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Abstract: Rural electric mobility in Indonesia remains constrained by limited charging infrastructure and unreliable
access to grid electricity, particularly in remote areas where motorcycles are the dominant mode of daily transport. At
the same time, Indonesia has strong year-round solar energy potential due to its equatorial location. Although solar
photovoltaic (PV) charging has been widely recognised as a promising option for off-grid mobility, limited research
has examined its suitability for hybrid electric motorcycles (HEM) under actual rural operating conditions. This
study combines field measurements and simulation-based modelling to evaluate the daily energy demand of HEM
and to assess the feasibility of PV-assisted off-grid charging in rural Central Java, Indonesia. The analysis shows that
daily energy demand ranges from 1.2–1.5 kWh, depending on terrain, payload, and travel speed. Simulation results
indicate that a system consisting of a 200 Wp PV module, a 1.5 kWh battery, and regenerative braking support can
satisfy approximately 87% of daily energy demand during the rainy season and 97% during the dry season. These
findings demonstrate the technical potential of solar-assisted HEM for rural transport and provide practical reference
values for the design of decentralised off-grid charging systems.
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1 Introduction

The global shift toward sustainable transportation becomes inevitable due to the need to curb greenhouse gas
emissions, reduce fossil fuel dependency, and mitigate climate change impacts. Electric vehicles (EVs) have received
widespread attention as a clean mobility solution, supported by rapid advancements in battery technology, power
electronics, and renewable energy integration [1]. However, EV deployment remains uneven, which is largely
more concentrated in well-developed urban regions where charging infrastructure and stable electricity supply are
available [2] rather than in rural areas.

In Indonesia, particularly in remote areas, motorcycles are the dominant mode of transportation due to their
affordability, maneuverability, and suitability for the unpaved or narrow rural roads [3]. However, reliance on this
motorcycle with an internal combustion engine (ICE) system results in more fuel consumption, emissions, and user
dependence on unstable and costly fuel distribution systems [4, 5].

On the other hand, fully electric motorcycles appear as a more environmentally friendly alternative. However,
the fully electric motorcycles’ reliance on grid-based charging presents limitations in off-grid regions characterized
by unreliable electricity access, long charging cycles, and unavailability of technical support [6]. For these rea-
sons, hybrid electric motorcycles (HEM) may promote a more realistic transitional technology by offering electric
propulsion efficiency due to the operational resilience maintenance under infrastructure limitations [7, 8].

For the equatorial region like Indonesia with a sufficient solar irradiation throughout the year, solar photovoltaic
(PV) charging technology presents a promising renewable option for off-grid mobility [9]. Despite of this, previous
studies remain two major existing research gaps: (i) theoretical gap—previous studies primarily discuss solar-powered
or electric two-wheelers applications without taking into account the real rural operational variables such as terrain
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variation, payload, and speed dynamics [10]; and (ii) practical gap—there is limitation on empirical data and sizing
guidelines for PV–battery configurations specifically for rural motorcycle application [11].

Therefore, this study proposes an integrated empirical–simulation approach that combines field-based energy
demand measurements across multiple terrain types and hybrid PV–battery–regenerative braking system modeling.
The study is expected to provide a data-driven energy demand model and optimal off-grid PV sizing recommendation
specifically for rural HEMs applications. Thus, the study is further expected to enable context-appropriate design
development rather than simply performing extrapolation from urban EV assumptions. The outcomes are expected
to serve as a replicable framework for decentralized community-based rural e-mobility planning development.

2 Methodology

This study adopted a three-stage sequential framework consisting of (i) rural mobility and environmental
data acquisition, (ii) empirical energy-consumption testing, and (iii) modelling and simulation of the standalone
PV–battery–regenerative configuration.

2.1 Study Area and Research Design

The research was conducted in rural areas of Cilacap and Banyumas Regencies, Central Java, Indonesia, where
motorcycles represent the primary mode of transportation for daily commuting, agricultural logistics, and goods
delivery. These areas were selected due to limited charging infrastructure, mixed road surfaces, and variable terrain
profiles, which are representative of off-grid motorcycle usage conditions [12]. A field-based empirical-simulation
hybrid research design was employed to capture both real-world energy-demand characteristics and techno-economic
feasibility of off-grid solar-assisted charging scenarios.

2.2 Phase 1: Rural Mobility and Solar Resource Data Acquisition

A structured survey was conducted among active daily motorcycle users using purposive sampling. Collected
variables included trip frequency, travel distance, dominant terrain type, payload mass, travel time windows, and fuel
cost. The derived mean daily travel distance served as the baseline energy-demand factor for subsequent analysis.

To characterize site-specific renewable energy availability, a pyranometer was deployed to record global horizontal
irradiance (GHI) at one-minute intervals across representative dry- and rainy-season periods. Ambient temperature
and relative humidity were recorded simultaneously due to their influence on PV cell efficiency. The GHI data
were post-processed to obtain daily average solar energy (kWh·m−2·day−1), seasonal variation bands, and hourly
irradiance profiles, which were used as boundary conditions for the PV-output model.

2.3 Phase 2: Experimental Energy-Consumption Measurement

Empirical energy-consumption measurements were performed using a 110-cc motorcycle operated under con-
trolled field trials across three terrain categories: asphalt, unpaved, and hilly routes, with two payload conditions
(single rider and rider plus 30–60 kg load). An inline DC power analyser (Egteks Mpower 1203; accuracy ±0.5%
reading ±2 digits, ±0.2% voltage, ±0.8% current) was installed between the battery and controller to measure
real-time electrical parameters (voltage, current, and instantaneous power). Data were logged at 10 Hz to capture
transient load events, including acceleration, deceleration, slope transitions, and surface condition changes.

Prior to deployment, the analyser was calibrated using a certified DC power source with ±0.2% accuracy and
cross-checked using an IEC-61010-compliant multimeter. Each terrain-speed-load scenario was repeated three times,
and results were reported as mean values following outlier removal using an interquartile range (IQR) threshold of
±10% from the median.

2.4 Phase 3: Hybrid Energy-System Modelling Framework

A standalone solar-assisted hybrid charging system integrating a PV module, lithium-ion battery, and regenerative
braking subsystem was modelled using empirical inputs obtained from Phases 1 and 2. The PV subsystem was
modelled based on measured GHI profiles, module efficiency, and derating factors including temperature impact,
dust deposition, cable losses, and partial shading. The battery subsystem was modelled using rated capacity, depth-
of-discharge (DoD), round-trip efficiency, and dynamic SOC limits, while the regenerative subsystem was modelled
using kinetic-energy recovery functions based on braking and downhill operation probability [13].

2.5 Mathematical Modelling and Governing Equations

The modelling approach employed vehicle longitudinal-dynamics and energy-balance principles to derive
mechanical-to-electrical energy demand, PV-generation potential, regenerative-energy recovery, and SOC evolu-
tion. The key governing equations are presented in Eqs. (1)–(10), along with corresponding variable definitions and
SI units. The feasibility criterion was defined as:
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To account for real-world uncertainties, a seasonal stochastic assessment was performed by simulating dry-season
and rainy-season irradiance profiles based on local pyranometer measurements and validated meteorological data.
Variability in energy demand was also considered through distance-range fluctuation derived from the rural mobility
survey. System reliability was evaluated based on the percentage of daily energy demand met under both seasonal
conditions while maintaining SOC above the specified threshold.

The mathematical formulation presented in this section aims to establish a deterministic relationship between
the motorcycle’s mechanical energy demand, the electrical energy supplied by the PV–battery–regenerative system,
and the State-of-Charge (SOC) evolution throughout daily operation. All governing equations were derived based on
fundamental vehicle longitudinal dynamics and energy balance principles. The modelling approach integrates terrain-
induced resistance, real-world driving conditions, and component conversion efficiencies to accurately represent
off-grid operational scenarios.

The total mechanical energy demand required for propulsion was computed by summing four primary resistive
forces: aerodynamic drag, rolling resistance, road gradient force, and inertial acceleration [14]. These forces
collectively reflect the characteristics of rural driving conditions, where variations in surface type, slope, and speed
are more prevalent than in urban settings. The corresponding vehicle force model is expressed as Eq. (1).

Eroad =

∫
(Faero + Frolling + Fgrade + Facc) · v(t)dt (1)

where, Faero accounts for air resistance, Frolling represents losses due to surface friction, Fgrade captures the effect
of uphill or downhill motion, and Facc models’ transient acceleration demands.

Mechanical energy demand was converted into electrical energy demand through the drivetrain efficiency to
reflect the energy drawn from the battery (Eq.(2)).

Eel =
Eroad

ηdriveterain
(2)

To estimate the renewable energy harvested, the instantaneous PV output power was simulated using irradiance
data as a time-varying boundary condition, defined as Eq. (3).

PPV (t) = G(t) ·Acell · ηcell · ηsys (3)

where, ηsys incorporates inverter, wiring, and temperature losses. The daily PV energy yield was obtained via
numerical integration over a 24-hour window (Eq. (4)).

EPV,day =

∫ 24

1

PPV (t)dt (4)

Regenerative braking energy recovery was integrated into the model to represent kinetic energy recovery during
deceleration and downhill motion (Eq. (5)).

Pregen(t) = ηregen ·mgh(t) (5)

The dynamic SOC tracking model was implemented using a forward-time update rule (Eq. (6)).

SOC(t+ 1) = SOC(t) +
Pin(t)− Pout(t)

Ebat,rated
(6)

where, the minimum SOC is 20%.
Finally, system feasibility for each scenario was evaluated using the following daily energy sufficiency criterion

(Eq. (7)).

EPV,day + Eregen,day + Ebattery ≥ Edemand (7)

To identify the optimal configuration, a computational model integrating PV, battery, and regenerative braking
subsystems was developed. The model was designed to simulate energy flows between system components under
various rural operating scenarios, using empirical input data collected from field measurements.

The PV subsystem was modelled using measured irradiance profiles, module efficiency, and derating factors
including temperature effect, dust deposition, and partial shading. The lithium-ion battery model incorporated rated
capacity, DoD, round-trip efficiency, and SOC boundary constraints (20–80%). The regenerative braking subsystem
was formulated using kinetic energy recovery [15], defined in Eq. (10), to estimate recoverable deceleration and
downhill energy.
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The minimum required battery capacity (Cbat) was estimated using Eq. (8).

EPV,day + Eregen,day + Ebattery ≥ Edemand (8)

where, Vnom is the nominal battery voltage and Dod is the permissible depth of discharge.
The required PV area for standalone energy sufficiency was computed using Eq. (9) [16].

APV =
Em

GavηPV tsun
(9)

where, Gav representing the average solar irradiance (W/m2), ηPV the panel efficiency, and tsun the effective daily
sunshine hours.

Recoverable regenerative braking energy was estimated using Eq. (10).

Erb =
1

2
mv2ηrb (10)

where m is the mass of the motorcycle and rider, v is the average deceleration velocity, and ηrβ is the recovery
efficiency of the regenerative system.

2.6 Simulation Protocol and Assumptions

Simulation was conducted using Scilab 6.1.1 with a time-step of one minute, matching the irradiance logging
interval. Seasonal simulations were executed using dry- and rainy-season irradiance profiles. Battery initial SOC
was set to 80%, and the minimum allowable SOC was 20% to prevent deep-cycle degradation. Sensitivity analysis
was performed on panel capacity, battery capacity, and regenerative-efficiency parameters. Table 1 lists the physical,
electrical, and environmental parameters used in modelling, along with data sources, manufacturer specifications,
and empirical measurement basis. Only parameters with traceable sources were used, and no estimated or assumed
values were included without justification.

Table 1. Parameter values and data sources used for modelling

Parameter Value/Range Unit Source/Basis Notes
Gravity 9.81 m/s2 Physical constant -

Air density 1.184 kg/m3 American Society of
Heating, Refrigerating
and Air-Conditioning
Engineers (ASHRAE)

standard (27 ◦C, 1 atm)

Local tropical condition

Drag coefficient 0.9 - Motorcycle aero
literature

Small scooter profile

Rolling resistance 0.0150.030 - Empirical range (paved
vs unpaved)

Road-dependent

Frontal area 0.6 m2 Estimated +
manufacturer profile

Rider included

Motordrivetrain
efficiency

0.80–0.90 - Typical brushless direct
current (BLDC) + chain

transmission

-

Regenerative
efficiency

0.20–0.60 - Literature [15] assumed
sensitivity

Simulation parameter

Panel efficiency 0.18 - Module datasheet Monocrystalline
Sunshine duration 4–6 hours/day Local pyranometer data Seasonal variability

Battery
depth-of-discharge

(DoD)

0.8 - Manufacturer To preserve life cycle

State-of-Charge
(SOC) initial

0.8 - Simulation assumption Standard battery
management system (BMS)

practice
Sampling rate 10 Hz Logger spec Real-time logging

Model outputs were validated by comparing simulated electrical energy-consumption values (Wh·km−1) with
experimentally measured values from Phase 2 using the mean absolute percentage error (MAPE). A validation
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acceptance threshold of MAPE < 10% was adopted, indicating acceptable model fidelity for feasibility and sizing
evaluation.

3 Results and Discussion
3.1 Rural Motorcycle Usage Characteristics

The household mobility survey identified that rural motorcycle users performed an average of three daily trips with
a mean total travel distance of 15 km/day and a typical riding duration of 1.0–1.5 hours/day (Table 2). The primary
mobility purposes included commuting to workplaces or schools (34%), household errands (28%), and agricultural
or trading-related transportation (38%). In addition, 45–62% of respondents reported carrying additional payloads
ranging from 30–60 kg, mostly consisting of agricultural products, tools, or packaged goods.

Table 2. Summary of rural motorcycle usage patterns obtained from household mobility survey (N = 100)

Variable Category Distribution (%) Mean/Median
Value∗ Notes/Interpretation

Daily trip frequency 1–2 trips (22%), 34 trips (68%),
>4 trips (10%)

3 trips/day
(mode)

Frequent short–loop
mobility

Daily travel distance <10 km (18%), 1020
km(64%),>20 km (18%)

15 km/day
(median)

Short–medium distance
usage

Daily riding duration <1 h (24%), 1–2 h (58%), >2 h
(18%) 1.5 h/day Combined commuting &

logistics
Transported load

type
None (20%), Passenger (42%),

Goods (38%) - Goods: agricultural &
household

Additional load mass 0–30 kg (46%), 30–60 kg (42%),
>60 kg (12%)

35 kg
(approx.
mean)

Influences drivetrain duty
cycle

Road condition
exposure

Asphalt (55%), Unpaved (30%),
Hilly (15%) Mixed Terrain variability dominant

Average operational
speed

<20 km/h (18%), 20–40 km/h
(72%), >40 km/h (10%) 25–35 km/h Terrain &

payload–dependent
Preferred charging

period
Night (72%), Day (10%), Irregular

(18%) - Driven by grid availability

Derived energy
requirement - 1.2–1.5

kWh/day
Based on usage +
conversion factors

Note: *household mobility survey

Unlike urban users who generally travel on paved roads with predictable routes and minimal payload, rural users
operate across mixed terrain, non-linear routing, and load-bearing conditions, which collectively influence drivetrain
duty cycles and energy demand patterns. Previous urban studies in Indonesia and Asia report average motorcycle
travel distances between 18–25 km/day with limited or no-load carriage [17, 18] indicating that rural usage patterns are
operationally more demanding despite having similar or shorter travel distances. These characteristics demonstrate
that distance alone is not a sufficient predictor of energy demand in rural settings; instead, terrain heterogeneity
and load carriage must be incorporated into propulsion energy modelling and system sizing. Consequently, the 15
km/day value derived from this survey was selected as the empirical baseline for subsequent energy testing and
simulation.

In addition to multifunctional use, mobility behaviour was strongly influenced by road surface conditions, with
users reporting route exposure consisting of 55% asphalt, 30% unpaved soil, and 15% hilly terrain. Mixed-terrain
exposure is known to increase rolling resistance, energy dissipation, and throttle modulation variability [19], which is
reflected in the empirical operational riding speed range of 25–35 km/h. These values represent a safety- and terrain-
imposed compromise rather than performance-driven selection, aligning with rural off-grid mobility characteristics
reported in other developing regions [20].

Collectively, these findings confirm that rural motorcycle operation is multi-functional, terrain-dependent, and
load-variable, forming a distinct usage profile that differs significantly from urban two-wheeler operation typically
referenced in EV design literature. Therefore, distance-only estimations are insufficient for modelling rural energy
demand, and terrain heterogeneity, payload frequency, and operational speed modulation must be incorporated into
propulsion and hybrid system sizing. Based on the median value and distribution stability, 15 km/day was selected
as the representative empirical baseline for subsequent experimental measurement and simulation scenarios.
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3.2 Energy Consumption Across Operating Conditions

Empirical measurements demonstrated substantial variability in energy demand across combined terrain, speed,
and load scenarios, ranging from 28 Wh·km−1 on low-speed asphalt to 92 Wh·km−1 on hilly terrain with payload
(Table 3), representing an approximately 230% increase between the lowest and highest consumption conditions.
Relative to asphalt conditions, unpaved and hilly routes exhibited 1.4–1.9 times higher energy consumption, while
payload addition elevated energy demand by 12–18% under comparable speeds. The reported standard deviation (SD)
values further indicate that hilly and loaded scenarios exhibited greater dispersion, implying increased variability
and reduced predictability of energy consumption.

These results are consistent with longitudinal dynamics principles, where increased rolling resistance, gravita-
tional load components, and throttle modulation under uneven terrain contribute to higher mechanical-to-electrical
energy conversion requirements [12]. Comparable findings were documented in off-road EV assessments, though
such studies predominantly focus on all-terrain or recreational EVs rather than daily commuter motorcycles [19, 21],
highlighting a contextual research gap addressed by this study.

Further analysis of the measured data suggests a positive and near-linear correlation between payload magnitude
and propulsion energy demand within the tested range. Across all terrains and within the operational speed category of
20–40 km/h, the addition of 30–60 kg increased energy consumption by an average of 12–18%, which corresponds
to an estimated incremental gradient of approximately 0.55–0.85 Wh·km−1 per 10 kg of additional load. This
proportional trend is aligned with light electric vehicle traction models that indicate a direct relationship between
gross mass and rolling resistance contribution [22]. Although the present analysis is limited to two discrete payload
ranges, the derived gradient provides a practical estimation parameter for rural HEM energy-modelling and PV
battery sizing in load-dependent scenarios.

Collectively, these results confirm that terrain type and payload characteristics function as primary determinants
of energy consumption rather than secondary modifiers, particularly in rural mobility environments. Therefore, rural
EV or HEM energy-demand prediction models must incorporate terrain–speed–load coupling, rather than adopting
uniform or distance-only estimation approaches commonly used in urban mobility studies.

Table 3. Energy consumption of motorcycles under diverse operating conditions

Terrain
Type Speed Level Load

Condition

Average Energy
Consumption

(Wh/km)∗
Standard Deviation

(SD, Wh/km)∗ N∗

Asphalt

Low (<20 km/h) Single rider 28 1.80 3
Medium (20–40

km/h) Single rider 41 0.29 3

High (>40 km/h) Single rider 55 2.40 3
Medium (20–40

km/h)
Rider +

30–60 kg load 48 2.82 3

High (=40 km/h) Rider +
30–60 kg load 65 2.72 3

Unpaved

Low (<20 km/h) Single rider 39 0.95 3
Medium (20–40

km/h) Single rider 52 0.71 3

High (>40 km/h) Single rider 70 1.94 3
Medium (20–40

km/h)
Rider +

30–60 kg load 62 1.90 3

High (>40 km/h) Rider +
30–60 kg load 82 6.80 3

Hilly

Low (<20 km/h) Single rider 50 2.53 3
Medium (20–40

km/h) Single rider 68 3.82 3

High (>40 km/h) Single rider 85 3.34 3
Medium (20–40

km/h)
Rider +

30–60 kg load 78 4.78 3

High (>40 km/h) Rider +
30–60 kg load 92 2.96 3

Note: *derived from experimental measurements
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3.3 Solar Irradiance Potential and Seasonal Variability

Field-based solar resource assessment indicated high average daily irradiance values ranging from 4.2–5.1
kWh·m−2·day−1, producing a corresponding specific PV yield of 3.9–4.8 kWh·kWp−1·day−1 for the study location
(Table 4). Although irradiance slightly decreased during the rainy season, the values remained above the practical
minimum threshold for small-scale PV charging applications. These findings suggest that rural open-field envi-
ronments offer better solar exposure than typical urban installations, which commonly yield 3.5–4.0 kWh·kWp−1

day−1 due to shading, aerosols, and infrastructure obstructions. The results align with national resource maps and
empirical studies confirming that tropical low-latitude regions maintain stable year-round solar availability [21].

Table 4. Average daily solar irradiance and photovoltaic (PV) output

Parameter Value Notes
Solar irradiance (kWh/m2/day) 4.2–5.1 Field measurement, rural site

PV installed capacity (Wp) 200 Monocrystalline module
Average PV output (Wb/day) 780–950 Seasonal variation

Specific yield (kWh/kWW/day) 3.9–4.8 Higher than urban benchmarks

Seasonal analysis further indicated that the dry season (June–September) produced the highest resource avail-
ability with irradiance levels exceeding 5.0 kWh·m−2·day−1, while the wet season (December–March) showed
moderately reduced values of 4.2–4.5 kWh·m−2·day−1 due to cloud cover and elevated humidity (Table 5). How-
ever, even under wet seasonal conditions, irradiance remained adequate to support off-grid PV applications.

Table 5. Characteristics of solar energy resources in Cilacap and Banyumas Regencies, Indonesia

Condition/Period
Average Daily

Irradiance
(kWh/m2/day)∗

Peak
Irradiance
(W/m2)∗

Minimum
Irradiance
(W/m2)∗

Remarks

Dry season
(Jun–Sep) 5.2 ± 0.115 >900 (around

noon)

<150 (early
morning/late
afternoon)

Clear sky, high solar
potential

Wet season
(Dec–Mar) 4.3 ± 0.087 ∼800 (around

noon)

<100 (during
cloudy/rainy

periods)

Frequent clouds,
moderate potential

Annual average 4.8 ± 0.115 850–900 100–150
Stable year–round
potential, minor

seasonal variability

Daily profile Bell-shaped distribution Peak:
10:00–14:00

Low: 06:00–08:00,
16:00–18:00

Consistent with
tropical climate

Note: *experimental measurements

Figure 1 shows representative diurnal irradiance and PV output curves for a 200 Wp monocrystalline module. Both
seasons exhibit a bell-shaped profile with peak irradiance occurring around 10:00–14:00, reaching 850–900 W·m−2

during dry-season clear-sky conditions and 700–800 W·m−2 during the wet season. Corresponding maximum PV
output reached 160–180 W (dry season) and 130–150 W (wet season) after applying derating factors. Integrated
daily production ranged between 900–950 Wh/day and 780–820 Wh/day, respectively, validating the specific yield
estimates presented in Table 5.

Overall, the local solar resource demonstrates high seasonal reliability and provides sufficient generation potential
to support daily off-grid charging autonomy for HEM, provided that an appropriately sized storage buffer is incorpo-
rated in system design. Thus, PV sizing should prioritize wet-season worst-case irradiance profiles rather than mean
annual metrics, as this approach minimizes the probability of operational failure for rural daily-use mobility [23].

3.4 Hybrid System Performance Evaluation

The simulation results confirmed that PV capacity and battery storage size had the most dominant influence
on daily energy sufficiency, while regenerative braking served as an auxiliary contributor to enhance net available
energy (Table 6). The 200 Wp–1.5 kWh–40% regenerative braking configuration achieved >97% daily energy
autonomy under dry-season conditions and >87% under rainy-season conditions, while maintaining SOC above
the 20% operational safety threshold throughout the diurnal cycle. This configuration, therefore, represents the
minimum reliable system size capable of supporting daily off-grid mobility operation.
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Figure 1. Daily solar irradiance (GHI) and simulated photovoltaic (PV) output profiles for a 200 Wp
monocrystalline module under representative dry-season and rainy-season conditions in Cilacap, Indonesia

Table 6. Summary of hybrid energy system simulation results

Photovoltaic
Capacity (W)

Battery
Capacity

(kWh)

Regen.
Braking

Efficiency (%)

Demand
Met-Dry

Season (%)

Demand
Met-Rainy
Season (%)

Equivalent
Fuel

Consumption
(L/day)

150 1 0 87–92 60–67 0.28
150 1 40 92–94 68–72 0.25
200 1 40 95–98 82–88 0.22
200 1.5 40 97–100 87–92 0.22
250 1 40 98–100 90–95 0.21

Increasing the PV and battery size beyond 250 Wp/2.0 kWh demonstrated diminishing performance improvements
of <8%, despite adding cost, mass, and installation footprint. Conversely, configurations below 150 Wp/1.0 kWh
consistently failed to maintain SOC above the safe limit, particularly during rainy-season scenarios, indicating
heightened sensitivity to seasonal irradiance variability. In these undersized systems, regenerative braking improved
energy sufficiency, but remained insufficient to compensate for the baseline energy deficit, reiterating its role as a
supplementary rather than primary charging source [20].

3.5 Energy Balance Analysis

The daily energy balance assessment (Table 7) shows that the PV subsystem generated 832 Wh/day during dry-
season conditions and 638 Wh/day during rainy-season conditions, supplemented by 180 Wh/day and 140 Wh/day
of regenerative energy, respectively. The remaining demand was supplied by the battery without resulting in unmet
load events, and the minimum SOC consistently remained above the 20% safety limit throughout the cycle (Figure 2).

Table 7. Daily energy balance values

Parameter/Season Dry Season (Wh/day) Rainy Season (Wh/day)
Daily Energy Demand 1300 1300

Photovoltaic (PV) Energy Supply 832 638
Regenerative Braking Energy 180 140
Battery Energy Contribution 288 522

Energy Deficit/Surplus 0 (balanced) 0 (balanced)

Table 7 summarizes the energy flow associated with the recommended 200 Wp–1.5 kWh–40% regen hybrid
configuration. Under dry-season conditions, PV generation supplied approximately 64% of the total daily energy
requirement, followed by regenerative braking (14%) and battery discharge (22%). In contrast, during the rainy
season, PV contribution declined to approximately 49%, increasing the reliance on the battery (40%) due to reduced
solar input, even though regenerative braking maintained a similar proportional contribution (11%). Despite this
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seasonal shift, the hybrid configuration achieved zero daily energy deficit, confirming that the selected system
capacity provides sufficient buffering margin to accommodate weather-induced energy variability [22].

Figure 2. Simulated daily State-of-Charge (SOC) profiles of the 1.5 kWh battery for the 200 Wp
PV–battery–regenerative system configuration under representative dry-season and rainy-season operating

conditions in rural Cilacap

Figure 2 illustrates the SOC trajectories for both seasonal profiles. During the dry season, SOC reduction
remained shallow and exhibited rapid midday recovery due to higher PV availability, whereas during the rainy
season, SOC recovery was slower and discharge deeper, but remained within safe operational limits. These SOC
behaviors corroborate the energy sufficiency results and underline the role of regenerative braking as a stabilizing
auxiliary rather than a primary source of daily recharge.

In addition to confirming energy sufficiency, the results highlight an important insight regarding seasonal
operational resilience. While dry-season operation is clearly self-sustaining with minimal dependence on stored
energy, rainy-season performance demonstrates that the system continues to operate within safe energy margins,
albeit with a higher proportion of battery utilization. This indicates that battery sizing rather than PV oversizing
becomes the dominant factor for maintaining operational continuity during low-irradiance periods, particularly in
regions experiencing extended rainy-season durations.

Furthermore, the SOC profiles indicate that the system avoids deep discharge cycles, which is beneficial for
maintaining battery longevity and minimizing capacity fade [24]. Maintaining SOC above 20% throughout the
operational window aligns with common lithium battery management recommendations and is expected to reduce
degradation rates associated with DoD stress and thermal cycling. These findings imply that operational stress on
the battery remains within acceptable technical boundaries, supporting long-term deployment feasibility.

The comparative contribution of regenerative braking, which supplied 11–14% of total daily energy, also indicates
that mechanical energy recovery plays a meaningful stabilizing role, particularly during the early morning and post-
commute recovery period when irradiance is still rising [25]. Although it is insufficient as a primary charging
mechanism, its consistent contribution across seasons provides an inherent buffer against short-term intermittence,
improving operational smoothness and charge sustainability without requiring additional infrastructure.

Finally, when interpreted from an implementation perspective, these energy balance outcomes suggest that
rural deployment should prioritize conservative sizing based on wet-season conditions rather than annual averages,
and incorporate battery-focused reliability planning, such as thermal management, exposure protection, and periodic
state-of-health (SOH) monitoring. Such strategies are expected to enhance field robustness and lifecycle performance,
particularly in environments where technical maintenance resources are limited.

4 Conclusions

This study empirically validated the technical feasibility of integrating PV systems with HEMs to support off-grid
rural mobility. Field-based surveys and controlled measurements indicated that rural users require 1.2–1.5 kWh/day,
with energy consumption strongly influenced by terrain type, payload, and operating speed, rather than travel distance
alone. Solar resource assessment showed consistently high irradiance levels of 4.2–5.1 kWh·m−2·day−1, confirming
the suitability of PV-based charging infrastructure in rural tropical environments.

Simulation results demonstrated that a 200 Wp PV–1.5 kWh battery–40% regenerative braking configuration is
capable of fulfilling >97% of daily energy demand during dry-season conditions and >87% during rainy-season
conditions while maintaining safe SoC limits. This configuration achieved the best performance-to-cost-to-weight
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trade-off, whereas larger systems achieved marginal performance gains at the expense of increased capital cost, mass,
and installation complexity.

Overall, the findings establish that solar-assisted HEMs represent a technically viable and context-appropriate
solution for rural transportation electrification, offering improved energy autonomy and reduced dependence on
fossil fuels. The results also provide empirical design parameters that can be used as a reference for future rural EV
planning and decentralized charging development.

Future research should focus on: (i) multi-objective techno-economic optimization incorporating lifetime cost
and degradation factors, (ii) experimental validation of long-term battery cycling under PV-dominated profiles,
and (iii) evaluation of shared or community-based PV charging models to enhance scalability and socio-economic
adoption potential.
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