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Abstract. The growing reliance on renewable energy in educational institutions has created an
urgent need to optimize solar power systems for both performance and sustainability. Universities
in regions such as Nigeria face erratic grid supply and high energy demand for laboratories, ICT
facilities, and administrative operations, making efficient storage a critical component of solar-
powered systems. This study focused on analyzing round-trip efficiency (RTE) and usable energy
throughput of different battery technologies to determine their suitability for academic
environments. The study combined MATLAB/Simulink simulations with field observations and
expert input. The framework progressed through data collection, system modeling, performance
evaluation, and economic benchmarking tailored to Nigerian universities. Monocrystalline PV
modules (220-330W) were modeled at a fixed 7° tilt with passive cooling, paired with a 60A MPPT
charge controller and a 1kW pure sine wave inverter. Battery modeling compared tubular lead—
acid and LiFePO, technologies using modified Shepherd and single-particle approaches,
capturing internal resistance, DoD thresholds, and degradation effects. Academic load profiles
reflected realistic campus usage. Benchmarking revealed higher RTE (\~95%) and energy
throughput for LiFePO,. The results show that tubular lead—acid batteries achieved round-trip
efficiency (RTE) of (82.5%) under optimal conditions, dropping to (74.6%) under stress, while
LiFePO, maintained higher efficiency above (90%), peaking at (94.8%). Usable energy
throughput was significantly higher in LiFePO,, delivering (1.94 kWh) per cycle compared to (1.09
kWh) for tubular lead—acid, with utilization efficiencies of (75.8%) and (41.3%) respectively.
Environmentally, LiFePO, reduced lifetime CO, emissions by (18%) but faced recycling
challenges in Nigeria, where lead—acid achieves (95%) recovery.

Keywords: Round-trip efficiency; Usable energy throughput; Solar-powered education; LiFePO,
battery; Lead—acid battery
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A.INTRODUCTION

A persistent challenge in solar-powered schools and campuses is the gap between
energy generated at the array and energy that actually serves loads. Power-electronic losses,
charging/discharging losses in batteries, temperature effects, and operational constraints
lower round-trip efficiency (RTE) and shrink usable energy throughput across a term or
academic year. The problem is acute in education environments with peaky schedules such
as morning start-ups, midday cooling loads, evening classes and frequent grid unreliability in
many regions, which places more demand on storage (Eikeland et al, 2023). Understanding
and improving RTE and lifetime throughput therefore underpins reliable labs, ICT suites, and
resilient campus services.

RTE expresses the ratio of energy retrieved from storage to energy used to charge it,
measured at the point of interconnection. For lithium-ion systems commonly paired with PV,
representative RTE values of \~86—-90% appear across recent techno-economic baselines and
planning studies, with small advantages when DC-coupled to PV because of fewer AC/DC
conversions (Bhattacharyya, 2024). Campus microgrid models often assume \~90% RTE for
planning, though realized performance varies with depth of discharge (DoD), C-rate, state-of-
charge window, and temperature (Raman & Barooah, 2019). Campus microgrid management
involves the efficient operation and control of localized energy systems within a university or
institutional campus. These microgrids integrate renewable sources like solar panels, energy
storage, and traditional grid connections to ensure reliable, sustainable power (Alharbi et al,
2024). Management focuses on balancing energy supply and demand, optimizing costs,
enhancing resilience, and reducing carbon emissions. Advanced software and control systems
enable real-time monitoring, load forecasting, and automated switching between energy
sources.

During grid outages, microgrids can operate independently, ensuring uninterrupted
power to critical facilities. Effective campus microgrid management supports sustainability
goals, energy independence, and provides a living lab for research and education (Meydani et
al, 2024). Usable energy throughput has two time scales. In the short term, “usable capacity”
reflects nameplate energy discounted for operating constraints: inverter efficiency, DC/DC and
MPPT losses, battery charge/discharge efficiency, round-trip cycle losses, auxiliary
consumption (thermal management, controls), and a minimum state-of-charge reserve that
protects cycle life. In the long term, “lifetime energy throughput” sums all charged/discharged
energy across the asset life; this depends strongly on DoD and cycle count (Mahesh et al,
2022). Guidance in utility and development handbooks shows that shallow cycling dramatically
extends lifetime throughput compared to deep cycles at the same nameplate capacity (Asian
Development Bank \[ADB], 2018). For schools, operating within moderate SoC windows
during most days and reserving deeper cycles for outages stretches total throughput while
preserving availability during exams or evening events.

PV-side performance also frames the energy budget. IEC 61724 performance
metrics—reference yield, final yield, and performance ratio (PR)—translate irradiance into
expected AC output and make array losses transparent (Mufoz-Rodriguez et al, 2023).
Energy efficiency degrades with increasing internal resistance from SEI growth and, in adverse
conditions, lithium plating; efficiency and fade depend on SoC, DoD, C-rate, and temperature
(Wang et al, 2025). Thermal conditions matter on West African campuses that experience high
ambient temps: both lifespan and safety require active thermal management and uniform
temperature distribution across modules. Earlier NREL work similarly flagged hot-weather
penalties and the need for robust thermal strategies to avoid accelerated degradation.
Practically, auxiliary loads for HYAC and battery cooling should be included in round-trip
accounting for realistic energy management in educational environments.

Efficient energy management in educational environments is vital for fostering human
capital development. Adequate energy supply ensures uninterrupted teaching, effective use
of digital technologies, and a safe, conducive learning atmosphere (Osegbue et al, 2025).
Institutions that adopt strategic budgeting techniques in energy allocation maximize resources,
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enhance sustainability, and support effective learning outcomes (Onuselogu et al, 2016).
Creating energy-efficient spaces will help schools promote productivity, innovation, and long-
term human capacity building (Mbuba, 2022). Furthermore, equitable energy access aligns
with broader national development goals, reinforcing fairness and inclusivity in education and
governance (Mbuba, 2021). Operational strategies in education environments can raise
effective RTE and throughput. First, energy management systems that enforce gentler
charge/discharge rates, avoid extreme SoC, and time-shift flexible loads to solar-rich periods
improve both daily efficiency and cumulative throughput (Bell & Foster, 2017).

Secondly, DC coupling where feasible, high-efficiency inverters, and careful
transformer sizing curb conversion losses (Bhatia et al, 2024 ). Third, scheduling tactics tailored
to campus rhythms—pre-cooling buildings during strong insolation, staggering lab equipment
start-ups, and prioritizing critical loads during exams—translate directly into fewer deep cycles
and longer battery life, which increases lifetime energy delivered per dollar invested (Omenya
et al, 2023). Evidence from campus and community microgrid literature indicates that PV-
storage integration improves self-sufficiency and reduces losses when storage is actively
managed, though absolute gains depend on baseline grid quality and demand response
options (Brown & Chapman, 2021). In Nigerian and similar contexts, case studies and designs
show feasibility and resilience benefits for education facilities, provided systems account for
realistic RTE, ambient temperature, and maintenance practices.

The motivation for the present study stems from the critical need for reliable, cost-
effective, and sustainable power for teaching and research activities. Although solar
integration in campuses is growing, many studies emphasize technical design while
overlooking efficiency degradation, lifetime throughput, and load-specific impacts (Babatunde
et al, 2022; Prasad et al, 2023). Furthermore, tropical environments face unique challenges of
high temperatures and erratic demand, yet limited empirical studies address these constraints
in schools. Bridging this gap ensures optimized, resilient energy systems.

B. LITERATURE REVIEW

PV System Components

Photovoltaic Modules

Monocrystalline PV modules rated 220-330W (12V) with efficiencies between 18% and
20% were selected, reflecting both durability and suitability for Nigeria’s tropical climate. The
modules were connected in a series-parallel arrangement to match 12V/24V battery banks,
producing optimal voltage and current outputs.

Mounting, Tilt Optimization, and Irradiance Capture:

To maximize yield, modules were mounted at a tilt angle of 7°, consistent with
conditions in Southern Nigeria. Although seasonal adjustment could improve performance
further, a fixed tilt was considered sufficient for this study. Passive cooling measures were
factored in to mitigate the efficiency losses associated with high ambient temperatures (35—
45°C).

Typical solar radiation in Anambra State ranges from 4.5-6.1 kWh/m?/day, with
modules spaced to minimize shading.

Charge Controllers and Inverters

MPPT Charge Controller (60A):

A 60A MPPT charge controller was modeled, capable of achieving 97-99% efficiency
under varying irradiance. It also included temperature compensation features to adjust charge
voltage according to battery temperature.

Pure Sine Wave Inverter (1kW):

The inverter modeled was a 1kW pure sine wave unit, selected for its 90-95%
conversion efficiency under common academic loads. Surge tolerance and grid-protection
features were also integrated to reflect Nigeria’s unstable voltage conditions.
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Table 1: System Protection Features (Specialist Knowledge)

Component Protection Mechanism Specification

Charge Controller Reverse polarity protection 60A fuse, MOSFET isolation
Inverter Low-voltage disconnect (LVD) 10.5V cutoff for 12V systems
Battery System Overcharge protection 14.4V (lead-acid), 14.6V (LiFePO,)
System Integration  Surge protection Class Il SPD, 40kA capacity

Round-Trip Efficiency and Usable Energy Throughput Evaluation

MATLAB Simulation Setup

Battery performance was simulated in MATLAB R2025a using Simscape Electrical.
The tubular lead—acid battery was represented with a modified Shepherd model that
accounted for capacity fade, while the LiFePO, battery was modeled using a single-particle
approach. Key parameters such as nominal voltage, internal resistance, depth-of-discharge
limits, and operating temperature ranges were specified based on manufacturer data.

Table 2: Battery Model Parameters

Parameter Tubular Lead-Acid (220Ah) LiFePO, (200Ah)
Nominal Voltage 12V 12.8V
Internal Resistance 0.008Q (variable) 0.005Q (variable)
DoD Threshold 50% 80%
Operating Temperature 25-40°C 25-40°C

The round-trip efficiency calculation follows the methodology established by Beckers
et al., (2023) where efficiency is computed as the ratio of discharge energy to charge energy
over complete cycles:

RTE = (> Discharge Energy / > Charge Energy) x 100%

Load Profile Modeling

To ensure realism, the academic load profile was developed from the Department of
Industrial and Production Engineering. It included morning laboratory peaks of 2.0 kW,
afternoon office and classroom demand of 1.5 kW, evening usage of 0.8 kW, and a night
baseload of 0.3 kW for servers and security.

2.5.3 Usable Energy Throughput Assessment

Usable energy was computed while accounting for depth of discharge, efficiency
losses, and degradation factors. The formula used was:

Usable Energy = Nominal Capacity x DoD Limit x RTE x Availability Factor

This provided a more practical estimate of the energy that each battery could
consistently deliver in an academic setting.

MATLAB/Simulink Simulation Setup

1 PV—Battery Modeling

The photovoltaic (PV) array was modeled using the 1-diode equivalent circuit from
Simscape Electrical, which accounts for series resistance (Rs), shunt resistance (Rsh), and
temperature-dependent photocurrent (Iph). The diode ideality factor (n) was set to 1.3 for
monocrystalline silicon, aligning with manufacturer datasheets for 330W panels.

For battery modeling, Thevenin equivalent circuits were implemented to capture
dynamic voltage responses during charge/discharge cycles. The lead—acid battery model
included:

. Open-circuit voltage (Voc): Modeled using a modified Shepherd equation:

Voc=EO0-K- (Q/(Q-it))i-R-i+Ae”’-Bit)

where EO is the nominal voltage, Q is capacity, and R represents internal resistance.
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. RC networks: Two parallel RC branches (R1C1, R2C2) to simulate transient
polarization effects.

Thevenin

—A\\N

\
E i
o
Thevenin e ~ Load
<

Figure 1: Battery Equivalent Circuit Models (All About Circuits, ca. 2014)
C. RESEARCH METHODOLOGY

The research design followed a mixed-method strategy. Quantitative analysis was
conducted mainly through MATLAB/Simulink simulations, while qualitative insights were
gathered from field observations and expert input. The framework was implemented in three
stages: first, collection of data and system modeling; second, performance evaluation and
comparison; and third, economic and benchmarking analysis. This phased structure ensured
that each objective was systematically addressed, while keeping the overall process coherent
and reproducible. Combining theoretical perspectives from literature with practical realities
specific to Nigerian universities enabled the framework to provide outcomes that can directly
inform policy and practice.

Performance Experiments

Performance was tested under three different depth-of-discharge (DoD) conditions—
30%, 50%, and 80%—to reflect conservative, moderate, and aggressive operating practices.

Key Metrics Tracked:

State of charge (SOC): Estimated via coulomb counting with a 2% measurement error
margin.

Round-trip efficiency: Calculated as:

RTE = (Discharge Energy/Charge Energy) x 100%

Voltage sag: Defined as the difference between open-circuit and loaded voltages at
peak demand.

Capacity fade was simulated using the weighted Ah-throughput model (Schiffer et al.,
2007), which correlates degradation with:

Cumulative discharged energy:

Qloss = k - VY (DoDi - Qi)

where k is a chemistry-dependent aging coefficient.

Time since last full recharge: Prolonged partial states of charge accelerate sulfation in
lead—acid batteries.

Lowest SOC per cycle: Deep discharges below 20% SOC exacerbate active mass
degradation.

Benchmarking Criteria and Metrics

Round-trip efficiency (RTE), calculated as the ratio of discharged energy to charged
energy, revealed significant disparities between the technologies. LiFePO, batteries achieved
~95% RTE at 80% depth of discharge (DoD), while tubular lead—acid batteries registered
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~85% RTE at 50% DoD. These efficiency losses in lead—acid systems stem from higher
internal resistance and energy dissipation during charge-discharge cycles, as described by
the Thevenin equivalent circuit model. Over 1,000 cycles, this disparity translated to ~15%
lower usable energy throughput for lead—acid batteries, necessitating larger battery banks to
meet equivalent energy demands.

D. RESULTS AND DISCUSSION

Round-Trip Efficiency Analysis

The first objective was to evaluate the efficiency and usable energy of tubular batteries.
As shown in Table 3, tubular lead—acid batteries recorded a round-trip efficiency (RTE) of
82.5% at optimal conditions (25°C, C/10 discharge rate). This value dropped to 78.3% at 40°C
and further down to 74.6% under combined stress (40°C, C/5 discharge rate). By contrast,
LiFePO, batteries consistently maintained efficiencies above 90%, reaching 94.8% at 25°C
and still achieving 90.4% under the harshest stress condition tested. The efficiency advantage
of LiFePO, ranged from 14.9% under optimal conditions to as high as 21.2% under combined
stress, highlighting a widening gap in performance as operating conditions became more
demanding.

Table 3: Round-Trip Efficiency Results by Operating Conditions

Operating Condition Tubular Lead-Acid (%) LiFePO, (%) Efficiency Gain
Optimal (25°C, C/10) 825+1.2 94.8+0.8 14.9%
High Temperature (40°C, C/10) 78.3%+1.5 921+1.1 17.6%
Higher C-rate (25°C, C/5) 79.1+1.38 93.2+1.0 17.8%
Combined Stress (40°C, C/5) 746121 90.4+1.3 21.2%

The bar chart in Figure 2 illustrates the round-trip efficiency performance of tubular
lead—acid and LiFePO, batteries under varying operating conditions. At optimal temperature
and discharge rate (25°C, C/10), LiFePO, achieved 94.8% efficiency compared to lead—acid’s
82.5%, indicating a 14.9% gain. This finding agreed with Babatunde et al, (2022), who
observed superior energy retention in lithium batteries used within Nigerian educational
settings. Under high-temperature conditions (40°C, C/10), LiFePO, maintained 92.1%, while
lead—acid dropped to 78.3%, showing greater sensitivity to thermal stress. In contrast, Prasad
et al, (2023) highlighted that lead—acid batteries degrade more quickly in hot climates, a trend
reflected in the figure. At higher charge-discharge rates (25°C, C/5), LiFePO, efficiency
remained at 93.2%, while lead—acid fell to 79.1%, reflecting lithium’s resilience under rapid
cycling. In a related study, McKeon et al, (2014) emphasized that lead—acid batteries are less
suited for dynamic educational energy demands due to higher internal resistance. Under
combined stress (40°C, C/5), the gap widened further, with LiFePO, sustaining 90.4%
efficiency against lead—acid’s 74.6%.

Optlmal (251iohd/dfperature @igter Ctaje (1Bired Stress (40°C, C/5)
® Tubular Lead-Acid (%) ®LiFePO, (%) Efficiency Gain

Figure 2: Round-Trip Efficiency Results by Operating Conditions
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The results demonstrate that LiFePO, batteries maintain superior efficiency across all
tested conditions, with the efficiency advantage increasing under stress conditions commonly
encountered in Nigerian academic environments. The higher internal resistance of lead-acid
batteries contributes significantly to energy losses, particularly under elevated temperatures
typical of tropical climates.

Usable Energy Throughput Assessment
Usable energy throughput calculations incorporated depth of discharge limitations and
efficiency losses to determine practical energy availability. From Table 4, the difference in
usable energy between tubular lead—acid and LiFePO, batteries is very clear. Although the
tubular battery has a slightly higher nominal capacity (2.64 kWh vs 2.56 kWh for LiFePO,), the
usable energy per cycle is far lower (1.09 kWh compared to 1.94 kWh). This is because tubular
batteries are restricted to a 50% depth of discharge (DoD) and have a lower round-trip
efficiency of 82.5%. On the other hand, LiFePO, batteries can be discharged up to 80% and
still maintain a high efficiency of 94.8%, resulting in about 78% more usable energy per cycle.
The utilization efficiency of tubular batteries is only 41.3%, while LiFePO, achieves 75.8%,
meaning that almost two-thirds of the stored energy in tubular systems is not practically usable.

Table 4: Usable Energy Throughput Comparison

Battery Type Nominal DoD RTE Usable Energy Utilization
Capacity Limit (%) per Cycle (kWh) Efficiency (%)
(kWh) (%)
Tubular Lead-Acid 2.64 50 82.5 1.09 41.3
220Ah
LiFePO, 200Ah 2.56 80 94.8 1.94 75.8
100

o O

80
60
4
> i

Nominal DoD Limit (%) RTE (%) Usable Energy Utilization
Capacity (kWh) per Cycle (kWh) Efficiency (%)

E Tubular Lead-Acid 220Ah  mLjFePO, 200Ah

o

Figure 3: Usable Energy Throughput Comparison

Figure 3 compares the usable energy throughput of tubular lead—acid and LiFePO,
batteries. Although tubular batteries show a slightly higher nominal capacity (2.64 kWh vs.
2.56 kWh), their performance is limited due to a lower depth of discharge (50%) and round-
trip efficiency (82.5%). In contrast, LiFePO, achieves 80% depth of discharge and 94.8%
efficiency, yielding 1.94 kWh of usable energy per cycle compared to 1.09 kWh for tubular
systems. This finding agreed with Wang et al, (2025), who highlighted lithium’s higher
utilization efficiency in hot climates. Furthermore, utilization efficiency favors LiFePO, at 75.8%
versus 41.3% for lead—acid, demonstrating nearly double the usable energy. In a related study,
Zhou et al, (2023) emphasized that despite higher costs, LiFePO, remains more suitable for
solar-powered educational settings requiring reliability and sustainability. The figure therefore
reinforces lithium’s superiority in long-term usability despite lead—acid’s recycling advantage.
Although lithium outperformed tubular batteries, the results highlight that tubular systems can
still meet the basic demands of non-critical loads such as lighting and administrative
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equipment. In terms of usable energy, tubular batteries delivered approximately 1.09 kWh per
cycle, compared to 1.94 kWh for LiFePO,. The gap is significant, but it demonstrates that
tubular batteries, when operated within recommended discharge limits, remain capable of
supporting routine academic activities.

Environmental and Sustainability Considerations

Beyond performance and economics, environmental factors are increasingly important
in academic institutions that promote sustainable development. The analysis shows that
LiFePO, reduces CO, emissions by approximately 18% over its lifetime, compared to tubular
lead—acid batteries, due to its higher energy efficiency. This directly supports Nigeria’s
commitments to reducing greenhouse gas emissions under global climate agreements.
On the other hand, material recovery is an area where tubular batteries retain an advantage.
The lead—acid recycling industry in Nigeria is well established, achieving about 95% recovery
rates, which makes it easier to manage end-of-life batteries. LiFePO, recycling infrastructure
is still very limited in Nigeria, which creates a challenge for long-term sustainability. However,
as more universities and businesses adopt lithium systems, the recycling sector may expand
to accommodate this new demand.
Toxicity concerns also show a trade-off. While lead—acid batteries pose significant hazards
due to the toxic nature of lead and acid spills, LiFePO, eliminates these issues. However,
lithium introduces new disposal challenges, including the safe handling of lithium salts and
electrolytes. According to Gaines (2014), lithium-based batteries are less toxic overall than
lead—acid, but their end-of-life management requires specialized facilities, which are not yet
common in Nigeria.

E. CONCLUSION AND SUGGESTIONS

This study investigated the round-trip efficiency and usable energy throughput of
tubular lead—acid and LiFePO, batteries within a solar-powered educational environment,
focusing on Nigerian universities. Findings indicated that LiFePO, batteries consistently
outperformed tubular lead—acid across varying conditions, sustaining higher RTE values and
delivering nearly twice the usable energy per cycle. Although lead—acid batteries offered
advantages in established recycling infrastructure and affordability, their limited depth of
discharge, higher internal resistance, and reduced efficiency under thermal stress restricted
long-term performance. LiFePO, batteries, in contrast, ensured superior reliability, extended
usable capacity, and measurable reductions in lifetime carbon emissions.

The results underscore the importance of prioritizing lithium-based technologies in
academic solar applications where energy reliability and sustainability are crucial. The
absence of robust lithium recycling infrastructure in Nigeria remains a critical gap that requires
attention to ensure environmental responsibility. With efficient battery technologies integrated
into sound system design and energy management, educational institutions can achieve
greater resilience, reduce operational costs, and align with global sustainability goals. This
conclusion emphasizes the need for policy interventions and institutional strategies that foster
the adoption of advanced storage technologies within education-focused renewable energy
systems.
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