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Abstract

Generating electricity directly from living soil through electroactive microbial communities is a
promising pathway for maintenance-free, ultra-low-power energy in remote environments. Soil
Microbial Fuel Cells (SMFCs) convert chemical energy from organic matter into electrical energy
by exploiting extracellular electron transfer mechanisms in naturally occurring soil consortia.

This paper presents a complete, reproducible engineering approach to materialize an SMFC-based
power source for real deployments. We cover the bioelectrochemical fundamentals, practical cell
geometry and electrode materials, and an end-to-end energy chain including ultra-low-voltage
harvesting, supercapacitor storage, power-gating, and a Wi-Fi sensing node (ESP32-class). We
also propose an experimental protocol for characterization (polarization curves, internal
resistance estimation, temporal stability) and a field-oriented validation strategy focused on
intermittent wireless telemetry. While SMFCs do not target grid-scale production, they offer a
robust option for autonomous sensing in agriculture and environmental monitoring.
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1. Introduction

The rapid expansion of environmental monitoring and precision agriculture increases the demand
for autonomous sensor nodes operating in locations where conventional power is unavailable or
unreliable. Batteries require replacement and generate waste, while solar harvesting can fail in
shaded sites, harsh winters, underground settings, or vandalism-prone areas.

SMFCs leverage the natural redox activity of soil microbiomes to produce continuous electrical
power independent of diurnal sunlight cycles. Although the achievable power density is modest,
coupling SMFCs with modern energy harvesting and storage electronics enables practical
intermittent operation of sensing and communications workloads.



2. Scientific and Electrochemical Background

In anaerobic microenvironments, microbes oxidize organic substrates and release electrons and
protons. Electroactive microorganisms can transfer electrons beyond the cell envelope through
extracellular electron transfer (EET) pathways, enabling current generation when an anode is
available as an electron acceptor.

In a typical SMFC:

* The anode is placed in an anaerobic soil zone to favor substrate oxidation and biofilm
formation.

* Electrons flow through an external circuit toward the cathode.

* The cathode is located in an oxygenated region near the soil surface, where oxygen reduction
closes the circuit.

* Natural oxygen gradients in soil can replace artificial membranes, simplifying construction and
improving field robustness.

3. Related Work and Practical Performance

Published results report widely varying power densities depending on soil composition, moisture
content, temperature, electrode geometry, and internal resistance. In practice, most successful
real-world use cases focus on ultra-low-power sensing, where energy is accumulated over time
and spent in short bursts for measurement and telemetry.

Consequently, system design should prioritize:

(1) low internal resistance and stable electrode—soil contact,

(i1) durable cathode structures resistant to fouling and dehydration,

(iii) energy-aware electronics and firmware supporting intermittent operation.

4. System Design: SMFC Cell Geometry and Materials

We propose a single-chamber, vertically separated SMFC that uses the soil itself as the separator:

* Anode depth: 20-30 cm (anaerobic zone)
* Cathode depth: 5-10 cm below surface or semi-exposed (oxygenated zone)
* Effective separation: 15-25 cm (trade-off between oxygen gradient and soil resistance)

Recommended materials:

Anode — carbon felt / carbon cloth / porous graphite / conductive biochar (high surface area
supports biofilm growth).

Cathode — air-cathode structure based on activated carbon with a hydrophobic diffusion layer
and a robust current collector (mesh or carbon substrate).

Typical electrode area for a first prototype: 10x10 cm to 15%15 cm.



Figure 1 — SMFC vertical cross-section
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Figure 1. Typical SMFC vertical configuration: anode in an anaerobic zone and cathode in an
oxygenated zone with an external circuit.

5. Energy Harvesting and Storage Chain

SMFC output voltage is typically low (often below 0.6 V) and source impedance can be
significant. Directly powering electronics is therefore impractical. A dedicated energy chain is
required:

1) Ultra-low-voltage energy harvester (step-up DC-DC) to collect energy from the SMFC,
2) Energy storage (supercapacitor) to accumulate charge over time,

3) Regulation (3.3 V rail) for the digital load,

4) Power-gating to fully disconnect the load until sufficient energy is available.

This architecture converts continuous micro-power into intermittent usable power bursts.

6. Wi-Fi loT Node Integration

Wi-Fi provides direct connectivity to a local server without gateways, but it draws substantial
peak current during association and transmission. To make Wi-Fi feasible with SMFC power, the
node must be energy-aware and operate only when the storage voltage exceeds a predefined
threshold.



Proposed node:

* MCU: ESP32-class (e.g., ESP32-C3)

* Sensors: soil temperature and moisture (optional additional probes)

» Communication: 2.4 GHz Wi-Fi

* Operating mode: fully power-gated; short connection window; minimal payload; immediate
shutdown.

The system transmits directly to a local server endpoint (HTTP) or a lightweight message broker
(MQTT) within the LAN.

Figure 2 — End-to-end architecture (SMFC - harvesting - Wi-Fi telemetry)
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Figure 2. Functional chain: SMFC — ultra-low-voltage harvester — supercapacitor —
power-gating/regulation — ESP32-class node — Wi-Fi — local server.

7. Firmware: Energy-Aware Operation

The firmware follows a simple principle: accumulate energy, act quickly, then turn off.

Key rules:

» Wake only when storage voltage exceeds V_ON.

» Keep Wi-Fi timeouts short (seconds, not minutes).

* Avoid expensive protocols unless required (TLS significantly increases energy cost).
* Send compact payloads.

» Shut down immediately after transmission.

This “lightning mode” maximizes reliability under highly constrained energy budgets.



Figure 3 — Energy-aware firmware flow
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Figure 3. Operating sequence: wake only with sufficient energy, measure, transmit briefly, and
fully shut down to allow recharging.

8. Experimental Methodology

A laboratory-to-field experimental protocol is proposed:



Electrical characterization

* Open-circuit voltage (Voc) tracking over time,

* Polarization curve by sweeping external resistive loads (e.g., 10 kQ down to 100 Q),

* Power curve derivation (P = V-I) and estimation of internal resistance from the V—I slope,
» Long-term stability under a fixed load.

Environmental factors

* Moisture content variation (primary driver),
» Temperature variation,

* Soil type and organic content,

* Electrode spacing and surface area effects.

Energy per Wi-Fi transmission can be estimated from the supercapacitor voltage drop:
E="%-C-(V_before> — V_after?).

9. Expected Outcomes and Field Deployment Targets

We expect to demonstrate:

» Continuous electricity generation over multi-week periods,

* Repeatable cell behavior under controlled moisture and temperature conditions,

* Intermittent Wi-Fi telemetry driven by storage thresholds (minutes to hours between
transmissions depending on harvested power),

* Practical design guidelines for electrode selection, contact optimization, and durable field
packaging.

The primary success criterion is a stable duty-cycled sensing node that operates without battery
replacement under typical outdoor conditions.

10. Conclusion

SMFCs are an emerging class of bioelectrochemical power sources inspired by natural soil
metabolism. While their power density remains limited, a carefully engineered harvesting and
storage chain can transform continuous micro-power into usable bursts that support autonomous
sensing and intermittent wireless telemetry.

This paper provides a reproducible blueprint—from cell geometry and materials to energy-aware
Wi-Fi operation—enabling practical prototypes and field trials. Future work should focus on
cathode durability, internal resistance reduction, seasonal robustness, and multi-cell aggregation
strategies to broaden deployment scenarios.
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