. The combination of wind turbings” and solar panels is rated as the most realistic
alternative. Based on ThingSpeak data and research sites at angaltitudé of >100 meters above sea level, the potential
of sunlight is quite good [37], so that PV integration can cover<the energy shortage more stably [55]. This hybrid
system is also in line with the development of sustainable energy andsindependent tourism villages

3.7 Research Implications and Recommendations for Renewable Energy Planning

Based on the feasibility analysis and tested scenariog;'employing wind turbines as the primary energy supply shows
a significant contribution, but it is not yet fully ablg’to meet the needs without being supported by other sources.
Therefore, a hybrid approach combining wind turbines{ solargpanels, and backup generators is the most realistic
option for achieving technical and economic energy sufficiency.

The system configuration in scenario 1V, namely two wind turbines, two kWp PV, and a five kVA generator that is on
for 4 hours per day, has been proven to be ablejio meet the full energy needs (108.81%) with a total cost-efficient
investment (xRp 56 million). This desigamisstechnieally efficient, economical, flexible, and adaptable in various
locations. Taking into account the stabilify of supply and the minimization of operational costs, these results
recommend that a "hybrid system with a moddlar design" consisting of components that can be added or subtracted
according to field needs can be the leading solution in the development of renewable energy for tourist areas or
remote rural areas. Recommendations for future research include exploring the integration of energy storage
technologies, such as batteries, and the“petential for financing involving the participation of residents or institutions,
to accelerate the implementation of this kind of system.

These findings are in lineqwith the results of a rural electrification study in Nepal, where Sedai et al. [6] reports that
self-sustaining wind energy“projectsare rarely able to meet needs without the support of solar panels and energy
storage systems, due to the highévariability of resources and capital requirements. This is consistent with the
Bangowan case, where two Archimedes turbines could only provide about 10,568 Wh/day equivalent to ~32.95% of
the daily electricity demamd of 32,075 Wh, showing that wind alone is insufficient. Similarly, in the tourism sector in
Zimbabwe, Chiwaridze,[60]*emphasizing that the adoption of renewable energy will provide the greatest benefits
when integrated*with green supply chain management, thereby not only ensuring technical adequacy but also
strengthening energydindependence and operational resilience. Overall, the two studies show that for a tourist village
like Bangowan, a hybridfenewable energy system not only needs to be optimized from a technical point of view, but
also negds to'be supported by a socio-economic and managerial framework in order for sustainability and scalability
to be achieved.

4 Conclusions

This study has analyzed the wind turbine output performance based on actual data obtained from the ThingSpeak
platform, focusing on evaluating the correlation between wind velocity, TSR, and Cp. The findings derived from the
analysis showed that the wind turbines used had optimal performance at certain TSRs, with an average wind velocity
at the study location of 6.04 ms?

Regarding energy availability, one turbine unit produced 158.5 kWh of energy per month during the observation
period. With two turbines installed, the total energy production reaches around 317 kWh per month, which covers
about 33% of the total electricity needs of the tourist villages of 962.25 kWh per month. This indicates that the
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potential of wind energy at the research site significantly contributes, but has not fully met energy needs
independently.

Therefore, based on the performance and technical feasibility study results, the wind turbine system in the Bangowan
tourist village can be categorized as technically feasible as a potential replacement for conventional energy systems.
To truly achieve energy independence, it is necessary to increase the capacity of the system, one of @which is through
a configuration as in Scenario 1V, namely two wind turbines, two kWp solar panels, and a five kVA geénerator that is
operated 4 hours per day, which in total can produce 1,047 kWh per month, exceeding the needs and ehsuring the
sustainability of energy supply for electricity operations in the tourist village area.

Future research can take advantage of the continuous loT-based ThingSpeak monitoring, which is still running, to
capture long-term and seasonal variations in wind energy availability. Extending the dataset_beyond the initial
observation period will allow more accurate modeling of performance trends and reliabilityi Thisfeanialso support the
optimization of hybrid system configurations for achieving energy independence in tourist villages.
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