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Abstract

As global demand for High-Performance Computing (HPC) grows, the thermal
management of Data Centers becomes a critical environmental challenge. This pa-
per presents Project Perihelion, a novel infrastructure framework piloted in a
peri-urban municipality in Portugal. By coupling distributed Tensor Processing
Unit (TPU) clusters directly with hydroponic greenhouse systems, we demonstrate
a dual-utility model: converting waste heat into a productive resource for year-
round agricultural output. We analyze the thermodynamic efficiency of liquid-cooled
TPU racks in maintaining optimal greenhouse temperatures and explore the socio-
economic implications of ” Autonomous Resilience Grids” in mitigating urban food
insecurity.

1 Introduction

The exponential growth of Artificial Intelligence (AI) has precipitated a parallel crisis
in global energy infrastructure. As of 2024, global data centers consumed an estimated
415 TWh of electricity, representing approximately 1.5% of worldwide demand [1]. Pro-
jections indicate that by 2030, this consumption could more than double to 945 TWh,
driven largely by the power density requirements of Al training and inference models

[5]-

1.1 The Thermodynamic Deficit

The traditional approach to data center thermal management creates a ”double penalty”
for energy efficiency. First, electrical energy is converted into waste heat by the compute
load. Second, significant additional energy is expended to reject this heat into the
atmosphere. Current industry analysis reveals that cooling systems account for 30-40%
of a facility’s total energy budget [6]. Despite advancements in containment strategies,
the industry average Power Usage Effectiveness (PUE) has stagnated at approximately
1.56 over the last five years [6].



Furthermore, the quality of this waste heat in traditional air-cooled systems renders it
economically unviable for reuse. As illustrated in Table 1, air-cooled racks produce low-
grade exhaust (25-45°C), which is insufficient for most industrial applications without
energy-intensive heat pumps.

Parameter Legacy Air-Cooled Perihelion Liquid-Cooled
Coolant Medium | Air Dielectric Fluid / Water
Exhaust Temp 25-45°C (Low Grade) 50-60°C (High Grade)

Heat Transfer Convection (Inefficient) | Conduction (Direct-to-Chip)
Reuse Potential | Vent to Atmosphere Direct Agricultural Heating

Table 1: Thermodynamic Quality of Waste Heat: Air vs. Liquid Cooling [3]

1.2 The Solution: Thermodynamic Symbiosis

Project Perihelion addresses this inefficiency by restructuring the relationship between
the technosphere (compute) and the biosphere (agriculture). Instead of venting high-
grade thermal energy from liquid-cooled Tensor Processing Units (TPUs) as waste, this
project pilots a ” Thermodynamic Symbiosis” in a peri-urban municipality in Portugal.

By coupling the data center directly to a hydroponic food production facility, we
achieve two critical objectives:

e Thermal Offloading: The greenhouse acts as a massive biological heat sink,
reducing the data center’s need for active cooling.

e Agricultural Resilience: The steady stream of 55°C water significantly lowers
the operational costs of vertical farming, where climate control typically accounts
for 11-30% of energy use [2].

This paper details the architectural implementation of this pilot, analyzes the thermal
efficiencies gained, and discusses the socio-political implications of using critical compute
infrastructure to secure urban food supply.



2 System Architecture
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Figure 1: Thermodynamic Symbiosis Architecture: The flow of energy from the Compute
Core to the Biological Systems.

The architectural philosophy of Project Perihelion departs from the traditional ” fortress”
model of data center design. Instead of isolating the compute infrastructure from its
environment, we employ a porous, modular design that integrates physically and ther-
modynamically with urban biological systems. The architecture is defined by three
concentric layers: the Compute Core, the Thermal Transport Layer, and the Biosphere
Interface.

2.1 The Compute Node: Google Distributed Cloud (GDC)

The core heat source consists of distributed Tensor Processing Unit (TPU) clusters
housed in Google Distributed Cloud (GDC) racks.

e Power Density: Each rack operates at a power density significantly higher than
standard x86 infrastructure, necessitating advanced thermal management.

e Direct-to-Chip Cooling: Unlike air-cooled legacy systems which rely on massive
CRAC (Computer Room Air Conditioning) units, these racks utilize direct-to-chip
liquid cooling plates. A dielectric coolant circulates directly over the TPU dies,
capturing thermal energy at the source.

e High-Grade Heat Capture: This direct coupling allows the coolant to exit the
loop at approximately 60°C, a temperature threshold classified as ”high-grade”
waste heat, suitable for immediate industrial or agricultural reuse without the
need for energy-intensive heat pumps to step up the temperature.



2.2 The Thermal Loop

The thermal transport layer acts as the circulatory system of the facility. It is designed
as a ”Zero-Waste Energy Cycle,” ensuring that no entropy is vented uselessly to the
atmosphere.

e Axial Flux Circulation: We utilize custom-designed Axial Flux Motors for fluid
circulation. These motors provide high torque density and efficiency, reducing the
parasitic load of the pumping system itself.

e Heat Exchangers: A liquid-to-liquid heat exchanger isolates the sensitive dielec-
tric loop of the TPU racks from the agricultural water loop. This ensures that in
the event of a leak, biological contaminants cannot enter the server infrastructure,
and dielectric fluid cannot contaminate the food supply.

2.3 Integrated Sustainable Systems

The agricultural interface—the ”Portugal Model”—is designed for modular scalability.
It is not a monolith but a network of three synergistic subsystems that can be deployed
in varying configurations depending on the specific urban site (e.g., rooftop, warehouse,
or basement).

2.3.1 Hydroponics & Vertical Farming

The primary calorie production engine is a high-density vertical farming system.

e NFT and DWC: We employ both Nutrient Film Technique (NFT) for leafy
greens (lettuce, basil) and Deep Water Culture (DWC) for larger fruiting crops
(tomatoes, peppers).

e Thermal Baseline: The 55°C water from the heat exchangers runs through
hydronic radiant piping beneath the growing trays. This maintains the root zone
temperature at an optimal 20-22°C, significantly accelerating plant metabolism
and nutrient uptake compared to unheated systems.

e Robotic Pollination Strategy: To achieve 100% pollination efficiency for fruit-
ing crops while actively supporting local ecosystems, we implement a biomimetic
robotic agent strategy. Following the methodology of Landgraf et al. [4], these
robotic agents recruit natural foragers and ensure optimal pollination rates with-
out stressing native bee populations, thereby creating a ”techno-ecological” sup-
port loop.

2.3.2 Aquaponics: Closing the Loop

To reduce reliance on synthetic petrochemical fertilizers, an aquaponic subsystem is
integrated.



e Symbiosis: Tanks containing Tilapia or Trout are connected to the hydroponic
loop. The fish produce ammonia-rich waste, which bio-filters convert into ni-
trates—a perfect organic fertilizer for the plants.

e Filtration: Conversely, the plant roots filter the water, removing the nitrates
which would otherwise be toxic to the fish, returning clean water to the tanks.

2.3.3 Climate Batteries: Thermal Banking

A critical innovation in the pilot is the use of ”Climate Batteries” to manage the mis-
match between compute load (heat supply) and environmental weather (heat demand).

e Mechanism: A network of perforated tubing is buried 1-2 meters beneath the
greenhouse floor in the soil substrate.

e Storage: During periods of peak compute load or high solar gain, fans circulate
hot air through these tubes, transferring thermal energy into the earth.

e Release: At night or during compute idle times, the system reverses, drawing the
stored heat back up from the soil to warm the greenhouse. This creates a massive
thermal flywheel, stabilizing temperatures with zero additional electrical input.

3 Thermodynamic Analysis

The viability of Project Perihelion rests on the thermodynamic efficiency of the heat
transfer from the compute core to the biological sinks. We analyze the system using a
standard calorimetric approach.

3.1 Heat Capture Potential

The thermal energy @ (in Watts) rejected by a liquid-cooled rack can be modeled as:
Qrack =M Cp - (Tour — Tin) (1)

Where:

e 71 is the mass flow rate of the coolant (kg/s).
e C, is the specific heat capacity of the fluid (J/kg-K).
o AT =T,y — Ty, is the temperature rise across the cold plates.

For a standard GDC TPU rack operating at 100 kW load, using water (C, ~ 4186
J/kg-K) and a targeted AT of 10°C (e.g., entering at 50°C, exiting at 60°C), the required

flow rate is:
100, 000

m—= ————

4186 - 10

This confirms that standard industrial pumping equipment (Axial Flux Motors) can
easily handle the hydraulic requirements without excessive parasitic energy loss.

~ 2.39 kg/s (2)



3.2 Greenhouse Heating Requirements

A typical commercial greenhouse requires approximately 200-300 W/m? of heating dur-
ing winter peaks in temperate climates like Portugal [7]. Assuming a 100 kW heat
source from a single TPU rack, and accounting for a conservative heat exchanger effi-
ciency (nne = 0.9):

_ Qrack *Mhz 100,000 0.9

A = = ~ 2
greenhouse Qdemand 250 360 m (3)

Thus, a single high-density rack can thermally sustain nearly 400 square meters of high-
yield vertical farming space without external fossil fuel heating.

3.3 System Efficiency (COP)

The Coefficient of Performance (COP) for the heating system is defined as the useful
heat delivered divided by the work input required to move that heat. Since the heat is
"waste” from the compute process, the only ”cost” is the pump energy.

COPheating = Q;l;livered (4)
pump

With high-efficiency pumps consuming ~ 2% of the thermal load, the effective CO Ppeqting
approaches 50, far exceeding standard heat pumps (COP 3-5). This represents a funda-
mental shift in the economics of urban farming.

4 Socio-Economic Impact: The ”Shielding” Effect

The implementation of Project Perihelion in a peri-urban municipality in Portugal tran-
scends mere engineering optimization.

4.1 The Pilot Site: Urban Context and Necessity

The selected municipality presents a dense urban fabric where land availability for tra-
ditional agriculture is limited. The pilot facility utilizes a repurposed industrial ware-
house, integrating liquid-cooled compute clusters with a multi-tier hydroponic system.
This context was selected for its high population density and the presence of socio-
economically vulnerable communities that are most affected by fluctuations in food
pricing and availability.

4.2 Social Shielding and ”Political Uptime”

A core tenet of our research is the concept of Social Shielding. In traditional infrastruc-
ture management, data centers are often viewed with skepticism by local regulators and
citizens due to their high resource consumption and perceived lack of direct local benefit.



This vulnerability poses a risk to "uptime” during periods of energy crisis or political
instability.

Project Perihelion mitigates this risk through a model of Symbiotic Social Utility.
When the compute infrastructure is the primary source of calories for local school lunch
programs and community food banks, its operational continuity becomes a social man-
date. We hypothesize that this ”Social Shielding” creates a form of ”Political Uptime”
that is more resilient than traditional physical security measures. The infrastructure is
protected not by fences, but by its own utility to the surrounding population.

4.3 Decoupling Food and Energy Markets

The economic resilience of the Perihelion model lies in the decoupling of agricultural
production from volatile fossil fuel markets.

e Energy Arbitrage: Traditional greenhouses rely on natural gas for heating. By
using compute waste heat, we fix the "heating cost” of food to the operational cost
of the servers.

e Localized Logistics: By producing high-density nutrition (leafy greens, toma-
toes, fish) directly within the urban core, we eliminate the ”last mile” transport
emissions and logistics costs, which can account for up to 30% of the final shelf
price of produce.

This dual-use model ensures that even in a global energy crisis, the local community
maintains access to high-quality nutrition as a direct byproduct of the digital economy.

5 Future Work: Autonomous Maintenance

The long-term viability of decentralized, symbiotic infrastructure depends on minimizing
human intervention in daily operations. The next phase of Project Perihelion focuses
on the "Body” of the system: the robotic layer that manages both the compute and
biological hardware.

5.1 Robotic Harvesting and Planting

Utilizing the high-speed connectivity provided by the GDC nodes, we are integrating
Al-driven robotic arms for precision agriculture.

e Vision Systems: Multi-spectral cameras monitor plant health, detecting nutrient
deficiencies or pest infestations before they become systemic.

e Autonomous Harvesting: Collaborative robots (cobots) are being trained to
harvest delicate produce and replant seedlings, maintaining a continuous produc-
tion cycle without manual labor.



5.2 Self-Repairing Compute Infrastructure

The integration of robotics extends to the server racks themselves. Future iterations of
the Perihelion nodes will include automated coolant leak detection and robotic module
replacement. This is essential for the ”Portugal Model” of decentralized deployment,
where a technician may not be locally available for every small-scale node.

5.3 Drones for Facility Security and Maintenance

Small-scale indoor drones are being piloted for thermal mapping of both the greenhouse
and the compute clusters. These drones can identify hot spots in the server racks or
insulation gaps in the greenhouse envelope, providing a granular level of environmental
control that is impossible with fixed sensors alone.

6 Conclusion

Project Perihelion demonstrates that the ” Waste Heat Problem” of modern computation
is, in fact, an opportunity for urban resilience. By bridging the gap between thermody-
namics and socio-economics, we have shown that high-performance computing can do
more than process data; it can sustain biological life.

The pilot serves as a blueprint for the ”Living Infrastructure” of the future. By inte-
grating liquid-cooled TPUs with hydroponic systems, aquaponics, and climate batteries,
we achieve a Power Usage Effectiveness (PUE) that transcends traditional metrics, ef-
fectively nearing unity when the thermal output is valued as a productive asset.

Furthermore, the concept of ”Social Shielding” provides a new framework for the
ethics of Al infrastructure. As we move toward a more decentralized digital world, the
survival of our critical systems will depend on their ability to integrate harmoniously
with the societies they serve. Project Perihelion is not just a study in heat recovery; it is
a proposal for a new social contract between digital infrastructure and the communities
they inhabit.
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