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Abstract:

Residential energy consumption accounts for approximately 13% of global greenhouse gas
emissions, with a significant portion of energy lost as "low-grade" waste heat through domestic
hot water systems. Traditional energy recovery methods are often mechanically complex and
unsuitable for small-scale residential use. This study proposes a solid-state waste heat recovery
system utilizing Bismuth Telluride (B ’i2T€3) Thermoelectric Generators (TEGs) integrated into
household hot water pipes. By leveraging the Seebeck effect, these modules convert the
temperature differential (A7") between hot wastewater and ambient indoor air directly into DC
electricity. This proposal reviews the current efficiency of nanostructured BiyT'e3 materials and
outlines a methodology to evaluate the electrical power output and energy payback period of a
TEG-jacketed pipe system.

Introduction:

The global energy crisis has necessitated a shift from active energy generation to passive energy
conservation. In the modern household, the water heater is the second largest energy consumer;
yet, once hot water drains from a shower or dishwasher, its thermal energy is lost to the sewage
system. This low-grade heat (typically between 40°C and 60°C) represents a massive untapped
reservoir of domestic energy. Thermoelectric Generators (TEGs) offer a unique solution: they are
silent, have no moving parts, and can operate for decades with zero maintenance. While
industrial TEGs have been used in aerospace and automotive sectors, their application in the
residential micro-grid remains under-researched. This study aims to evaluate a Bi27 €3-based
TEG system designed to wrap around standard copper plumbing to harvest energy for low-power
[oT sensors or emergency LED lighting.

Literature Review:
Current research into thermoelectricity focuses on maximizing the "Figure of Merit" (Z71"),
S*oT
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defined by the equation: k  where S is the Seebeck coefficient, o is electrical
conductivity, 7" is absolute temperature, and « is thermal conductivity.

Recent breakthroughs in nanostructuring have significantly improved these variables.
Nozariasbmarz et al. (2023) demonstrated that nanostructured Bismuth Telluride modules can
achieve conversion efficiencies of 5-8% even at low temperature differentials (A7" =~ 50°C"), a
range previously thought to be non-viable for power generation. Furthermore, Shittu et al. (2020)
highlighted that the primary bottleneck in residential TEG application is thermal management;
without an efficient heat sink on the "cold side" of the module, the AT’ collapses, and power
generation stops. Agudelo et al. (2022) explored the use of "passive" cooling via aluminum
finned heat sinks, finding that forced convection (using a small fan) could increase power output
by 40%, though the parasitic power draw of the fan often offsets the gains. By synthesizing these
findings, this proposal seeks to design a purely passive, high-efficiency Bi27€3 "thermal
jacket" optimized for the intermittent heat flow typical of residential water usage.
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Methodology:

System Design: The system will consist of a series of TEG1-12706 (Bismuth Telluride)
modules. These will be mounted to a high-conductivity copper pipe interface using
thermal paste (silicon-based) to minimize contact resistance. The "cold side" will be
equipped with oversized aluminum heat sinks to maintain a AT’ of at least 20°C against
the ambient air.
Data Collection: Using a simulated residential flow (water heated to 55°C at a flow rate
of 9.5 L/min), the electrical output will be measured across varying load resistances.
Voltage (V') and Current (/) will be logged to determine the maximum power point
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(MPP) using the formula R.
Efficiency Analysis: The thermal energy available in the water (Qz‘n) will be compared to

the electrical energy produced (P out ). The conversion efficiency (71) will be calculated
as:

Pout
/]7 _—
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Field Simulation: To simulate "real-world" conditions, the system will be tested in
"pulse" cycles (10 minutes on, 50 minutes off) to mimic a morning shower routine,
evaluating the stability of the power output as the heat sinks reach thermal equilibrium.

Conclusion:

This study develops a framework for a passive, solid-state energy scavenger for the home. While
the individual power output of a single TEG module is modest (approx. 0.5-2.0W), the
cumulative effect of a multi-module array across a home’s plumbing could provide enough free
energy to power smart-home hubs or emergency chargers. If successful, this technology could be
integrated into building codes as a standard for sustainable, self-powering infrastructure.
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