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PART I - THE MACHINE



Chapter 1 - What a motor car is

Stand on almost any street in the world and look at the nearest machine. It will
probably be a motor car: a box of steel, glass and rubber, large enough to carry a
family, small enough to be steered by one of them, powered by an engine it car-
ries within itself. It is so ordinary that nobody stops to examine it, and so ex-
traordinary that the world economy would stop without it. In 2024 the world built
about 92.5 million motor vehicles, of which roughly 67.7 million were passenger
cars; in 2025 it built about 96.4 million, more than a third of them in China [C9,
C10]. The count of machines already at work is older and rougher - the Interna-
tional Organization of Motor Vehicle Manufacturers’ last full tally put about 1.59
billion vehicles in use worldwide in 2020, up from 1.29 billion in 2015 [C12] -
but the order of magnitude is plain. There is about one motor vehicle for every

five people on earth, and most of them are cars.

The definition deserves a sentence of care, because the word covers a precise
idea. A motor car is a self-propelled road vehicle: it carries its own prime mover,
runs on wheels rather than rails, answers to a driver’s steering rather than to a
fixed track, and is built first of all to carry a handful of people rather than freight.
The industry’s own statistics usually speak of “motor vehicles” and divide them
into passenger cars and commercial vehicles - trucks and buses, the car’s heavier
relations, which enter this book where the stories join [C10]. The word “car” itself
descends from the Latin carrus, a wheeled Celtic cart, through the Old North
French carre; “automobile” was a French coinage of the 1890s, Greek autos and
Latin mobilis bolted together to say “self-moving”; “motor car” is the plain Eng-
lish form. The cart’s name surviving onto the self-moving machine is a reminder

of what the invention replaced.

Two properties separate the practical motor car from its horse-drawn and railed
predecessors. It carries its own power, which the horse-drawn carriage never did,;
and it finds its own path, which the railway locomotive never could. Those two
freedoms - power aboard, path chosen - are the machine’s entire revolutionary
content. Everything else in this book, the factories and the fuel stations, the sub-
urbs and the smog, follows from placing an engine on a road vehicle and selling it

by the hundred million.

Open the box and the anatomy is consistent across a century and a quarter of
designs. A prime mover converts stored energy into rotation: in most cars ever
built, a piston engine burning petrol or diesel; in a growing minority, an electric
motor fed by a battery. A transmission matches the engine’s narrow band of useful
speeds to the road wheel’s wide one. A driveline carries the torque to the driven

wheels through a differential - the device that lets the two wheels of an axle turn



at different speeds around a corner, already present on Carl Benz’s three-wheeler
of 1885 [C1]. A structure, once a separate chassis and now almost always a unit-
ary steel body, holds the occupants and carries the loads. Suspension keeps the
tires pressed to an uneven road; steering aims them; brakes dissipate the car’s mo-
tion as heat. The tires, four patches of rubber each the size of a hand, are the only
parts that ever touch the ground: every acceleration, corner and stop is negotiated
through them, which is why the tire industry grew up beside the car industry and
is treated in Chapter 14. Around this mechanical core has grown a second nervous
system - wiring, electronics and software - that began with a spark plug on that
first Benz and now coordinates engine, brakes, stability control and, increasingly,

driving itself [C1].

The car is heavy, and getting heavier, which is one of the quiet stories of its engin-
eering. The average American passenger vehicle weighed about 3,350 pounds,
roughly 1,520 kilograms, in the US Department of Energy’s 2015 assessment,
with iron and mild steel accounting for about 54 percent of its mass [C45]. An
automotive industry chemistry study put the average 2023 vehicle at 4,439
pounds, with plastics and polymer composites near 10 percent of mass but half
the volume [C46] - figures worth treating as the industry self-description they are,
but consistent with what any street shows: cars have grown, and much of the
growth is buyers choosing taller, heavier vehicles, a choice with consequences
Chapters 32 to 34 follow. A full disassembly study of one ordinary European fam-
ily car, a Skoda Octavia estate, inventoried 1,290 kilograms of material, domin-
ated by ferrous metals [C47]. Beneath the skin, a modern car comprises tens of
thousands of individual parts, delivered to the assembly line by a supply chain
that Part V follows back to steel mills, rubber plantations, glassworks and semi-

conductor fabs.

A machine made and used at this scale is never just a machine. The automobile in-
dustry accounts for about 7 percent of the European Union’s GDP and some 13
million European jobs, direct and indirect, on the industry association’s figures
[C14]. Road transport takes roughly 45 percent of the world’s oil demand [C16],
which ties the car to the petroleum industry and to the politics of oil examined in
Chapters 19 and 36. In the United States, transportation is the largest source of
greenhouse gas emissions, about 28 percent of the 2022 total, and on-road
vehicles produce about 81 percent of that [C17]; the world’s road vehicles emitted
just over 6 gigatonnes of carbon dioxide in 2024, with cars and vans responsible
for more than 60 percent of it [C15]. And the ledger has a bloodier column. About
1.19 million people died on the world’s roads in 2021, making road crashes the
leading killer of people aged 5 to 29; more than half the dead were walking, cyc-
ling or riding motorcycles, and 92 percent of the deaths were in low- and middle-

income countries [C6]. The car’s costs, like its benefits, are the subject of whole



parts of this book, not footnotes.

What the car is, then, is a piece of applied science - the subject of Chapter 2 -
wrapped in an industrial system so large that it reorganized energy, materials, cit-
ies and daily time around itself. The chapters that follow take the machine apart in
that order. Part II looks at the world the car displaced, the age of the horse and the
first steam road carriages, and at the engine problem whose solution made a light
automobile possible. Part IIT follows the invention itself in Germany and France,
and the industry’s chaotic birth in America. Parts IV to VI explain how cars came
to be made by the million: Ford’s moving line, Sloan’s corporation, the supply
chain and the modern factory. Part VII follows the fuel, Part VIII the road, and
Parts IX and X the world the car remade - suburbs, economies, cultures and the
shifting map of who builds cars. Part XI counts the costs: death, pollution, carbon,
congestion and oil politics. Part XII weighs the rivals and the future, from the
electric return to the driverless promise, and Part XIII looks at the industries the
car feeds and the bottlenecks that now feed back into it. The subject throughout is

the car itself; but the car, followed honestly, leads almost everywhere.



Chapter 2 - The science of motion

A car is a device for turning stored energy into controlled motion, and the physics
of that task explains more of the automobile’s history than any styling studio ever
has. The problems were all visible by 1885: how to store energy compactly, how
to release it controllably, how to convert it to rotation, how to deliver that rotation
to the road, and how to waste as little of it as possible. The century and a quarter
since has been the working out of those five problems, and the electric transition

examined in Part XII is best understood as a new answer to the first two.

Start with storage. The petrol that fills a car’s tank is a hydrocarbon soup refined
from crude oil, and its supreme virtue is energy density: a modest tank of liquid
holds the energy of enormous human labour, stable at ordinary temperatures,
pourable, and quick to transfer. Chapter 18 traces how that fuel was chosen and
refined; here the point is the physical benchmark it set. Any rival energy store -
lead-acid battery in 1900, lithium-ion pack in 2000 - has had to compete against a
liquid that carries its energy densely and refills in minutes. The electric car’s cen-
tury-long exile and its recent return are, at bottom, the story of a storage techno-

logy slowly closing that gap [C32].

Release comes next. In the petrol engine, fuel and air are drawn into a cylinder,
compressed, ignited by a spark, and allowed to expand, pushing a piston that turns
a crankshaft; the burnt gases are then swept out and the cycle repeats. Intake,
compression, power, exhaust: the four strokes of the cycle Nikolaus Otto built
into his engine of 1876, which remains the beating heart of most cars built since,
and whose invention belongs to Chapter 5. The cycle’s ceiling is set by thermody-
namics. Compressing the mixture before ignition extracts more work from each
charge, but compress too far and the fuel-air mixture ignites prematurely - the
knock that damages engines - which is why fuel chemistry, octane ratings and, for
sixty years, the poisonous shortcut of tetraethyl lead run through this history
(Chapter 18) [C42]. Even at its best, the petrol engine throws most of its fuel’s en-
ergy away as heat. The US Department of Energy’s accounting for a conventional
car is sobering: in combined city and highway driving, only about 18 to 25 per-
cent of the fuel’s energy reaches the wheels, with engine losses swallowing some
68 to 72 percent; across driving conditions the share that actually moves the car
runs from about 12 to 30 percent [C13]. The diesel engine, which ignites its fuel
by compression alone and runs at higher compression ratios, does better - roughly
a third more efficient than its petrol counterpart, on the same authority [C13] -

and Chapter 21 follows where that advantage carried it.

What the wheels must then overcome is a short, unforgiving list. There is inertia:

every start from rest spends energy that the brakes later throw away as heat,



which is why stop-and-go city driving is the car’s least efficient duty, and why hy-
brid and electric cars recover part of that energy by running their motors as gener-
ators during braking [C13]. There is rolling resistance, the continuous flexing of
the tires as they roll: cutting it by 5 to 7 percent buys about 1 percent of fuel eco-
nomy, a trade constantly balanced against grip, durability and noise [C13]. There
is aerodynamic drag, the car pushing the atmosphere aside, which grows with the
square of speed - so that the power needed to beat it grows with the cube - and
which explains both the tapering silhouette of the modern car and the fuel eco-
nomy’s collapse at motorway pace; the DOE estimates a further 20 to 30 percent
drag reduction remains available in vehicle shapes [C13]. And there is weight, the
multiplier on all the others: the Department of Energy’s rule of thumb is that a 10
percent reduction in vehicle weight improves fuel economy by 6 to 8 percent at
constant performance [C45]. Every gramme of the car’s 1,300 to 2,000 kilograms
is paid for at the pump or the charger, which is why materials science - the subject

of much of Part V - is a fuel-economy discipline as much as a structural one.

Against the piston engine stands the other prime mover, older than the car itself:
the electric motor. Its virtues are precisely the engine’s failings. A motor delivers
full torque from a standstill, needs no clutch and almost no transmission, wastes
little of its input as heat, and can run backward as a brake to recover energy. Its
handicap has always been the battery, which stores far less usable energy per kilo-
gram than a tank of petrol and takes far longer to replenish. In 1900 that handicap
was decisive after the early electric’s first flush of success - about 28 percent of
American automobiles were then electric [C32]; by 2010 it was eroding, and
Chapters 37 and 38 follow the return. The point for this chapter is that the contest
between engine and motor is not a culture war but a physics problem with chan-
ging parameters, and the parameters are the storage density of batteries, the price
of cells - which fell about 30 percent in China in 2024 alone, against 10 to 15 per-

cent elsewhere [C7] - and the efficiency arithmetic sketched above.

Finally, the structure. A car body must be light, stiff in bending and torsion for
ride and handling, formable into complex shapes by the million, resistant to corro-
sion, and able to manage crash energy so that the structure deforms while the pas-
senger cell survives (Chapter 32). For most of the car’s history the answer has
been steel - still about 54 percent of an average vehicle’s mass in the DOE’s 2015
inventory [C45] - worked into ever stronger and thinner grades, with aluminium,
magnesium and plastics contesting the margins; polymers already account for
about half a car’s volume at a tenth of its mass [C46]. Each material carries its
own supply chain, its own energy cost and its own recycling problem, and the in-
dustry’s quiet materials revolution - high-strength steel, aluminium panels, com-
posite structures - is one of the ways the physics of this chapter has been fought to

a draw against the physics of the previous one: buyers’ appetite for ever larger



vehicles [C46].

The science of motion, in short, hands every car maker the same exam paper: en-
ergy in, losses out, resistances to overcome, mass to be justified gramme by
gramme. What changed over the car’s first half century was not the exam but the
candidate. The horse could not pass it; the steam carriage passed it too clumsily;
the light petrol engine passed it and founded an industry. That sequence is the

story of Part II.
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PART II - BEFORE THE CAR
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Chapter 3 - The world of the horse

To understand what the motor car changed, begin with what it replaced. For most
of human history, the fastest way to move on land was the way the Romans
moved: behind a horse. By the nineteenth century the industrial city had been
built on top of that ancient fact, and the result was an urban machine of flesh and
blood whose scale is now hard to imagine. The horse drew the carts that fed the
city, the drays that moved its goods, the cabs that carried its richer citizens, and -
after the first horse-drawn omnibus ran along Broadway in Manhattan in 1832 -
the public transport that carried everyone else [C66]. It pulled the fire engine and
the hearse, the snowplough and the delivery van. A great city was, in a literal

sense, a vast and growing herd.

The herd’s numbers grew with the city it served. Horses had come to New York
with the Dutch settlers of New Amsterdam to work mills and carry loads, and
three centuries later they were everywhere: thirty-four of them teamed to haul
steel girders for the Municipal Building from the Battery docks in 1911, police
mounts in Central Park, fire companies hitched from the 1860s, horse-drawn pas-
senger vehicles plying the streets until 1918 [C66]. What was true of New York
was true of London, Paris, Berlin and every growing industrial city: more people
and more goods meant more horses, and more horses meant more of everything

the horse brought with it.

The herd’s appetite was a land problem. A working horse ate the produce of about
five acres of farmland a year - land that could have fed six to eight people - and
contemporary estimates put the acreage devoted to feeding America’s urban
horses at their zenith around fifteen million acres, an area the size of West Virgin-
ia [C69]. Around the animal stood a whole economy of farriers, harness-makers,
stable hands, feed merchants, draymen and veterinarians, trades that employed a
substantial share of every city’s working population and that Chapter 25 watches
disappear. And there was a structural irony that the railways understood well: for
all that the train had replaced the horse between cities, the railway companies
themselves owned the largest fleets of urban horses, since every ton of rail freight

still needed a horse-drawn dray at each end of its journey [C69].

The manure arithmetic was remorseless. Each horse deposited between fifteen
and thirty pounds of it a day, and New York and Brooklyn, whose combined horse
population stood between 150,000 and 175,000 as early as 1880 - long before the
peak - faced three to four million pounds of manure daily on streets and in stables
[C69]. What was scraped up piled higher than it could be sold: the manure market
collapsed as supply swamped demand, and vacant lots across American cities

filled with dung heaps that in New York reportedly rose forty and even sixty feet

12



[C69]. It bred flies by the billion, harboured tetanus, and ground to a choking dust
in dry weather. Horses weighing 1,300 pounds on average slipped, fell, and had to
be helped up or hauled away [C69]. The urban planning conference of 1898 - a
real event, the first of its kind - broke up early in despair over exactly this prob-
lem; the famous prophecy that The Times of London had forecast streets nine feet
deep in manure by 1950 belongs to a later retelling that no one has been able to

trace to the newspaper itself, but the despair was genuine and documented [C69].

And the horse was mortal. Animals fell sick, went lame and died in harness,
sometimes in the street, where a fallen 1,300-pound carcass had to be hauled
away by its former colleagues; a street railway’s horses lasted only a few years in
hard service [C69].

The horse city was also a class machine, and its tiers mapped neatly onto the so-
cial order. At the top, the private carriage with its coachman announced its own-
er’s rank as plainly as his house; in the middle, the cab and the hired hackney
served those who could pay by the journey; at the bottom, the horse-drawn omni-
bus - the first on New York’s Broadway in 1832, the descendants of which ran un-
til 1918 - carried the working city on fixed routes for a fixed fare [C66]. The
street railway, one horse pulling a car on rails, moved more people per animal and
pushed the practical city’s edge outward, but the prime mover never changed.
Every one of these tiers, from carriage to horsecar, was a way of hiring or owning

a share of a horse.

Speed was the deeper limit. A horse works best at a walk and tires quickly at a
trot; urban traffic moved at a few miles an hour, and the practical radius of a
horse-drawn city was the distance a horse could work out and back in a day. The
railway had already shown, from the 1830s, what steam could do along a fixed
track - but the train went only where its rails went, station to station. Between the
stations, the city still belonged to the horse. The first attempts to bridge that gap
came early, and they came on rails too: the horse-drawn streetcar, running on steel
tracks flush with the roadway, which let one horse move a much larger load and
carried urban mass transport through the middle of the century [C50]. Yet the an-
imal remained the engine. Every advance in city transport for three centuries had
been a way of getting more work from a horse, and every city was therefore

capped by the biology of a creature that ate, slept, tired, sickened and defecated.

This is the world that the automobile entered, and it explains the enthusiasm that
greeted it. The car’s early buyers were not choosing a new machine over a be-
loved old one; they were fleeing an old machine’s costs. The motor car promised
a city without the manure, the carcasses, the feed bill and the walk-pace crawl - a
promise it substantially kept, while importing problems of its own that Part XI

counts. And it explains something subtler about the industry’s shape. Because the
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horse-drawn world already had roads, carriage-builders, wheelwrights and a
coach-owning class, the first automobiles grew out of carriage shops and bicycle
works rather than out of nothing; because the horse had set the road’s geometry,
the car inherited a road network built for hooves and had to remake it, which is
Part VIII’s story. The car did not arrive in an empty world. It arrived in a world
organised around a different prime mover, and within a generation that prime

mover was gone from the streets it had ruled for three thousand years.

But before the petrol car came another challenger, and it very nearly won. Steam
had already conquered the factory and the railway; putting it on the road was at-
tempted for more than a century, and the reasons it failed there are the real pro-

logue to the automobile. That is Chapter 4.
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Chapter 4 - Steam on the road

The first self-propelled road vehicle was not a petrol car but a steam wagon, and it
is older than the American republic. In 1769, Nicolas-Joseph Cugnot, a French
army veteran and writer on military science, built a three-wheeled steam tractor
intended to haul artillery: a high-pressure, non-condensing engine driving the
single front wheel - the first application of a steam engine with cylinders and pis-
tons to rotary motion on a road, and, incidentally, the first front-wheel drive
[C67]. It was heavy, slow and short-winded, and the French state’s interest
cooled, but the principle was established twenty years before the French Revolu-

tion: a road vehicle could carry its own engine.

The idea then migrated to Britain, where it ran into James Watt’s patent. Watt’s
1769 patent on the separate condenser, renewed to run until 1800, gave him a
near-monopoly on efficient low-pressure steam engines and hung over land steam
propulsion for a generation [C67]. Experimenters worked around its edges: Willi-
am Murdock built a small working high-pressure model in 1784, and Richard Tre-
vithick, the boldest of them, had a full-size four-wheeled steam wagon running by
1801 and demonstrated a second steam carriage in London in 1803 [C67]. Tre-
vithick’s machines worked, and his trick of leading the exhaust steam up the
chimney to quieten the vehicle around horses showed a designer thinking about
the road as it actually was. But the railway absorbed him, as it absorbed steam’s
best engineers: along a smooth, guided, privately owned track, steam’s weight and

thirst were virtues rather than vices.

Steam’s high-water mark on the road came in the 1820s and 1830s, and it was a
coaching story. Goldsworthy Gurney and Walter Hancock built steam carriages
that carried paying passengers on regular schedules; Hancock’s coaches Autopsy
and Era carried four thousand passengers between Moorgate and Paddington in
1834 [C67]. Operators formed steam stage lines around several English cities, and
for a few years it was possible to believe that the steam coach, not the horse, was
the future of the road. The belief died of three causes, and they are worth naming
precisely, because they prefigure everything about the later petrol car. The roads
themselves were poor and the toll-gates hostile - turnpike trusts charged steam
coaches punitive tolls. The horse-coach interest fought back, at times with stones
piled in the roadway. And the railway, spreading exactly in these years, took the
intercity passenger traffic that was steam coaching’s best market [C67]. Steam on
the road was squeezed between an infrastructure that taxed it and a competitor

that outran it.

The roll of steam coaches from the boom years is long enough to show how close

the thing came. William Henry James built carriages with a separate engine for
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each wheel - four-wheel drive in 1824; Goldsworthy Gurney’s Royal Patent steam
coach of 1827 was followed in 1829 by his celebrated round trip from Bath to
London; Walter Hancock ran a steam bus between Fulham and Brompton in 1829
and put his coaches Autopsy and Era on the Moorgate-Paddington road, where
they carried four thousand passengers in 1834; Summers and Ogle ran from
Southampton to London in 1831, James Stone ran services around Gloucester,
and a London and Birmingham Steam Carriage Company was formed in 1832
[C67, C70]. Across the Atlantic the Johnson brothers put the first American-built
steam carriage on the road in 1828 [C67]. This was not tinkering but an industry

in embryo, with scheduled services, paying passengers and competing builders.

The comparison with the railway is the sharpest way to see steam’s road problem.
On rails, steam triumphed in exactly these decades because the railway solved, by
construction, every difficulty the road engine could not: a smooth, hard, graded,
privately owned track that bore the weight, guided the wheels, excluded the horse
traffic and spread the cost over enormous volumes. The road offered a steam en-
gine none of these gifts - it was soft, rutted, toll-gated, crowded with frightened
horses and legally hostile. Steam did not fail as a prime mover; it failed as a road
prime mover, in a contest the railway had already rigged. What the road needed
was a different kind of engine altogether, and by the time the red flag law was re-
laxed, in 1896, that engine existed and was already in production across the Chan-
nel [C67, C68].

Parliament finished the job. Restrictive legislation began with the Locomotives on
Highways legislation of 1861 and hardened into the Locomotive Act of 1865 - the
notorious “red flag” regime, which required three persons to each vehicle, held it
to four miles an hour, and obliged a man to walk ahead of it - the regime re-
membered, not quite fairly in every detail, as the red flag law [C67]. Designed in
an age when the steam road engine meant a multi-tonne agricultural traction en-
gine frightening horses and crushing bridges, the law treated every road locomot-
ive as a public danger and every horse-drawn interest as a client. It throttled Brit-
ish road-motor development for three decades, and its relaxation in 1896 - celeb-
rated by the first London to Brighton emancipation run - opened the road just as
the light petrol engine arrived to use it [C68]. The standard verdict, and it is the
right one, is not that the red flag killed a viable British car industry, but that it ex-
ported the industry’s birth to France and Germany: when the automobile was
ready, Britain’s road law had ensured that its makers would be continental [C67,
C68].

Steam itself did not quite die with the coaches. It returned in the early motor age
as a refined machine - the American Stanley brothers’ steam cars were smooth, si-
lent and famously quick - but steam’s handicaps were physical rather than legal: a

boiler to raise before departure, water to carry and consume, and a power unit that
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could never match the petrol engine’s instant readiness once the electric self-

starter arrived, as Chapter 8 recounts [C67].

Look back over the steam century and a pattern emerges that the rest of this book
keeps meeting. The barrier to the automobile was never the idea of a self-pro-
pelled road vehicle - that idea is as old as Cugnot, and was demonstrated re-
peatedly. The barrier was the engine: too heavy, too slow to start, too thirsty, too
burdensome to operate, and in Britain legally hobbled to boot. What the age of the
horse needed was a prime mover that was light, quick-starting, economical and
simple enough for an ordinary owner. That engine arrived from an unexpected
direction - not from steam at all, but from the gas engine of the stationary factory.

Chapter 5 follows it.
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Chapter 5 - The engine problem

The automobile was invented twice in the same decade, by two men working
sixty miles apart who never met, and both of them were trying to solve the same
problem: how to make an engine light enough, quick enough and simple enough
to carry on a road vehicle. The problem had defeated a century of steam engin-
eers. Its solution came from an unlikely quarter - not from vehicles at all, but from
the stationary gas engine of the machine shop, and from two German workshops

whose rivalry the motor industry still lives with.

The gas engine existed because the gasworks existed. By the middle of the nine-
teenth century, towns across Europe were piped for illuminating gas, and that gas
was a fuel waiting for an engine. The first man to build one commercially was a
Belgian working in Paris, Etienne Lenoir, whose engine of 1860 burned illuminat-
ing gas in a horizontal cylinder, driving a double-acting piston on a two-stroke
cycle [C73]. It was inefficient, it had to be tethered to a gas pipe, and it was no
rival to steam for heavy work - but it started easily, needed no boiler and no
stoker, and it sold: Lenoir engines powered pumps and small machinery, and Len-
oir himself mounted one on a crude road carriage in 1863 [C73, C2]. The Lenoir
engine proved that combustion inside a cylinder, with no boiler at all, could do
useful work. It was the internal-combustion engine’s first foothold, and

everything after it was refinement.

The decisive refinement was the four-stroke cycle. A French engineer, Alphonse
Beau de Rochas, described it in a patent of 1862: draw the charge into the cylin-
der on one stroke, compress it on the next, let it expand and drive the piston on
the third, and sweep out the burnt gas on the fourth [C72]. He never built the en-
gine. The man who did was Nikolaus Otto, a self-taught German engineer who
had built his first gas engine in 1861 and joined forces in 1864 with the industrial-
ist Eugen Langen; their improved engine took a gold medal at the Paris Exposi-
tion of 1867 [C72]. In 1876, at the Gasmotorenfabrik Deutz on the Rhine, Otto
built the engine that made his name: a four-stroke gas engine, soon famous as the
“silent Otto” for the smoothness that set it beside the clatter of earlier machines.
Reliable, economical and quiet, it was an immediate success - more than 30,000
were built within ten years - and it became the stationary engine of choice for
workshops that lacked steam [C72]. Otto’s patent was revoked in 1886, when
Beau de Rochas’s earlier patent came to light; by then the principle belonged to
everyone [C72].

But the Otto engine, like Lenoir’s, was anchored to the gas main and built like
furniture. Carrying it onto the road required three changes, and tracing them is tra-

cing the birth of the automobile. The fuel had to become portable: petrol, the light
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fraction of petroleum that refiners of lamp oil had been nearly throwing away,
burned as readily as coal gas and could be carried in a tank - Chapter 18 tells how
that waste product became the world’s fuel. The ignition had to work on a moving
vehicle, which ruled out the naked flames and slide valves of the stationary en-
gine. And the engine had to shrink: power is a matter of how fast an engine can
burn its charge, so a small engine running fast can match a large engine running
slow, at a fraction of the weight. The first man to act on all three insights system-

atically was a Deutz insider who quarrelled with its management and walked out.

Gottlieb Daimler was a gunsmith’s apprentice from Schorndorf who had worked
his way through Stuttgart Polytechnic and the machine shops of France and Bri-
tain to the top of his trade [C71]. He met his lifelong collaborator, the gifted
young draughtsman Wilhelm Maybach, at the Bruderhaus engineering works in
1864; he became factory director at the Maschinenbau-Gesellschaft Karlsruhe in
1868; and in 1872 he joined Deutz as technical manager, where he absorbed the
four-stroke principle at its source [C71]. In 1882, after falling out with the Deutz
management, he set up an experimental workshop in the garden of his villa at
Cannstatt, took Maybach with him, and set about the explicit goal of a small, fast
engine for vehicles. By the end of 1883 he had one: a compact high-speed engine
with an uncontrolled hot-tube ignition - a platinum tube, heated from outside, that
fired the charge without any open flame - patented and running [C71]. In 1884
came the engine they called the “grandfather clock” for its tall, narrow shape, the
breakthrough unit that Daimler promptly bolted into everything that could move:
a wooden bicycle frame in 1885 to make the Reitwagen, often described as the
first motorcycle; a carriage in 1886 to make a four-wheeled motor car; and a
string of boats [C71]. Speed of rotation was the whole trick: where stationary en-
gines turned slowly, Daimler’s little engine spun, and spinning, it made its power

from almost no weight.

Meanwhile, sixty miles away in Mannheim, Carl Benz was solving the same
problem from the other direction. Benz was an engine-builder too - his first sta-
tionary gas engine, a one-cylinder two-stroke, had run on New Year’s Eve 1879
and sold well enough to finance his dream - but his dream was never an engine in
search of a vehicle; it was the vehicle itself, “a lightweight car powered by a gas-
oline engine, in which the chassis and engine formed a single unit” [C1]. In 1885
he completed it: a three-wheeled, two-seat machine, the Benz Patent Motor Car,
with a horizontal single-cylinder four-stroke engine of 0.75 horsepower mounted
at the rear, a tubular steel frame, wire-spoked wheels, electric ignition with a
spark plug, evaporative cooling and a differential [C1]. On 29 January 1886 Benz
applied for his patent, number 37435, for a “vehicle powered by a gas engine” -
the document routinely described as the automobile’s birth certificate [C1, C3] -

and in July 1886 the newspapers reported the three-wheeler’s first public outings
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[C1].

Who was first is a genuine quarrel, and it deserves honesty rather than a trophy.
Self-propelled road vehicles were a century old: Cugnot’s steam tractor of 1769,
de Rivaz’s gas carriage of 1807, Samuel Brown’s gas-engine carriage of 1826,
Lenoir’s of 1863, and Siegfried Marcus’s petrol cart of about 1870 - whose im-
proved second car, hidden from the Nazis in Vienna and rediscovered in 1950,
still ran [C2, C5]. Daimler built the better engine; Benz built the integrated auto-
mobile and patented it. What settled the matter in practice was not priority but
production: Benz’s Velo of 1894, a light, durable, cheap runabout of which some
1,200 were built, has a fair claim to be the world’s first production car, and by the
century’s end Benz & Cie. of Mannheim was the largest automobile plant in the
world [C1]. And the invention had one more parent, whose contribution was
neither engine nor chassis. In August 1888, without her husband’s knowledge,
Bertha Benz took the improved third model and drove it from Mannheim to her
home town of Pforzheim and back - 180 kilometres in all, with her sons Eugen
and Richard beside her, buying petrol from apothecary shops - the first long-dis-
tance drive in the history of the automobile, made by the woman whose dowry
had financed the whole enterprise [C1, C4]. The machine worked. The world no-
ticed. Part III follows what happened next, when the invention crossed the Rhine

into France and became an industry.
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PART III - THE INDUSTRY IS BORN
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Chapter 6 - The French cradle

Germany invented the automobile, and France made it an industry. The machine
that Carl Benz patented in Mannheim and Gottlieb Daimler developed in
Cannstatt found its first real market, its first manufacturers and its first sporting
culture across the Rhine, and for the first fifteen years of its existence the centre
of the automobile world was Paris. The reasons were structural, not sentimental.
France had the finest road network in Europe, a legacy of state road-building
since the eighteenth century; a sophisticated carriage and bicycle industry, full of
skilled metalworkers and tube-benders; a wealthy class with sporting tastes and
money to spend on expensive novelties; and - unlike Britain, where the red flag
law still hobbled road locomotives until 1896 (Chapter 4) - no legal hostility to
the self-propelled vehicle [C76].

The technology arrived by licence. Gottlieb Daimler, unlike the initially more
cautious Benz, pushed his engine abroad, concluding licence agreements espe-
cially in France and Britain [C74]. His agent in France was a Belgian lawyer, Ed-
ouard Sarazin, and it was through Sarazin that the Paris firm of Panhard et Levas-
sor - woodworking-machinery makers founded by Rene Panhard, Emile Levassor
and Sarazin himself in 1887 - acquired the right to build Daimler engines in
France [C79]. After Sarazin’s death in 1887 his widow Louise carried on the
agency, finalised the licence, and in 1890 married Levassor: the automobile’s first
industrial partnership was sealed, characteristically, by the people the standard
histories nearly forgot to mention [C79]. Levassor, the engineer of the pair, con-
ceived the idea of installing Daimler’s two-cylinder V-engine in a purpose-built
automobile rather than a converted carriage; after a first prototype in 1890, a
second, more successful car followed in 1891, and Panhard et Levassor commit-
ted to a first series of thirty cars - five of them sold that year, a modest beginning
that nonetheless made the firm, on its own history’s fair claim, the first series
manufacturer in the history of the automobile [C75]. The same year, Panhard et
Levassor shared its Daimler licence with the bicycle-maker Armand Peugeot,
which became the second French maker to build cars on Daimler engines [C75,
C79].

What Levassor did next mattered more than any single engine. Where Benz had
hung his engine at the back of a light carriage and Daimler had bolted his into
anything that moved, Levassor laid out the automobile as an architecture: engine
in front, gearbox amidships, driven wheels at the rear. The Systeme Panhard of
1891 - front-mounted engine, rear-wheel drive, a crude sliding-gear transmission,
sold at 3,500 francs - proved so workable that it became the standard layout of the
motor car for most of the following century [C79]. Nearly every conventional car

built since is, in this sense, a descendant of one Parisian machine-shop’s judge-
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ment about where an engine belongs. The firm added a gearbox whose pinions
were enclosed in a casing, an early steering wheel in place of the tiller - Alfred
Vacheron’s Panhard carried one in the 1894 Paris-Rouen contest, among the first
uses of the device - and a succession of increasingly powerful engines [C75,
C79].

France then did something no other country could have done: it proved the auto-
mobile in public, on the road, at speed. The city-to-city road race was a French in-
vention and a French obsession, and it functioned as the young industry’s laborat-
ory, advertising and proving ground all at once. At Paris-Bordeaux-Paris in 1895,
Emile Levassor drove his Panhard the whole 1,200 kilometres alone, without re-
lief, in forty-eight hours and three-quarters, to finish first ahead of another Pan-
hard [C79]. The Paris-Rouen contest of July 1894 had been the first of its kind - a
trial over 126 kilometres in which the petrol cars’ great rival, a De Dion steam
tractor, averaged 18.7 kilometres an hour yet was disqualified for needing a stoker
as well as a driver, a verdict that said plainly which technology the judges thought
had a future [C80]. These were not stunts but demonstrations: races covered dis-
tances no buyer could dismiss as a fairground trick, and they were reported across
Europe and America - the Chicago publisher H. H. Kohlsaat conceived America’s
first automobile race directly after reading of Paris-Bordeaux (Chapter 7) [C77].
The cost of the proving ground was paid in blood too; Levassor himself, thrown
from his car in the 1896 Paris-Marseille-Paris race while swerving to avoid a dog,
died of his injuries in 1897 [C79].

While Panhard et Levassor built the automobile’s architecture, another French
firm built its everyman engine. De Dion-Bouton, a firm that had grown from a
toymaker’s workshop in 1883, through steam tricycles, into for a time the largest
automobile manufacturer in the world, developed in the 1890s a small, light, high-
speed petrol engine with battery-and-coil ignition - widely regarded as the first
high-speed lightweight internal combustion engine - and licensed it to more than
150 manufacturers on both sides of the Atlantic, from bicycle-makers bolting mo-
tors into frames to the American De Dion Motorette Company of Brooklyn [C80].
Where Daimler’s engine had powered the automobile’s invention, De Dion-
Bouton’s powered its multiplication: the little engine let a hundred small firms be-
come car-makers overnight, and France’s industry grew into the largest in the
world, Paris the unchallenged capital of the motor car until the American industry

overtook it in the new century [C79].

Germany, meanwhile, was not idle - it was perfecting the other end of the market.
In March 1901, at the Nice racing week, Daimler-Motoren-Gesellschaft unveiled
a new racing car commissioned by the wealthy dealer Emil Jellinek and named
for his daughter: the Mercedes 35 hp, low, long and powerful, whose crushing

success against the field announced the modern high-performance motor car and,
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in time, gave the industry its most durable brand name, patented in 1902 [C74].
France had shown the world what the automobile was for; Germany reminded it
who had invented it. But the automobile’s future belonged to neither. It belonged
to a country where the machine would be made not in dozens of cars for wealthy
sportsmen but in millions for ordinary households - and to understand how, the

story must cross the Atlantic.
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Chapter 7 - The American start

America came late to the automobile and took it over within a generation. In
1895, when France already had series production and city-to-city racing, the
United States had scarcely a motor car to its name; the machines were so novel
that when the Chicago publisher H. H. Kohlsaat announced America’s first auto-
mobile race that year, his newspaper ran a reader contest to decide what the things
should even be called - the winning entry, “motocycle”, earned its author $500
[C77]. The race itself, run on Thanksgiving Day 1895 from Chicago to Evanston
and back, tells the state of the art better than any statistic. Of eighty entrants, a
snowstorm reduced the field to eleven, and six vehicles reached the starting line:
three German Benzes, two electric cars, and one American-built machine, the
Duryea Motor Wagon of Springfield, Massachusetts [C77]. It took the winner, J.
Frank Duryea’s car, more than ten hours to cover the fifty-odd miles through the
snow at an average of around seven miles an hour; only one other car, a Benz, fin-
ished at all [C77, C78]. America’s first automobile race was won by the only
American car in it, at the pace of a trotting horse, and the newspapers could
hardly have been blamed for missing the significance. The significance was that
the race’s organizer had read about Paris-Bordeaux and correctly judged that the
horse carriage’s days were numbered - and within six years Chicago had an annu-

al auto show and the United States an industry [C77].

The industry’s first boom, though, was not petrol. Around 1900 the American
automobile came in three rival flavours, and petrol was not obviously the winner.
Steam had the seniority and the speed: the Stanley brothers’ steamers were among
the fastest road machines in the world - one took the world speed record at 127.66
miles an hour in 1906 - and the Locomobile, a light steamer built to a Stanley
design, sold about a thousand cars in 1900 to become, on Britannica’s account,
the first commercially successful American-made automobile [C76]. Electricity
had the cities: clean, silent, easy to start, the electric car was the urban favourite,
and by 1900 about 28 percent of American automobiles were electric, after elec-
tric vehicles had outsold all other types in the late 1890s [C32]. Petrol had the
smell, the noise and the hand-crank. What settled the contest was range and cost.
Steam needed water and patience: a boiler had to be raised before departure, and
it drank its weight in water again on the road. The battery electrics of the day
were town carriages, silent and genteel, but expensive and short-legged - fine for
a doctor’s calls, useless for a farmer twenty miles from market. The petrol engine
alone could take that farmer to town and a traveller across a state, on fuel that was
cheap and getting cheaper. The electric starter of 1912 (Chapter 8) removed the
petrol car’s last great inconvenience, and the two rivals faded into niches - the

steamer into memory, the electric into a long dormancy from which, as Part XII
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recounts, it would take a century to return.

The Duryea brothers rode that victory into the industry’s first incorporation: the
Duryea Motor Wagon Company, formed in 1896, produced thirteen copies of its
car - small numbers, but the first series-built automobiles in America, made by the
country’s first company formed to manufacture motor cars [C78]. Others were
close behind, in bicycle shops and carriage works across the Northeast and Midw-
est. What none of them yet had was volume: cars remained hand-built curiosities,
priced for the well-off, in a market still open to anyone with an engine and a lathe.
The man who closed that market to hobbyists and opened it to millions was
already experimenting in Detroit, and his path ran through failure before it ran
through Highland Park: Henry Ford had built his first Quadricycle in 1896, the
year the Duryeas incorporated, and would not found the company that made his
name until 1903 [C81].

The man who made the petrol car a business before Ford was Ransom E. Olds.
His Oldsmobile Curved Dash, a light, simple runabout with a curved front that
gave it its name, went into production in 1901: 425 cars that year, 2,500 in 1902,
3,924 in 1903 - enough to make Oldsmobile the largest car-maker in the United
States [C21]. The Curved Dash matters out of proportion to its modest self, be-
cause of how it was built: not by craftsmen making each car whole, but by suppli-
ers delivering finished parts - engines, transmissions, axles - to an assembly point
where workers put them together, the first use of interchangeable-parts mass pro-
duction in the industry and, on that account, the first mass-produced automobile
[C19, C20, C21]. The template is worth pausing on. America’s gift to the car was
never the invention - that was German, and its perfection French - but the organ-
isation of its manufacture: outside suppliers, standard parts, assembly rather than
fitting. Olds proved the template on a runabout; Henry Ford, watching closely
from Detroit, was about to perfect it on a scale nobody had imagined, and Part IV

is his story.

The Americans brought one more thing the Europeans had not: a mass market
waiting to happen. The United States of 1900 was a continent of farmers, small
towns and enormous distances, knit together by railways for freight but poorly
served for personal travel; a machine that could go anywhere on any road was not
a sportsman’s toy but a tool, and it would be bought by the million as soon as it
was cheap enough and reliable enough. That demand pulled the industry toward
simplicity, durability and price - toward, in short, the Model T. It also shaped the
industry’s landscape: Detroit, a carriage and engine town with machine shops,
capital and railways, drew the new car-makers to itself the way the industry al-
ways clusters where its suppliers already live (Chapter 13 follows the supply
chain that clustering built). The automobile had been born German, raised French,

and would come of age American.
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PART IV - MASS PRODUCTION
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Chapter 8 - Ford and the Model T

Every industry has one machine that divides its history into before and after. For
the automobile it is the Ford Model T, announced in October 1908 with a sentence
that still reads like a manifesto: “I will build a motor car for the great multitude.”
Over the next nineteen years Henry Ford sold about fifteen and a half million of
them in the United States, close to a million more in Canada and a quarter of a
million in Britain - half the automobile output of the world [C81]. The car that
had been a rich man’s toy became the ordinary family’s tool, and the country that
adopted it first became, in the process, something new: the first society on earth
organised around private motor transport. Understanding how one company did
that is understanding the twentieth century’s industrial template, and it begins, un-

promisingly, with a man who kept failing.

Henry Ford was a farmer’s son from Dearborn, Michigan, who walked into De-
troit at sixteen to work in its machine shops, became chief engineer of the Detroit
Edison Company, and built his first horseless carriage - the Quadricycle, a buggy
frame on bicycle wheels - in 1896 [C81]. What distinguished him from the other
tinkerers of the 1890s was partly temperamental: where the Duryeas and the rest
held onto their creations, Ford sold his to finance the next one. What distin-
guished him more was commercial: backers came and went, two companies col-
lapsed under him - one of them reorganising, after he walked out in 1902, into the
Cadillac Motor Car Company - because Ford kept refusing to sell a car he thought
could be made better and cheaper [C81]. When the Ford Motor Company was fi-
nally incorporated in 1903, it was on $28,000 put up by ordinary citizens, the
wealthy men of Detroit having been thoroughly antagonised [C81]. Within five
weeks the young company faced a lawsuit that could have strangled it: the Associ-
ation of Licensed Automobile Manufacturers, armed with a patent granted in 1895
to a Rochester patent lawyer named George Selden, claimed a royalty on every
petrol car built in America. Ford, who thought the patent preposterous and hated
Eastern combinations on principle, fought it alone while the rest of the industry
paid; he lost in 1909, appealed, and won in 1911, freeing the industry - and be-
coming, in the telling of the day, a folk hero [C81].

The Model T was the fruit of all that refusal. It was designed for the market
Chapter 7 described: a continent of bad roads and long distances, farmers and
small towns, buyers who needed a machine that was cheap to buy, cheap to run,
tough enough for rutted tracks and simple enough to mend with fencing wire.
Ford gave it a light, strong chassis with high ground clearance, an engine a mech-
anic could understand, and a planetary transmission worked by pedals that spared
the driver the crash-gears of the European cars. It was not advanced; it was appro-

priate, which is a harder thing. And it was cheap, and it kept getting cheaper: the
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runabout that cost $825 in 1908-09 cost $260 in 1925 [C26]. No manufacturer
had ever cut prices as volume grew rather than pocketing the difference, and the
falling price was itself the sales engine: each cost reduction put the car within
reach of another layer of buyers, and each new layer of buyers made the next cost
reduction possible. By 1923 the factories were turning out 1.8 million cars a year
[C22]. Total production, from the first car in October 1908 to the last in May
1927, came to 15,458,781 [C25].

Two supporting inventions made the Model T’s world complete, and neither was
Ford’s. The first was the electric self-starter, developed by Charles Kettering at
Delco and introduced on Cadillac in 1912 [C82]. Until then, starting a petrol en-
gine meant hand-cranking - hard, sometimes dangerous work that kept many wo-
men and older drivers out of petrol cars and kept the easy-starting electric alive.
The starter removed the petrol car’s last real inconvenience at a stroke, and the
age of the steam and electric alternatives was over (Chapter 7). The second was
cheap fuel: the petroleum industry, transformed by new fields and a new market,
which Part VII follows. Ford’s genius was to stand at the junction of these cur-

rents and organise manufacture around them.

What that organisation was - the moving assembly line and the industrial system
built around it - is the subject of the next two chapters, because it mattered far
beyond cars. But the car itself deserves a last word. The Model T was never lux-
urious, and by the 1920s it was not even modern; Ford’s stubbornness in clinging
to it nearly broke the company a second time, and the man who beat him is the
subject of Chapter 11. Yet no single machine has ever changed ordinary life so
quickly. In 1879, when the farm boy walked to Detroit, two in eight Americans
lived in cities; when he died in 1947, five in eight did, and the country he left was
threaded with roads, suburbs, filling stations and a culture of mobility that he had
done more than anyone to create [C81]. He had set out to build a car for the multi-

tude. He ended by rebuilding the multitude’s world.
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Chapter 9 - The assembly line

The Model T made the demand; the moving assembly line made the supply. The
line was Henry Ford’s real invention - not the car, which others could and did im-
itate, but a way of making things that had never existed before and that every sub-
sequent industry has had to reckon with. It is worth being precise about what it
was, because the mythology has buried the mechanics. Mass production did not
begin with the moving line: interchangeable parts were an American tradition a
century old, and Ransom Olds had already built cars in their thousands from sup-
pliers’ components (Chapter 7). What Ford’s men added, between 1913 and 1914

at the Highland Park plant in Detroit, was motion - and with motion, time.

Begin with the experiment. On 1 April 1913, in a corner of Highland Park, Ford’s
engineers tried assembling flywheel magnetos on a moving basis. A magneto was
a small sub-assembly of the ignition system, and until that day one worker had as-
sembled each unit complete, in about twenty minutes. Broken into operations and
passed hand to hand along a waist-high slide, the time fell first to thirteen
minutes, then to five [C22]. The principle was immediately clear, and it was not
speed for its own sake: it was the elimination of everything that was not work.
The walking, the reaching, the fetching of parts, the bending over a bench - the
waste motions that consumed most of a craftsman’s day - were engineered away,
and the work came to the worker instead. In August 1913 the same logic was ap-
plied to the whole chassis: a rope and windlass dragged the frame past a line of
some 140 workers, each fitting one part, and the twelve and a half hours that
chassis assembly had taken fell to ninety-three minutes by early 1914 [C22, C81].
A car was no longer a thing a crew built; it was a thing that flowed past, gathering

parts, at the pace of the slowest operation.

The consequences ran in three directions at once. The first was cost. Labour time
per car collapsed, and with it the price of the Model T, which is why the line and
the $260 runabout are the same story (Chapter 8). The second was the supply
chain: a line that stops for want of a bolt loses its whole advantage, so mass pro-
duction demanded - and created - a new discipline of standard parts, scheduled
deliveries and suppliers bound to the assembler’s clock, the system Part V fol-
lows. The third was the worker. Line work was punishing, monotonous and des-
pised; Ford’s labour turnover exceeded 300 percent in 1913, meaning the plant
had to hire three men a year to keep one [C22]. The answer to that problem - the
five-dollar day - is the next chapter, and it was less philanthropy than industrial
necessity, as the historian Carl Dassbach has argued: the wage had to be high
enough to make men stay at work they hated [C24].

Highland Park itself was part of the machine. Designed by Albert Kahn and
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opened in 1910, its hundred-odd acres were, at the time, the largest factory in the
world, laid out so that machines stood in the order of the operations they per-
formed rather than by trade or department - the principle on which the moving
line later ran [C84]. And when even Highland Park proved too small for Ford’s
ambition, the answer was the River Rouge complex at Dearborn: a mile and a half
of works with its own docks, a hundred miles of interior railway, its own power
station, steel mill and glass plant, designed to take in ore and iron at the lake
freighter’s side and send out finished cars at the other [C83]. The Rouge, com-
pleted in the late 1920s, was vertical integration made visible - the assembly line
extended backwards from the final bolt to the earth itself. Diego Rivera painted it;
Charlie Chaplin studied it for Modern Times, whose opening scenes of a worker
at the mercy of the line remain the most famous image of mass production’s hu-

man cost ever filmed [C83].

The line had a price of its own, paid later. A factory built as one continuous ma-
chine could make one thing superbly and nothing else at all; when Ford at last
conceded in 1927 that the Model T had to give way to a modern car, the whole
system had to stop - plants closed for months, tens of thousands were laid off, and
the lines were rebuilt for the Model A (Chapter 11) [C83]. Rigidity was the shad-
ow of the miracle: the less a line costs per car, the more it costs per change. Com-
petitors, most of all General Motors, would build their strategy on exactly that
weakness, offering variety and yearly change against Ford’s uniformity. But that
is the next part of the story. In 1914, with the line running and a car completing
every few seconds, Highland Park was simply the most productive place on earth,

and the world came to Detroit to see how it was done.

It is equally worth saying what the line was not. The historians Karel Williams
and Colin Haslam have shown that productivity at Ford rose impressively before
the moving line was complete, and that the legend of a single magic invention in
1913 obscures a decade of accumulated methods - machine tools, interchangeable
parts, the placement of machines in the order of operations [C101, C22]. The
moving line was the capstone, not the foundation. And it was an American answer
to an American problem: Europe’s car-makers, serving smaller markets of fussier
buyers, had no use for a system that made one model by the million, and for two
decades they let Detroit have the mass market to itself (Chapter 12). The line was

not destiny; it was a choice, made where the demand for uniformity was largest.

By 1914 the pattern was set that would rule manufacturing for a century. The fact-
ory had ceased to be a place where things were made and had become a machine
for making them - a machine of which the workers, the conveyors, the presses and
the railway sidings were all components. It won wars: the bomber plants and tank
lines of the 1940s were Highland Park’s grandchildren. It built the middle class

and then, in the cities that lived by it, was blamed for hollowing that class out
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again. And it spread, as Part VI recounts, far beyond Detroit - to be studied, res-

isted, imitated, and finally, in Japan, reinvented.
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Chapter 10 - The five-dollar day

On 5 January 1914, Henry Ford stood before the press and announced something
that made front pages across the world: from that day, Ford Motor Company
would pay a minimum of five dollars for an eight-hour day, roughly double the
going rate, replacing wages that had averaged about $2.34 for nine hours of work
[C84, C23]. The newspapers called it magnificent, insane, and the most generous
act in the history of industry. The men on the line called it something to queue for:
within days, ten thousand applicants stood outside Highland Park in the Detroit
winter, and the fire department was eventually called to disperse them [C22]. The
five-dollar day was, in its moment, the most famous pay rise ever given, and it de-
serves its own chapter because it was three different things at once: an act of in-
dustrial self-defence, a social experiment of remarkable intrusiveness, and the
seed of an idea - that workers must be able to buy what they build - on which the

twentieth-century economy was later erected.

Start with the self-defence, because it came first. The assembly line that made the
Model T cheap made line work unbearable: the same motion, at the line’s pace, all
day, every day, with a foreman’s stopwatch as the only clock. Men walked away
from it in droves. By late 1913 Ford’s labour turnover ran at 380 percent a year -
the plant hired more than 50,000 men that year to hold a workforce of about
14,000 - and every departure threw a green hand into a system tuned to the second
[C22]. The five-dollar day was the machine’s answer to the machine’s problem: a
wage high enough to make a man swallow what the line demanded of him. The
historian Carl Dassbach, studying the period, argues exactly this - that the celeb-
rated generosity was, at bottom, a rational response to a labour market that had
voted with its feet against the moving line [C24]. Ford’s own executives admitted
as much privately. Within two years the exodus had effectively stopped; the com-
pany later put precise figures on the improvement, though those retrospective

numbers do not square with the operating records and are best set aside [C24].

Then the social experiment, which is the strangest part of the story and the least
remembered. Five dollars was not simply a wage; it was a profit-sharing plan, and
not every worker qualified for it. To receive the full rate a man had to be judged
worthy by the company’s Sociological Department, whose investigators visited
workers’ homes and inquired into their housekeeping, their drinking, their debts,
their churchgoing and their families [C23]. Immigrants were expected to attend
Americanization classes; single men under a certain age were excluded altogether
unless they supported dependants. It was industrial paternalism on an industrial
scale - benevolent to its beneficiaries and suffocating in its nosiness - and it did
not survive the decade in its original form. But while it lasted, it meant that Ford

was buying not merely labour but a way of life: sober, thrifty, stable line workers
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who could be relied upon to appear at the same spot at the same time and repeat

the same motion forever.

And then the idea, which outlived both. The five-dollar day was the moment
when mass production and mass consumption were first joined in the public ima-
gination. A worker paid five dollars a day earned in a year the price of a Model T;
whether or not Henry Ford ever said the words attributed to him - that he wanted
his workers to be able to buy his cars - the logic was visible to everyone, and
Ford’s own propagandists made much of it [C23]. Economists and social theorists
later gave the pairing a name, Fordism, and treated it as the template of an age:
wages high enough to consume what the lines produced, production cheap enough
to be consumed. Whatever the word’s later career, the pairing was real. The motor
car’s great century - the roads, the suburbs, the drive-in, the holiday by car that
Parts IX and X describe - was financed from wages like these, first in Detroit and

then, as the industry spread, around the world.

The five-dollar day also had a more immediate echo: it set a wage standard that
every other Detroit employer had to reckon with, it brought the eight-hour day to
the car industry years ahead of most of American manufacturing, and it made
Henry Ford, for a time, the most admired businessman alive [C84, C23]. That ad-
miration was extravagant and in important ways undeserved - Ford’s later career,
his anti-Semitic campaigns and his war on unions, belongs to a darker chapter of
the story - but on 5 January 1914 the man who had made the car cheap had also
made factory work pay, and the combination, for better and for worse, built the

modern world.
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PART V - THE MODERN INDUSTRY
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Chapter 11 - GM and Sloan

Ford proved that a car could be made cheaply enough for everyone. General Mo-
tors proved that everyone did not want the same car. The contest between those
two ideas - uniformity against variety, one model forever against a ladder of mod-
els renewed every year - is the second great founding drama of the motor industry,
and the winner, in the long run, was General Motors. The man who engineered the
victory was not an engineer at all but an organizer: Alfred P. Sloan, the quiet ac-

countant’s son who invented, along the way, the modern corporation.

General Motors began in 1908 as William C. Durant’s collection of companies.
Durant was a carriage magnate turned speculator who bought car makers the way
other men buy stamps: Buick, Oldsmobile, Cadillac, Oakland (later Pontiac), and
a long tail of suppliers and marques, assembled into a holding company whose
parts barely spoke to one another. Twice the ramshackle empire ran out of money;
twice Durant lost control of it; the second time, in 1920, the DuPont chemical in-
terests that held the purse strings installed their own management, and with it
Sloan [C27]. What Sloan inherited was the mirror image of Ford: Ford had one
model and no organization; GM had every model and too much - dozens of over-

lapping divisions competing with each other as much as with anyone else.

Sloan’s answer, set out in a study he had written in 1920, became one of the most
influential management documents ever composed: a structure of decentralized
divisions under centralized financial control [C27, C28]. Each division - Chevro-
let at the bottom, then Pontiac, Oldsmobile, Buick, and Cadillac at the top - would
run its own engineering, production and sales as if it were an independent com-
pany, with its own clear place in the market; the corporation would set the rules,
measure the results and move capital to where the returns were. Neither the craft
firm, where everything was personal, nor the Ford plant, where everything was
the line, the multidivision corporation could do what neither could: make many
different things at once, rationally, and change them as the market changed. It be-
came the template not merely of the car industry but of the modern conglomerate

itself.

The marketing followed the structure. GM sold not a car but a ladder: a car for
every purse and purpose, in Sloan’s famous phrase, beginning with a Chevrolet
and ascending through the divisions as a family’s fortunes rose [C27]. And the
ladder had to be climbed again and again, because Sloan grasped what Ford re-
fused to see - that a durable car was the industry’s worst enemy. Once the country
was motorized, new cars would sell only if old ones came to feel inadequate. The
annual model change, introduced in the 1920s, did that work; styling, institution-

alized in 1927 when Harley Earl’s new Art and Colour section gave GM the first
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design department in the industry, made last year’s car visibly old [C27]. Critics
later called it planned obsolescence and hated it; buyers, year after year, loved it.
And to help them afford the climb, GM had founded the General Motors Accept-
ance Corporation in 1919, which lent the purchase money to dealers and custom-
ers alike - Ford sold cars for cash; GM sold them on time, and discovered that

America preferred time [C27].

Against this machinery Ford’s magnificent simplicity crumbled. Through the
early 1920s the Model T still led, but its share slid as Chevrolet closed in, and
when Henry Ford at last shut his lines in 1927 to retool for the Model A, GM
passed him - a lead Ford never fully recovered (Chapter 8) [C27]. The lesson ran
deeper than one company beating another. The motor industry had found its ma-
ture form: a small number of large corporations, each a pyramid of brands, com-
peting on style and credit and novelty as much as on engineering, renewing their
products on a schedule as regular as the seasons. For half a century Detroit’s way
was the industry’s way, exported to Europe and beyond (Chapter 12, Chapter 30),
until a Japanese company, studying Sloan and Ford alike, concluded that both

could be improved upon. That reckoning - lean production - is Chapter 17.
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Chapter 12 - Europe’s own road

While Detroit was learning to make one car by the million, Europe was learning
something different: how to make the motor car its own. The two continents had
motorized in opposite directions, and for half a century the difference defined the
industry. America built cars for people who had never owned one - cheap, tough,
simple, identical. Europe, with older cities, narrower roads, higher fuel taxes and
customers who expected craftsmanship, built smaller, more various, more ingeni-

ous cars - and for a long time, fewer of them.

The scale of the gap is hard now to credit. In the 1920s the United States pro-
duced the overwhelming majority of the world’s motor vehicles - at its peak, more
than nine in ten - and had a car for roughly every five people, at a time when Bri-
tain had one for about fifty, France and Germany fewer still. Europe’s manufac-
turers responded not by imitating Ford - their markets would not support his
volumes - but by defending niches: Rolls-Royce and the coachbuilt grandees at
the top, and below them a forest of small makers serving national tastes, protected
by tariffs that rose steeply after the First World War. The American giants came to
them instead: Ford and GM built plants in Britain and Germany in the 1920s and
1930s, transatlantic outposts of Detroit method that, over time, grew into some-

thing more European than their parents.

What Europe gave the industry in return was character, and eventually three cars
that mattered as much as the Model T. The first was Herbert Austin’s Seven of
1922, Britain’s answer to the Tin Lizzie - a small, light, cheap car so well de-
signed that it was built under licence across the world, from France to Germany,
where BMW?s first car was an Austin, to Japan, where the Seven influenced the
early Datsuns [C107]. The second was André Citroén’s attempt to bring Detroit to
Paris: Citroén genuinely tried mass production on Ford’s lines, and his front-
wheel-drive Traction Avant of 1934 - unitary construction, front-wheel drive, tor-
sion-bar suspension, everything at once - was one of the most advanced cars of its
era, though the cost of developing it broke his company into Michelin’s hands
[C108]. The third, and greatest, belonged to Germany: the Volkswagen, conceived
in the 1930s as the strength-through-joy people’s car of the Nazi state, designed
by Ferdinand Porsche’s office, and given its real life only after 1945, when a Brit-
ish officer, Major Ivan Hirst, restarted the ruined Wolfsburg plant and the Beetle
began its march to becoming, by the 1970s, the best-selling single design the in-
dustry had ever made [C120].

After 1945 the European industry rebuilt with extraordinary speed and found its
enduring shape. Where America sold size, Europe sold efficiency: the small car as

a national institution. France had the 2CV and the Renault 4, minimal cars for a
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motorized peasantry; Italy the Fiat 500 and 600, which put a whole country on
wheels; Germany the Beetle and then the Golf; Britain the Mini of 1959, whose
transverse engine and wheels-at-the-corners packaging set the template that nearly
every small car follows to this day [C109]. These were not inferior Model Ts; they
were a distinct and arguably more durable answer to the same question - what is
the least car a family needs - asked in countries where fuel was dear, streets were

old, and the car was a hard-won possession rather than a birthright.

The two streams rejoined at the end of the century. European makers adopted
mass methods; American makers, their home market invaded by small imports,
had to learn European virtues; and the Japanese, who had studied both, eventually
beat both at their own games (Chapter 30). But Europe’s distinctive contribution
never vanished: the premium marques, the engineering cultures, the small-car in-
telligence, and the stubborn national champions - Volkswagen, Renault, Fiat,
Peugeot - that governments repeatedly saved because a country without a car in-

dustry, the twentieth century believed, was not quite a great power (Chapter 29).
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Chapter 13 - The supply chain: steel,
glass, rubber

A motor car is not one thing but ten thousand things, and almost none of them, in
the end, is made by the company whose badge is on the bonnet. Beneath every
car-maker lies a supply chain - steel and aluminium, glass and rubber, copper and
leather, and in the modern car semiconductors, magnets and battery cells - and the
history of that chain is nearly as old and quite as consequential as the history of
the car itself. The relationship between the assemblers and their suppliers has
shaped where factories stand, which towns prosper, and how the industry behaves

when the world changes underneath it.

Steel came first, and in one sense the car industry is a chapter in the history of
steel. The early makers bought their frames and bodies from carriage builders and
blacksmiths; as volumes rose, the car became the steel industry’s most demanding
customer, pressing it for ever thinner, stronger, more formable sheet - the body
panels that made the all-steel closed car of the 1920s possible, and later the high-
strength steels that let crash structures grow stronger while cars grew lighter
[C45]. An ordinary modern car is still more than half steel and iron by weight, and
the geography of the industry long followed the geography of mills: Detroit stood
where it stood partly because the iron of the Great Lakes and the coal of Ap-
palachia met there on cheap water [C45, C22].

Glass and rubber tell the same story of an industry dragging its suppliers into
modernity. The closed body turned the car into a glazed box, and plate glass -
heavy, and lethally sharp when it broke - gave way over the 1920s and 1930s to
laminated safety glass, two sheets bonded to a plastic interlayer, and to toughened
glass for the side windows, both adopted first in cars and only later in buildings
[C46]. The pneumatic tire, born on the bicycle (Chapter 14), was remade by the
motor car on a scale its inventors never imagined: the car created the world’s ap-
petite for natural rubber, drove the great plantation boom in Malaya and the East
Indies, provoked Henry Ford’s immense, doomed attempt to grow his own rubber
at Fordlandia in the Amazon, and later, when war cut the plantations off, pulled
the synthetic rubber industry into existence in a matter of months [C86, C123,
C124].

The structure of the supply chain mattered as much as its materials. In the in-
dustry’s first decades the assemblers made remarkably little themselves: the Ford
Model T was built from bought-in components, and firms like the Dodge brothers
grew rich as Ford’s suppliers before becoming his rivals [C22]. Then came the
age of vertical integration - Ford’s Rouge, where ore went in at the dock and cars

came out at the gate, was its monument (Chapter 9) - as the big firms swallowed
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their suppliers to control cost and flow. The late twentieth century reversed the
current again: the assemblers spun off their parts divisions - GM’s Delphi, Ford’s
Visteon - and pushed design responsibility as well as production down onto a tier
of independent giants: Bosch and ZF in Germany, Denso and Aisin in Japan,
Magna in Canada, and behind them tiers of smaller specialists down to the maker
of a single clip [C45, C48, C49].

That structure - a few assemblers at the top, global first-tier suppliers beneath
them, and pyramids of specialists below - is why the modern industry behaves as
it does. It is why a shortage of a cheap semiconductor could stop assembly lines
across three continents in 2021 (Chapter 42); why the shift to batteries empowers
new suppliers like CATL and threatens old ones whose expertise is pistons and
gears; and why a car, wherever its badge is made, is now the most international of

manufactured objects - the product, quite literally, of the world (Chapter 29).
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Chapter 14 - The tire

Every motor car rides on four patches of rubber, each about the size of a hand,
and everything the car can do - accelerate, corner, brake, ride - is delivered
through them. The tire is the car’s oldest surviving component, older than the car
itself, and its story runs from a Belfast veterinary surgery to the Amazon rain-
forest to the chemistry of synthetic rubber. It deserves a chapter of its own, be-

cause no other part has so often decided what the rest of the automobile had to be.

The pneumatic tire was a carriage idea that failed. Robert William Thomson pat-
ented his “aerial wheel” - a hollow leather tire filled with air - in England in 1845,
and a set ran for over a thousand miles on a brougham; but the solid rubber tire
was more convenient, and for nearly half a century the air tire was forgotten
[C85]. The bicycle resurrected it. In 1888 John Boyd Dunlop, a veterinary sur-
geon in Belfast, fitted an inflated tube to his son’s tricycle and patented the result;
the racing cyclists who adopted it won everything in sight, and within a few years
the pneumatic had made the modern safety bicycle possible (Chapter 7) [C85].
When the motor car arrived it took the bicycle’s tire along with the bicycle’s
tubing and chain drive: the French firm of Michelin was the first to put pneumatic
tires on a motor vehicle, in the 1890s, and proved them in racing - changing flats

in minutes where rivals needed hours [C85, C1].

The early motor tire was a bicycle tire writ large, and it was the weakest part of
the car: a few thousand miles was a good life, and every journey carried spare
covers and the certainty of punctures. The industry that grew up to fix that prob-
lem became one of the largest on earth. Dunlop in Britain, Michelin in France,
and in America Goodyear - founded on the vulcanized-rubber patents that gave
the product its name - and Firestone, whose “Ship by Truck” campaigns sold both
tires and the idea of road haulage, fought a half-century war of patents and prices
[C85]. Their demands created the rubber boom. Natural rubber grew wild only in
the Amazon, and the car’s appetite - tires took the great bulk of world rubber -
first made and then broke the jungle city of Manaus, as seeds smuggled to British
Ceylon and Malaya became plantation rubber cheaper than the forest’s [C123].
Henry Ford, refusing to be held hostage to plantations, bought a concession of ten
thousand square kilometres in Brazil in 1928 and built Fordlandia, a prefabricated
American town in the rainforest, to grow his own; the trees failed, the workers re-
belled, and the town was abandoned in 1934 - a monument to the limits even of
Ford’s will [C86].

War completed the transformation. When Japan overran the Malayan and East In-
dian plantations in 1942, the Allies lost almost their entire supply of natural rub-

ber in weeks; the answer, built almost from nothing in little more than a year, was
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a synthetic rubber industry - styrene-butadiene rubber from oil - that after the war
captured most of the tire market and never gave it back [C124]. The modern tire is
thus a chemical product as much as an agricultural one: a sandwich of rubber
compounds, textile and steel cords, and carbon black, some forty ingredients in a

single casing, engineered to survive years of flexing, heat and abuse.

The last great revolution came from France. In the 1950s Michelin introduced the
radial-ply tire, in which the casing cords run across the tread rather than diagon-
ally: the radial lasted far longer, gripped better, and cut fuel consumption, and
within a generation it had displaced every rival design in the developed world -
nearly destroying, in the process, the American tire industry, whose giants had in-
vested too heavily in the old bias-ply technology [C85]. More than two billion
tires are now made each year, most of them for motor vehicles [C119]. And the
tire still sets the industry’s newest problem: a tire is nearly impossible to recycle
gracefully, and the world discards them by the billion - a pile of vulcanized rubber

that, like the car itself, no one yet quite knows how to unmake (Chapter 33).
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PART VI - THE FACTORY
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Chapter 15 - How a car is made

The modern car factory is the assembly line grown up, and watching a car being
built is still one of the great industrial spectacles: in roughly a day of work, spread
over a few weeks of scheduling, a coil of steel becomes a machine containing
thirty thousand parts. The process has barely changed in its bones since the 1920s.
What has changed - robots, computers, the just-in-time supply chain - is
everything around the bones. It is worth walking the line once, slowly, because
the factory explains the car: its shape, its cost, its strengths and its weaknesses all

descend from the way it is made.

A car begins as steel. Coils of sheet arrive at the press shop, where the largest ma-
chine tools in ordinary industry - stamping presses exerting thousands of tonnes -
bang the sheet into body panels: doors, roofs, wings, floor pans, hundreds of
stampings per car. Pressing is where mass production’s economics bite hardest:
the dies that shape a panel cost a fortune and last for hundreds of thousands of
blows, which is why cars are made in huge runs of identical panels, why changing
a model costs hundreds of millions, and why the industry thinks in platforms - one
set of underbody pressings hidden beneath several different-looking cars [C22,
C45]. The aluminium and composites that lighten premium cars, and the gigacast-
ings with which Tesla began replacing whole nests of stampings with single alu-
minium castings in the 2020s, are all attempts on the same problem: how to shape

a shell cheaply, exactly, and a hundred thousand times over [C49].

From the press shop the panels go to the body shop, the most automated room in
the building. Here the stampings are welded - mostly spot-welded, several thou-
sand welds per body - into the unitary hull, the body-in-white, that has been the
car’s structure since the all-steel body displaced the separate chassis frame in the
1920s and 1930s (Chapter 12) [C45]. This is the robot’s native country: lines of
orange arms welding, handling and gluing in a shower of sparks, with scarcely a
human in sight, because welding is heavy, repetitive and exact - exactly what ro-
bots do better than people. The painted body comes next: cleaned, dipped in anti-
corrosion baths, electro-coated, sealed, sprayed in clean rooms through layer after
layer of primer, colour and clear coat. Paint is the slowest and most quality-critic-
al stage, and its smell - or rather the engineering needed to abolish the smell - is a
fair measure of how far the factory has come from the days when bodies dried for

days in the open air [C45].

Only then does the car meet its final assembly line, and here the human worker
still rules. The painted body, riding a conveyor past the work stations, accumu-
lates everything else: wiring harness, glazing, dashboard, seats, carpets, and at the

station the workers call the marriage, the powertrain - engine or motor, transmis-
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sion, suspension, subframes - rises from below and is bolted into the shell. Final
assembly resists automation because it is fiddly: a wiring loom will not be per-
suaded by a robot the way it yields to practiced hands [C45, C22]. Off the end of
the line, cars roll into inspection, testing and rectification, and then to the holding

lots - a factory of this kind turns out a car every minute or so, day and night.

Around this core runs the circulatory system that the next chapters describe: the
just-in-time supply chain that delivers seats and bumpers to the line in the order
the cars will need them, sometimes from suppliers’ own plants a few hundred
metres away; the quality systems that treat every defect as an investigation; and,
upstream of everything, years of design, prototyping and tooling that cost more
than the factory itself. A car is easy to buy and easy to drive because it is so very
hard to make. The industries that taught the world precision - the machine tools

and gauges of the next chapter - are the reason it can be made at all.
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Chapter 16 - Machine tools and precision

Underneath the motor car, underneath every machine in the modern world, stands
an older and quieter industry: the machine tools - the lathes, mills, drills, grinders
and presses that make the machines that make everything else. The car did not in-
vent this industry, but it did more than any other product to perfect it, and the
story of how things came to be made precisely, identically, and by the million is in
large part the story of the motor industry’s demands. Interchangeability - the idea

that any part fits any car - sounds obvious. It took a century and a half to achieve.

The dream was old. Eighteenth-century clockmakers and armourers had grasped
that identical parts would transform manufacture: a musket whose lock could be
repaired from a bin of spares needed no gunsmith. In America the idea became a
creed - the American system of manufactures - pursued in the federal armouries at
Springfield and Harpers Ferry, where by the mid-nineteenth century gauges, jigs
and specialized machines could turn out musket parts that truly interchanged
[C106]. The sewing machine, the typewriter and above all the bicycle carried the
system into civilian industry: the bicycle boom of the 1890s, with its ball bear-
ings, its drawn-steel tubing and its machined chains, was the mass-production
dress rehearsal for the motor car, and it is no accident that so many pioneers - the
Dodge brothers, Ransom Olds, the Wrights, Opel, Rover, Peugeot - came out of
bicycle shops (Chapter 7).

The car raised the standard by an order of magnitude. A bicycle part must fit; an
engine part must fit and survive: pistons sliding in cylinders at thousands of
strokes a minute, gears meshing for a hundred thousand miles, bearings that may
not wear measurably in years. The answer was precision made routine - machines
that held dimensions to thousandths of an inch as a matter of course, and just as
important, measurement that could prove it: the go and no-go gauges that let an
unskilled inspector sort parts faster than a craftsman could file them, and later the
micrometers, comparators and coordinate-measuring machines of the modern
quality laboratory [C106]. Ford’s Highland Park was the showcase: machine tools
arranged in the order of operations, each doing one cut on one part, forever, the

whole plant a single machine for making Model Ts (Chapter 9) [C22].

The twentieth century added two great turns of the screw. The first was the trans-
fer line - the Detroit automation of the 1940s and 1950s, in which an engine block
walked itself from machine to machine, drilled, bored and milled without human
touch: superbly productive and rigid as stone, since the line knew only one part
[C22]. The second was numerical control and then the computer: machines
steered by tape and then by software, able to change what they made by loading a

new program. Flexible automation dissolved the old trade between variety and
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cost - the same line could machine different engines - and it arrived, significantly,
from outside Detroit: the Japanese makers, too poor for transfer lines, built flexib-
ility into their methods from necessity, and turned it into the lean system of the

next chapter.

Precision, once bought, could never be given up. The modern car is a far better
machine than the car of 1960 not because its principles changed but because its
tolerances tightened: engines burn cleaner because their parts fit closer; bodies are
quieter because their gaps are smaller; safety cells work because every weld is
where the engineers put it. And the habit spread. The watchword of the machine-
tool industry - make it exactly, every time - passed from the armoury to the bi-
cycle to the car, and from the car to everything: the aircraft, the appliance, the
smartphone. That is perhaps the motor car’s least visible legacy, and one of its

largest (Chapter 27).
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Chapter 17 - Lean production

In 1950 the Toyota Motor Company was a small Japanese truck-maker that had
survived the war by the skin of its teeth, and Ford’s Rouge was the wonder of the
industrial world. Forty years later a team of researchers at MIT, completing the
largest study of the world’s car plants ever attempted, announced a finding that
stunned the industry: the best factories on earth were Japanese, they built cars
with half the labour and half the defects of Western plants, and the system behind
them - which the MIT team named lean production - worked everywhere it was
tried, by anyone who truly adopted it [C30]. The book that carried the news, The
Machine That Changed the World, became one of the most influential business
studies ever published, and its subject, the Toyota Production System, is the third
great invention in the history of making cars, after the moving line and Sloan’s

corporation.

The system was born of poverty. Japan in the late 1940s had shattered factories, a
tiny domestic market fragmented into many small segments, no capital for De-
troit-style transfer lines, and labour laws that prevented layoffs - every one of
which looked like a crippling disadvantage. Toyota’s engineers, led by Taiichi
Ohno and the veteran machine-builder Eiji Toyoda, studied Ford closely - Ohno
revered the Rouge - and concluded that Ford’s methods could not simply be
copied [C29]. What they built instead inverted the assumptions of mass produc-
tion. Where the classic factory made parts in vast batches to keep machines busy,
Toyota made only what was needed, when it was needed - just-in-time - pulling
each component through the plant on the signal of the process downstream, with
stock measured in hours rather than weeks. Where the Western line treated work-
ers as interchangeable hands and quality as the inspector’s business, Toyota made
every worker an inspector, gave any of them the authority to stop the entire line
with a cord - the andon - and organized the workforce into teams charged with

improving their own processes, kaizen, the endless pursuit of small gains [C29].

The deepest inversion concerned waste and error. Mass production tolerated de-
fects at the end of the line, where rectification bays fixed what the system had
made wrong; lean production treated every defect as a stoppage and every stop-
page as a question - why did this happen, five times down to the root - so that the
line grew more reliable the more it was stopped [C29]. It extended the same logic
to suppliers: instead of playing vendors against each other on price, Toyota bound
a tier of suppliers to itself for the long term, shared its methods and its forecasts
with them, and received parts in small, perfect, precisely timed deliveries. And
because small batches demanded quick changeovers, Toyota’s die-makers reduced
the time to swap a body press from most of a day to minutes - the famous single-

minute exchange of die - making variety cheap where Ford had made uniformity
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cheap [C29].

The MIT study put numbers to the legend. John Krafcik, who had worked at the
Toyota-GM joint venture in California, coined the name and the benchmark: lean
plants used roughly half the assembly hours, half the factory space and a fraction
of the inventory of mass-production plants, while delivering far fewer defects -
and the advantage held across countries and companies, proving it lay in the sys-
tem, not in Japanese culture [C30, C31]. The implications took years to sink in.
Detroit’s first response was denial, then imitation: through the 1990s and 2000s
every major car-maker, and then aerospace, electronics, hospitals and software,
adopted some version of lean. Toyota passed GM in 2008 to become the world’s
largest car-maker - a company that had been a rounding error in Ford’s shadow

within living memory [C111].

Lean production also carried the seeds of a new fragility, which later chapters
must record. A supply chain tuned to hours of inventory is a miracle of efficiency
and a hostage to disruption: the earthquake, the flood, the pandemic and the chip
shortage each stopped lean lines around the world (Chapter 42). And the human
price of relentless kaizen - work measured and improved without mercy - has its
critics, as the moving line had its Chaplin. But judged by its own measure - how
well can human beings make complex things - lean production was the industry’s
third revolution, and the one under which every car on earth is now, in some de-

gree, built.
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PART VII - THE FUEL
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Chapter 18 - Gasoline: the fuel the car
chose

The internal combustion engine can be made to burn almost anything that evapor-
ates and explodes, and in its first half-century it did: alcohol, benzene distilled
from coal tar, town gas, even turpentine. That the world’s cars settled on one fuel
- gasoline, called petrol in most of the world - was not foreordained. It was the
outcome of chemistry, geology and accident, and once settled it shaped a century:
the geography of oil, the politics of the Middle East, and eventually the atmo-
sphere itself. This chapter is about the fuel; the next is about the industry it cre-

ated.

Gasoline began life as a waste product. The first oil industry, founded when Ed-
win Drake drilled his well in Pennsylvania in 1859, was in the lighting business: it
refined crude into kerosene for lamps, and the lighter, more volatile fraction - the
part that evaporated and burned too easily for a lamp - was an awkward by-
product, often dumped into rivers [C87]. When the motor car arrived, the waste
became the product. Gasoline turned out to be nearly ideal for the spark-ignition
engine: energy-dense, liquid at ordinary temperatures, easy to handle, and - as the
engineers discovered - tolerant of compression in proportion to its resistance to
premature detonation, the knock that limited how much power an engine could

squeeze from its fuel [C42].

Knock set the direction of twentieth-century gasoline, and led it down its darkest
road. Higher compression meant more power and better economy, and compres-
sion was limited by knock; the search for antiknock additives ended, at General
Motors’ Dayton laboratories in 1921, with Thomas Midgley’s discovery that a
tiny dose of tetraethyl lead silenced the knock completely [C42]. Ethyl gasoline,
as it was branded, powered the rise of the high-compression engine and, with it,
American motoring - at the price of dispersing lead, a cumulative poison whose
dangers the industry understood and publicly denied, through every engine in the
world (Chapter 33). Leaded gasoline was not finally removed from American
pumps until the 1990s, and from the world’s until 2021, when Algeria became the
last country to end its sale [C42, C43]. It stands as the motor car’s single largest

act of pollution.

The fuel’s other quality problem was abundance. Refining is fractionation: crude
oil yields a fixed menu of products, and the car’s appetite for gasoline long outran
what straight distillation provided. The answer was cracking - William Burton’s
thermal process of 1913, and later catalytic cracking - which broke heavy oil mo-
lecules into gasoline-sized ones and multiplied the yield; by mid-century the re-

finery had become one of the most sophisticated plants in industry, and gasoline
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ceased to be a fraction and became a construction, blended and engineered to an
octane rating [C42, C87].

And yet the fuel’s deepest weakness never changed: it is burned, and most of it is
wasted. Of the energy in a tank of gasoline, only a modest share - a fifth or so in
typical driving - ever reaches the wheels; the rest leaves as heat (Chapter 2)
[C13]. That arithmetic, multiplied by a billion vehicles, is why the car is the oil
industry’s reason for existing - road transport consumes nearly half of the world’s
oil - and why electrification, which moves three or four times as much of its en-
ergy to the wheels, threatens the entire arrangement (Chapter 38) [C16, C7]. The
fuel the car chose built the modern world; the modern world is now deciding

whether to keep it.
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Chapter 19 - Oil: the industry behind the
pump

No commodity has shaped the modern world as oil has, and no customer has
shaped oil as the motor car has. The two grew up together: the oil industry pred-
ates the car by three decades, but it was the car that turned a Pennsylvania curios-
ity into the largest business on earth, redrew the map of empires, and made the
price of a barrel of crude a number that moves elections. The story runs from Tit-
usville to Texas to the Persian Gulf, from Rockefeller’s trust to OPEC’s embargo,

and it is told here only as far as the car requires it - which is very far indeed.

The industry began in lamps. Edwin Drake’s well of 1859, drilled beside Oil
Creek in northwestern Pennsylvania, proved that petroleum could be had by the
barrel rather than skimmed from seeps, and within a decade the region was produ-
cing most of the world’s kerosene [C87]. John D. Rockefeller’s Standard Oil rose
on that boom, assembling through the 1870s a monopoly of refining and transport
so complete that it provoked both the modern antitrust laws and, in 1911, its own
breakup into thirty-four companies - fragments named Standard Oil of New Jer-
sey, of New York, of California, that became Exxon, Mobil and Chevron [C87,
C42]. The irony is famous: the breakup coincided almost exactly with the Model
T, which made gasoline rather than kerosene the point of the business, and made

the fragments rich beyond anything the trust had been.

Geology moved the centre of gravity west and then east. The Spindletop gusher of
1901 opened Texas; Oklahoma and California followed; and between the wars the
truly colossal fields were found abroad - Venezuela, and then the Persian Gulf,
where concessions granted by new states to Western companies turned Kuwait,
Saudi Arabia, Iraq and Iran into the industry’s heartland. By 1960 the so-called
Seven Sisters - five American firms and two European - controlled most of the
free world’s oil outside North America, and the exporting countries, organized

that year into OPEC, controlled little of their own subsoil [C87, C16].

The car made all of this a matter of state. Winston Churchill’s decision, before the
First World War, to convert the Royal Navy from coal to oil is usually taken as the
moment oil became a strategic commodity; the motor age made it a mass one.
Roads and filling stations spread the market to every town (Chapter 20); the two
world wars were fought on it and partly for it; and post-war America built a civil-
ization on the assumption of cheap gasoline - a civilization that the shocks of
1973 and 1979, when OPEC and the Iranian revolution quadrupled and redoubled
prices, discovered to be built on a single imported input [C16, C87]. The queues
at American filling stations in those years, and the small Japanese cars that filled

the roads afterwards, did as much as any single event to break Detroit’s post-war
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confidence (Chapter 30).

Since then the pattern has held: the car consumes nearly half the world’s oil, the
oil states and the oil companies prosper or panic with its price, and every attempt
to loosen the bond - biofuels, natural gas, hydrogen, and now the battery - is
measured first by what it does to the barrel [C16]. The politics of that bond, and
the wars fought in its shadow, belong to Chapter 36. The industry behind the

pump remains what the car made it: the hinge on which the modern world swings.
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Chapter 20 - The filling station

For its first years the motor car had no filling stations, because there was nothing
to fill it at. Early motorists bought their fuel where they could: the pharmacy
stocked it as a cleaning solvent - Bertha Benz famously refuelled at the pharmacy
in Wiesloch on her pioneering drive of 1888, which thereby claims a place as the
first filling station of all - and the hardware store and the blacksmith’s would de-
cant it from a drum with a jug and a funnel [C95]. The roadside pump - and then
the filling station, one of the most familiar pieces of built environment on earth -
had to be invented, and its rise and partial fall trace the whole arc of the motor age

in miniature.

The dedicated station arrived once cars were common enough to keep one busy:
the first purpose-built gas station opened in St. Louis in 1905, the first drive-in
station in Columbus in 1912, and the oil companies followed at speed - Gulf’s
Pittsburgh station of 1913, the first to be architect-designed, handed out free road
maps to win the motorist’s loyalty [C95]. By the 1920s the companies were build-
ing stations by the thousand, branding them in corporate colours and scattering
them along the new highways [C87, C95]. The station became a small business
institution - the independent dealer with two pumps and a repair bay - and a piece
of roadside architecture that serious designers, at the height of the motor age, con-
sidered worth their attention. In Europe, with tighter streets and planning laws, the
station stayed compact; in America it sprawled, and grew into the gas-station-and-

store combination that now does more business in snacks than in fuel.

Three revolutions remade it. Self-service, resisted for decades by custom and by
fire codes, spread from the late 1940s and, once payment moved to the pump,
emptied the forecourt of attendants. The oil crises of the 1970s broke the tie
between station and brand: the corner dealer gave way to chains, hypermarkets
and the convenience store with pumps attached. And the environmental reckoning
of the late twentieth century - leaking underground tanks, lead, vapour recovery -
drove the smallest operators out and left the survivors larger, cleaner and fewer
[C42, C43].

Now the station faces the question every part of the oil chain faces: what happens
when the car stops drinking? A battery car charges mostly at home, and needs the
public network mainly on journeys; the charging stop is longer than the fill-up, so
the forecourt is learning to sell time - coffee, food, wifi - rather than volume
(Chapter 38). Some stations will convert, many will close, and a few will be pre-
served as museums of the petroleum century. The filling station was never a glam-
orous institution, but for a hundred years it was where the car and its civilization

met, every few hundred miles, all over the world.
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Chapter 21 - Diesel and the alternatives
tried

The motor car could have run otherwise. From the beginning there were rival en-
gines and rival fuels - steam and electricity among the prime movers (Chapters 4
and 37), and among the fuels everything from alcohol to coal gas. Most alternat-
ives failed for reasons of physics or convenience, and one succeeded so com-
pletely that it became the car’s other engine: the diesel. This chapter is about the
diesel’s strange career - its triumph in trucks, its conquest and collapse in

European cars - and about the rivals that history tried and set aside.

Rudolf Diesel was chasing efficiency. Conceiving his engine around 1890, patent-
ing it in 1892 and demonstrating a working 25-horsepower version in 1897, he
pursued the thermodynamic ideal: an engine that compressed air so highly that
fuel injected into it ignited by heat alone, no spark required [C88]. The diesel en-
gine’s compression ignition made it more efficient than any gasoline engine - it
wrings perhaps a third more work from a litre of fuel - and its fuel, a heavier,
cheaper fraction of the crude, cost less to make [C88, C87]. The penalties were
weight, noise, smell and sluggishness, which confined the early diesel to ships, lo-
comotives and stationary plants, where fuel economy ruled and nobody cared

about refinement.

The motor vehicle tamed it slowly. Trucks and buses took the diesel first, between
the wars, and never gave it up: every heavy vehicle on earth runs on compression
ignition, because at that scale the efficiency advantage is decisive [C88]. Passen-
ger cars resisted longer - the diesel car needed high-speed injection and robust
construction to survive a car’s rev range - and it was Mercedes-Benz that put the
first production diesel cars on sale in 1936 [C125]. After the war the diesel car be-
came a European peculiarity: dear fuel and tax systems that favoured diesel made
it the economy choice, and by the early 2010s roughly half the new cars sold in
Western Europe were diesels - a proportion the rest of the world regarded with
bafflement [C125].

Then came the collapse, and it came from the diesel’s own chemistry. High-tem-
perature combustion makes nitrogen oxides, and lean exhaust defeats the ordinary
catalytic converter; cleaning a diesel properly required exhaust treatment that cost
money and performance. Volkswagen’s response, exposed in 2015, was to cheat:
software that recognized the test cycle and only then ran the emissions controls
fully, leaving real-world cars emitting many times the legal limit [C43, C35].
Dieselgate cost Volkswagen tens of billions of dollars, destroyed the diesel car’s
reputation, and accelerated the swing to electrification that is now retiring the en-

gine Diesel invented from the passenger car entirely (Chapter 38).
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The other alternatives deserve their epitaphs. Alcohol fuels - ethanol, methanol -
are nearly as old as the car, were pushed by farmers and by wartime shortages,
and survive seriously only in Brazil, whose sugar-cane ethanol programme is the
world’s one large biofuel success [C16]. Natural gas powers fleets and city buses
where pipelines are dense. Hydrogen, forever the fuel of the future, drives fuel-
cell cars whose few thousand examples remain an experiment (Chapter 38). And
steam, the car’s first power, lingered longest of all - the last Stanleys were built
into the 1920s, and enthusiasts still argue the steamer’s case (Chapter 4). The ver-
dict of a century is unromantic: gasoline won on energy density and convenience,
the diesel won the heavy work on efficiency, and only the electric motor, the old-

est rival of all, has returned to challenge them both.
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PART VIII - THE ROAD
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Chapter 22 - Roads for cars

The motor car did not arrive to a network of roads waiting to receive it. Outside
the cities, the road of 1900 was mostly a track: graded dirt in the lucky places,
mud in spring, dust in summer, ruts always, and nobody’s business in particular.
The paved road, the highway, the motorway - the entire paved skin of the modern
landscape - was built for the car and largely by the car’s demands, in what may be
the largest construction programme in human history. The car changed the road;

the road then changed everything else.

The irony is that the paved road’s revival began before the car, and with the bi-
cycle. The early nineteenth-century engineers had perfected the stone-surfaced
road, only to see the railway bankrupt the turnpikes and let the roads decay [C70].
It was the cycling boom of the 1880s and 1890s that created the first modern road
lobby: America’s Good Roads movement began as a coalition of farmers’ organiz-
ations and cyclists’ groups like the League of American Wheelmen - “the bicycle
is the father of the good roads movement in this country,” one of its founders in-
sisted - and the automobile lobbies joined the campaign after 1900, their faster,
heavier machines tearing up what the cyclists had won [C96]. The alliance of
farmers wanting to reach market, cyclists wanting pavement, and motorists want-
ing distance is one of the stranger coalitions in the history of politics, and it built

the modern road.

Surfacing was the first battle. The old water-bound macadam, bound by dust,
could not stand up to motor traffic, and the answers were tar and asphalt - by-
products of coal and oil - spread across America and Europe in the decades before
the First World War. The concrete road followed; the numbered highway network
came next - the United States approved its national numbered highway system in
November 1926 [C100] - and the car’s appetite grew with the feeding: every im-
proved road induced more traffic to fill it, a pattern the next two chapters follow

into the age of the motorway and the science of congestion.

The motor age also redrew the map’s meaning. Before the car, distance was meas-
ured by the railway and the timetable; the railway station fixed the town. The car
freed settlement from the rail line, and the road network became the true geo-
graphy: places grew or withered by their junctions, the roadside sprouted its own
civilization of garages, diners, motels and billboards (Chapter 20, Chapter 26),
and whole regions - the American West above all - were made accessible, and
then made over, by the highway. Later chapters follow the consequences: the dis-
persed city, the death of local rail, the politics of asphalt. But the transformation
begins here, in the simplest fact of the motor age: that within a single lifetime, hu-

manity paved a network of roads around its entire planet, for one machine.
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Chapter 23 - The highway age

The highway - the limited-access, grade-separated, high-speed road built for mo-
tor traffic alone - was the car’s cathedral, and the mid-twentieth century was its
age of faith. In one generation, roughly from the 1930s to the 1970s, the industrial
countries rebuilt their road networks around the new form, and the highway in
turn rebuilt their cities, their economies and their habits. Its story has a beginning
everyone remembers, the German autobahn, and a lesson everyone forgot: that

building roads for cars makes more cars.

The autobahn came first. Germany’s Weimar planners had sketched motor-only
roads in the 1920s, but it was the Nazi state that built them, beginning in 1933, as
propaganda as much as transport: the great concrete slabs running dead straight
across the landscape, opened with ceremonies that married the road to the regime
[C105]. Italy had actually opened the first true motorway, the Milan-Lakes auto-
strada, in 1924 [C126]; but it was Germany’s network, thousands of kilometres by
the war, that fixed the world’s image of the motor road - and, after 1945, gave the
victors something to copy. American engineers who had seen the autobahn in war-
time came home convinced, none more influentially than General Eisenhower,
whose 1956 Interstate Highway Act committed the United States to the largest
public works project in history: some 41,000 miles of divided, limited-access
highway, financed 90 percent by the federal government, built over the next four
decades [C104].

The Interstate made America over. Coast to coast without a traffic light; the truck
displacing the freight train; the suburb exploding outward along the interchanges
(Chapter 26); the motel, the drive-in and the shopping mall strung along the exits.
Britain built its motorways from the Preston bypass of 1958 [C126], France its
autoroutes on tolls, Japan its expressways on even steeper ones, and by the cen-
tury’s end the motorway had become the standard furniture of every rich country
and the ambition of every poor one - China, starting only in 1988, built the

world’s largest expressway network within three decades [C127].

The faith had a flaw, and the flaw had a name: induced demand. A new road, by
making driving easier, called new traffic into being - people drove more, moved
further out, freight shifted to road - until the new capacity filled and congestion
returned, and the remedy proposed was always another road (Chapter 35). The
highways also carried a bill that came due slowly: they were driven through cities
as well as between them, and the urban motorway, from Los Angeles to Birming-
ham, cut neighbourhoods in two, demolished whole districts - usually the poorest
- and left, in many places, a generation of regret and, lately, demolition of its own.

The highway age is not over; the network still grows, above all in Asia. But the
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unquestioned faith in it - the belief that the answer to the car’s problems was al-
ways more road - died somewhere between the first traffic jam on the new bypass
and the last neighbourhood paved for a freeway, and what replaced it is the argu-

ment of Part XI.
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Chapter 24 - Traffic

The car promised speed and delivered, in every city on earth, the traffic jam. The
paradox is the oldest in the motor age - it was old when Rome banned wagons
from its streets by day, and when New York’s first congestion surveys of the
1900s found horse traffic already at a standstill - but the car made it universal, and
made it a subject of science, politics and despair (Chapter 3). Traffic is where the
private virtues of the motor car collide with its public arithmetic: a vehicle that
gives one person freedom of movement takes that freedom from everyone else,

one car-length at a time.

The mathematics is unforgiving. A car at speed needs space - stopping distance
grows with the square of velocity - so a lane of traffic carries far fewer cars per
hour than its length suggests, and a car at rest still occupies its own patch of
ground, at home, at work and everywhere in between. A street network sized for a
city of walkers and trams cannot hold a city of cars; the choices are to limit the
cars, enlarge the network, or endure the jam. Every city has tried all three. The en-
largement was Chapter 23, and its lesson - induced demand, the new road filling
as fast as it was built - is the traffic engineer’s first law. The endurance is the daily
reality from Los Angeles to Lagos, where commuters lose weeks of their lives
each year to congestion, and where the costs in fuel, time and air are counted in

the chapters of Part XI.

The limiting is the interesting part, because it was invented late and reluctantly.
Singapore led the world with its Area Licensing Scheme of the mid-1970s, char-
ging cars to enter the centre; London followed in 2003 - its charge, inspired by
Singapore’s, cut traffic volumes by about a tenth - and Stockholm and Milan after;
the principle - price the scarce road as you would price anything scarce - proved
itself wherever politics allowed it [C98]. The other tools are older: the traffic sig-
nal (the first, installed outside the Houses of Parliament in 1868 for horse-drawn
traffic, exploded within weeks), the one-way street, the parking meter (the first in-
stalled in Oklahoma City in 1935), and the entire profession of traffic engineering

that grew up to squeeze flow through the network’s bottlenecks [C99, C97].

The future of traffic is the argument of the book’s last part. Optimists have long
promised that technology - synchronized signals, then computerized networks,
now connected and autonomous cars - will squeeze the waste out of the system;
each wave has helped at the margin and none has repealed the arithmetic.
Autonomous vehicles might pack closer and brake together, or might simply
make it easier to summon more cars into the same streets (Chapter 39). The one
certain lesson of a century of traffic is that the car’s problem is not the machine

but the crowd: the city is the place where everyone wants to be at once, and no in-
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vention yet devised lets everyone drive there at speed. Traffic, in the end, is the

price of success - the motor car queueing to enjoy itself.
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PART IX - THE CAR REMAKES THE
WORLD
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Chapter 25 - The death of the horse
economy

Within a single generation the car destroyed the oldest economy in the world. For
three thousand years, civilization had run on the horse: horses moved armies,
hauled goods, ploughed fields, pulled the coach, the cart, the cab and the tram.
Between roughly 1910 and 1930 in the industrial countries, the motor vehicle re-
placed the horse almost entirely - one of the fastest and most complete technolo-
gical substitutions in history, and one whose consequences reached from city san-
itation to the price of farmland. Chapter 3 described the world the horse built; this
chapter describes how quickly it died, and what died with it.

The numbers are worth pausing on. American cities held their peak horse popula-
tions around 1900 - New York alone had well over a hundred thousand working
horses - and American farms held theirs around 1915, at some 25 million horses
and mules; by 1960 the farm population had fallen to a tenth of that [C69, C66].
The pattern repeated everywhere, a decade or two later in Europe: the tractor took
the plough, the truck took the wagon, the car and bus took the carriage and the
cab. The urban horse vanished first and fastest, because the city horse was the
most expensive animal in the economy - it ate whether it worked or not, it pro-
duced tons of manure a year, it died in harness and had to be removed, and a
streetcar motor or a Model T truck outworked a team at a fraction of the cost
[C66, C69]. Contemporaries did not grieve. The disappearance of the horse was
experienced, above all, as a deliverance: cleaner streets, less disease, cheaper

transport, an end to a cruelty so routine it was invisible.

The countryside’s transformation ran deeper. A quarter or more of agricultural
land had grown feed for horses; as the animals vanished, that land went to feed
people and engines instead - oats gave way to soybeans, pasture to cash crops -
and the farm horse’s disappearance both required and rewarded the tractor, the
combine and the whole mechanization of agriculture that let one farmer do the
work of ten [C69]. Rural depopulation and the motor age are the same story told
from two ends: the tractor freed the labour, the truck carried it to town, and the car

let the ones who stayed live miles from anywhere.

And an entire supporting civilization vanished with the animal: the blacksmith
and the wheelwright, the livery stable and the saddler, the hay market and the car-
riage works, trades and streets and smells that had defined town life since an-
tiquity. Some trades transmuted - the carriage builders became body builders, the
bicycle mechanics became car mechanics (Chapter 7) - but most simply closed.
The horse itself did not disappear; it became a luxury, a sport, a pet, its numbers a

fraction of the old working population. The motor car’s conquest of the horse eco-
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nomy is the purest case study of what the machine did to everything it touched: it
did not compete with the old world so much as abolish it, and it did so, once the
price was right, in less than a working lifetime. The world it built instead - the dis-

persed, paved, motorized world - is the subject of the rest of this part.
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Chapter 26 - Suburbia and the dispersed
city

The car did not merely serve the city; it dissolved and re-formed it. The pre-motor
city was compact by necessity - a walking city ringed by streetcar suburbs, dense
at the centre where everyone had to be. The car removed the necessity, and the
city came apart: homes spread across the landscape at densities no transit could
serve, work and shopping followed them out, and by the late twentieth century the
typical American metropolis was a dispersed region a hundred miles wide in
which almost every journey was made by car. The dispersed city is the motor
car’s largest artifact - bigger than any factory, more durable than any model - and

understanding it explains most of modern life.

The process was cumulative and largely unintended. Streetcar suburbs had
already shown the way out, along fixed lines; the car filled the spaces between the
lines, and every improvement in roads lowered the cost of distance a little further
(Chapter 22, Chapter 23). The interwar years brought the first great wave - the
Los Angeles basin was built on the car in the 1920s - but the transformation came
after 1945, when the returning soldiers, the baby boom, the federally insured
thirty-year mortgage and the new Interstate highways combined to produce sub-
urbanization on an industrial scale: Levittown and its thousand imitators, whole
towns factory-built around the driveway [C104, C129]. The pattern was American
in scale but not in kind: every rich country suburbanized in the car age, from Lon-
don’s Metroland between the wars to the French and Japanese peripheries after

them, differing mainly in how much planning restrained the sprawl.

The dispersed city inverted the geography of everything. Retail left the main
street for the shopping mall - the first enclosed mall opened in 1956 [C128], and
within a generation the mall, the supermarket and the big-box store had gutted the
downtowns of a thousand towns (Chapter 23). Work followed the workers to the
office park and the edge city. And the car went from convenience to necessity: in
a landscape where homes, jobs, schools and shops are miles apart on roads
without pavements, the car is not a freedom but a requirement, and the household
without one - the young, the old, the poor, the disabled - is stranded. The suburb’s
promise, and its trap, were the same: private space bought with public depend-

ence, a life of mobility that could not survive the loss of the machine.

The costs, counted later and argued still, fill much of Part XI: the fuel burned in
commuting, the carbon, the land paved, the inner cities abandoned to the motor-
way, the segregation sorted by zoning and mortgage policy. But it is worth re-
membering, before the reckoning, why people chose it. The suburb offered space,

light, quiet, a garden, a good school, ownership - real goods, and the car made
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them available to the many rather than the few. The dispersed city was not a mis-
take imposed on an unwilling public; it was a choice, made millions of times,
whose consequences no one added up. The motor car’s deepest legacy is not the
traffic jam but the landscape itself: the way we arranged our lives around the as-

sumption that distance costs nothing.

69



Chapter 27 - The economy of the car

Measured as a business, the motor car is one of the largest industries on earth:
roughly a hundred million vehicles made each year, a supply chain reaching from
iron ore to semiconductors, and, counting everything the car touches - fuel, insur-
ance, repair, roads, parking, the value of the journeys themselves - a share of the
world economy that no other manufactured product approaches. But the car’s eco-
nomic importance has never been only its size. Twice in a century it taught the
world how to organize production (Chapters 9 and 17); it created the mass con-
sumer economy on its finance plans (Chapter 11); and it remains the industry that
governments cannot allow to fail, which is why its map is drawn as much by sub-

sidy and tariff as by engineering.

Begin with the machine itself. The industry’s core numbers set the scale: on the
order of ninety million new vehicles a year in the 2020s, produced by a few dozen
groups - Toyota and Volkswagen at the top with around ten million each, the rest
strung out behind - supported by supplier giants whose revenues rival those of the
car-makers themselves: Bosch’s mobility business at around EUR 56 billion,
Denso at a similar scale in yen, the battery maker CATL past RMB 420 billion
and growing again [C93a, C93b, C93c]. Behind them stand the steel mills, glass
works, tire plants and chip fabs of Chapter 13, and behind those, raw materials -
oil above all, with road transport burning nearly half of everything the industry
pumps [C16]. The car is the apex consumer of the industrial economy: it is why

so much of everything else exists.

Then the services. The car made possible - or indispensable - whole industries that
sell no vehicles: oil refining and retail (Chapter 19), motor insurance, a legal in-
vention of the car age now measuring premiums in the hundreds of billions; the
repair and parts trade; road construction and maintenance, among the largest items
in public budgets; parking, a land use so vast that American cities devote more
space to storing cars than to housing people [C117]. And credit: the car loan, pi-
oneered by GMAC in 1919, taught consumers to buy on time and manufacturers
to earn from financing as much as from making - by the late twentieth century the
finance arms of the car-makers were among the largest lenders in the world
(Chapter 11) [C27].

The political economy follows from the size. A car industry is jobs - millions dir-
ectly, and multiples of that in the supply chain and the services - which is why
governments court factories with subsidies, defend makers with tariffs, and rescue
them in crises: the United States rescued Chrysler in 1980 and GM and Chrysler
again in 2009, France and Germany have underwritten their champions for gener-

ations, and China built its industry deliberately as national strategy (Chapter 31).
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The car industry’s cycles are the economy’s cycles; its health is quoted like the

weather; its failures are political events.

And beneath all of it lies the machine’s strangest economic quality: it is a durable
good bought on credit, used a small fraction of the time, depreciating from the
moment of sale - and yet the second-largest purchase most households ever make,
bought again and again, with feeling. The car industry sells transportation and
manufactures desire (Chapter 28), and the gap between the two - the reason a ra-
tional person buys more car than the journey needs - is, in the end, the economy

of the car.
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Chapter 28 - The culture of the car

No machine has been loved like the motor car. The train was admired, the bicycle
enjoyed, but the car became an object of desire, identity and devotion - the largest
thing most people own, the second-most expensive, the one they name, polish,
personalize and mourn. The car shaped not just the landscape and the economy
but the imagination: a century of music, film, design and fantasy runs on it, and
the feelings it generated - freedom, status, speed, escape - did as much to build the

motor age as any engineering.

The love affair was there from the start, because the car solved a longing, not a
problem. It offered what the railway could not: departure at will, destination at
whim, privacy, mastery. The early motorists were enthusiasts before they were
users - the car was a sport, an adventure, a proof of courage (Chapter 6) - and the
feeling survived mass production intact. The Model T was loved precisely for its
homely reliability; the tailfinned cruisers of the 1950s were loved for their extra-
vagance; the sports car, the hot rod, the muscle car, the Jeep, the pick-up truck
each became a whole subculture with its own codes, its own gatherings, its own
idea of the good life [C27].

The culture industry returned the compliment. Hollywood ran on cars from the
Keystone chase to the road movie - the car as escape, as danger, as America itself;
popular music drove from the car song of the 1900s through rock’n’roll’s hymn to
the open road to hip-hop’s automotive iconography; and advertising, which the
car industry did more than anyone to invent, sold the machine as the image of its
buyer: the car as the self you choose [C27]. Nor was the devotion only American.
Italy made the car an art form, Germany an engineering religion, Britain a tradi-
tion, Japan a craft; everywhere, the machine acquired national character, and na-

tions read themselves in their cars.

The culture had a dark reflection from the beginning: the car as killer was a theme
before the First World War, the car as polluter and urban tyrant by mid-century,
the car as burden and trap - the commute, the loan, the sprawl - by its end (Part
XI). And by the early twenty-first century the old love affair showed signs of
cooling: young people in rich countries licensed later, drove less, and seemed to
their elders puzzlingly indifferent to a machine their grandparents had dreamed of.
Whether that is a lasting change of heart or a postponement by economics is one
of the open questions of the book’s last part. But the century the car made was
built on feeling as much as on fuel, and no account of the machine that leaves out
the love - the polish on Sunday morning, the first solo drive, the open road - ex-

plains anything at all.
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PART X - THE WORLD’S INDUSTRY
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Chapter 29 - The global map of making

Every few years the industry’s balance of power shifts, and every shift tells the
story of the world economy in miniature. In the early 1920s the United States
built more than nine motor vehicles in ten; a century later it builds about one in
ten, and the largest producer, by a margin no one predicted, is China. The map of
making - who builds the world’s cars, and where, and why - is the subject of this
chapter and the two that follow: Japan’s rise, Germany’s endurance, Korea and
China’s ascent, and the dispersal of an industry that once belonged to three cities

in the American Midwest.

Start with the present map, because its shape would have been unrecognizable to
the industry’s founders. In 2025 the world built about 96 million motor vehicles,
and China alone built more than a third of them - some 34.5 million, more than
the next several countries combined; the United States, Japan and India followed,
with Germany, Mexico, South Korea and Brazil in the next rank [C9, C11]. The
totals conceal the structure. The industry is global in its market and regional in its
production: cars are heavy and tariffs are real, so vehicles are mostly built near
where they are sold, in three great clusters - East Asia, Europe and North America
- each with its own champions, its own supply base and its own politics. Within
the clusters, the rule of the last half-century has been movement toward cheaper
labour and hungrier markets: production migrated from the American Midwest to
the American South and Mexico, from western Europe to Spain, then central

Europe, then Turkey, and, overwhelmingly, to Asia.

How the map got that way is the rest of the story. America’s near-monopoly of the
1920s was diluted first by the reconstruction of Europe after 1945 - Germany,
France, Italy and Britain rebuilt national industries behind tariffs, and for three
decades the industry’s centre of gravity sat in the North Atlantic (Chapter 12). Ja-
pan’s rise, the subject of the next chapter, broke the Atlantic duopoly in the 1970s;
Korea followed from the 1980s; and China, admitting foreign makers as partners
from the 1980s and building its own champions from the 2000s, passed the
United States as the largest market in 2009 and then ran away with the entire in-
dustry (Chapter 31). The old heartlands did not vanish - Germany and Japan re-
main export powers, and the United States remains a giant market and maker - but

they no longer set the pace.

The electric transition is redrawing the map again, and faster. The battery car re-
wards what China spent twenty years building: the cells, the minerals, the pro-
cessing, the electronics supply chain (Chapter 42). Chinese makers, marginal in
the gasoline era’s export game, became the world’s largest car exporters in the

2020s, and Chinese batteries power much of everyone else’s electrification
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(Chapter 38) [C94]. Tariffs and industrial policy are the response everywhere - the
industry’s map was always half political, and it is becoming more so. The one cer-
tainty is that the map will not hold: it never has. The motor industry has been
global for a century, and the lesson of that century is that no country’s hold on it is

permanent.
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Chapter 30 - Japan rises

The rise of the Japanese motor industry is the greatest competitive upset in the
car’s history. In 1950 Japan made almost no cars, and its makers were advised -
by Americans, in writing - not to try; three decades later Japan was the world’s
largest producer, its cars had humbled Detroit in its own market, and its methods
had become the standard the rest of the industry had to learn or die (Chapter 17).
How it happened is a study in patience, necessity and the compounding of small

advantages.

The preconditions were unpromising. Japan’s interwar industry was a cottage of
truck-builders protected by the state; the passenger car was an import or a copy.
After 1945 the occupying Americans doubted the country could compete in cars
at all, and the early Japanese efforts - underpowered, overpriced, built in tiny
volumes for a poor domestic market - seemed to prove them right [C111]. What
the Japanese makers had instead was a protected home market, cheap and discip-
lined labour, engineers trained on motorcycles and looms, and a government -
above all the Ministry of International Trade and Industry - determined to make
the car a pillar industry. And they had necessity: too poor for Detroit’s capital-
hungry methods, they invented the lean system described in Chapter 17 - small
batches, just-in-time, quality as everyone’s job - and discovered it was not a poor

man’s substitute but a better way.

The break into the world came in stages. Through the 1960s Toyota, Nissan,
Honda and the rest conquered their home market and learned exporting in South-
east Asia and Australia; the small, tough, cheap Japanese car was a niche product
in America, sold to the frugal. The oil shock of 1973 made the niche the market:
with gasoline quadrupling, American buyers discovered overnight what the Japan-
ese had known all along - that a car could be small, economical and well made -
and Japanese imports doubled and redoubled through the decade [C16, C111].
Detroit, wedded to size and caught by emissions and safety rules it had resisted,
had no answer; the Voluntary Export Restraints of 1981 limited the imports, and
the Japanese responded by building factories in America itself - Honda in Ohio,
Nissan in Tennessee, Toyota at the NUMMI joint venture in California, where the
lean system was taught to an American workforce in a former GM plant, the

single most important transfer of manufacturing knowledge of the century [C111].

By 1980 Japan out-produced the United States; Toyota passed GM as the world’s
largest maker in 2008 [C111]. The Japanese formula - quality, reliability, effi-
ciency, continuous improvement - became the industry’s grammar, and the luxury
brands, Lexus above all, proved the formula worked at the top of the market too.

The story has a coda the next chapter must record: the same caution and incum-
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bency that made Japan supreme in hybrids left it slow to embrace the pure battery
car, and the industry Japan taught the world to build is now, in China, being re-
built without it (Chapter 38). But nothing cancels the achievement. Japan took the
car - America’s machine, built by America’s methods - and made it better, and in

doing so changed manufacturing everywhere.
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Chapter 31 - Germany, Korea, China, India

The industry’s map has four more stories that must be told, because each teaches
something different about how a country makes the motor car its own: Germany,
which invented the car and never let it go; Korea, which industrialized through it
in a generation; China, which used it to become the industry’s centre of gravity;
and India, whose vast market is still being motorized. Together they complete the
argument of this part - that the car industry, once an American possession, is now

a measure of national ambition everywhere.

Germany'’s is the oldest story and the strangest. The land of Benz and Daimler lost
two world wars and rebuilt its industry twice; after 1945 the Beetle made Volk-
swagen the symbol of the economic miracle, while Mercedes-Benz and BMW
claimed the engineering summit and Porsche the sports car [C120]. The German
formula - premium engineering, export discipline, a supplier base led by Bosch,
and a Mittelstand of specialists - made the car the spine of Europe’s largest eco-
nomy and Germany, for decades, the world’s largest car exporter. Its vulnerabilit-
ies are the formula’s own: an industry supreme in combustion engineering that
came late to the battery, a premium market now contested by Tesla and the
Chinese, and a national economy that bet heavily on a technology the world is
leaving (Chapter 38) [C94, C93a].

Korea compressed the whole development arc into thirty years. Hyundai built its
first car - a Ford assembled under licence - in 1968, launched its own Pony, with
foreign engineering and domestic manufacture, in 1975, and was exporting to
America by 1986, at first as a joke about cheapness and then, with relentless qual-
ity improvement, as a genuine threat; by the 2010s the Hyundai-Kia group stood
among the world’s five largest makers, competitive in everything from city cars to
luxury and early and strong in electric models [C118]. Korea proved that Japan’s
path could be followed: protection and discipline at home, hired expertise at the

start, quality as the ladder out of the cheap end.

China’s ascent is the largest event in the industry since the Model T. The strategy
was set in the 1980s: admit the foreign giants only through joint ventures with
state partners, extract their technology, build the supply base, and nurture national
champions. The market did the rest: China became the world’s largest car market
in 2009, and its production - about 35 million vehicles in 2025, more than a third
of the world - dwarfs all rivals [C9, C11]. Then came the electric pivot the incum-
bents missed: two decades of state support for batteries and electric vehicles cre-
ated BYD and a cohort of EV makers that now dominate their home market, sup-
ply most of the world’s batteries, and export everywhere the tariffs allow (Chapter

38) [C94, C115]. The industry that began in Stuttgart and was perfected in Detroit
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and Toyota City now sets its pace in Shenzhen and Shanghai.

India’s motor age arrived late and is still arriving. For four decades after inde-
pendence the market was the Ambassador and little else - a protected industry
making a 1950s Morris under licence; liberalization after 1991 brought Suzuki,
whose small, cheap cars made Maruti the dominant maker and put India on the in-
dustry’s map [C110]. India passed Japan to become the world’s third-largest mar-
ket, its industry a powerhouse of small cars, motorcycles and, increasingly, ex-
ports - though per head its motorization remains a fraction of China’s, which is
why the industry’s next billion customers are expected to be Indian, African and
Southeast Asian [C110]. Where the car goes next - the last great motorizations,
and whether they happen on petrol or batteries - is the question the rest of the

book must answer.
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PART XI - THE COSTS
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Chapter 32 - Safety

The motor car kills. It has killed since the first years - the first pedestrian death by
automobile in Britain came in 1896, at four miles an hour, to a car whose driver
reportedly said it would never be driven fast - and it kills still, on a scale that
would be treated as a catastrophe in any other technology: about 1.19 million
deaths on the world’s roads each year, the leading killer of young people, and tens
of millions more injured [C6]. The history of safety is the history of a slow, res-
isted, incomplete taming of that toll - by engineering, by law, and by the gradual

acceptance that road death is not the price of mobility but a failure of design.

The toll’s shape changed as the car spread. In the early decades the victims were
mostly pedestrians and the speeds were low; as speeds rose and roads emptied of
everything but cars, the dying moved inside the vehicle, and by mid-century the
rich countries had built a slaughter that no one had intended and everyone had
normalized. The counterattack began, as it usually does, with individuals: physi-
cians who studied crashes as epidemics, engineers who proved that cars could be
made survivable, and above all Ralph Nader, whose 1965 Unsafe at Any Speed -
an attack on the Chevrolet Corvair and on Detroit’s indifference - created the
modern safety movement and, in 1966, the first American federal safety standards
[C122].

The engineering half of the taming is one of the great unsung achievements of the
age. The padded dashboard and the laminated windscreen; the collapsible steering
column; the seat belt - the three-point belt, invented at Volvo in 1959 by Nils Bo-
hlin and released free to the world, is by any measure among the most effective
safety devices ever made; the crumple zone, which sacrifices the car to save the
occupants; the safety cell, anti-lock brakes, electronic stability control, airbags,
and lately the crash-avoidance electronics that brake and steer for the driver. The
results, where they were applied, are extraordinary: deaths per mile in the rich
countries fell fourfold and more across the late twentieth century, even as traffic

multiplied.

But the arithmetic has a geography. The global toll no longer belongs to the rich
world: more than nine in ten road deaths now occur in low- and middle-income
countries, which hold most of the world’s population and a minority of its
vehicles - where the car meets the motorcycle, the bicycle, the cart and the pedes-
trian on roads without sidewalks, barriers or trauma care [C6]. The WHO counts
road injury among the great neglected epidemics, and its remedies are the same
ones the rich world learned the hard way: safe roads, safe vehicles, speed limits,
belts and helmets, enforced. The car’s safety story is thus two stories - a triumph

in the countries that built it, an unfinished emergency in the countries now adopt-
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ing it - and the gap between them is measured, every year, in hundreds of thou-

sands of lives.
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Chapter 33 - Pollution

The car’s first pollution crisis was visible, smelly and local: the smog that settled
over Los Angeles in the 1940s, burning eyes and blighting crops, was traced in
the early 1950s - against the oil industry’s insistence that it was harmless haze - to
the chemistry of car exhaust in sunlight [C43]. The fight to clean the exhaust that
followed is one of the success stories of environmental regulation: the rich coun-
tries’ cars today emit a small fraction of what their 1960s predecessors did, per
mile, of almost everything except carbon dioxide. It is also a story with a darker
twin, because the single largest act of pollution in the car’s history - leaded gasol-
ine - was not an accident but a product, sold for half a century in full knowledge

of its toxicity.

Smog first. A car’s exhaust is a chemistry set: unburned hydrocarbons, carbon
monoxide, and nitrogen oxides formed in the heat of combustion, which in sun-
light cook into ozone and the brown haze of photochemical smog. California,
choking first, regulated first - crankcase and exhaust controls in the 1960s - and
the federal Clean Air Act of 1970, with its demand for a 90 percent cut in emis-
sions, forced the industry to the catalytic converter, the device that scrubs the ex-
haust and has equipped every gasoline car since the mid-1970s [C43]. The con-
verter worked; successive standards tightened; and the modern car, in the rich
world, is startlingly clean by the standards of 1970 - which is precisely why the

remaining problems, carbon and particulates, stood out.

Lead was the crime. Tetraethyl lead, added to gasoline from the 1920s to cure
knock, dispersed a known cumulative neurotoxin through every engine in the
world (Chapter 18); the industry that marketed it had been warned at the start,
suppressed the evidence for decades, and fought every attempt at control [C42].
The catalytic converter, which lead poisoned, finally forced leaded fuel out of the
rich countries in the 1970s and 1980s; the developing world followed slowly, and
the last national sale ended only in 2021 - a century of lead, measurable in the
blood and the IQ of generations, and in the ice of Greenland [C42, C43].

What remains is harder. Diesel’s nitrogen oxides and particulates - the scandal
Volkswagen’s cheat devices exposed in 2015, when millions of cars proved to
emit many times their certified limits on the road - showed how far the industry
would go and how wide the gap between test and reality could be (Chapter 21)
[C43]. Tire and brake wear shed particles no filter catches, a pollution that grows
as cars grow heavier, including the electric ones. And above all there is carbon di-
oxide, the unavoidable product of burning fuel, the subject of the next chapter.
The car taught the twentieth century that a machine’s by-products can matter

more than the machine: that a billion individually harmless journeys add up to
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smog, to poison, and finally to a changed sky. Cleaning the exhaust was the cen-

tury’s rehearsal; carbon is the final exam.
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Chapter 34 - Carbon and climate

Of all the car’s costs, carbon is the largest, the least visible, and the hardest to
undo. A litre of gasoline burned becomes about two and a third kilograms of car-
bon dioxide; a car driven an average year emits several tonnes [C130]; and a bil-
lion and a half vehicles, driven as the world drives them, make road transport one
of the largest single sources of greenhouse gas on earth - in the United States,
transportation is the largest sector of all, at about 28 percent of emissions, most of
it from cars and trucks [C17, C15]. The car did not cause climate change alone,
but it is woven so deeply into the cause that fixing the climate without fixing the

car is impossible.

The physics is simple and merciless. Unlike smog or lead, carbon dioxide cannot
be filtered or catalysed away: it is the inevitable product of burning carbon, and
the only ways to emit less of it are to burn less fuel or to burn none. The first path
- efficiency - was the industry’s assignment for half a century, and it half de-
livered: engines became marvels of economy, but the gains were spent on size,
weight and power, so that the average car grew heavier and thirstier in real use
even as its engineering improved, and the American turn to the SUV and the
pickup reversed the arithmetic outright [C17, C15]. Standards helped where they
were strong - Europe’s rules cut real consumption, America’s were gamed around
the light-truck loophole - but efficiency alone, pursued while the world added

hundreds of millions of cars, could never outrun growth.

The second path - burn nothing - is the subject of Chapter 38, and it is where the
climate arithmetic now concentrates. An electric car charged on clean power emits
a fraction of a gasoline car’s lifetime carbon, even counting the battery’s manu-
facture; charged on coal, less so, and the grid’s cleaning is the other half of the
equation [C15, C7]. The transition is real and accelerating - electric cars were
about a quarter of the world’s new car sales in 2025 - but the stock turns over
slowly: cars last fifteen years and more, so the fleet electrifies a decade behind the
showroom, and oil demand from road transport, though now expected to peak, de-
clines gently rather than falling off a cliff (Chapter 38) [C94, C16].

And carbon, uniquely among the car’s costs, does not stay where it is emitted.
The smog was Los Angeles’s; the lead was everyone’s blood; the carbon is the
planet’s, and its consequences - the heat, the seas, the storms - fall hardest on the
people who drove least. That asymmetry is why the car’s carbon is not merely an
engineering problem but a political one, argued in every negotiation from Kyoto
to Paris: who may motorize, whose fuel must stay in the ground, who pays for the
transition. The chapters so far have told the story of a machine that remade the

world; this one and the next two are about the bill. Carbon is the line item that
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cannot be negotiated down - only paid, in one currency or another.
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Chapter 35 - Congestion

Chapter 24 told the story of traffic as a daily experience; this chapter counts it as a
cost, and the count is one of the largest and most perverse in the car’s ledger. Con-
gestion wastes time by the billion-hour, fuel by the billion-litre, and money by the
hundred-billion - and, what is stranger, it has resisted a century of attempted cures
so completely that the traffic engineer’s first lesson is that most cures make it
worse. The jam is not a malfunction of the motor system; it is the system’s natural

state, the equilibrium toward which every improvement is consumed.

The mechanism is induced demand, and Chapter 23 introduced it: roads are free
at the point of use, so drivers use them until the cost of delay equals the value of
the journey; add capacity, and the delay falls, and new journeys - new commuters,
new developments, trips shifted from other times and other modes - pour in until
the delay returns. The evidence accumulated across the twentieth century is about
as close as economics gets to a law: road capacity in cities generates its own
traffic, which is why the great highway-building era of Chapter 23 left the world’s
cities as congested as it found them. The same arithmetic runs in reverse: remove
aroad - Seoul tore out an urban motorway and restored the river beneath it [C131]
- and traffic does not jam the alternative routes; a good deal of it simply evapor-

ates.

The costs, though, are real, and they are regressive. Time is the largest: com-
muters in the great congested cities - Los Angeles, Istanbul, Mexico City, Ban-
galore, Lagos - lose the equivalent of several working weeks a year to traffic, and
the poor, pushed to the far edges where the buses are slowest, lose most. Fuel
burned at idle is waste pure and simple, and stop-and-go driving multiplies the
pollution of every mile (Chapter 33). The freight stuck in the jam is a tax on the
whole economy. And because congestion is a tax on proximity - on the very dens-
ity that makes cities productive - economists reckon its deepest cost in the con-

nections that never happen.

The remedies divide into the three that work and the many that don’t. Building
more road doesn’t, as the law says. Managing flow - signals, lanes, information -
helps at the margin. What works is what prices or displaces the car: congestion
charging, which Singapore pioneered in 1975 and London made famous in 2003,
cutting central traffic at a stroke and funding the alternatives [C98]; transit worth
taking, dense land use, and lately the option of not travelling at all. The autonom-
ous car, promised as the final cure, might instead be the final test: a vehicle that
endures the jam for you, or returns empty to fetch you, could make congestion in-
finitely tolerable and therefore infinite (Chapter 39). The jam, in the end, is the

car’s bill for its own success - and the one line item a century of engineering has

87



never reduced.
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Chapter 36 - Oil politics and war

The motor car runs on the world’s most political commodity, and so the history of
the car is inseparable from the history of oil power: the alliances, the coups, the
embargoes and the wars fought in the shadow of the filling station. Chapter 19
told the industry’s side - the companies, the concessions, the Seven Sisters and
OPEC. This chapter tells the state’s side, because from the moment oil became the
fuel of movement, the control of oil became a matter of national survival, and the
car made every industrial nation dependent on a resource most of them did not

own.

The pattern was set in the First World War, the first war of machines, which ran
on oil and was nearly lost for want of it - and which taught every general staff that
the next war would be decided by fuel. The interwar powers drew the conclusion:
Britain and France carved the Middle East into mandates and concessions; Japan,
starved of oil, made its desperate lunge for the East Indies in 1941, the decision
that brought America into the Pacific war; and Germany, blockaded from the sea,
drove its war machine on synthetic gasoline cooked from coal until the wells of
Romania and the Caucasus became objectives of conquest in themselves [C87,
C16]. The Second World War’s maps - Rommel in the desert, the drive on Baku,

the bombing of Ploiesti - make no sense except as oil strategy.

The post-war settlement rested on a bargain: American protection for the Gulf
monarchies, cheap oil for the West. It held for a quarter-century and broke in
1973, when the Arab exporters, in the midst of the October war, cut supply and
quadrupled the price - the first oil shock, and the end of the post-war world’s easy
confidence (Chapter 19). The queues at American filling stations, the 55-mph
speed limit, the sudden fashion for small cars: the motor age discovered, in a
single autumn, that it ran on imported favour [C16]. The second shock followed
Iran’s revolution in 1979; the pattern repeated through every crisis since - the Gulf
War of 1991, fought after Iraq seized Kuwait’s oil; the price spike of 2008; the
turbulence after Russia’s invasion of Ukraine - each one transmitting itself, within

weeks, to the price of a litre at every pump on earth [C16, C87].

The dependence shaped everything: the alliances with uncomfortable regimes, the
fleets in the Gulf, the pipelines as strategic assets, the petrodollar system that re-
cycles oil revenue through the world’s banks. And it explains, better than any oth-
er single fact, the strategic stakes of the electric transition. A world of battery cars
does not end energy politics - it moves it, from oil chokepoints to mines, refiner-
ies and the processing of lithium, cobalt and nickel, most of it concentrated in a
handful of countries and dominated by China (Chapter 42) [C94, C16]. Whether

the transition trades one dependence for another, or finally breaks the link
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between mobility and geopolitics, is one of the largest open questions of the cen-
tury - and it was the motor car, burning its way through a hundred years of oil,

that posed it.
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PART XII - RIVALS AND FUTURE
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Chapter 37 - The first electric age

Before the gasoline car won, the electric car nearly did. In 1900 the automobile
had three rival prime movers - steam, gasoline and electricity - and of the three
the electric was in many ways the best: quiet, clean, effortless to start and drive,
with no crank, no gears and no smell. That it lost, and lost so completely that the
electric car was forgotten for most of a century, is one of the great counterfactuals
of the motor age - and its loss, and the reasons for it, illuminate everything about

the electric car’s return a hundred years later.

The electric was not a curiosity but a mature technology. Electric cabs ran in Lon-
don and New York in the 1890s; electric cars held the early speed records - the
first automobile to exceed a hundred kilometres an hour, in 1899, was the Bel-
gian-built electric La Jamais Contente; and in America around 1900 electrics out-
sold gasoline cars, favoured by wealthy town drivers and, the advertising noted,
by women, who were spared the filthy and dangerous crank [C76]. The electric’s
virtues were real and its limitation was absolute: the lead-acid battery, heavy and
brief of range, could take a carriage across town and no further. The gasoline car
was worse in every way except one - its fuel held fifty times the useful energy per

pound - and the roads of Chapter 22 made that one way decisive.

The killing blows came in quick succession. Charles Kettering’s electric self-
starter, fitted to the 1912 Cadillac, removed the crank and with it the electric’s
chief advantage; Henry Ford’s falling prices made the gasoline car cheap beyond
argument; and the spread of the intercity road, the discovery of Texas crude and
the filling-station network made gasoline abundant everywhere [C82]. By the
1920s the electric passenger car was dead, surviving only in niches - the delivery
van, the milk float, the golf cart - while the battery itself retired to the humble but

universal duty of starting the engines that had beaten it.

The memory lingered, and the first revival came from regulation. California,
choking on smog, in 1990 required the big car-makers to sell zero-emission
vehicles; General Motors answered with the EV1 of 1996, a purpose-built electric
car leased to enthusiasts who loved it - and then, when the mandate was broken in
court and in the statehouse, recalled and crushed nearly every one, an act of cor-
porate self-harm that became a documentary and a legend [C44]. The lesson the
industry drew - that the electric car was a regulatory burden to be escaped - was
precisely wrong, and the correction arrived from a startup founded the year the
last EV1 was destroyed. But that story belongs to the next chapter. The first elec-
tric age left one durable truth: the electric drivetrain was never the problem. The
battery was. Everything in the second electric age follows from the moment the

battery got good enough.
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Chapter 38 - The second electric age

The electric car’s return, when it came, came faster than anyone in the industry
believed possible. In 2010 electric cars were a rounding error - a few thousand
sold worldwide; in 2025, by the International Energy Agency’s count, more than
20 million were sold - a quarter of all new cars - and the global stock passed into
the tens of millions, displacing over a million barrels of oil a day [C94, C7]. The
second electric age is underway, and its shape is now clear enough to describe, if
not yet to conclude: this is the largest transition the motor industry has attempted

since it replaced the horse.

Three forces converged to make it happen. The first was the battery: lithium-ion
cells, developed for electronics, improved in energy and collapsed in cost across
the 2010s until a car could carry two or three hundred miles of charge for a frac-
tion of the old price - the condition the first electric age never met [C7]. The
second was Tesla, founded in 2003 on the heresy that an electric car could be de-
sirable rather than penitential: the Roadster, then the Model S, then the mass-mar-
ket Model 3 proved the demand, built the charging network, and forced every in-
cumbent maker to follow or die [C114]. The third was China, which made electri-
fication national strategy - subsidies, mandates, and above all the battery industry
itself - until Chinese cells powered most of the world’s electric cars and Chinese
makers, led by BYD, dominated their home market and flooded the export lanes
(Chapter 31) [C94, C93c].

By 2025 the map of the transition was sharply uneven. China led outright: more
than 13 million electric cars sold that year, over half of new car sales, and six of
every ten electric cars sold anywhere. Europe followed at about 4.2 million and
28 percent of sales, with the north far ahead of the south. The United States
lagged at roughly 1.5 million and a tenth of sales - and fell backward late in the
year, after purchase tax credits ended in September 2025 sent fourth-quarter sales
down by nearly half [C94]. And the rest of the world, the markets where the next
billion cars will be sold, was just beginning, at about 2 million, growing fast and

buying mostly Chinese (Chapter 31) [C94].

The obstacles are real and the outcome is not foreclosed. The stock of cars turns
over slowly - electric cars were still only about 5 percent of the world’s fleet in
2025 - so the fleet electrifies a decade behind the showroom. The charging net-
work, the grid, the price gap, the resale value and the politics of subsidies all bite
at different speeds in different countries. And the transition carries the industry’s
deepest disruption: an electric car needs no engine, no gearbox, no exhaust - the
core competencies of a century - and instead consumes batteries, motors, power

electronics and software, the competencies of new suppliers and new rivals
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(Chapter 41, Chapter 42). The incumbents that made the gasoline car are spending
hundreds of billions to survive its successor. The second electric age has begun;
whether it completes the car’s reinvention or stalls at the halfway mark is the
largest open question in this book - and the answer will decide nothing less than

the future of the machine that built the modern world.
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Chapter 39 - Autonomy

The self-driving car has been five years away for about forty years. The dream is
as old as the traffic jam - a car that drives itself would return the wasted hours,
spare the fallible human hand that causes almost every crash, and open mobility
to everyone who cannot or should not drive (Chapter 32, Chapter 35). After dec-
ades of demonstrations and a decade of enormous investment, the reality by the
mid-2020s had arrived at last, but only in a narrow and instructive form: driver-
less taxis work, in a handful of cities, run by one company at scale - while the rest
of the industry’s promises have been scaled back, absorbed or quietly abandoned.
The story of autonomy so far is a lesson in the difference between a demonstra-

tion and a product.

The technical problem turned out to be the last few percent. Driving is easy until
it isn’t: perceiving the world, predicting the humans in it, and handling the endless
tail of rare situations - the mattress on the freeway, the hand-signalling traffic of-
ficer, the child chasing a ball - defeated the confident timelines of the 2010s,
when several car-makers and tech companies promised robotaxis by 2020 [C61].
The money was colossal: the car industry and Silicon Valley together poured tens
of billions of dollars into autonomy in the decade after 2015, through dedicated
ventures - Alphabet’s Waymo, General Motors’ Cruise, Amazon’s Zoox - and the

driver-assistance systems of nearly every maker [C92].

What exists, as of early 2026, is a real but bounded service. Waymo, the surviving
leader, reported in February 2026 that it had completed 15 million paid driverless
rides in 2025 - triple the year before, more than 400,000 a week - across a grow-
ing list of American cities, with plans announced for twenty more in 2026 includ-
ing Tokyo and London, and a fresh $16 billion funding round behind it [C90]. Its
great rival is gone: General Motors, which had spent over ten billion dollars on
Cruise, shut the robotaxi venture down in December 2024 - after a serious crash
and a licence suspension exposed its safety culture - and folded the effort into
driver assistance for private cars [C92]. The car industry as a whole retreated to
the same ground: systems that steer, brake and follow lanes with the driver still
responsible, sold as features rather than replacements. Full autonomy, where it ex-

ists, is a ride-hailing service in mapped urban areas, not a car you can buy.

The open questions are no longer mainly technical. Driverless taxis must prove
they are safer than humans at scale - the evidence so far, from tens of millions of
rides, points that way, against a background of rare, well-publicized failures [C90,
C92]. They must find an economics that beats the human driver they replace. And
they must answer the city’s question from Chapter 35: a robotaxi that cruises

empty between rides, or a private car that sends itself home and returns, could add
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miles to streets that cannot hold the miles they have. The car that drives itself may
yet arrive as the century’s second great reinvention of the automobile - or as a
lasting, useful, narrower thing: the driverless taxi in the city, the assisted driver
everywhere else. The honest position, after four decades of five-year promises, is
that nobody knows - and that the machine’s future, like its past, will be decided

less by what is possible than by what people choose to live with.
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Chapter 40 - The ownership question

For a century the deal was simple: freedom meant your own car, and the industry
sold the machine by the unit, to the household, forever. The last open question of
the motor age is whether that deal survives - whether the car remains a thing
people own, or becomes a service they summon. The answer matters beyond con-
venience: a shared, summoned fleet would need fewer vehicles, use them harder,
and rearrange the industry’s economics from manufacture to operation. The evid-
ence so far says the old deal is more durable than the prophets of disruption be-

lieved - but it is under pressure from three directions at once.

The first pressure is economic, and it is the strongest: the private car is an extra-
vagance of idle capital. The average car sits parked about 95 percent of the time
[C132], depreciating, while its owners pay for fuel, insurance, tax, parking and
the loan (Chapter 27). Any scheme that uses cars more intensively - the taxi, the
rental, the car club, the ride-hail - attacks that waste, and the smartphone made the
attack practical: Uber, founded in 2009, and its imitators worldwide put a
summoned car in every pocket, and for a decade the industry’s strategists pre-
dicted the end of ownership in the cities where summoning was cheap [C113].
What actually happened was subtler: ride-hailing grew enormous, thinned taxi
trades and transit budgets alike, added its own miles to congested streets - and car
ownership barely moved, because the private car is not bought on arithmetic
(Chapter 28).

The second pressure is demographic. Young people in the rich countries license
later and drive less than their parents did at the same age - the trend is real, docu-
mented across America, Europe and Japan - and the car industry watches it with
unease. Whether it is a change of heart (the smartphone replacing the car as the
instrument of freedom) or a postponement (city rents, debt, delayed families
delaying the car-dependent life) is genuinely unsettled; the evidence leans to post-
ponement, which comforts the industry and disappoints its critics in about equal

measure.

The third pressure is the transition itself. Electric drivetrains, batteries and
autonomy change the economics of fleet operation: a robotaxi that drives all day,
charges cheap and never strikes could undercut the private car where density sup-
ports it (Chapter 39). But the same transition strengthens ownership elsewhere:
the electric car’s low running cost rewards the high-mileage owner, and the car-
as-appliance - charged at home, updated by software, held for fifteen years - may
prove harder to share than the machine it replaces [C7, C94]. The likeliest future
is plural: private cars in the suburbs and the country, summoned cars in the dense

city, subscriptions and shares at the margin - the old deal amended, not repealed.

97



The car gave the twentieth century a definition of freedom; the twenty-first is still

negotiating the price.
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PART XIII - THE CONNECTED
MACHINE
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Chapter 41 - What the car feeds

The car company whose badge is on the bonnet makes less of the car than ever
before - and presides over more. The modern industry is a pyramid: a few dozen
assemblers at the top, and beneath them the supplier system of Chapter 13 grown
into one of the largest industrial structures on earth, now undergoing the deepest
upheaval since the supply chain was invented. What the car feeds - who actually
makes its thirty thousand parts, and who profits - is the quiet determinant of the
industry’s future, because the electric transition is reordering the pyramid from

the bottom up.

The scale of the tier below the badge-makers is best seen in its giants. Bosch, the
largest supplier of all, did EUR 90.3 billion of business in 2024 - more than many
car companies - with EUR 55.8 billion of it in its mobility sector; Denso, Toyota’s
shadow giant, reported JPY 7.5 trillion (some $50 billion) in its fiscal year to
March 2026; Magna, the Canadian contract manufacturer and parts maker, sold
$42.8 billion in 2024 [C93a, C93b, C93d]. Behind these stand tens of thousands
of smaller firms - the German Mittelstand, the Japanese keiretsu, the toolmakers,
the specialists in a single valve or gear - whose collective expertise is the in-
dustry’s true capital (Chapter 13) [C45]. The assemblers increasingly design and

integrate; the suppliers increasingly invent and make.

The transition inverts the pyramid’s power. A gasoline car’s heart - engine, trans-
mission, exhaust - was made by the assemblers themselves, the last redoubt of
vertical integration, and a third or more of the industry’s value and employment
lived there. An electric car’s heart - cells, motors, power electronics, software -
comes from outside: from battery makers, and above all from one. CATL, the
Chinese champion, sold RMB 423.7 billion of batteries and systems in 2025 and
supplies around two-fifths of the world’s electric cars, including many of the
Western brands that compete with China (Chapter 31) [C93c, C115, C94]. The in-
dustry that taught the world to make engines now buys its most valuable compon-

ent from a supplier that did not exist in its present form twenty years ago.

That is why the transition is an employment crisis as much as a technology one.
Electric drivetrains need fewer parts and less labour than combustion ones; the
engine plants and their suppliers - the foundries, the machinists, the transmission
builders - face decline wherever electrification advances, and no plausible growth
in batteries and software replaces them one-for-one in the same towns (Chapter
38) [C15, C94]. The politics of Part XI’s costs meet the politics of jobs here, and
they will shape the transition’s pace: every government that mandates electric cars
owns the consequences for the regions that built the engines. The car feeds a

world - and the menu is changing faster than the kitchen.
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Chapter 42 - Bottlenecks: chips, batteries,
minerals

The lean supply chain of Chapter 17 was built on an assumption the twenty-first
century revoked: that parts would always arrive. The new motor industry is
defined by its bottlenecks - semiconductors, batteries, and the minerals beneath
them - each a chokepoint where geology, geopolitics and physics meet, and each a
lesson that the car, for all its apparent solidity, rides on the most fragile links of

the modern economy.

The chip shortage taught the lesson first. The modern car runs on semiconductors
- around a thousand and a half in an ordinary model, up to three thousand in the
most electronics-laden ones [C121] - controlling everything from windows to
braking; when the pandemic scrambled the electronics supply in 2020 and 2021,
car plants around the world stopped for want of chips worth a few dollars, and the
industry lost millions of vehicles of production while consumer electronics, a
richer customer, took the supply [C112]. The car had become a computer without
noticing, and computers are built in a handful of foundries, in a handful of coun-
tries, most precariously in Taiwan. The shock rewired policy: the United States,
Europe, Japan and India all moved to subsidize domestic chipmaking, and the car-
makers learned to design around scarcity and to buy chips the way they once

bought steel - strategically, and with fear (Chapter 13).

The battery is the deeper chokepoint, because it concentrates in one country. Lith-
ium-ion cells demand lithium, cobalt, nickel, graphite and manganese, and the
supply chain for them is a funnel: the mining is scattered - lithium from Australia
and South America, cobalt mostly from Congo, nickel increasingly from Indone-
sia - but the processing and the cell manufacture are overwhelmingly Chinese
(Chapter 31) [C94, C93c]. The electric transition, sold as energy independence,
thus trades the oil chokepoints of Chapter 36 for mineral and processing choke-
points, and the scramble is on: gigafactories subsidized across three continents,
mining deals from Chile to the deep seabed, battery chemistries reformulated to
drop cobalt and nickel for iron, and trade wars fought in tariff and export control

over the raw materials of the post-oil age.

The bottlenecks have a common moral, and it is the moral of the whole book. The
car was never a self-contained machine; it was always the visible tip of an indus-
trial system - steel and rubber once, now silicon and lithium - and its vulnerabilit-
ies are the system’s (Chapter 13, Chapter 41). The lean ideal of parts arriving just
in time works until the world interrupts, and the last years have interrupted re-
peatedly: pandemic, war, shortage, tariff. The industry’s response - redundancy,

stockpiles, localization, vertical deals into mines and fabs - is a quiet retreat from
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fifty years of leanness, paid for in the price of the car. The machine that built the
modern world now depends on that world’s most contested resources; securing
them, or inventing around them, is the hidden contest on which the second electric

age will be won.
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Chapter 43 - Conclusion: the machine that
built a world

This book began with a question: what is a motor car? The chapters between have
given the only honest answer - that the car is not one thing but a system, and the
system is not one invention but a century and a half of them, compounding. An
engine and a carriage; a market and a method of manufacture; a fuel, a road, a
law, a loan; a supply chain, a culture, a way of arranging cities and lives. The mo-
tor car that rules the world is all of these at once, and it cannot be understood - or

changed - by understanding any of them alone.

The story has a shape, and it is worth seeing whole. The machine was born in
Europe as a toy for the rich and perfected in America as a tool for everyone (Parts
I1-1V); mass production made it cheap, and the modern corporation made it vari-
ous (Part V); the factory system that built it became the template of industry itself
(Part VI). Around the machine grew its world: the fuel and the roads it required,
the horse economy it destroyed, the suburb and the dispersed city it made pos-
sible, the economy and culture it created (Parts VII-IX). The industry became
global, and its centre of gravity moved - from Detroit to Nagoya to Shenzhen -
with the world economy it both served and shaped (Part X). And the bill came
due: the dead and the injured, the smog and the lead, the carbon in the sky, the
hours lost to the jam, the politics of oil (Part XI) - costs as real as the freedom,

and as unevenly shared.

Now the machine is being reinvented in its second century as radically as in its
first. Electricity is replacing combustion; software is replacing machinery; the
driver is, slowly and unevenly, being assisted toward replacement; and the very
idea of owning the machine is being questioned (Parts XII-XIII). The transition is
real - a quarter of new cars are electric, driverless taxis roam real cities - and its
outcome is genuinely undecided, because it depends less on technology than on

choices: what we build, what we price, what we subsidize, what we tolerate.

What the car’s history teaches about that choice is the lesson of every chapter.
The car was never inevitable: not its engine, not its fuel, not its roads, not its city.
Each was chosen - by engineers, by companies, by governments, and by millions
of ordinary decisions - and each could have been chosen otherwise. The world the
car built was built by people, on purposes, and what was built can be rebuilt: the
same machine that dispersed the city can be made to serve a denser one; the same
industry that filled the sky can be made to clean it. Whether the motor car’s
second century repairs the world its first one made, or merely electrifies the dam-

age, is not the machine’s decision. It never was. It is ours.
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Chapter 44 - A motor car glossary

Terms as used in this book. Dates and definitions follow the sources cited in the

chapters.

Assembly line - the manufacturing system, perfected at Ford’s Highland Park
plant from 1913, in which the product moves past stationary workers who each

perform one operation; the foundation of mass production (Ch 9).

Autonomous vehicle (self-driving car) - a vehicle able to drive itself; in practice, a
spectrum from driver-assistance features (driver responsible) to true driverless op-

eration, achieved at scale only in ride-hailing services such as Waymo’s (Ch 39).

Battery electric vehicle (BEV) - a car powered solely by a rechargeable battery
and electric motor; with the plug-in hybrid (PHEV), counted in “electric car”
sales (Ch 38).

Body-on-frame / unitary construction - the two ways of structuring a car: body
bolted to a separate chassis frame (older, trucks) or body and structure in one
stressed shell (modern cars) (Ch 12, Ch 15).

Catalytic converter - the exhaust device, universal on gasoline cars since the
1970s, that converts carbon monoxide, hydrocarbons and nitrogen oxides to less

harmful gases; the reason leaded gasoline had to go (Ch 33).

Chassis - the car’s load-bearing structure: frame, suspension, wheels and running

gear.

Congestion charging - pricing road use in a defined zone to reduce traffic; pion-
eered by Singapore (1975) and London (2003) (Ch 35).

Crumple zone / safety cell - the paired principles of modern crash structure: ends

that deform to absorb energy around a rigid passenger cage (Ch 32).

Diesel engine - the compression-ignition engine patented by Rudolf Diesel
(1892), more efficient than the gasoline engine; dominant in heavy vehicles (Ch
21).

Induced demand - the traffic-engineering law that new road capacity generates
new traffic until congestion returns; the reason road-building alone cannot cure
congestion (Ch 23, Ch 35).

Internal combustion engine (ICE) - an engine that burns fuel inside its cylinders;
in cars, almost always the four-stroke piston engine of Nikolaus Otto’s 1876 pat-
ent (Ch 5).

Just-in-time (JIT) - the lean production practice of delivering parts exactly when

needed, minimizing inventory; efficient and fragile (Ch 17, Ch 42).
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Lean production - the manufacturing system developed at Toyota (the Toyota Pro-
duction System), combining just-in-time supply, built-in quality and continuous
improvement; named by the MIT study of 1990 (Ch 17).

Mass production - manufacture of standardized products in high volume using in-

terchangeable parts, dedicated machinery and the assembly line (Ch 9).

Model change / planned obsolescence - the industry’s practice, institutionalized
by General Motors in the 1920s, of renewing styling and features on an annual

cycle to sustain demand (Ch 11).

Octane rating - a gasoline’s resistance to knock (premature detonation); higher

octane permits higher compression and efficiency (Ch 18).

Original equipment manufacturer (OEM) - the industry term for a car-maker, as

distinct from its suppliers (the tiers) (Ch 13).

Platform - a shared set of underbody engineering used beneath multiple models;

the modern industry’s unit of economy (Ch 15).

Plug-in hybrid (PHEV) - a car with both a rechargeable battery for short electric

range and a combustion engine (Ch 38).

Pneumatic tire - the air-filled tire, patented by Robert William Thomson (1845),
reinvented for the bicycle by John Boyd Dunlop (1888), and universal on cars
since the 1900s (Ch 14).

Radial tire - the tire construction introduced by Michelin in the 1950s, with casing

cords across the tread; now universal (Ch 14).

Tetraethyl lead (TEL) - the lead antiknock additive blended into gasoline from the
1920s to the end of the twentieth century; the car’s largest pollution episode (Ch
18, Ch 33).

Vertical integration - ownership of the supply chain by the assembler; its monu-

ment was Ford’s River Rouge complex (Ch 9, Ch 13).
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