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Hybrid power supplies leveraging renewable energy sources have emerged
as pivotal solutions ensuring uninterrupted power for critical applications like
telecom towers in remote regions. However, limited research has evaluated the
real-world performance, fuel efficiency and economic viability of commercially
deployed systems particularly those using liquid propane (LP) as the primary
fuel source. This paper evaluates the feasibility and efficacy of a hybrid power
supply integrating a LP generator, Battery Energy Storage (BES) and Photovoltaic
Panel (PV). Three configurations—LP only, LP-BES and LP-BES-PV are assessed
using a spreadsheet based simulation across multiple loading conditions and
geographic regions, including Canada, Nigeria and Kansas City. Results show
that integrating BES and PV can reduce annual fuel consumption by over
55%, significantly lowering operating costs and greenhouse gas emissions.
A 20-year total cost of ownership (TCO) analysis demonstrates that hybrid
configurations can achieve up to 32% cost savings compared to LP only systems.
Environmental impact is quantified using EPA emission factors, revealing that the
hybrid system can avoid more than 65.8 metric tons of CO, annually. Sensitivity
analysis further examines the impact of fuel prices, solar energy output and
battery costs on system performance. The findings underscore the operational
and environmental benefits of hybridizing LP based systems with renewable
technologies. While LP based systems offer unique advantages for remote
deployments, such as fuel stability and ease of storage, this study confirms
that integrating PV and BES significantly enhances performance and long-term
cost-effectiveness.

KEYWORDS

liquid propane generator (LP), battery energy storage (BES), photovoltaic (PV), fuel
efficiency, economic analysis

1 Introduction

As communication networks extend into remote and challenging terrains, ensuring reliable
power becomes imperative. Likewise, emergency power solutions are crucial to support
vital lifelines for response teams and communities during natural disasters. Remote regions,
including mountainous and desert areas, necessitate self-sustaining Hybrid Power Systems
(HPS) capable of uninterrupted operation. However, these environments present unique
challenges, such as availability and cleanliness of fuel, extreme weather23 conditions and high
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altitudes, which can lead to derating and decreased fuel efficiency
in HPS. Hence, evaluating the performance of HPS under varying
temperatures and altitudes becomes essential to enhance their
reliability and efficiency in diverse operational contexts.

In recent years, numerous scholarly articles have delved into
the techno-economic evaluation of HPS, typically integrating
renewable energy sources alongside diesel generators. Such systems,
particularly those incorporating PV arrays and diesel generators,
hold promise in delivering reliable electricity to remote areas
lacking access to conventional power grids Kumar and Manoharan
(2014). Rohani et al. (2010), for instance, illustrated the efficacy of
hybrid power systems utilizing PV, wind, fuel cells and batteries in
meeting the energy demands of remote regions while remaining
economically viable. In a related study, researchers in reference
Madziga et al. (2018) explored three distinct off-grid hybrid
configurations integrating PV, diesel generators and battery storage
to address electrification challenges in South Africa. Their findings
underscored that PV coupled with battery storage is the most
cost-effective and environmentally sustainable option. Similarly, the
investigation conducted by authors in Kumar et al. (2020) employed
techno-economic and environmental modeling to advocate for
a PV, diesel generator and battery storage configuration as the
optimal solution for a hybrid renewable energy microgrid serving
a residential community.

The advancement of hybrid renewable energy systems is
pivotal in enhancing energy efficiency and sustainability within
the telecommunications sector. One notable study illustrates a
hybrid power system that integrates PV panels, wind turbines, diesel
generators and battery energy storage, aiming to supplant traditional
diesel-only systems to improve reliability and sustainability
Asghar et al. (2024). Similarly, research into solar PV hybrid
systems combined with BES emphasizes their capability to deliver
uninterrupted electricity, thereby eliminating the need for diesel
generators entirely Rao Deevela et al. (2022). In addition to these
developments, one proposal advocates using underused institutional
building rooftops for hybrid renewable energy systems, including
PV-Grid and PV-Battery-Grid configurations. This approach
significantly reduces reliance on carbon emitting fuels while
ensuring a reliable power supply Alam et al. (2024). Further analysis
evaluates solar PV array based hybrid systems, exploring optimal
configurations that maintain power reliability during grid outages
Deevela et al. (2021). Furthermore, a hybrid energy system that
integrates solar panels, wind turbines and battery storage is designed
to enhance telecommunications reliability while minimizing diesel
generator usage Maoulida and Aboudou (2021).

Conducting a thorough techno-economic analysis is essential
for assessing the feasibility of hybrid systems in telecommunications.
For instance, one analysis evaluates a PV/Supercapacitor hybrid
power system tailored for marine applications, focusing on financial
metrics such as the levelized cost of electricity (LCOE) and
discounted payback time to ascertain economic viability Qiu et al.
(2019). Another study employs the Hybrid Optimization Model
for Energy (HOMER) to assess micropower systems for off-grid
telecommunication towers, identifying optimal renewable energy
configurations that include solar, wind and pico-hydro solutions
Abdulmula et al. (2022). Further research delves into the life cycle
costs of renewable energy options for telecom towers, evaluating
economic feasibility and environmental impacts Alkhrijh and
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Wonsuk (2024). A carbon neutral energy system that incorporates
solar PV, battery storage and hydrogen technologies is also analyzed,
focusing on performance optimization and economic sustainability
Jansen et al. (2021). Additionally, a hybrid renewable energy system
(HRES) that utilizes liquid propane generators, PV panels and
battery storage is explored for its potential to enhance fuel efficiency
and meet the energy demands of telecommunications, thereby
promoting sustainable growth in the industry Ali et al. (2024).

The hybrid
environmental benefits. One study highlights the positive impact

transition  to systems offers substantial
of replacing diesel generators with hybrid systems, underscoring
reductions in carbon emissions and improved energy efficiency
Zegueur et al. (2023). Moreover, a review of renewable energy
systems for telecom towers emphasizes the importance of
sustainable power solutions, which facilitate decarbonization and
reliability Deevela (2024). Innovative methods for enhancing
connectivity in remote areas are also under investigation. Research
into tethered balloons as alternative telecommunications platforms
evaluates their potential advantages and challenges, providing
valuable insights into improving telecom services in isolated
locations Ferrier et al. (2021). Furthermore, ensuring reliable
backup power is critical for maintaining telecommunications
during power outages. One proposed solution combines a reformed
methanol fuel cell with batteries in a hybrid system, optimizing fuel
efficiency and reducing emissions to ensure uninterrupted service
Martinho et al. (2022). Additionally, integrating renewable energy
sources with battery storage presents stable, off-grid power solutions
for telecom towers Asghar et al. (2024). While a considerable body
of literature has explored the techno-economic analysis of hybrid
renewable energy systems, particularly focusing on metrics such as
Net Present Value (NPV), LCOE and reductions in greenhouse gas
emissions, there remains a dearth of studies that specifically examine
the effects of integrating renewable energy sources and BES on the
fuel efficiency and consumption of LP and diesel generators, which
serve as primary energy sources in hybrid power supply systems.

Few commercially available products can seamlessly deploy
in remote locations for critical applications like powering telecom
towers, ensuring emergency power for public safety, and facilitating
connectivity in tribal areas. Authors in reference Weber et al.
(2015) proposed the development of a Small-Scale Mobile
Hybrid Integrated Renewable Energy System (HI-RES) designed
specifically to provide reliable and efficient emergency power during
disruptions. Initial modeling and simulations conducted using
HOMER software underscore the HI-RES system’s potential to
deliver dependable power solutions. Existing portable and off-grid
energy solutions, such as Renogy’s Lycan 5000 and the PowerCube
3000, are primarily designed for temporary or emergency power
supply. These systems are generally not optimized for continuous
operation and there is a lack of rigorous performance evaluation
under extreme environmental conditions, varying load demands
and real-world deployment scenarios. Moreover, prior research
studies on hybrid energy systems often rely on idealized microgrid
configurations without assessing the behavior of commercial,
field deployable systems under diverse operational constraints.
As a result, there remains a critical gap in both the literature
and practice regarding the fuel efficiency, cost-effectiveness and
environmental impact of integrated hybrid power systems tailored
for mission-critical applications.
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In response to these limitations, this study presents a detailed
technical and economic assessment of a commercially available HPS
system developed by HCI Energy HCI (2024). The HPS integrates
a LP generator, PV panels and BES into a modular, transportable
enclosure known as the Hybrid Cube. This system is engineered to
provide reliable power to telecom towers and other mission-critical
infrastructure in remote and off-grid environments. Unlike prior
work, which often focuses on generalized renewable configurations
or single component optimization, this study investigates the
operational behavior of a fully integrated hybrid system under
realistic load conditions and ambient temperature variations. It also
evaluates long-term performance over a 20-year life cycle.

To comprehensively evaluate the systems viability, the study
includes the following key contributions:

o Fuel Efficiency Analysis: A comparative analysis of the HPS is
conducted under three configurations: LP-only, LP with BES
and LP with both BES and PV. The results quantify fuel savings
and operational efficiency across multiple loading scenarios.

e Impact of Temperature on Performance: The influence
of environmental temperature is analyzed by simulating

three

locations—Canada, Nigeria and Kansas City capturing the

system performance across distinct  geographic
effects of thermal derating on generator efficiency and HVAC
load requirements.

e Environmental Impact Assessment: Greenhouse gas (GHG)
emissions are calculated using U.S. EPA emission factors
to quantify the CO, reductions achieved by the hybrid
system relative to the LP-only configuration. The analysis
demonstrates significant environmental benefits from
integrating PV and BES.

e Total Cost of Ownership: A 20-year Total Cost of
Ownership (TCO) analysis is conducted to evaluate the
cost competitiveness of hybrid and LP-only configurations,
accounting for capital expenditures, fuel wusage and
maintenance requirements.

e Sensitivity Analysis: To assess the robustness of the system
under real-world variability, a sensitivity analysis is performed
by varying fuel prices, solar irradiance and battery costs. The
results provide insight into how key economic metrics respond

to market and climate uncertainty.

The remainder of the paper is structured as follows: Section 2
describes the architecture of the HPS system. Section 3 presents
the analytical framework used to derive fuel efficiency metrics
under various generator loading scenarios. Section 4 details the
simulation methodology, including component specifications and
the environmental datasets used to replicate realistic operating
conditions. Section 5 reports and discusses the core findings of
the study, including fuel efficiency comparisons across system
configurations, the influence of ambient temperature on generator
performance, greenhouse gas emission reductions, total cost of
ownership (TCO) analysis, a multi-parameter sensitivity assessment
and a comparative evaluation of diesel and propane based hybrid
systems. Section 6 explores the policy implications of the results
with emphasis on their relevance to rural electrification. Section 7
outlines the limitations of the study and discusses key areas
where further work is warranted. Section 8 concludes the paper by
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FIGURE 1
Architecture of HCI hybrid power supply system.

summarizing the key insights and identifying directions for future
research and development.

2 Architecture of the hybrid power
supply system

Figure 1 shows the configuration of the HPS system developed
by HCI Energy. This system is designed to support the
power requirements of telecommunication and mission-critical
infrastructure by delivering regulated 48 V. DC output, with or
without grid availability. The system can accept AC input voltages
of 120V, 208 V or 240 V and can utilize energy generated from
PV panels and/or wind turbines. Simultaneously, it supplies power
to both 120 V/240 V AC and 48 V DC loads. All components are
integrated into a rugged, transportable enclosure referred to as the
Hybrid Cube, which is optimized for field deployment in remote
environments.

The hybrid system operates primarily on solar power and BES,
with the LP generator serving as a secondary source for battery
charging and load support during low solar generation periods. This
configuration allows for a substantial reduction in fuel consumption,
depending on the PV and battery capacities, thereby increasing
system sustainability and reducing operational costs.

A key feature of the Hybrid Cube is its controlled generator
loading strategy, which is employed to optimize performance,
enhance fuel efficiency and extend the operational lifespan of the
genset. The generator’s output is limited to a maximum of 88% of
its rated capacity, with typical operation maintained around 60%
load and scaled up to 80% during periods of elevated demand.
This load management approach reduces thermal and mechanical
stress on the generator, lowers specific fuel consumption (L/kWh)
and improves system resilience by reserving headroom for transient
load fluctuations. Moreover, operating under partial load conditions
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minimizes component degradation, thereby reducing the frequency
of maintenance which is an important advantage for deployments in
hard-to-access or off-grid locations.

The systems design also incorporates strategies to address
environmental constraints such as ambient temperature extremes
and reduced air density, which are common in high-altitude and
high-latitude regions like Nigeria and Canada. These environmental
factors often necessitate generator derating to prevent overheating
and ensure efficient combustion. By intentionally limiting generator
operation to below nominal capacity, the HPS integrates an
inherent performance buffer that compensates for derating effects.
This ensures reliable, stable operation across a broad range of
environmental conditions, enhancing the system’s suitability for
diverse geographic and climatic applications.

The HPS enclosure is shelter-mounted and engineered for
rapid deployment and ease of transportation. The system supports
modular expansion, including the addition of ground-mounted
solar panels to reduce generator run time or to enable fully off-
grid operation. A wind turbine option is also available and can be
installed alongside or in place of PV panels, with the turbine tower
mountable directly to the shelter structure.

HCI Energy’s Hybrid Cube has been successfully deployed in a
range of real-world applications:

e In British Columbia, Canada, the system was used by a major
wireless carrier to power new off-grid telecommunications
towers, enhancing coverage and public safety in remote areas.

e In Nevada, USA, the system supports a public safety
installation for the Department of Transportation, utilizing
18 kW of ground-mounted solar and 1,800 Ah of lithium-ion
battery storage to reduce generator runtime by more than 60%.

e In Unalakleet, Alaska, the Hybrid Cube was deployed by
Alaska Tribal Broadband to provide internet connectivity to
an isolated village, demonstrating its effectiveness in extreme
environmental and logistical conditions.

These deployments underscore the Hybrid Cube’s adaptability,
resilience and efficiency in delivering sustainable power to critical
infrastructure in remote and underserved regions.

3 Analytical formulation of fuel
efficiency for the hybrid power supply
system

The fuel consumption rates under varying load conditions,
essential for assessing fuel efficiency, are derived from manufacturer
provided data for the “Generac” 30 kW propane generator, which
has a rated output of 26.6 kW Generac (2016). Table 1 presents
the fuel efficiency metrics across different loading scenarios, while
Figure 2 illustrates these variations graphically. The LP generator
operates consistently at 60% load, as maintained by HCI, to
prolong the unit’s lifespan. Analysis of Figure 2 indicates that
fuel efficiency improves with increased loading, which aligns with
expected performance trends. The unit “kWh/L” denotes kilowatt-
hours per liter, representing the generator’s fuel efficiency by
quantifying energy output relative to fuel volume consumed. The
fuel consumption as a function of the load is presented in Table A1
in the Appendix.
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3.1 Determination of fuel efficiency using
energy balance equations

To evaluate the performance of the HPS system, it is essential
to quantify fuel efficiency across different operating scenarios. This
section develops an energy balance framework to estimate fuel
consumption based on generator loading, battery charging behavior
and auxiliary loads such as HVAC. The derived equations provide
a systematic basis for comparing energy utilization in LP-only
and hybrid configurations, allowing for consistent evaluation of
efficiency under varying demand and environmental conditions.

Consider a single charge-discharge cycle with T ;, as the charging
time period and Ty as the discharging time period.

During charging, the energy supplied by the LP generator
is equal to the energy drawn by the load, the energy drawn
by the battery for charging and the associated losses as shown
in Equation 1. The energy supplied by the BES during is
determined using Equation 2.

Therefore,

Pgen * Tch = Pload * Tch + EBCH + ECHLoss @

EBDS = Plaad * Tdis (2)

Equations 1, 2 result in Equation 3,

Pgen * Tch + EBDS = Pload * Tch + EBCH + ECHLoss + Pload * Tdis @)

Since Egpg = Epcpp Equation 3 can be simplified to Equation 4

Pgen * Tch = Pload * Tch + ECHLoss + Ploud * Tdis (4)

The energy loss associated with battery charging and discharging
is determined using Equation 5

ECHLoss = (Pgen - Pload) ’7Tch )

Substituting Equation 5 in Equation 4 results in Equation 6
Pgen *Lop = (Pgen - Plaad) ’7Tch + Pload (Tch + Tdis) (6)

Rearranging Equation 6 results in the expression for duty
cycle shown in Equation 7

T, Ploaa
Duty Cycle(D,q,) = =—%— = . 7
( 24 ‘l") To+Tys P gen ~ 11 (P gen ~ Pl"“d)

For a 5 kW load, LP at 60% loading and 7 = 10%, the calculations
of the duty cycle and fuel efficiency are presented in Equations 8, 9

P load 5

cycle = = — —
Py =1 (pgen _Pload) 15.96 —0.1(15.96 - 5)

D =0.336 = 33.6%
(8)

= 1.0LkWh/l  (9)

P P
Fuelefficiency, F, o= load . _GR
pge” *D Cycle

F CRLP

where,
Py
charging time period, T .

o 18 the power supplied by the LP generator during the
Py is the gross output power of the LP generator during the
discharging time period, Ty;.
Pjaq is the power drawn by the load.
Egcy is the energy drawn by the battery during charging.
Epps is the energy supplied by the battery during discharging.
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TABLE 1 Fuel consumption at different percentage loading conditions.

Load (%) Gal/hr L/hr kW output kWh/Gal Gal/kWh kWh/L Fuel consumption per month (L)
100 5.40 4.93 0.20

10.3389/fenrg.2025.1511978

EchiLoss 1S the energy loss associated with battery charging and
discharge.

Fepep is the fuel consumption rate of the LP generator obtained
by interpolating the graph in Figure 2.

1 is the percentage energy loss associated with battery charging
and discharge.

In the case of the hybrid system with PV, since the PV
meets part of the external load demand, the net load demand is

reduced.
Therefore, the net load demand is determined as
shown in Equation 10
Ploadnet = Pload - PPVAvg (10)

Where, Ppy s, = (24-h Avg PV Output)/24.

The duty cycle and fuel efficiency of the generator are then
calculated based on the Equations 7, 10 respectively for the LP-BES
system as shown in Equations 11, 12.

T Ploadner
Duty Cycle(D,,,) = = = — (1)
ycle
Ton+ Tais Pgen -1 (Pgen - Ploadnet)
P, P p
Fuel efﬁciency, Feﬁ _ loadnet GR__ loadnet (12)
P gen * D Cycle F CRLP F CRLP * D cycle
Frontiers in Energy Research

05

20.44 26.60 1.30 14,932.06
75 4.40 16.66 19.95 453 022 1.20 12,166.86
60 3.88 14.69 15.96 411 024 1.09 10,734.49
50 3.50 1325 13.30 3.80 0.26 1.00 9,678.19
25 2.60 9.84 6.65 2.56 039 0.68 7,189.51
15 221 8.36 3.99 1.81 0.55 0.48 6,105.55
4 Simulation framework for hybrid
14— : : : , system evaluation
=12 The simulation strategy adopted in this study follows the
S ’ steps presented in the flowchart illustrated in Figure 3 The
E process begins with the definition of three distinct system
E, 1k i configurations: (i) LP-only, (ii) LP with Battery Energy Storage (LP-
g BES), and (iii) LP with BES and photovoltaic panels (LP-BES-PV).
é These configurations represent increasing levels of hybridization,
= 0.8 1 allowing for comparative evaluation of technical and economic
E performance.
0.6 | An Excel based simulation tool was developed to determine
) the fuel efficiency and fuel consumption under varying load
‘ ‘ ‘ ‘ : conditions and operating scenarios. The tool incorporates
20 10 60 80 100 e ( ed 2)p o
Percentage Loading (%) component  specifications  (as  provided in Table2), duty
cycle definitions and site-specific environmental parameters
FIGURE 2 to quantify energy flows and generator utilization across
Variation in fuel efficiency with percentage loading. .
configurations.
Following the simulation, a comprehensive economic

assessment is performed to estimate the total cost of ownership
(TCO) over a 20-year operational period for each system
configuration. The analysis accounts for capital costs, fuel
expenditures, routine maintenance and battery replacement
in hybrid configurations. Simultaneously, the environmental
impact is evaluated by quantifying both annual and cumulative

CO, emission reductions based on standardized emission
factors provided by the U.S. Environmental Protection
Agency (EPA).

5 Results and discussion

5.1 Fuel efficiency evaluation of the hybrid
system

Fuel efficiency is a key performance metric for hybrid power
systems, particularly in remote and mission-critical applications
where fuel logistics and operational costs are critical considerations.
This section evaluates the fuel efficiency of the hybrid power supply
system across three configurations: LP-only, LP-BES and LP-BES-
PV. Simulations are performed under varying load conditions and
ambient temperatures reflective of real-world deployment scenarios

frontiersin.org
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Environmental Assessment
Total Cost of Ownership
Senstivity Analysis
FIGURE 3
Flowchart for the simulation framework.

in Kansas City, Ontario and Kano (Nigeria). The analysis quantifies
fuel consumption reductions, efficiency gains and their implications
for operational strategy and long-term cost savings.

5.1.1 Fuel efficiency of hybrid system with LP and
BES

In the case of a hybrid system consisting of the LP generator and
the BES, the BES supplies the load until the state-of-charge (SOC)
drops to 30%. After the BES has been discharged, the LP generator
switches on to charge the BES to 80%. Therefore, the available battery
capacity (BES,y) or the energy required to charge the BES to 80%
SOC is calculated as shown in Equation 13:

BES,,y = BES¢p * (SOCppax — SOCyzin) = 119.7 % (0.8 = 0.3) = 59.85 kV(Vh :
13

where.

BES ,y is the available battery capacity.

BESp is the total battery capacity.

SOCy.x Maximum state-of-the-charge of the battery.

SOCy,x Minimum state-of-the-charge of the battery.

Figure 4 depicts the fuel efficiency curves of the hybrid system
at various loads while considering the different operational levels
of the LP generator. The graph illustrates that the fuel efficiency of
the hybrid system rises as the load increases for various operating
points of the LP generator. This trend persists until the load aligns
with the generator’s operating point. Beyond this point, when
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TABLE 2 Technical specifications of the hybrid power supply equipment.

Parameter Value
Photovoltaic (PV) Panel
Type Monocrystalline
Peak power 400 W
Efficiency 19.64%
Nominal operating temperature 45°C
Lifetime 25 Years
Number of panels 10

Battery Energy Storage (BES)

Type Lithium Ion
Nominal capacity 8.55 kWh
Nominal voltage 48V
Maximum state of charge 80%
Minimum state of charge 30%
Lifetime 20 Years
Number of batteries 14
Capacity of battery energy storage 119 kWh
Peak charge rate 75.6 kW
Peak discharge rate 84 kW

Liquid Propane (LP) Generator

Type Vertical liquid cooled 4-cycle
Capacity 30 kW
Efficiency 90%
Lifetime 20 Years
Operating point at 60% loading 15.96 kW
Operating point at 80% loading 21.28 kW

the load surpasses the threshold, the fuel efficiency of the hybrid
system remains steady. For instance, at an operating point of 60%
(equivalent to a load of 15.96 kW), the hybrid system maintains
a consistent fuel efficiency of 1.09 kWh/L. In contrast, the fuel
efficiency of the direct LP system continues to increase when the
load surpasses 15.96 kW, as evident in Figure 4. This discrepancy
arises because the hybrid system cannot cater to loads exceeding its
operating threshold.

Figure 5 illustrates the fuel consumption graphs of the hybrid
system across various loading scenarios. Observing the graph,
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Variation in fuel efficiency for the hybrid system at different loading
conditions.
12000 r
e
p=
= 10000 |
=
2
=
£ 8000 f
=
7]
=
)
© 6000 |
= —e—1LP
= —&— LP-BES at 60%
4000 f —O— LP-BES at 70% | -
—A— LP-BES at 80%
5 10 15 20
Load (kW)

FIGURE 5
Variation in fuel consumption for the hybrid system at different
loading conditions.

it becomes evident that if the load requirement remains below
the generator’s operational threshold, the hybrid system exhibits
lower fuel consumption than the direct LP generator. When the
load demand equals the generator’s operating point, both systems
consume an equal amount of fuel. However, it's important to
acknowledge that the hybrid system cannot recharge its battery
when the load demand surpasses the generator’s operating point. To
address this, the current operating point of the LP generator must be
elevated to manage the extra load and facilitate battery charging. For
instance, with an LP generator operating at 60%, the hybrid system
cannot charge the battery beyond a load of 15.96 kW. Consequently,
raising the LP generator’s operating point to 70% or 80% becomes
necessary to accommodate battery charging and fulfill the additional
load demand. Notably, the hybrid system’s capabilities will remain
constrained by the new operating point of the LP generator.
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It should also be noted that under a 5 kW external load, there is
little difference in fuel consumption between the operating at 60%
vs. 70% vs. 80% loading; this signals that it may not be cost-effective
to run the generator at 80% if it means a shorter mean time between
failure. A cost analysis over the lifetime of the units is required to
better understand this tradeoft or to choose a different generator size
to better meet expected customer loads.

The following table shows the monthly fuel savings obtained
with the hybrid system at 60% loading. Table 3 shows the monthly
fuel savings obtained with the hybrid system at 60% loading. From
the table, it can be inferred that the fuel savings at 5 kW are
significant compared to those at 15kW. This is because, at 60%
loading, LP generator can charge the battery at a rate of 10.96 kW
(15.96 kW-5 kW) while supplying a load of 5 kW. Conversely, when
supplying a load of 15 kW, the charging rate of the battery is
significantly reduced to 0.96 kW (15.96 kW-15 kW). The more rapid
charging at a 5 kW load allows the battery to be available longer to
supply the load, thereby diminishing reliance on the LP generator
and reducing fuel consumption.

5.1.2 Fuel efficiency of hybrid system with LP, BES
and PV

Table 4 presents the 24-h energy output of a 4 kW photovoltaic
array under different ambient temperature conditions, which
correspond to specific geographic locations where the HPS is likely
to be deployed. In addition to simulated data, the table includes
actual measured PV output from the Kansas City region, providing a
real-world reference point for evaluating system performance under
typical Midwestern U.S. conditions.

The solar irradiance data were obtained from the National
Solar Radiation Database (NSRDB) maintained by the U.S. National
Renewable Energy Laboratory (NREL) National Renewable Energy
Laboratory (2024). For the United States, the dataset corresponds to
Kansas City; for Canada, the location selected is Ontario; and for
Nigeria, we used data from the Nigerian Air Force Base in Fagge,
Kano, a site in northern Nigeria characterized by high solar resource
availability and practical relevance for off-grid and mission-critical
applications.

Figures 6a, b depict the change in fuel efficiency and fuel
consumption for the hybrid PV system across various loading
conditions. The trends are consistent with expected loading.

Figure 7 compares the fuel efficiency and fuel consumption of
the LP-only system with the hybrid configurations (LP-BES and LP-
BES-PV) at 60% generator loading. For the LP-BES-PV case, two
curves are shown—one based on simulated PV output and the other
incorporating actual 24-h solar energy generation data collected
from the hybrid system deployed in Kansas City. As shown, the curve
derived from field data aligns closely with the theoretical estimates,
providing partial validation of the simulation framework.

The results confirm that the hybrid configuration with PV and
BES achieves significantly higher fuel efficiency compared to the
LP-only system. However, the relative advantage decreases as the
load increases, narrowing the efficiency gap. This trend highlights
the importance of evaluating not only technical performance but
also operational priorities. For system owners and operators, the
added value of BES and PV must be considered against the
additional capital expenditure (CAPEX), especially in applications
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TABLE 3 Hybrid system fuel savings at 60% loading.

10.3389/fenrg.2025.1511978

Load (kW) LP monthly fuel consumption (L) LP-BES monthly fuel consumption (L) Monthly fuel savings (L)
5 6496.16 3610.943 2885214
10 8429.76 6986.86 1442.898
15 10363.36 10149.97 213.3869

TABLE 4 24-Hour energy output of PV at different temperatures.

PV panel size 400 W

No of PV Panels 10

24 h Average PV output in KC (77°F) 14.7 kWh
24 h Average PV Field Data in KC 14.32 kWh
24 h Average PV output in Canada (14°F) 13.07 kWh
24 h Average PV output in Nigeria (104°F) 16.46 kWh

where reliability, refueling logistics and generator maintenance are
critical operational concerns.

The improvement in fuel efficiency and the resulting fuel
consumption savings are higher for the hybrid PV system when
the LP generator operates at 80% loading. A summary of the
monthly fuel savings for the hybrid PV system across variousloading
conditions is provided in Table 5. As shown in the table, the fuel
savings are higher at 80% loading compared to 60% loading scenario.

5.2 Environmental impact assessment of
the hybrid power system

To quantify the environmental benefits of the hybrid power
system, we determined the reduction in greenhouse gas (GHG)
emissions achieved by integrating BES and PV generation with an
LP generator. Specifically, we evaluated the annual carbon dioxide
(CO,) emission reductions resulting from the reduced propane
consumption in the LP-BES-PV system compared to the LP-only
configuration, as presented in Table 5.

The analysis was based on the U.S. Environmental Protection
Agency (EPA) emission factor for propane combustion, which is:

Propane Emission Factor = 5.74 kg CO,/gallon = 1.517 kg CO, /liter

The monthly reduction in CO, emissions achieved by the hybrid
system is calculated using the following expression:

AECOZ,monthly = (FLP—only - thbrid) x1.517

where:

o Fip_ony = monthly propane consumption by the LP-
only system (L)
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¢ Fiybia = monthly propane consumption by the LP-BES-
PV system (L)
¢ AEqq, = monthly CO, emissions avoided (kg).

To calculate annual CO, savings, the monthly reduction is
multiplied by 12:

AECOZ,annual =12x AECOz,monthly

The above calculation was applied across all three loading
scenarios (5 kW, 10 kW, and 15 kW) and for both generator loading
conditions (60% and 80%). Table 6 summarizes the annual CO,
emissions avoided in each case. The results show that the LP-BES-
PV system provides significant emission reductions, particularly
under lower load scenarios where the contribution of PV and
battery storage is more prominent. For instance, at a 5 kW load
and 80% generator loading, the hybrid system reduces propane
consumption by approximately 3,611.75 L per month compared
to the LP-only configuration. This translates to an annual CO,
emissions reduction of:

AEco, annual = 12%3,611.75x 1.517 = 65,761 kg CO,

5.3 Impact of temperature on the fuel
efficiency of the hybrid system

5.3.1 Impact of temperature on the fuel
efficiency of LP generator

The rated output of the LP generator decreases by 4% for
every 5°C increase above 24°C as per the data provided by
HCI. Therefore, at 104°F, the rated output decreases by 12.8%. As
the ambient temperature rises, the density of the air decreases,
leading to a reduction in the oxygen available for combustion.
This results in a less efficient combustion process, leading to
higher fuel consumption for the same power output. The impact
of higher temperature on the fuel efficiency of the LP generator
is shown in Figure 8. It is clear from the figure that there is a drop
in fuel efficiency at 104°F compared to the fuel efficiency at ambient
temperature.

5.3.2 Impact of temperature on the fuel
efficiency of hybrid system with LP and BES

The HVAC draws additional power to maintain the battery
storage at an optimum temperature of 77°F, reducing the fuel
efficiency.

At 104°F which represents a region such as Nigeria, the cooling
capacity required to maintain the temperature at 77°F is 2.74 kW.
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F A ‘ A 6 4 & P gen D, Cycle F CRLP F CRLP * D cycle
= Table 8 shows the fuel efficiency and fuel consumption of the
§ 1f 1 hybrid PV system at different operating points of the LP generator.
= The data presented in Table 8 indicates that the fuel efficiency of
E’ the hybrid PV system at 104°F is greater when the LP operates at 80%
-g loading, in contrast to its performance at 60% loading. Moreover, it’s
E 0.75 - i important to note that the fuel efficiency of the hybrid PV system
E o—1Lp is higher at 77°F compared to its efficiency at 104°F for a given
< —&— LP-BES at 60% operating point, as illustrated in Figure 9. While the fuel efficiency at
© Egggggg ‘;f Glgog 104°F increases with the LP operating at 80%, it remains lower than
—A— LP-BES-PV Fi t . . .
0.5 ‘ ‘ ‘ == a‘ the fuel efficiency at 77°F and LP at 60% loading. The fuel efficiency
“ o5 7.5 10 12.5 15 of the hybrid PV system can be enhanced by operating the LP at 80%
Load (kW) of its rated capacity, as shown in Figure 10. However, it’s important to
highlight that the advantages of employing a hybrid system diminish
gglﬁg;rison of fuel efficiency at 60% loading. as the load increases. This reduction in efficiency is attributed to
the smaller PV panel and the extended time required to charge the

At 14°F which represents a region such as Canada, the heat
required to maintain the temperature at 77°F is 0.93 kW.

The calculations associated with determining the cooling
capacity required to maintain the temperature at 77°F are shown
below based on the data provided in Table 7.

Total internal heat load in BTU/hr = (HL + HLH) x3.41 =
7498.36 BTU/hr.

Enclosure heat transfer (HT) in W
3.41) = 544.724 W.

The cooling capacity required (Pyy,c) = HL + HLH + HT =
2.74 kW.

The duty cycle and fuel efficiency are calculated based on
Equations 11 and 12 for the LP-BES-PV system as shown in
Equations 14 and 15.

(TD x SA)/(R-value x

Tch

Tch + Tdis P gen

P load

Duty Cycle, (D =
( CydE) - Pload) - PHVAC
(14)

- n(Pgen
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battery storage at higher load levels.

5.4 Economic analysis

In this section, we conduct a comparative analysis of the total
cost of ownership between a direct LP system and hybrid systems
equipped with BES and PV. The essential data required for this
economic assessment is provided by HCI and presented in Table 9.

The total cost of ownership (TCO) is computed for a 20-year
duration, incorporating the following standards provided by HCI:

o The annual maintenance expense for the propane generator is
estimated at 10% of the LP generator’s initial cost.

o The annual maintenance cost for the BES and PV panel is
calculated as 5% of the initial capital investment (CI).

o Maintenance costs (MC) are presumed to increase by
3% each year.

o The BES is replaced every 10 years accounting for degradation
caused by regular charge-discharge cycling.
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TABLE 5 Hybrid system fuel savings at different loading conditions.

Load (kW) LP monthly fuel LP-BES-PV Fuel savings at LP-BES-PV Fuel savings at
consumption (L) monthly fuel 60% loading (L) monthly fuel 80% loading (L)
consumption at consumption at
60% loading (L) 80% loading (L)
5 6,496.16 3,203.26 3,292.90 2,884.41 3,611.75
10 8,429.76 6,605.33 1,824.43 5,995.69 2,434.07
15 10,363.36 9,792.16 571.20 8,955.90 1,407.46

TABLE 6 Annual reduction in carbon dioxide emissions at different loading conditions.

Load (kW) Annual emission reduction at 60% loading (kg) Annual emission reduction at 80% loading (kg)
5 59,991.84 65,761.32
10 33,212.04 44,304.96
15 10,402.08 25,645.56

» The PV modules have an expected service life of 25 years and
1.4 " " " " " the LP generator has a lifespan of 20 years.
S 12t _ Therefore, the maintenance cost for 20 years is determined using
= Equation 16. The expressions to determine the operational cost and
E 1 the total cost of ownership are presented in Equations 17 and 18.
> (1-1.03%)
g MC=CI+ ——= (16)
g (1-1.03)
£ 08 ]
= Operational Cost (OC) = MC + Fuel Cost(FC) (17)
@
=
= 0.6 [ 1
=——©— Fuel Efficiency at 77°F _
——&— Fuel Efficiency at 104°F TCo=Cr+oc (18)
04 2‘0 4I0 6I0 8‘0 160 To account for uncertainties related to inflation, fuel prices
Load (kW) and future technological advancements, a sensitivity analysis is
presented in Section 5.5, exploring variations in battery cost, fuel
FIGURE 8 .
Comparison of the fuel efficiency of LP generator at different price and solar energy output.
temperatures. Table 10 provides a comprehensive overview of the TCO for
three distinct systems: LP-only, LP-BES and LP-BES-PV. The analysis

has been carried out for 5 kW and 15 kW loads at the 60% and 80%

) ) ) LP generator operating points in three different regions, i.e., Kansas
TABLE 7 Data for calculating the cooling capacity.

City, Nigeria and Canada.
Maximum outside ambient temperature (MOA) 104°F The data presented in Table 10 underscores that employing a
) ) hybrid system for a 5 kW load leads to substantial economic benefits.
Maximum allowable internal enclosure temperature (MIA) 77°F . . .
These savings can be further enhanced by running the hybrid system
Temperature difference (TD) 27°F at an 80% load. Conversely, providing power for a 15 kW load
through a hybrid system does not yield any economic advantages,
Encloser total surface arca (SA) Hlsq even when the LP generator operates at 80% of its rated capacity.
Internal heat load (HL) 1858 W The minor savings achieved in Canada by incorporating a PV panel
are negligible over a 20-year period. It must also be noted that the
Internal heat load HCI (HLH) 39w hybrid system with LP and BES is not feasible in Nigeria and Canada
. . when the LP operates at 60% since it cannot charge the BES after it
R-value for the enclosure insulation 35
caters to the load and HVAC demand.
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TABLE 8 Fuel efficiency of the hybrid system at 104°F and LP at 60% and 80% Loading.

LP at 60% loading

Load BES BES BES Gross Fuel Duty 24 h fuel Monthly
(kW) discharge| charging| charging| power | consumption cycle consumption fuel
duration rate time output| Rate (L/hr) | (T1/T1+T2) consumption| (kWh/L)
(hrs) (kW) (hrs) of LP
(kW)
5 11.97 7.12 8.4 15.96 147 41.2% 145.47 4,427.64 0.82
10 5.99 2.62 22.8 15.96 14.7 79.2% 279.41 8,504.50 0.86
11 5.44 1.72 34.8 15.96 147 86.5% 304.94 9,281.42 0.87
12 4.99 0.82 72.8 15.96 14.7 93.6% 330.07 10,046.21 0.87
12,91 4.64 0.00 18269.0 15.96 147 100.0% 352.59 10,731.89 0.88

LP at 80% Loading

Load BES BES Fuel Duty 24 h fuel Monthly
(kW) discharge| charging| charging consumption cycle consumption fuel
duration time Rate (L/hr) (T1/T1+T2) consumption
(hrs) (hrs)

5 11.97 1191 5.0 21.28 17.5 29.6% 124.27 3,782.30 0.97
10 5.99 7.41 8.1 21.28 17.5 57.4% 241.40 7,347.36 0.99
11 5.44 6.51 9.2 21.28 17.5 62.8% 264.02 8,035.94 1.00
12 4.99 5.61 10.7 21.28 17.5 68.1% 286.39 8,716.70 1.01
14 4.8 3.81 157 21.28 175 78.6% 330.36 10,055.29 1.02
15 3.99 291 20.6 21.28 175 83.8% 351.99 10,713.37 1.02

5.4.1 Impact of PV on the cost of ownership

This section explores the influence of incorporating extra PV
panels on the long-term cost of ownership for the hybrid system
spanning 20 years. The additional PV panels are ground-mounted
to power the HPS. The economic assessment has been carried out
based on the assumptions and the data provided in Tables 2, 4 and 9.
The analysis is performed for three regions: Kansas City, Nigeria
and Canada to demonstrate the effectiveness of the HPS at different
temperatures.

Table 11 illustrates how the total cost of ownership in Kansas City,
Nigeria and Canada changes as the number of PV panels is adjusted.
A careful examination of the table reveals a consistent trend: as the
number of PV panels increases, the cost of ownership decreases across
all loads and operating conditions. Notably, the cost of ownership is
lower when operating at 80% loading in comparison to 60% loading.
Even if the LP generator has to be completely replaced three times by
operating at 80%, the cost is still lower than running at 60%.

The cost of ownership is at its most favorable when the HPS is
in conjunction with PV panels, surpassing both the configurations
involving battery storage and a direct LP generator. Notably, when
handlinga 15 kW load at 60% loading, direct LP generator operation
is economically advantageous if the number of PV panels is less than

Frontiers in Energy Research

11

three. Nevertheless, once the number of PV panels exceeds three, the
ownership cost declines compared to the cost of direct LP generator
configuration mentioned in Table 10. To be conservative, over a 20-
year lifespan, one would also expect hail and other natural disasters.

In case of Nigeria, where the average temperature soars to 104°F
the pattern is similar to the one observed in the KC region. The
heightened solar insolation in Nigeria indeed yields greater energy
output from the PV panels. However, this advantage is counteracted by
the HVAC load, which consumes 2.74 kW (as detailed in Section 5.3)
to maintain the battery storage and the electronics within the HPS at
an ambient temperature of 77°FE Consequently, due to the additional
power demanded by the HVAC system, the HPS cannot meet the
15 kW load demand when the LP operates at 60% loading. Although
it manages to satisfy the 15 kW load when the number of PV panels is
increased to five, the cost of ownership ($2,539,039.96) surpasses that
of the direct LP generator case ($2,444,193.34).

In Canada, where the average temperature is 14°F the observed
trend aligns with the patterns seen in KC and Nigeria. The cost of
ownership in Canada is higher compared to the KC region due to
the lower solar insolation. Additionally, the HVAC system requires
an extra 0.93 kW of power (as detailed in Section 5.3) to maintain
the ambient temperature at 77°F. Some level of savings are obtained
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TABLE 9 Data for determining the total cost of ownership.

a ‘
=
=
=
)
g
£ 075 ¢ /
=
=)
=
E —&O—LP 104°F
= —©— LP-BES-PV 77°F
0.5+ —E-— LP-BES-PV 104°F at 80% | -
—A— LP-BES-PV 104°F at 60%
5 7.5 10 12.5 15
Load (kW)
FIGURE 9
Comparison of the fuel efficiency of hybrid BES system at different
temperatures.
1.1t .
S
Z 095 ]
=
)
g
2 08¢ 1
=
=)
=
E
= 065 o—1p 1
—&— LP-BES at 80%
—&— LP-BES-PV at 80%
0.5 1 1 1 1 1
5 7.5 10 12.5 15
Load (kW)
FIGURE 10
Fuel efficiency comparison at 104°F.

when the HPS operates with five PV panels with the LP generator
operating at 60% and 80% capability. However, the savings are
negligible over a 20 year period.

5.4.2 Profit margin analysis

This section analyzes the profit margins achieved using the HPS
equipped with five PV panels. In this context, profit margin refers
to the difference in ownership costs between the HPS with five PV
panels and the direct LP generator. Table 12 provides insights into
the profit margins for loads of 5 kW and 15 kW in the three regions
of interest: KC, Canada and Nigeria. Notably, Table 12 demonstrates
that Nigeria exhibits the highest profit margin. This phenomenon
can be attributed to the elevated cost of propane in Nigeria,
which subsequently increases the ownership costs associated with
the direct LP generator configuration. Furthermore, the profit
margin in Canada surpasses that of Kansas City, driven by the
relatively higher propane costs in Canada compared to those in

Frontiers in Energy Research

12

Cost of 30 kW propane generator $14,000
Average per gallon price of propane in the USA $2.67
Average per gallon price of propane in the Canada $3.58
Average per gallon price of propane in Nigeria $3.92
Cost of 8.5 kWh Li-ion battery $4,250
Cost of BES storage $59,500
Cost of 4 kW PV panel $7,000
Maintenance cost of LP 10%
Maintenance cost of BES 5.00%
Maintenance cost of PV 5.00%

Kansas. It is essential to recognize that the increased propane costs
amplify the disparity between the ownership costs of the direct LP
generator and the LP-BES-PV configuration with five panels, thereby
enhancing the overall profit margin. For the 15 kW load scenario
presented in Table 12, no profit margin is observed when the HPS
operates in Canada and Nigeria with the LP generator running at
60% capacity. However, operating the LP generator at 80% capacity
yields some level of profits across all regions.

5.5 Sensitivity analysis

To evaluate the robustness of the hybrid system’s economic
performance under real-world uncertainties, a sensitivity analysis
was conducted by varying three key parameters: propane fuel
price, solar energy output and battery cost. The outcomes of this
analysis are illustrated in Figure 11, which presents a comparative
bar graph showing the variation in the 20-year TCO for both LP-
only and hybrid systems across each scenario. These parameters were
selected based on their high impact on system economics and their
inherent variability due to environmental, market, and technological
factors.

5.5.1 Fuel price variation (+ 16%)

Propane fuel cost is a dominant driver of operating expenses
in both LP-only and hybrid system configurations. Based on U.S.
Energy Information Administration (EIA) data, residential propane
prices in the United States fluctuated by approximately + 16% over
the past year. This range was therefore applied to assess the sensitivity
of the 20-year TCO to fuel price variations.

The results show that the LP-only system is highly sensitive
to changes in fuel price, with significant impacts on TCO. In
contrast, the hybrid system demonstrates greater resilience due to its
partial reliance on PV and BES, which substantially offset propane
consumption. As a result, the hybrid system maintains a lower TCO
than the LP-only configuration across both low and high fuel price
scenarios.
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TABLE 10 Cost of ownership for 5 kW and 15 kW loads under the 60% and 80% loading capacities.

10.3389/fenrg.2025.1511978

System Type Kansas City Nigeria Canada
5 kW LP at 5 kW LP at 5 kW LP at 5 kW LP at 5 kW LP at 5 kW LP at
60% t{0)4 60% 80% 60% 80%
Lp $1,043,117.65 $1,043,117.65 $1,688,820.22 $1,688,820.22 $1,451,844.10 $1,451,844.10
LP-BES $ 801,690.98 $ 747,306.10 $1,242,348.96 $1,097,794.19 $ 1,037,228.96 $948,307.64
LP-BES-PV $755,871.41 $707,205.17 $1,134,176.00 $ 1,006,646.82 $974,863.68 $ 894,248.56
System Type Kansas City Nigeria
15 kW LP at 15 kW LP at 15 kW LP at 15 kW LP at 15 kW LP at 15 kW LP at
60% 80% 60% 80% 60% 80%
LP $1,633,363.39 $1,633,363.39 $2,444,193.34 $2,444,193.34 $2,241,858.52 $2,241,858.52
LP-BES $1,799,733.81 $1,668,642.71 — $2,650,353.34 — $2,237,691.00
LP-BES-PV $1,761,525.23 $1,633,888.82 $2,909,323.47 $2,570,901.48 $2,400,429.16 $2,190,603.99

5.5.2 Solar output variation (+ 60%)

The performance of the PV subsystem was analyzed by varying
solar energy output by + 60%. This variation was derived from
actual monthly solar irradiance data observed in Kansas City during
2024. This irradiance variability was translated into proportional
changes in PV energy production to reflect realistic environmental
conditions that the system would encounter throughout the
year. The analysis reveals that increased solar output significantly
enhances the cost-effectiveness of the hybrid system by reducing
fuel consumption. Conversely, lower solar output leads to increased
generator usage and a modest rise in TCO. Nevertheless, the hybrid
system continues to deliver a lower TCO compared to the LP-only
system across the entire solar variability range.

5.5.3 Battery cost variation (+ 30%)

The battery energy storage system (BESS) constitutes a
significant portion of the hybrid system’s capital cost. Given recent
global trends and fluctuations in lithium-ion battery markets, a
+ 30% variation in battery cost was included in the analysis.

As expected, changes in battery cost directly affect the capital
investment component of the hybrid system. A 30% reduction in
battery cost further enhances the cost advantage of the hybrid
configuration. Conversely, a 30% increase raises the overall TCO but
does not eliminate the economic benefits of fuel savings over the
systemss lifetime. In all tested scenarios, the hybrid system remains
more economical than the LP-only configuration.

5.5.4 Summary of findings

The results of this sensitivity analysis are summarized in
Figure 11. Across all parameter variations, the hybrid LP-BES-PV
system exhibits strong economic performance and resilience. While
each factor—fuel price, solar irradiance and battery cost individually
influences the TCO, the hybrid system consistently outperforms
the LP-only alternative. These findings reinforce the hybrid
configuration’s suitability for long-term, off-grid deployments where
fuel logistics, solar availability and technology costs are subject to
variability.
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5.6 Comparative analysis of diesel and
propane based hybrid system

To further evaluate the performance of the HPS, an additional
analysis was conducted using a 30 kW diesel generator (DG) in place
of the LP generator. Fuel efficiency data for the diesel generator was
obtained from the manufacturer’s datasheet available on the Generac
website Generac (2016). The diesel generator’s fuel efficiency across
various loading conditions is presented in Table A2 of the Appendix.
The same analytical approach used for the LP based hybrid system
was applied to the DG configuration.

The results reveal trends consistent with those previously
observed. As shown in Table 13, higher fuel savings are achieved
when the hybrid system with a diesel generator operates at 80%
loading compared to 60% loading. Figures 12a,b compare fuel
efficiency and fuel consumption for LP and DG based systems
under varying temperature conditions. The diesel based system
consistently demonstrates higher fuel efficiency and lower fuel use,
which translates into reduced operational costs.

Despite the fuel efficiency advantages of diesel generators
particularly under high load conditions, it is important to consider
the operational context in which HCI hybrid systems are deployed.
The LP based hybrid systems currently deployed by HCI Energy
serve as the primary power source for mission-critical applications
in remote regions, such as powering telecommunication towers.
In these environments, system reliability, low maintenance
requirements and long-term fuel stability are critical.

LP generators offer several operational advantages in this
context. Propanes superior chemical stability enables long-term
storage without degradation, making it ideal for remote installations
where fuel turnover is infrequent. In contrast, diesel fuel is prone to
microbial growth and oxidation over time, which can compromise
fuel quality and system reliability Ludwiczak et al. (2025). Moreover,
propane combustion results in fewer particulates and lower nitrogen
oxide emissions than diesel, reducing engine wear and tear and
minimizing maintenance factors that are essential in remote areas
with limited service access.
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TABLE 11 Cost of ownership for 5 kW and 15 kW loads with varying levels of PV in various regions.
No of PVs

Cost (5 kW-60%)

Cost (5 kW-80%)

Cost (15 kW-60%)

Cost of Ownership in KC

10.3389/fenrg.2025.1511978

Cost (15 kW-80%)

$755,871.41 $707,205.17 $1,761525.23 $1,633888.82
$709,560.82 $666,767.64 $1,722,913.05 $1,598,845.01
$662,753.38 $625,990.47 $1,683,892.79 $1,563,508.81
$615,443.16 $584,870.64 $1,644,459.89 $1,527,877.73
$567,624.14 $543,405.03 $1,604,609.73 $1,491,949.24

Cost of Ownership in N

igeria

$1,134,176.00 $1,006,646.82 $2,909,323.47 $2,570,901.48
$1,024,649.35 $914,664.24 $2,818,392.11 $2,490,747.09
$913,746.81 $821,836.67 $2,726,378.76 $2,409,882.43
$801,445.72 $728,154.20 $2,633,266.97 $2,328,299.62
$687,722.90 $633,606.75 $2,539,039.96 $2,245,990.68
Cost of Ownership in Canada
$974,863.68 $894,248.56 $2,400,429.16 $2,190,603.99
$911,909.27 $839,797.97 $2,347,796.01 $2,143,182.18
$848,359.09 $784,952.59 $2,294,679.64 $2,095,422.93
$784,206.41 $729,709.13 $2,241,074.95 $2,047,323.54
$719,444.39 $674,064.22 $2,186,976.78 $1,998,881.31

TABLE 12 Profit margin for 5 kW load in different regions with
five PV panels.

Region 5 kW 5 kW
60% 80%
KC $475,493.51 $499,712.62 $28,753.66 $141,414.15
Canada $732,399.71 $777,779.88 $54,881.74 $242,977.21
Nigeria $1,001,097.32 | $1,055213.47 | -$94,846.62 $198,202.66

While LP based hybrid systems remain optimal for off-
grid, mission-critical applications, HCI Energy recognizes the
operational and economic benefits of diesel generators in other
contexts. The company plans to integrate diesel generator based
hybrid systems as backup power solutions in both rural and urban
areas where fuel resupply and maintenance services are more
readily available. This dual-path strategy allows for application
specific optimization based on environmental, logistical and
economic factors.

Frontiers in Energy Research 14

6 Policy implications

The findings of this study highlight the potential for hybrid
power systems integrating propane generators, PV panels and
battery energy storage to influence sustainable energy policy for
remote and mission-critical applications. Our analysis demonstrates
that such systems can reduce propane fuel consumption by over
50% at low load levels, avoiding up to 1,198 metric tons of CO,
emissions per installation over a 20-year period. These results
support targeted policy mechanisms such as grants, tax incentives
or performance based financing to promote the adoption of
hybrid systems in off-grid and underserved areas Hassan et al.
(2023). Additionally, policies modeled after feed-in tariffs or
renewable portfolio standards could be extended to support hybrid
configurations that yield verifiable reductions in fuel use and
emissions.

Beyond environmental and economic benefits, hybrid systems
also play a critical role in improving energy access and equity.
By enabling consistent, reliable and affordable electricity in
areas with limited or no grid connectivity, these systems can
significantly increase per capita electricity consumption in rural
communities. This directly supports essential services such as
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TABLE 13 DG based hybrid system fuel savings.

DG-BES-PV
monthly fuel

Load (kW) DG monthly fuel

consumption (L)

consumption at
60% loading (L)

Fuel savings at
60% loading (L)

DG-BES-PV
monthly fuel
consumption at
80% loading (L)

Fuel savings at
80% loading (L)

5 2494.11 1416.72 1077.38 1344.80 1149.30
10 3173.09 2921.37 251.72 2795.38 377.71
A
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Comparison between LP and DG based systems. (a) Fuel efficiency, (b) Fuel consumption.
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lighting, refrigeration, healthcare, education and digital connectivity
contributing to local economic development and improved
quality of life. Moreover, the hybrid approach aligns closely
with the US. Department of Energy’s Energy Improvements in
Rural or Remote Areas (ERA) initiative, offering a scalable and
resilient solution that reduces fuel dependency, enhances energy
security and empowers communities through greater energy
independence U.S. Department of Energy (2025).

7 Limitations of the study

While this study provides a comprehensive analysis of
the hybrid power supply system under various configurations
and environmental conditions, several limitations should be
acknowledged. First, the analysis is based on Excel based simulations
rather than experimentally collected data. Although the inputs
are grounded in manufacturer specifications and real-world
deployment scenarios, practical validation of system performance
is planned for future phases of this work. Second, the study focuses
on three representative locations—Canada, Nigeria and Kansas
City to capture a range of temperature and solar conditions. While
informative, the results may not fully represent performance in all
geographic regions. Future work will expand the analysis to include
a broader set of climatic zones and incorporate empirical data to
enhance model fidelity.

8 Conclusion

This paper provides a comprehensive analysis of the fuel
efficiency and economic viability of a hybrid power supply system
that integrates an LP generator, BES and PV panels. The findings
indicate that operating the LP generator at 80% loading improves
fuel efficiency by approximately 13% compared to operation at
60% loading, particularly under a 5 kW demand scenario. When
integrated with BES and PV, the system achieves a reduction in
monthly fuel consumption of over 55%, resulting in a total fuel
savings of more than 18,000 gallons over a 20-year period. These
improvements lead to a total cost of ownership reduction of up to
32% when compared to the LP only configuration. However, it is
noted that the hybrid system’s fuel efficiency diminishes at higher
temperatures, primarily due to the increased power demands from
the HVAC system. The analysis also highlights the profitability of
implementing multiple PV panels, especially in regions like Nigeria,
where high solar insolation can effectively mitigate additional
power consumption for temperature control. While the hybrid
power system demonstrates marked advantages in fuel efficiency
and return on investment for lower load scenarios, it becomes
economically unfeasible when applied to higher loads such as 15 kW.

The system also demonstrates substantial environmental
benefits, with a reduction of over 65 metric tons of CO, emissions
annually. Sensitivity analysis confirms the systems resilience to
variations in fuel price, solar output and battery cost. While a
comparative assessment shows that diesel generators offer superior
fuel efficiency and lower fuel consumption, propane remains the
preferred option for remote and mission-critical applications due to
its long-term storage stability, lower maintenance requirements and
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cleaner combustion profile. Policy implications of this work support
the integration of hybrid power systems into rural electrification
and resilience planning initiatives, including alignment with the U.S.
DOE’s ERA program. Although the analysis is primarily simulation
based, field measured PV output has been incorporated for partial
validation. Future work will focus on full experimental validation
across multiple deployment sites and explore the integration of
small-scale wind turbines to further enhance the reliability and
renewable penetration of the hybrid system in diverse environments.
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Ap pe n d iX TABLE A2 Fuel efficiency at various loads for diesel generator
Load (kW) | L/hr kWh/L Fuel consumption per
month (L)
TABLE Al Fuel efficiency at various loads for LP generator 5 3.41 1.46 2.494.11
Load (kW) L/hr | kWh/L Fuel consumption per 0 ™ 230 173,00
month (L) ' i T
15 5.70 2.63 4,166.19
5 8.89 0.56 6,496.16
2 4 2. ,473.41
10 11.54 0.87 8,429.76 0 749 67 547340
25 9.71 2.57 7,094.72
15 14.19 1.06 10,363.36
20 16.83 1.19 12,296.96
25 19.48 1.28 14,230.56
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