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Abstract

This paper presents the development of a novel integrated system that combines magnetocaloric
cooling with thermomagnetic energy recovery, designed specifically for data center applications. The
proposed technology leverages the magnetocaloric effect to provide efficient solid-state cooling
while simultaneously recovering waste heat through thermomagnetic generation. This dual-purpose
approach addresses two critical challenges in modern data centers: reducing cooling energy
consumption and recovering low-grade waste heat. As data centers continue to consume increasing
amounts of energy, particularly with the rise of Al workloads, this solid-state cooling and energy reuse
system offers significant advantages over traditional cooling methods. Implementation of
magnetocaloric technology could reduce cooling energy demands by approximately 50% while
simultaneously recovering 20-30% of waste heat as usable electricity, moving data centers closer to
unity Power Usage Effectiveness (PUE). The paper details the scientific principles, system architecture,

development plan, and expected performance metrics for a prototype demonstration system.

1. Introduction and Background

1.1 The Data Center Energy Challenge

Data centers represent a significant and growing portion of global energy consumption. In the
European Union alone, data centers consumed approximately 76.8 TWh in 2018, with projections
indicating this figure could double by 2030 due to increasing Al workloads. While industry leaders
have focused on renewable energy adoption and improved cooling techniques—exemplified by
Google's carbon-free energy commitment and Microsoft's underwater data center experiments—

fundamentally new approaches are needed to address this escalating energy challenge.

1.2 Principles of Magnetocaloric Cooling

Magnetocaloric cooling utilizes the magnetocaloric effect (MCE), wherein a ferromagnetic solid
experiences temperature changes when subjected to varying magnetic fields. Specifically, under
adiabatic conditions, the material heats when magnetized and cools when demagnetized. This
phenomenon forms the basis of a refrigeration cycle that eliminates conventional refrigerants and

mechanical compression.

In practice, a magnetocaloric material (MCM) such as gadolinium or La—Fe-Si alloys undergoes a cyclic
process of magnetization and demagnetization. During magnetization, the MCM's temperature rises,
allowing heat to be transferred to a hot heat exchanger. When the magnetic field is removed, the

MCM cools and absorbs heat from a cold reservoir, which in our application would be the data center



environment. This approach, known as active magnetic regeneration, effectively replaces the

traditional vapor-compression cycle used in conventional cooling systems.

Unlike liquid cooling loops that circulate water or glycol, a magnetocaloric system requires only a
magnetic field and heat exchangers, significantly reducing mechanical complexity. In our proposed
implementation, server racks would be cooled by circulating air or liquid across a magnet-based heat
exchanger, driven by compact permanent magnets and controlled by power electronics.

1.3 Thermomagnetic Energy Recovery

Complementing the cooling function, thermomagnetic generation (TMG) offers a method to recover
waste heat by exploiting temperature-dependent changes in magnetization. In a TMG, the
magnetization of the MCM decreases dramatically near its Curie temperature; this changing magnetic

flux through a surrounding coil induces electrical current according to Faraday's law of induction.

This mechanism enables direct conversion of low-grade waste heat (typically 30-80°C) into electrical
energy without requiring moving mechanical parts. Theoretical studies have shown that ideal TMG
efficiency can reach approximately 55% of Carnot efficiency, making it particularly promising for
lowgrade heat recovery applications. The integration of magnetocaloric cooling with thermomagnetic
energy recovery creates a system that provides solid-state cooling while simultaneously harvesting

waste heat.

Beyond cooling capabilities, magnetocaloric materials can also recover waste heat. By designing a
regenerative cycle, heat absorbed during demagnetization can be fed into a thermomagnetic
generator to produce electricity. This process functions similarly to an organic Rankine cycle (ORC)

but uses magnetic entropy instead of liquid evaporation.

Laboratory studies suggest thermomagnetic generators could achieve 30-60% of Carnot efficiency—
an order of magnitude higher than typical ORC systems. For comparison, conventional ORC modules

using pentane or isopentane typically yield only 3-7% efficiency from data center waste heat.

2. System Components and Architecture

2.1 Core Components

The proposed prototype system consists of several key components:

e Magnetic Field Source: Permanent magnets (e.g., NdFeB blocks) or electromagnets generate the
strong, alternating magnetic field required to drive the magnetocaloric effect. These are often
arranged in a Halbach array configuration or as a rotating magnet assembly to optimize field
strength and distribution.

e Magnetocaloric Refrigerant: Materials exhibiting strong magnetocaloric effects near room

temperature serve as the working medium. Suitable materials include gadolinium (Gd), Gd-based



alloys, or La—Fe-Si compounds. These solids function as the working "fluid" in the solid-state

cooling cycle.

¢ Heat Exchange System: Cold and hot heat exchangers (typically metal blocks with embedded
microchannels) connected to closed-loop fluid circuits (water/antifreeze) transfer heat between
the
MCM and the respective thermal reservoirs. The cold loop simulates data center heat load while
the

hot loop rejects heat to the ambient environment or a radiator. DC pumps circulate the heat

transfer fluids.

¢ Control System: A microcontroller (e.g., Arduino) sequences the operation cycle, controlling
actuators that move the MCM in and out of the magnetic field and switching valves between hot
and cold loops. Temperature sensors (thermocouples) at critical interfaces provide feedback to the

controller.

¢ Energy Recovery System: Either a coil wound around the magnet/MCM arrangement or
thermoelectric generators (TEGs) mounted on the hot exchanger harvest electricity from the
changing magnetic flux or heat flow, respectively. In the TMG configuration, the coil captures

electromagnetic energy from the changing magnetization of the MCM.

o Instrumentation: Current/voltage sensors, flow meters, and data-logging interfaces measure and

record system performance parameters for analysis and optimization.



2.2 Conceptual System Architecture
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Conceptual prototype of a magnetocaloric cooling cycle with integrated thermomagnetic energy
recovery. A magnetocaloric block (green) is cyclically magnetized by a moving permanent magnet
(grey), alternately heating and cooling it. Hot (red) and cold (blue) fluid loops carry heat away to
ambient or to the data center. A coil (copper) around the cycle converts the changing magnetic flux
into electricity.]

In operation, magnetizing the refrigerant raises its temperature (heat sent to the hot exchanger), then
demagnetizing cools it (absorbing heat from the cold exchanger). The changing magnetization also

induces a voltage in the coil, yielding waste-heat-to-electricity generation.
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3. Development Plan

The prototype development is structured in five sequential phases:

3.1 Magnetocaloric Cycle Bench Test

This initial phase involves procuring a small MCM sample (e.g., a gadolinium block) and strong
permanent magnets. A test jig is constructed to allow manual or actuator-driven insertion and
removal of the MCM into the magnetic field gap. Thermocouples measure the adiabatic temperature
change during magnetization and demagnetization cycles, verifying the basic magnetocaloric effect

of the material and validating the magnetic field strength.

3.2 Heat Exchange Integration

The second phase focuses on building the cold and hot fluid loops with miniature heat exchangers.
The



MCM is mounted in one exchanger with valves and flow channels arranged to alternate fluid flow over
the MCM, mimicking an active regenerator configuration. Two tanks serve as hot and cold reservoirs,
with DC pumps circulating water or glycol through the system. Heat transfer rates and temperature
spans are measured by flowing ambient water (room temperature versus heated) through the loops,
confirming heat pumping capability when the MCM undergoes magnetic field cycling.

3.3 Motion Control and Automation

In this phase, the magnet and/or MCM assembly is mounted on a mechanical actuator (linear slide or
rotating wheel) controlled by the microcontroller. A timing sequence is programmed—for example,
10 seconds of magnetization (hot-heat dump) followed by 10 seconds of demagnetization (cold-heat
absorption). Valve operation is synchronized so that hot fluid flows only during magnetized phases
and cold fluid during demagnetized phases. The microcontroller logs temperatures and ensures
operational safety. The complete refrigeration cycle is tested, and the net cooling effect (temperature

difference between inlet and outlet) is measured.

3.4 Thermomagnetic Energy Harvesting

A coil is wrapped around the magnetic circuit or the moving MCM block and connected to an
electrical load or data logger. During the heating/cooling cycle, the induced voltage and current are
recorded. Alternatively, thermoelectric modules may be mounted on the hot exchanger to convert
waste heat to electricity. Power output is characterized, with expected induced currents in the range
of 10~-5 to 107-4 A (tens to hundreds of pA) for laboratory-scale tests.

3.5 System Testing and Iteration

The final development phase involves continuous operation of the fully integrated system.
Performance parameters are measured against theoretical expectations, and component tuning is
performed through iterative adjustments to cycle timing, fluid flow rates, and magnetic gap

dimensions to maximize cooling power and electrical output.

4. Performance Metrics and Expectations

The prototype system will be evaluated using several key performance metrics:

4.1 Temperature Span (AT)

The steady-state temperature difference between the cold and hot heat exchangers will be measured.
Based on similar prototypes, expected temperature spans range from 5 to 20 K, depending on cycle

speed and material properties.

4.2 Cooling Power and Coefficient of Performance

Cooling power will be estimated by measuring heat removal in the cold loop (flow x specific heat x
AT).



Even modest cooling power of a few watts would demonstrate feasibility for the prototype. The
Coefficient of Performance (COP) is calculated as the ratio of cooling power to electrical work input
for pumps and actuators. Theoretical magnetocaloric cycle COP can approach approximately 50% of
Carnot efficiency (=0.5-T_cold/AT), though the prototype may achieve a lower value (typically COP of
1-3 in demonstration systems).

4.3 Electrical Output

The induced voltage and current from the coil or thermoelectric generator will be measured.
Published tests report peaks of approximately 0.1-0.2 V and 10~-5-10~-4 A for small gadolinium-
based devices. With larger material volume, the prototype might generate up to 0.1-1 mW of power.

Both the average recovered power per cycle and overall energy recovered will be reported.

4.4 Energy Savings

Prototype energy consumption will be compared against a baseline system (e.g., a resistive heater or
small compressor chiller). The U.S. Department of Energy has estimated that magnetocaloric systems
could reduce cooling energy by approximately 20-25% relative to vapor-compression systems.
Research from Virginia Commonwealth University (VCU) has demonstrated that prototype
magnetocaloric chillers have shown approximately 50% lower energy consumption compared to
conventional units. While the bench model will not be optimized for efficiency, projections will be
made for how a full-scale implementation might reduce energy consumption in data center

applications.

4.5 Data Logging

Key parameters to be continuously logged include temperature gradient across the MCM, fluid
inlet/outlet temperatures, flow rates, input power to pumps/actuators, induced voltage/current
waveforms, and cycle frequency. These data will quantify system performance and identify energy

losses.

5. Key Benefits and Impact

5.1 Dramatic Efficiency Gains

Solid-state magnetic cooling can reduce cooling power requirements by approximately 50%
compared to conventional chillers. When coupled with waste-heat recovery, the overall Power Usage

Effectiveness (PUE) could approach unity—the theoretical ideal for data center efficiency.

5.2 Elimination of Harmful Refrigerants

Magnetocaloric systems operate without ozone-depleting or high Global Warming Potential (GWP)
gases. This significantly reduces environmental risk and regulatory compliance burden compared to

traditional air conditioning or direct expansion cooling systems.



5.3 High Energy Reuse

Thermomagnetic conversion can capture a substantial fraction of low-grade heat for electricity
generation. Even a conservative recovery rate of 20-30% of waste heat would proportionally reduce

net energy consumption.

5.4 Reduced Moving Parts

With fewer mechanical components (using magnets and valves instead of compressors), maintenance
requirements and failure modes are substantially reduced. This contributes to longer system lifetimes

and improved reliability, supporting better data center uptime.

5.5 Synergy with Advanced IT Hardware

While our focus is on cooling infrastructure, this approach complements emerging hardware trends.
For instance, neuromorphic and photonic accelerators promise significant computation energy
savings. A magnetocaloric infrastructure would maximize their impact by reducing the energy

overhead of support systems.

6. Comparison to Conventional Methods

6.1 Versus Air Cooling

Traditional air-handler systems consume approximately 20-30% of data center power just for fans and
compressors. Our proposed solid-state cooler would use significantly less auxiliary energy, with VCU

reporting approximately 50% reduction.

6.2 Versus Liquid Cooling

Direct liquid cooling offers some power savings but still relies on chillers. Magnetocaloric technology
eliminates the chiller entirely and can operate with higher thermal lift, enabling it to outperform even

water-cooled setups.

6.3 Versus ORC/Heat Reuse

ORC units operating on exhaust heat typically achieve single-digit efficiencies. Thermomagnetic
conversion (our proposed approach) promises several times greater efficiency, converting more waste

heat into usable power.

6.4 Versus Renewables or Al Scheduling

Powering data centers with renewable energy or implementing smarter task scheduling are important
strategies, but they do not reduce the fundamental cooling load. Magnetocaloric cooling directly
reduces energy consumption and monetizes waste heat, lowering demand before renewable energy

sourcing or load management strategies come into play.



7. Challenges and Future Work

Several technical challenges must be addressed in the prototype development:

e Magnetic Field Requirements: High-performance MCMs typically require strong magnetic fields,
making magnet cost and size significant factors. This challenge will be mitigated through the use
of high-grade NdFeB magnets and optimization of the air gap.

e Heat Transfer Efficiency: Heat transfer to and from the solid refrigerant can be relatively slow.
This limitation can be addressed using microchannel heat exchangers or specialized thermal

interface materials.

o Material Selection: The Curie temperature of the chosen MCM must align with the intended
operating range (approximately 290-330 K). If not ideal, future work may explore alternative alloy

compositions.

e Power Recovery Scale: The power recovered by a single TMG stage will be minimal. Scaling up
would require multiple stacked modules or hybridization with other technologies such as

thermoelectrics.

¢ Cycle Control Complexity: Control of cycle timing and fluid routing can be complex; iterative
tuning and possibly the addition of thermal diodes or check valves could simplify flow direction

management.

Future research and development will explore multi-stage or regenerative designs to increase
temperature span, and higher-frequency cycling to improve power density. New magnetocaloric
materials (e.g., La—Fe-Si variants) or composite regenerators may enhance system efficiency. The
project will document all findings, providing a roadmap for solid-state cooling implementation in data

centers.

A phased implementation approach is feasible: beginning with pilot magnetocaloric chillers in
contained zones and gradually scaling to full data halls as operational confidence increases.
Integration with existing DC power infrastructure (which is natively DC at the rack level) and modern

UPS/busbar systems would be straightforward.

Overcoming these challenges through innovative engineering approaches will advance the feasibility
of replacing conventional compressor chillers with an integrated solid-state, waste-heat-recovering
system.

8. Conclusion

The proposed magnetocaloric cooling and thermomagnetic energy recovery system represents a
promising approach to data center thermal management that addresses both energy efficiency and
waste heat recovery. While the initial prototype will be small-scale and focused on proof-of-concept

demonstration, the principles and findings will be scalable to larger installations.



Adopting magnetocaloric refrigeration and thermomagnetic energy harvesting represents a bold,
innovative approach for next-generation data centers. This technology leverages cutting-edge
materials science and heat-engine concepts to achieve a dramatic improvement in efficiency. The
proposal is practicable with ongoing technology development and could be integrated into future

data center deployments.

The solid-state nature of the technology, combined with its ability to recover waste heat, positions it
as a potential contributor to next-generation data center sustainability efforts. When combined with
emerging low-power hardware technologies such as neuromorphic processors and photonic
networks, this cooling approach would contribute significantly to building truly sustainable data
centers—reducing energy consumption, cutting emissions, and converting waste heat into useful

power.
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