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Introduction

On 27 November 2025, temperatures inside a windowless

building in Aurora, Illinois, began climbing toward 120°F

(48.8°C). The facility, a data centre for CME Group, the

world’s largest derivatives exchange operator, was experi-

encing a major incident. Within hours, futures trading

was halted across the board: West Texas Intermediate

crude, ten-year US Treasuries, the S&P 500, the Nasdaq

100, the Nikkei, gold. A senior markets executive told Re-

uters he hadn’t seen such a widespread outage in twenty

years. The culprit was neither a cyberattack nor a power

cut, but a failure of the air conditioning.

Electronic devices, in order to function effectively

– or to function at all – must be kept below certain

temperature thresholds. Beyond these, performance de-

grades, thermal throttling kicks in, and failure rates climb.

Should cooling fail entirely, temperatures spike rapidly

and everythingmust be shut down to prevent irreversible

damage. The quiet art of ‘thermal management’ proves

crucial to the life and survival of electronic capital. ‘You

can have the fastest processors’, one expert sums up, ‘but,

if you cannot effectively remove the byproduct of all that

work – heat – your entire operation will grind to a halt’.1

Data centres are not merely cooled: they are, as we

will see, constitutively air-conditioned machines. Yet

as AI-driven computing scales up, the chips stacked on

their racks grow denser, more powerful and more energy-

hungry with each generation, and the thermal loads

they must dissipate mount accordingly, to levels that

conventional forced air-cooling systems can no longer

handle efficiently. The notion of the ’thermal wall’ des-

ignates this breaking point.

A ‘cooling crisis’2 is raging in data centres. From this

point of departure, I would like to sketch a brief gene-

alogy of this kind of problem – not a linear account of

cooling techniques,3 but a placing of this contemporary

crisis in series with kindred cases drawn from a longer

past, in the hope that these sometimes unexpected con-

nections shed new light on what is at stake.

I argue that such crises recur whenever the drive to

expand technical capacity generates, at some threshold,

the thermal conditions of its own arrest. Following this

thread will lead, among other unexpected sites, to old

mines and a forgotten corner of economic thought,where

a neglected paradox lies buried.

What this genealogy adds to our understanding of

industrial warming, I suggest, is a shift in scale: in this

case, excessive heat does not only appear as a negative ex-

ternality for the planet’s climate, but also as a recurring

internal contradiction within industrial micro-climates

of production. This internal saturation, however, eventu-

ally joins an external one, as the final pages will show.

To this end, the argument proceeds not chronologic-

ally but morphologically: each section unfolds, through

historical materials, a stratum of thermal contradiction,

moving from the most immediate to the most expansive,

progressively complicating the schema.
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Overheatingmachines andwarming loops

Let us establish the basics: this is a problem of machines

that heat up and, in doing so, risk overheating. Overheat-

ing represents an internal threat, a danger the machine

generates from within and that turns back on itself. Con-

ceptually, it is a case of self-contradiction that can lead to

self-destruction. Devices that begin to smell of burning

may catch fire entirely.

Simondon’s cooling fins

Hence the question: how to prevent overheating?

Gilbert Simondon saw in the imperative of non-self-

destructiveness a governing principle of the evolution of

technical objects. He took the example of the engine. A

first strategy, consisting in adding an autonomous cool-

ing circuit with pumpandpipes,had aweak point: should

the water run out, the circuit would stop cooling while

the engine continued to heat up. For Simondon, this vul-

nerability betrayed a design flaw, that of a still ‘abstract’

technical object, conceived as an assembly of monofunc-

tional elements rather than a structural unity.

To this he opposed a movement of ‘concretisation’.

Around 1900, fins were added to a motorcycle engine.

By extending the surface of the machine, they improved

heat dissipation. Initially they behaved as simple ‘de-

fense structures’4 with cooling as their sole function; but

this changed: in a 1956 model, they had become ribbing

that simultaneously reinforced the cylinder’s structure

and cooled it – a polyfunctionality characteristic of the

‘concrete’ technical object. The engine could now cool

itself simply by running, air circulating naturally along

its fins, in a configuration where ‘the functioning itself

implies cooling’5. This formula is crucial: it is precisely

what defines a thermally concrete technical object.

Overheating problems are not, however, the exclusive

preserve of heat engines. They have affected electrical

and then electronic devices as well. Whatever their dif-

ferences in operation, all such devices mobilise energy

that is partly dissipated as heat. In the 1940s, ‘vacuum

tubes’ – sealed glass cylinders in which a heated cathode

emitted electrons – generated intense heat, to the point

that ‘heat engineering problems’ took precedence over

‘those of pure electronic character’.6

As one engineer explained, ‘adequate cooling of a

high-power vacuum tube is as critical an operating re-

quirement as the cooling of the cylinders of an auto-

mobile engine’.7 And the same solution was applied:

tubes too were fitted with cooling fins.

Fig. 1 − Vacuum tube soldered in a copper air cooler with

vertical fins.8

The transistors that subsequently replaced tubes

faced the same thermal challenge: fins could be ma-

chined directly into their casing,9 and many were moun-

ted on a finned metal chassis called ‘heat sink’, a feature

still present in computers today.
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Fig. 2 − High−power transistor with cooling fins.10

Fig. 3 − Transistor heat sink.11

‘Thermal problem in electronic equipment’

The ‘thermal problem in electronic equipment’ can be

schematised as follows:

Fig. 4 − Functional representation of thermal problem

in electronic equipment.12

An electronic device receives an energy input that

produces, beyond useful energy output, heat losses, heat

waste that must be evacuated to prevent components

fromexceeding their peak internal temperature. Thermal

management of electronic systems presents itself as an

‘art of heat transfer’ aimed at ‘removing and transporting

heat from individual components to the system thermal

sink’.13

And yet ‘the term heat sink is a misnomer’:14 con-

trary to what the metaphor suggests, this plate does not

absorb the heat passing through it but, far from provid-

ing an ultimate receptacle, immediately diffuses it into

the surrounding environment.

Heat sinks cool the apparatus, but they heat the room,

warming the ambient air, the very air on which cooling

depends. A feedback loop thus takes hold: a vicious

circle in which electronic self-heating raises air temper-

ature, which loses its cooling capacity, which in turn

heats the components, and so on. This is another pattern

of thermal contradiction: no longer simple overheating

through self-heating, but an enlarged overheating via

micro-climatic warming.

This problem was particularly acute for early com-

puters that were vast cabinets housing thousands of heat-

generating tubes.

‘Death Valley’ in Philadelphia

Long before Silicon Valley, there was ‘Death Valley’: the

nickname employees had given to the Eckert Mauchly

Corporation’s Philadelphia site, a red brick building

wedged at the foot of a hill in an alley with no airflow,

where in 1949-50 the UNIVAC I, considered one of the

world’s first commercial digital computers, underwent

testing. The building was not air-conditioned – few were

at the time–and intense heat from themachine’s myriad

tubes compounded already elevated outdoor temper-

atures. Together they pushed temperatures to between

100°F and 120°F (38 and 48°C) in the ‘test area’. Faced

with this unbearable heat, some poured water over their

heads; most stripped down until ‘shorts and undershirts

became the uniform of the day’,15 to the point that man-

agement circulated a memo asking engineers so attired

to refrain from entering the Purchasing Department dur-

ing business hours, so as not to shock visitors.

The tubes radiated heat so intense that they had

‘made necessary a ventilation system to keep the com-

ponents from disintegrating’:16 a ‘hurricane of air’ was
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blown through the computer to dissipate the 120 kilo-

watts it generated. But the air emerged warmer and was

returned to the very room from which it had been drawn.

Temperatures kept rising. Moving the air was not enough:

it had to be truly chilled; hence the development of air

conditioning systems specially designed for computer

rooms.

Computers as air-conditioned machines

In the late 1950s, a Univac computerwas to be installed in

the offices of General Electric. The building was already

air-conditioned, but to no avail, since ‘the heat liberated

by the electronic units required cooling and air handling

beyond the capacity of the building system’.17 Hence the

installation of a bespoke system, with ceiling ducts and

extractor hoods, rather like those above a kitchen stove.

Fig. 5 − Cooling unit for a computer at General Electric,

Rome, Georgia, ca. 1957.18

At that time, a computer purchase came with an ob-

ligation: acquiring a ‘specially engineered air condition-

ing system’ capable of providing ‘the climatic conditions

required by the electronic brain’.19 Beyond temperature,

humidity and air purity also had to be controlled, since

cardboard punched cards had to be kept dry andmagnetic

tapes free of dust.20

The historical thesis I wish to advance here is that

the computer originally appeared as an air-conditioned

machine. This was a sine qua non, such that, as was held

at the time, ‘computer operation without cooling is im-

possible’.21

But that vacuum tubes or transistors were fitted

with cooling fins does not thereby make them concrete

technical objects in Simondon’s sense. At least from a

thermal standpoint, one could argue that a motorcycle

engine was more advanced: incapable of adapting to an

associated milieu, and lacking internal autonomous reg-

ulation, such a computer was entirely dependent on a

conditioned environment whose temperature and hu-

midity had to be maintained within narrow bounds by an

external regulator.

Cooling the brain

If computerswere born as air-conditionedmachines, data

centres were likewise born as air-conditioned infrastruc-

tures.

Fig. 6 − ‘Sylvania’s integrated data processing system’22

One of the first ‘electronic data processing centers’

was inaugurated in March 1956 in Camillus, New York, by

Sylvania Electric Products. This new kind of infrastruc-

ture, at once a communications hub and a firm-wide data

processing centre, was designed to ‘centralize the data

processing functions of gathering, recording, computing

and classifying’ information from dozens of sites across

15



several states.23 Tasks previously performed laboriously

by hand were delegated to the machine – a first step to-

ward an avowed dream of ‘administrative automation’.24

It would henceforth suffice for a manager to press a but-

ton to get, say, an up-to-date payroll statement for the

entire enterprise.

The ‘brain’ of the organisation was more prosaically

a Sperry Rand Univac housing more than 5,000 vacuum

tubes giving off immense heat. The task of cooling it was

entrusted to the Carrier Corporation, which installed a

200-ton conditioner combining chilled-water circulation

and forced ventilation.25

Fig. 7 − Carrier conditioner at Sylvania’s Data Processing

Center, Camillus, New York, 1957.26

Carrier’s involvement was no coincidence. Willis Car-

rier is credited with designing the first air conditioner

in 1902 for a Brooklyn printing house27 – industrial pro-

cesses, not homes, were the first objects of this tech-

nology. Less well known is that the firm he founded

was also, in the 1950s, at the forefront of computer cool-

ing,28 installing ‘climate control systems for some of the

largest electronic units in the country’.29 These ‘man-

made weather’ machines ‘ended the tyranny of the mac-

roclimate on industry’,30 yet at the cost of another de-

pendence: the inaugural reliance of data centres on air-

conditioning systems themselves.

The smaller, the hotter

The warming loop just described, in which the device

heats the environment on which it depends for cooling,

constitutes one type of thermal contradiction. Another

one, of a different form, arises from the very dynamic of

miniaturisation: the driving force of computing growth

comes, through its own momentum, to generate the very

effects that obstruct it.

Miniaturisation drive

In the aftermath of the Second World War, a ‘search for

miniaturized electronics’31 took hold: reducing compon-

ent size made it possible to pack more of them into the

same area, and very soon, in the domain of semicon-

ductor electronics, ‘achievement was calculated in pack-

ing densities’.32

The associated advantages were of particular interest

to the military, the first clients of this nascent industry:

the long-range missile guidance systems sought in the

early 1950s had to be lightweight, compact and reliable –

everything that vacuum tubes were not.33

It was also clear that radical miniaturisation was the

precondition for the emergence of the powerful com-

puters already being dreamed of. Given the compon-

ents then available, to emulate certain capacities of

the human brain, physicist Richard Feynman remarked,

‘we would have to make it, perhaps, the size of the

Pentagon’.34 This would take up too much space, but

above all, such a computer ‘would be limited to a certain

speed’.35 Since execution time depends ultimately on the

distance electrons must travel, the key was to shorten

these micro-distances. Making computers ‘faster and

faster’ meant making them ‘smaller and smaller’.

Thermo-informational antinomy

The ‘tendency toward size reduction’, Simondon added,

is explained by an imperative peculiar to ‘information

technics’.36 Whereas the ‘technician of thermodynamics’

tends toward gigantism, because the energy output he is

after increases with the dimensions of themachine (a tur-

bine, typically), the information technician, conversely,

miniaturises in order to improve information output (146).

Here a fundamental tension appears. In electronics,

electricity is mobilised in a specific way: through ‘low

current signals’, that is, ‘electric currents considered not

as energy carriers, but as vehicles for information’ (144).

Yet this informational medium remains energetic: any

electronic component through which current flows un-

dergoes power dissipation in the form of heat. Electricity-

as-information carries thermodynamic properties with

it, inescapably.

From this duality arises an antinomy: even as ‘the
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information technician is brought in to find the smal-

lest possible dimensions’, those dimensions must remain

‘compatible with the residual thermodynamic require-

ments of the devices’ (146). Yet as component dimen-

sions shrink, their capacity to dissipate heat diminishes,

until they risk ‘reaching a temperature that would com-

promise their functioning’ (147). The informational im-

perative, which demands ever-smaller dimensions, is

thus held in check by a thermal constraint. The prob-

lem, in short, is how to shrink without overheating.

From tubes to transistors

A distinction must be drawn here between two modes of

size reduction with different thermal implications: relat-

ive reduction, in which the same component is produced

in a smaller version, and absolute reduction, in which

one family of components is replaced by another of an

entirely different order of magnitude.

The transition from tubes to transistors illustrates

this pattern exactly: from the moment of their invention,

transistors were presented as the solution to the thermal

burden of their predecessors: ‘no heat is developed as

in a vacuum tube’, the The New York Times reported;37

‘since there is no cathode to shoot out electronswhen hot,

there is nothing to heat up’, Popular Science confirmed.38

For a time, the problem seemed solved.

It was not to last. While the transistor allowed a ‘dra-

matic reduction in power dissipation’,39 it did not truly

resolve the problem. On the one hand, these new com-

ponents proved far more sensitive to heat than tubes.40

On the other, their density increased rapidly: as the

space between them shrank, heat accumulated. This ‘rap-

idly growing transistor packaging density’ put thermal

management back on the agenda.41 The transistor had

offered a thermal respite; densification closed it off. By

1965, the verdict was inescapable: ‘The origin of the

thermal problem is the continuous effort to use com-

ponents that are lighter and smaller’.42 The very force

driving this industry was turning against it.

Two patterns of thermal contradiction thus emerge.

The first, the ‘warming loop’, is static: devices heat their

own microclimate beyond their tolerance threshold. The

second, just examined, is dynamic: the very drive toward

miniaturisation engenders, as a corollary of its own mo-

mentum, a growing thermal obstacle. What had hitherto

appeared only as limits to functioning become limits to

growth, thermal limits to growth. This second pattern

is not unique to the history of computing. A remark-

ably early formulation of it can be found in an entirely

different context.

The Second Jevons Paradox: Thermal

limits to growth

In Great Britain in the second half of the nineteenth cen-

tury the spread of ‘steam power’ was driving a steep rise

in coal consumption. Concerns were mounting over the

exhaustion of coal mines. The question was not so much

how many tons of coal remained buried underground

in total, as how much remained exploitable, that is, at

accessible depths, in seams above ‘the limit of possible

depth of working’.43

Thermo-physiological limitations

This limit did not stem primarily from technical in-

capacity. Progress in the steam engine, itself coal-

powered, had furnished increasingly powerful extraction

machinery, making it possible to dig ever deeper.

The limiting factor lay elsewhere: in the climate of

production, in the microclimate of the mine. It can be

very hot underground, and the deeper you go, the hot-

ter it gets. At 3,000 feet (915 metres), it was estimated,

air temperature would reach 98°F (37.2°C), body tem-

perature. And therein lay the problem: in the bodies of

the miners. For there are limits to what the organism

can endure: beyond certain thresholds, heat becomes

physically ‘incompatible with human labour’. This set

the limit on extraction depth: a ‘limit of practicable la-

bour’ defined by the ‘limit of human endurance of high

temperature’.44

There was, therefore, a paradox. On the one hand,

increasing mechanical power enabled ever deeper pen-

etration into the earth, but on the other, this very deep-

ening, as descent brought rising heat, could degrade the

work capacity to the point of making it impossible al-

together. There was, in other words, a contradiction

between the climate of production and the labour force

understood as a living reality, as a thermosensitive entity:

the deeper you dig, the less you will be able to dig.

This physiological threshold, set by some experts

at 98°F, was poorly defined and widely overestimated,

as physiologist John Scott Haldane’s subsequent work
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would show.45 But the essential point remains: there

are thermophysiological limits to productive warming

– thresholds of thermo-tolerance against which the ex-

tractivist dynamic of deepening came to bear, as it were,

like a ‘glass floor’.

This explains why themining sector was a pioneering

site for the scientific study of thermal stress. Ironically,

one of the key indices currently used to assess the dir-

ect physiological effects of global warming, known as

wet-bulb temperature, has its roots in the study of mine

environments.46

Commercial impossibilities

Geologists and physiologists were not the only interested

parties. Economists too weighed in. In 1865 William

Stanley Jevons published ‘The Coal Question’, in which

he formulated the famous paradox that would come to

bear his name.47 The idea – now regarded as one of the

‘pioneering insights into ecological economics’48 – holds

that making machines more energy-efficient does not

necessarily reduce overall fuel consumption, since less

wasteful machines are sold and usedmore widely, so that,

as Jevons writes, ‘new modes of economy will lead to an

increase of consumption’.49 If this first paradox is well

known, the same reflections contain a second one, long

forgotten, which I would like to reactivate here.

Jevons first established a distinction between two

registers of impossibility: physical and commercial. A

project may be technically feasible – it could be done

– without being economically viable – it would not pay.

In the case of mines, it becomes decisive: depths will

certainly be reached at which the heat makes work im-

possible, but economic difficulties will be encountered

well before these physical limits. Beyond a certain depth,

operating costs – what Jevons calls the ‘cost of sinking

and working deep’ – will rise unsustainably.

The greater the heat, the more it will ‘enervate the

labourers’, eroding their work capacity to the point of

extinguishing it. Jevons cites the example of a ‘Cornish

mine’ where men do manage to work in an atmosphere

varying from 110° to 120°F (43 to 49°C), but nearly na-

ked, doused with cold water, and for nomore than twenty

minutes at a stretch (43).

Countermeasures could be taken, certainly:50 but

‘much increased ventilation will be a matter of expense

and difficulty’ (43). The question is not how deep it is

physically possible to send miners, but ‘how far can we

follow them with profit, considering the growing costs

and difficulty of deepmining’ (30). This is less a question

of technical feasibility than of profitable exploitation.

These costs,moreover, tend to spiral, since ‘thewhole

capital and current expenditure of the mine grows in a

higher proportion than the depth’ (44). The coal problem

is therefore not primarily one of scarcity but of mount-

ing extraction costs, ‘gradually augmenting from present

rates to the limit of commercial impossibility’.51

The thermal tendency of the rate of profit to fall

This contradiction did not escape Marx. In his manu-

script notes on Jevons, lately published in the MEGA

edition, he wrote, in his characteristic Anglo-German

mishmash:

Going deeper enhances the price ‘und mit dieser Preiser-

höhung gehn unser rate of progress’ ‘und special advant-

ages’ ‘zum Teufel’ ‘Mit tiefrem Arbeiten’: the heat grows

more insupportable,… the ventilation more costly’.52

‘Zum Teufel’ (to the devil) evokes both definitive loss and

images of an infernal underworld: in its descent into

hell, profitability evaporates in the heat. Here lies the

‘second Jevons paradox’: the deeper one digs, the less

profitable it becomes. In this specific case, the cause

is rising warming costs, but the paradox applies more

generally to configurations in which an increase in tech-

nical capacity produces an environmental counter-effect,

a negative internality, whose mounting operating costs

end up compromising the economic viability of the en-

terprise. Here, these internalities are thermal, and the

counter-effect takes the form of unsustainable warming.

This nineteenth-century paradox finds unexpected

echoes in the present. With the data centre ‘cooling

crisis’, a similar pattern recurs: an ascending curve that

collides, under its own momentum, with a thermal limit.

The economic dynamics at play seem, however, to be

reversed. Where Jevons shows coal mining to be ‘a his-

torically increasing cost industry’,53 the microprocessor

industry long embodied the opposite: a spectacular in-

stance of a ‘historically decreasing cost industry’, as was

trumpeted for decades. For a long time, that held. Un-

til the moment it seized up, running, precisely, into a

thermal obstacle.
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Themeltdown ofMoore’s law

‘Moore’s law’– in reality a forecast, famously put forward

by engineer Gordon Moore in the mid-1960s – stipulated

that the number of transistors on a chip would increase

‘at a rate of roughly a factor of two per year’ without a

corresponding rise in cost.54

A forgotten heat problem

This is well known. Less known is that Moore himself, in

his 1965 article, had anticipated a potential obstacle to

this progression:

‘Heat problem /Will it be possible to remove the heat gen-

erated by tens of thousands of components in a single

silicon chip? If we could shrink the volume of a standard

high-speed digital computer to that required for the com-

ponents themselves, we would expect it to glow brightly

with present power dissipation’55.

If one reasoned on the basis of older components,

such densification seemed thermally untenable: chips,

it appeared, would run white-hot. ‘But it won’t happen

with integrated circuits’ (84), he immediately countered.

In raising the objection only to dismiss it, Moore had put

his finger on the prediction’s most serious vulnerability.

But he set it aside, and the reason, according to him, was

that ‘shrinking dimensions on an integrated structure

makes it possible to operate the structure at higher speed

for the same power per unit area’ (84).

Dennard scaling: Toward the end of free lunch

Moore’s intuition proved correct, for a time. What would

later be called ‘Dennard scaling’ provided themechanism

that made it so: the principle that power density stays

constant with transistor scaling. In a 1974 article, engin-

eer Robert Dennard and his team showed how to place

more transistors on a chip without increasing power con-

sumption.56 The key was to reduce supply voltage in

proportion to component size, thereby keeping power

density and heat emission constant.

Together, Moore’s law and the Dennard principle en-

abled decades of exponential performance growth ‘while

staying within a similar power budget’.57 This could be

summarised in a formula: there was, for a time, some-

thing like a genuine period of ‘free lunch’ in computer

engineering – performance gains came at no thermal

cost.58 Except that Dennard scaling broke down in the

mid-2000s, disrupting the equilibrium on which the sec-

tor’s growth rested. Before this became fully apparent,

warning signs had been issued.

Hot As sun: A 2001 warning

In February 2001, at the International Solid-State Cir-

cuits Conference, Patrick Gelsinger, Intel’s senior tech-

nology executive, announced that an era was drawing to

a close. The prodigious increases in transistors per chip

had come at a price, namely ‘dramatic increases in power

consumption and power density’.59 Despite efforts to re-

duce supply voltages, clock frequency, which governs the

pace of circuit operations, was being driven relentlessly

upward, demanding ever more power and shedding ever

more heat.

Gelsinger offered his own prediction, a pessimistic

counterpart to Moore’s. If this continued, heat would

climb exponentially: within a decade, a chip’s surface

would emit as much heat as a rocket nozzle, and eventu-

ally as much as the sun.

Fig. 8 − Gelsinger’s slide from ISSCC 2001.

In the past, new heat sinks and fans had contained

thermal surges, but those fixes, Gelsinger warned, ‘won’t

work in the future’: nobody knows how to cool ‘a 5,000-

watt processor’.60 To persist in this headlong flight, hop-

ing that cooling would keep pace, was at the very least

hazardous.

2004: The clocks hit the wall

Three years later, Intel acknowledged having hit a

‘thermal wall’ on its microprocessor line. The term itself

originates here: a limit against which an industrial tra-

jectory comes to crash. ‘Our strategy’, Craig R. Barrett,
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Intel’s CEO, had confided, ‘is to go 200 miles per hour

until we hit a brick wall’.61 They had.

The approach had consisted in boosting performance

by shrinking chips while ‘relentlessly raising their clock

speed’.62 For a long time this worked: smaller sizes con-

centrated computing power while shorter signal paths

enabled faster clock rates.63 In the mid-2000s, however,

both levers started to show signs of jamming.

Miniaturisation combinedwith lower supply voltages

had reduced dynamic power – the consumption tied to

active processor operations – but another source of dis-

sipation remained: static power, the current that leaks

through transistors even when switched off. Long negli-

gible, this off-state leakage became problematic as tran-

sistors shrank: beyond a certain threshold, they became

‘increasingly porous, permitting electric current – and

heat – to cascade out even when switched off’.64 At the

nanometric scale, this leakage became the ‘major con-

tributor to power consumption’:65 the more one mini-

aturised, the more transistors leaked, and the more heat

accumulated.

This uncontrolled thermal dissipation proved incom-

patible with continued clock acceleration, which was

itself a source of warming. Previously, Dennard scal-

ing had partially offset this, but leakage now added its

effects without counterpart, making the combination

unworkable. By the late 2000s, as thermal packaging

specialist Wataru Nakayama would later note, further

increases in clock frequency had become ‘unsustainable,

due partly to high cost of cooling’.66

Moore’s law was not dead: miniaturisation and dens-

ification remained possible, but performance gains now

came with a rising energy bill and increasing heat output.

As one trademagazine put it in 2005: ‘themore you scale,

the hotter you get’.67

Deconcretisation of a technical object

The effects manifested at several levels, starting with

the chips themselves. Tracing the evolution of graphics

processing units (GPUs) over twenty-five years, engin-

eer Steven Woo shows that the ‘breakdown of Dennard

scaling around 2005 prompted designers to place a ma-

jor emphasis on thermal management’, leaving them

caught in a ‘tug of war between increasing computing

performance and dealing with the resulting heat’. A typ-

ical mid-1990s graphic card had no noticeable thermal

equipment. Then, progressively, cooling structures ap-

peared, grew, multiplied – heatsinks, fans, heat pipes,

copper plates, radiator structures – until they occupied

most of an expanding volume. ‘The amount of work and

space required to deal with the heat is really growing

over time, and is something that’s really unsustainable’,

he concluded.68

Like Simondon before him,Woo was tracing the lin-

eage of a technical object. But this was the world upside

down. Where Simondon had identified a progressive

movement of concretisation, here increasingly unwieldy

defensive structures accumulated on the technical ob-

ject. It was rather the spectacle of a trajectory of ‘de-

concretisation’ against a backdrop of unresolved thermal

contradiction.69

Unsustainable costs

This warming tendency appeared again,magnified, at the

scale of data centres. Chips, denser and more numerous

with each generation, grouped on racks and massed in

warehouses, drove thermal loads to extreme levels. Con-

ventional cooling devices were approaching their limits.

But as in Jevons’s analysis, the problemwas above all one

of economic viability.

In the second half of the 2000s, experts, foremost

among them data centre executive Ken Brill, sounded the

alarm. Everyone in the sector could see the symptoms:

rising electricity consumption, temperatures ‘rising dra-

matically’, cooling problems across installations. But,

Brill warned, ‘very few understand that the meltdown is

fundamentally a high-stakes economic problem, rather

than an engineering problem’.70

Power and cooling costs, traditionally negligible, had

begun to weigh heavily on operating expenditure, to the

point of potentially exceeding the cost of the servers

themselves.71 The reason lay in the end of Dennard

scaling: previously, miniaturising transistors had sim-

ultaneously increased computing capacity and reduced

power per operation, so that performance and energy

efficiency advanced in concert. That alignment was now

broken: transistor counts continued their exponential

climb while energy efficiency stagnated. The gap had to

be compensated. Hence increased electricity consump-

tion, driving up cooling costs accordingly.72

Projecting the curves was enough to reveal the bottle-

neck: this was what Brill called the ‘meltdown of Moore’s
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law’, not an overheating of components but, metaphoric-

ally, the melting away of profitability itself. The sector’s

legendary profitability was itself going ‘zum Teufel’. And

here they were, from coal to chips, from mining to data

mining, the returning limits, thermal limits to growth.

In this analogy – partial, heuristic –, the dynamic of

miniaturisation, densification and acceleration stands in

relation to data centres as the dynamic of extractive deep-

ening stood in relation to mining: in both cases, the mi-

croclimate of production warms until it can no longer be

efficiently contained by existing mitigation devices, and

becomes economically unsustainable, before becoming

physically so by crossing thermal tolerance thresholds.

The cyclicality of thermal walls

These alerts dated from the mid-2000s. They were taken

seriously, prompting sustained efforts to improve energy

efficiency,73 but this amounted to damage control more

than any genuine resolution. For the contradiction en-

dures, and today takes a still more spectacular turn. ‘Note

that projected power dissipation in future is expected

to surpass air cooling capability’, a 2014 Encyclopedia of

Thermal Packaging already warned.74 A decade later, we

are there.

The accelerated deployment of high-performance

computing demanded by the AI boom involves special-

ised chips, graphics cards on steroids that send power

densities skyrocketing. Where a standard rack dissipated

between three and five kW, AI-dedicated installations

routinely reach 20 to 50 kW, with some clusters already

exceeding 100 kW.75

Faced with this, fans can no longer keep up, and once

again, the saturation point is primarily economic. Since

‘fan power consumption increases roughly with the cube

of the fan speed’,76 doubling blade speed does not double

the bill, it multiplies it by eight. Under this non-linearity,

cooling costs mount steeply, to the point that ‘the para-

sitic power consumption of the cooling infrastructure’

ends up ‘aggressively eroding profit margins’.77

Immersion cooling: Nothing new under the sun

However, reaching the limits of air cooling does not close

the story. When one family of solutions is exhausted,

others may take over. Among the candidates to ‘solve

the thermal challenges that traditional air cooling can-

not address’, the industry today favours immersion: dir-

ectly submerging components in a dielectric liquidwhose

boiling, through phase change, removes heat far more

effectively.78 Immersion is often presented as an in-

novative solution, a breakthrough technology. It has,

however, a long history in electronics, with traces going

back to the 1950s.

Fig. 9 − Direct vaporisation cooling system for electronic

equipment, 1955.79

More important than its age or its non-novelty is its

historically recurrent character. As ‘past experience in-

dicates a cyclic demand for high capacity cooling’,80 the

present turn to immersion is best understood as a revival,

in similar circumstances of saturation, of a technical fix

already mobilised during other thermal walls. For there

have indeed been several, not just one.

Back to the future: The 1980s cooling crisis

To show what is at stake in such moments, I would like

to dwell on one of them: the thermal crisis of the mid-

1980s.

Contrary to Moore’s optimistic 1965 postulate, in-

tegrated circuits had not by themselves resolved the

heat problem. His forecast was being fulfilled, but only

through intense and largely invisible thermal manage-

ment work. From the early 1970s onward, experts noted

that the thermal problem ‘has been aggravated in recent

years because of developments in circuit and component

technologies, which have caused large increases in volu-

metric heat generation, while concurrently reducing the

available surface area for heat dissipation’.81

The trend continued into the 1980s, driven by the

‘rising trend of heat flux on very large scale integration
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(VLSI) chips’,82 until it became manifestly untenable:

at the prevailing rate, chip thermal flux could within a

decade reach the intensity of the sun’s surface.

Fig. 10 − ‘The heat flux of today’s microelectronic chip is

only 20 times less than that on the surface of the sun’.83

This was a thermal wall ‘avant la lettre’, and it is

striking to encounter, decades apart, the same discourses

and the same visions. When it ‘became obvious that

air-cooling no longer could cope with the rising heat dis-

sipation’,84 research turned to ‘high-performance cool-

ing schemes’, including immersion: the photograph

reproduced below shows a ‘boiling scene from an ex-

periment conducted at Hitachi Mechanical Engineering

Laboratory in the mid-1980s’.85 This technology was

nonetheless implemented only on a handful of machines,

foremost among them the CRAY-2, the first computer to

have ‘the central processing unit immersed in liquid’.86

From Bipolar to CMOS: A pattern

This was a costly move, reserved for an elite of super-

computers. But another was taking shape: a pivot to a

different component family.

In the 1980s, large computers ran on bipolar tran-

sistors, powerful but energy-hungry. Another type of

component was available, however: the Complementary

Metal Oxide Semiconductor (CMOS), used in low-power

consumer devices such as battery-powered calculators.

Low-heat but slow, CMOS microprocessors were soon

run at higher frequencies as miniaturisation progressed,

without a corresponding surge in power consumption. In

the early 1990s, faced with rising cooling costs, com-

puter manufacturers switched from bipolar to CMOS.

This pivot ‘set a brake on the rising heat dissipation from

computers’.87 It was the golden age of Dennard scaling.

Fig. 11 − Boiling cooling of simulated chips in the

1980s.88

Once again, the respite did not last. Through the

1990s, CMOS chips grew faster and denser, and thermal

dissipation resumed its climb: although Dennard scaling

allowed continued reductions in energy per operation,

‘the thirst of the marketplace for greater IC speed and

functionality fueled an acceleration in chip power dis-

sipation’.89 In the early 2000s, the same prediction re-

surfaced: chip heat was approaching the intensity of the

sun’s surface. The same graph reappeared too – the one

Gelsinger displayed in 2001 was, more or less, that of

1986. The cycle had come full circle.
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From these episodes a typical sequence emerges. A

given component type is miniaturised and densified, but

its thermal load increases until it exceeds the capacity of

the prevailing cooling method. When the repertoire of

fixes is exhausted, the only recourse is a new class of com-

ponents with lower heat output. If found, the problem

recedes for a time before the same dynamic re-emerges.

The transistor seemed to solve the problem posed by

tubes; it recurred. The same with printed circuits; the

same with CMOS.

Heat output varied across these sequences, rising as

each technology approached its limits and falling as the

next was adopted; yet the long-term trend was unmistak-

ably upward, toward ‘higher chip-power dissipations’.90

Beneath the continuous curve lie broken waves: rising,

hitting a ceiling, being superseded, replaced by a cooler

technology that in turn heats up – but each crest higher

than the last.

Lessons of a circular history

What the smooth big-picture curve of Moore’s law con-

ceals, as economists Burg and Ausubel showed through

a close analysis of Intel chip data, is a series of ‘acceler-

ations and decelerations’:91 typically, six years of growth,

three of near-stagnation, repeated. These plateaus cor-

respond to points of saturation before a technological

switch: one component family reaches its limits, another

is adopted, and densification resumes. What Moore’s

curve displays is therefore not a homogeneous progres-

sion but the ridge line connecting the crests of successive

waves of technological substitution.

Thermal constraint is, this genealogy suggests, one

important driver of this dynamic among others, and per-

haps a more significant one than has generally been re-

cognised. In any case, the two major slowdown phases,

in the 1980s and in the mid-2000s, correspond precisely

to two documented thermal walls. This, in turn, invites

a strong qualification of the standard narrative of the

Dennard scaling breakdown, the story of a smooth growth

suddenly ruptured. There is no thunderclap in a clear

sky, but a tenacious underlying tension expressing itself

through recurrent cycles.

One can read this history in two ways. A techno-

optimist will argue that since past thermal walls were

surmounted, this one will be too. A historian can only

note that these overcomings were never more than pro-

visional, and that the unresolved contradiction has re-

turned each time with greater intensity. Whether the

current wall will prove different is not for this paper to

say.

What can be said with confidence is that recourse to

immersion usually marks a moment of end-of-cycle. It

functions as a last-resort technology, without any known

backstop, and experts already warn that it could prove

insufficient for ‘smaller-node technologies coming down

the pipeline’.92 Historically, its deployment signals that

the corresponding component technology has run its

course, and the current return of immersion to centre

stage would be rather a signal that its days are numbered.

Conclusion

The parallel between nineteenth-century coal mines and

contemporary data centres may seem far-fetched: what

do silicon chips have to do with miners’ bodies? In fact,

whether living or nonliving, they are both thermosensit-

ive factors of productionwith hard upper tolerance limits.

In each case, an endogenously warming microclimate of

production becomes the obstacle, as much an economic

limit as a physical one. Jevons establishes this for the

mines, Brill for the data centres. The miners’ bodies and

the chips, however different their nature, are both heat-

sensitive elements within the production process, the

ones that overheat, and whose tolerance threshold sets

the economic ceiling.

Cooling costs rise alike, and the expected outcome is

confounded: the deeper you dig, or the more you scale,

the less you are able to do it. But the dynamic does not

so much encounter an external obstacle as trigger it, as a

consequence of its own movement. Heat is the counter-

effect here at work, a case of a broader configuration, in

which the environmental costs of productive intensific-

ation return as growing negative internalities, the kind

of costs that a discrete productive entity has to bear. And

one form it takes is unbearable heat.

Thermal wall and power wall

This thermal wall is neither the first nor, in all likelihood,

the last. Yet it carries its own specificities.

Rack power densities are now soaring, and with them

the heat these installations generate. This is partly due

to familiar trends of miniaturisation and densification,
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but also to the specific demands of high-performance

computing and AI. Manufacturers increasingly supple-

ment transistor shrinking with what one industry ob-

server calls ‘the brute-force stacking of power density’,93

pushing the ‘thermal design power’ of chips, that is the

maximum heat they are rated to generate, to extreme

levels.

A second novelty is that the AI boom is fuelling a

sharp rise in data centre power demand – up to 40% of

which today is absorbed by cooling.94 Not only does each

installation consumemore, but ever more are being built,

multiplying the sector’s aggregate energy demand, to the

point where, if trends continue, this growth could ‘exceed

power utilities’ capacity’.95 The cooling crisis may thus

tend to combine with a capacity problem at grid scale.

To the internal thermal wall could be compounded an

external ‘power wall’.

The electro-economy in crisis

This further dimension inscribes itself within a broader

crisis of the ‘electro-economy’.96 Since the 1970s, the

informatisation of production has made capital increas-

ingly dependent on electricity, which has become ‘the

indispensable fuel of its most sophisticated technolo-

gies’.97 Yet electricity production has not kept pace.

The acceleration of technological innovation and the

abbreviation of fixed capital’s life-cycle thatMandel asso-

ciated with the Third Technological Revolution unfolded

against a background of stagnant energy performance:98

no ‘established energy production or conversion tech-

nique’ has ever been capable of following the kind of ex-

ponential improvement curve that computing traced.99

For a long time this mattered little: the computing boom

remained energy-light, and the asymmetry posed no

problem so long as it did not produce a surge in elec-

tricity demand.100

The AI boom has changed that. The massive con-

centration of computing power in AI data centres has

initiated a dynamic of electricity consumption that it-

self takes on an exponential character, something that

might be called a ‘Moore’s curse’ in another sense: elec-

tricity consumption is growing at its own exponential

rate, as if the same logic had expanded its terrain, spill-

ing over from performance into consumption, leading to

a cannibalisation of energy-electricity by information-

electricity, with the paradox that, extrapolating further,

the energy required for the cybernetic control of the eco-

nomy might come to exceed that required for its primary

functioning, putting the economy’s digital intellect layer

at odds with its corporeal substrate.

Thermopolitics: Struggles for the means of cooling

This unsustainability is not only economic but social

and ecological, the grounds on which thermo-economic

problems convert into thermo-political conflict.

Such conflicts are rooted in rivalry over resources:

given a finite good, appropriating it reduces what oth-

ers can access. A slogan from a November 2025 protest

against a New Mexico data centre, targeting the waste

of drinking water for evaporative cooling, put it bluntly:

‘We can’t drink data’.101 Such struggles over themeans of

cooling are erupting across the world, and what applies

to water may apply to electricity.

Economic historians of technology have a concept

that turns out to be strangely apt here: ‘clustering of

saturations’. According to Grübler, this notion desig-

nates a configuration in which several technological li-

fecycles reach their end simultaneously, producing cu-

mulative stress effects:102 taken individually, each could

have been absorbed; falling together, they combine their

weight and produce crisis. Thermal saturation and en-

ergy saturation seem today to be converging, to which

a dimension of political saturation may well be added.

One scenario would thus take the form of a clustering of

saturations – financial risks of speculative collapse aside

– the conjunction of a thermal wall, a power wall and a

climate wall.

AI energy dystopia

I would like to give another example of these antagon-

isms in formation, drawn from Situational Awareness,

a widely circulated text published in 2024 by Leopold

Aschenbrenner, a former researcher at OpenAI, one of

the many ‘organic intellectuals’ of AI, whose gesture con-

sists in appropriating the future, in pre-empting imagin-

ations the better to make politics in the present from

this projected world. He identifies a major problem for

the hyperscalers: energy demand. To illustrate it, he

plots two curves: one representing annual electricity

generation in the United States, the other showing back-

of-the-envelope estimates of near-future total AI electri-

city demand. The second shoots upward until it collides
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with the first shortly after 2030: within a few years, on

his reckoning, this demand could absorb US production

almost entirely.103 Faced with this finding, the author

does not conclude that the AI scaling narrative, so mani-

festly unsustainable, should be abandoned. Not at all.

The tech giants, he suggests, should become their own

energy suppliers: building their own nuclear plants, for

instance. But this takes time, and international compet-

ition leaves little of it. The immediate solution is gas:

rapidly constructing gigantic gas plants to power data

centres. There is, however, a political precondition: dis-

pensing with those ‘well-intentioned but rigid climate

commitments’ that ‘stand in the way of the obvious, fast

solution’,104 and this means deregulating and dismant-

ling the remaining climate policies seen as impediments

to the surge in electricity production that AI’s primitive

accumulation requires. And here is the picture of the

future these people have in mind:

Fig. 12 − ‘The trillion−dollar cluster. Credit: DALL−E’.105

This involuntarily dystopian vignette merely reveals

an open secret: the blind commitment to AI scaling, by

virtue of its own energy requirements, implies an active

and strategic alignment of tech capital with the anti-

climate agenda of a position critically labelled as ‘fossil

fascism’.106

Having reached this point, the thermal contradiction

we have been tracing expands to its widest scale. It is no

longer only a matter of cooling overheating chips, but

of doing so in a world where the climate itself is over-

heating – and where global warming already threatens

to exceed, in the coming decades, the limits of human

thermal tolerance, that is, the limits of possible survival,

in many parts of the world.107 The politics of cooling

becomes, in this light, a matter of life and death. And

yet unprecedented resources are being invested in cool-

ing data centres while billions of people will still lack

access to potentially vital air conditioning as heat waves

worsen.108 It is a question of what is worth preserving,

and the course the answer is taking is written into the

infrastructure being built and the climate commitments

being dismantled: cooling chips over people, tech capital

over living beings.
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