	
	
	



Evaluating the Voltage Stability and Reliability of a 12-cell Saltwater Galvanic Battery


ABSTRACT
The transition toward Net Zero energy frameworks demands immediate investment in sustainable alternatives to lithium-ion storage. Currently, high economic costs and ecologically damaging mineral extraction chains restrict lithium-ion infrastructure, threatening the long-term viability of global decarbonization efforts. Open-system aqueous saline batteries offer a safe, non-toxic, and geographically abundant alternative for decentralized, emergency energy deployment. However, low energy densities and severe voltage decay under active loads traditionally limit their practical integration. This study evaluates the technical optimization, performance boundaries, and temporal voltage stability of a primary zinc-copper (Zn-Cu) galvanic powerbank array. We engineered individual cell units using a compact, multi-laminate parallel-plate architecture, containing five electrode pairs per cell; to maximize active surface area and minimize internal resistance. High-absorbency polymer and cellulose separator membranes saturated with a 30% wet aqueous sodium chloride (NaCl) electrolyte isolated the cells. To stabilize the output, we integrated an active XH-M411 DC-DC step-up boost converter downstream. Although prototyping resource constraints restricted physical testing to low-order configurations, our data collection successfully tracked open-circuit voltage (OCV) and structural voltage sag. Individual cell blocks yielded a steady baseline OCV of 0.845 V, a value mathematically insufficient to trigger the boost converter. Series scaling followed additive electromotive force laws; while a 3-cell array established an experimental baseline of 2.45 V, the fully integrated 12-cell series configuration generated an experimental raw potential of 9.6 V under zero-load conditions (against a theoretical potential of 10.14 V). This elevated initial potential serves as an essential voltage buffer against rapid anodic passivation and internal ohmic losses. Ultimately, the 9.6 V configuration maintains the working input above the regulator's critical 4.0 V activation threshold, enabling sustained 5.0 V USB-standard power delivery and validating a minimal-infrastructure emergency energy framework aligned with Sustainable Development Goal 7 (SDG 7).
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INTRODUCTION
Global Net Zero initiatives require scalable energy storage alternatives to conventional lithium-ion batteries. Volatile material costs, thermal runaway hazards, and ecologically damaging supply chains severely limit current lithium-ion technology, driving the search for cleaner alternatives (Chen et al., 2024). Value analysis margins demonstrate that transitioning to decentralized stationary arrays leveraging abundant sodium chloride (NaCl) structures offers radical economic and resource scaling benefits over conventional critical mineral dependency chains (Nurohmah et al., 2022). Open-system aqueous saline batteries offer a non-toxic, safe, and abundant alternative for decentralized power. However, traditional designs suffer from low energy density and rapid voltage decay under continuous load. Recent work highlights that optimizing internal cell geometry and leveraging paper-based architectures for resource-limited settings can mitigate these performance boundaries (Fraiwan et al., 2016).
The application of alternative galvanic configurations, such as seawater-activated networks, has shown promise in specialized, low-power marine applications (Anwar et al., 2025). Furthermore, historical precedents like the foundational Voltaic Pile demonstrate that stacking alternating metallic profiles is a viable approach to multiplying lower chemical potentials into highly functional electromotive forces (National High Magnetic Field Laboratory, 2025). This study evaluates the performance boundaries and voltage stability of a portable, value-engineered zinc-copper (Zn-Cu) galvanic powerbank. Using an Input-Process-Output (IPO) experimental model, we isolate the impact of cell scaling, surface area maximization, and active power electronics regulation to establish a reproducible deployment profile for emergency electrical applications.
METHODOLOGY
Research Design and Quantitative Framework
This study utilizes a quantitative experimental engineering design focused on a modular galvanic array, building on established quantitative research methodologies (Creswell, 2023) and rigorous experimental tracking protocols (Mcleod, 2023). Individual cell blocks were engineered using a multi-laminate, 10-layer sandwich vertical stack (5 Cu cathodes and 5 Zn anodes per cell block) compressed inside a rigid thermoplastic electrical molding chassis to maintain consistent interfacial contact and minimize internal resistance.
Sacrificial Zn anodes and Cu cathodes were mechanically thinned via uniform hammering to standardize thickness and polished with sandpaper to remove non-conductive passivation layers. High-conductivity nickel strips were spot-welded to the top margins of the zinc plates for low-resistance current collection, and copper leads were soldered to the cathodes. This structure builds parallel-plate configurations found in modern secondary storage designs, expanding active electrochemical surface boundaries (Lionetto et al., 2024).
The assembled modular chassis stacks were housed within transparent glass jars acting as isolated cell compartments, hydrostatically saturated with an aqueous sodium chloride (NaCl) electrolyte standardized to exactly 30% salinity using an automatic temperature-compensated (ATC) optical refractometer. This high-concentration saline setup avoids early solution saturation while maximizing macro-scale charge carrier profiles (Gomez Vazquez et al., 2025). To regulate the output, the series array was wired downstream to an active XH-M411 DC-DC step-up boost converter equipped with a manual potentiometer to drive standard USB-compatible loads.
Data Acquisition and Analysis
Electrical metrics were captured using a pre-calibrated DT-830D digital multimeter (±0.5% accuracy) configured for high input impedance to eliminate parasitic meter load. The testing routine was strictly bound to track open-circuit voltage (OCV) and dynamic voltage sag under load, adhering to standardized factor-isolation guidelines for industrial cell matrices (Montgomery, 2020). Due to high baseline chemical volatility across early trials, short-circuit current (SCC) tracking and material mass-loss degradation metrics were excluded from the final analytical scope.
Empirical voltage data was evaluated against a standardized interpretation framework (Table 1) derived from the thermodynamic boundaries of the traditional Daniell Cell model (Atkins & de Paula, 2006; Da Rosa, 2013), the Nernst Equation (Bard & Faulkner, 2001; LibreTexts, 2023), and the additive laws of the Voltaic Pile (National High Magnetic Field Laboratory, 2025).
Table 1. Interpretation Table
	Voltage Range (v)
	Interpretation 
	Description / Meaning

	0.0 - 0.3 V
	Insufficient
	Inadequate for electron flow; indicates high internal resistance or electrolyte exhaustion.

	0.4 - 0.6 V
	Threshold
	Functional range for individual Sandwich-Method cells; indicates successful ion migration but requires series-summation for regulation.

	0.7 - 0.9 V
	Functional
	Ideal range for a single Cu-Zn cell under no-load conditions. Represents maximum potential before Concentration Polarization.

	1.0 - 1.2 V
	Optimal
	Approaching the theoretical maximum potential. Indicates peak ionic mobility and high-purity electrode surfaces.

	> 1.5 V
	Standard Equivalent
	The critical threshold required to trigger the XH-M411 Boost Converter; achieved through a 12-cell series configuration.


RESULTS
A significant performance gap was recorded between the standalone cell blocks and the scaled series network. An individual multi-laminate cell block produced a highly stable mean OCV of 0.845 V, placing it within the functional tier. This aligns with localized baseline data gathered from low-complexity primary saline cells (Cañete, 2024). When scaled sequentially into an integrated series circuit to overcome single-cell voltage depression, the architecture validated additive electromotive force (EMF) laws. A localized 3-cell configuration registered a stable intermediate baseline of 2.45 V.
Ultimately, the fully integrated 12-cell series array generated a cumulative experimental raw potential of 9.6 V under zero-load conditions. While this sits below the absolute theoretical additive value of 13.20 V due to connection resistance and material imperfections, it successfully clears the minimum system operational criteria.
DISCUSSION
A single cell block output of 0.845 V cannot power external hardware because it falls far below the 4.0 V startup threshold required by the XH-M411 boost converter. Under active load, immediate ohmic losses (IR) across the cellulose separators worsen this power deficiency. While microporous cellulose matrices offer exceptional safety and eco-friendly structural advantages in modern battery design, their tight transport pathways can restrict rapid ion transport compared to bulk liquid systems under heavy draw (Chen et al., 2024). Closing the circuit further exacerbates these kinetic limits by triggering severe concentration polarization and rapid anodic passivation. During active testing, Zn2+ ions accumulate at the anode interface faster than they can diffuse outward, while non-conductive zinc oxide (ZnO) passivation layers precipitate directly onto the active metallic sites of the anode (Bockelmann et al., 2017). This insulating layer electronically isolates the reactive surface area, driving a swift voltage sag.
The 12-cell series array overcomes these fundamental limitations by establishing an elevated 9.6 V raw potential buffer. Although immediate polarization and passivation drop the working voltage during active testing, the array's cumulative output stays safely above the converter's critical 4.0 V activation floor. This allows the downstream power electronics to continuously step up and stabilize the fluctuating chemical energy into a steady, uniform 5.0 V USB output capable of running low-consumption electronics like earpods.
From an applied engineering perspective, this architecture fulfills the mandates of United Nations Sustainable Development Goal 7 (SDG 7: Affordable and Clean Energy) (United Nations, 2015). By utilizing an accessible, paper-based configuration optimized for resource-limited environments, this setup circumvents complex global lithium-ion mineral supply chains and thermal runaway risks (Fraiwan et al., 2016). Ultimately, it serves as a resilient, "cold-start" emergency utility, proving that decentralized electricity can be harvested sustainably from common, locally sourced materials.
CONCLUSION
This study validates a value-engineered framework for converting low-cost consumer materials into a functional emergency power source. The compressed, multi-laminate design successfully minimizes internal ohmic paths, yielding a robust 0.845 V baseline per cell block. Although chemical polarization and zinc anode passivation induce rapid voltage sag under active loads, scaling the architecture to a 12-cell series configuration generates a cumulative 9.6 V baseline buffer. This elevated potential provides the necessary electrical headroom to drive an integrated DC-DC boost converter above its 4.0 V activation floor, successfully delivering a regulated, steady 5.0 V USB output. Ultimately, this architecture offers a highly accessible, minimal-infrastructure solution for decentralized energy deployment in disaster-response and resource-constrained environments.
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