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Prologue: The Sheet in Your Hand

here is a sheet of paper within reach of you right now. It might be the
receipt curled in your pocket, the book on the table, the box the delivery

driver left at the door, the note stuck to the refrigerator, the wrapper around a
bar of soap, the file in a courthouse three districts away that carries your name
in a clerk’s hand. Take one of them and hold it up to the light. What you are
looking at is not really a sheet. It is a frozen moment in a two-thousand-year
conversation between human beings and the plant world, and this book is the
transcript of that conversation.
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A sheet of paper above two thousand years of its making: the Chinese vat and the modern mill.

Look closer and the sheet becomes strange. It is made of fibres so small that a
single gram contains kilometres of them, torn from trees and rags and straw,
beaten in water until they fray, then laid in a web so thin that light comes
through. Nothing glues the fibres together. They hold each other, each one
bonded to its neighbours by the same faint molecular attraction that makes
water climb a straw. The sheet feels solid because billions of these invisible
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handshakes agree, for now, to hold. Crumple it and the bonds break with a
sound like distant weather. Burn it and the sunlight the tree stored a decade
ago comes back as flame. Bury it and the fungi that eat fallen branches will
take it in a season. Paper is wood that agreed to change its mind about being
wood.

"Paper is wood that agreed to change its mind about
being wood."

We made this material for one reason, and it kept giving us others. It was
invented to carry writing, and for eighteen centuries that was its whole career:
the scroll, the codex, the ledger, the letter, the newspaper, the book. Then, in a
single long lifetime, it became something else. It wrapped our food and built
our packaging, insulated our transformers and filtered our coffee, carried our
currency and recorded our laws, cushioned our eggs and diagnosed our fevers.
When the digital age arrived to kill it, paper did what it has always done: it lost
the job the newcomer wanted and quietly took over several others. The screens
multiplied; so did the boxes. The world now makes more than four hundred
million tonnes of paper and paperboard every year, the largest tonnage in its
history, and three quarters of it never carries a word.

This is a book about how that happened: how a court official’s recipe in Han
dynasty China became an industry that spans every economy on earth. It is a
material story, told the way materials deserve to be told, through the people
who figured out what the stuff could do. A eunuch looking for a better writing
surface. Rag pickers in medieval Italy who never knew their trade would fund
libraries. A bankrupt French inventor whose machine still runs in every mill
on earth. A German forester who fed wood to a grinder and changed what
paper could cost. A Brazilian company growing eucalyptus faster than anyone
thought trees could grow. And, threaded through it all, the subcontinent this
series calls home, where paper arrived on the Silk Road, was made by hand for
a thousand years, and is now being made by machine at a pace few countries
have ever matched.

The method of the book is simple. It follows the material itself: what it is made
of, how it is made, what it is made into, and what happens when we are done
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with it. The chemistry is here, because the chemistry is beautiful and explains
everything else, but so are the economics, the accidents, the lawsuits, the mill
towns, and the environmental reckonings, because a material is never just a
substance. It is a substance plus everything people decided to do with it.

A note on the evidence. The paper industry is old, global, and documented in
fragments: guild records and patent filings, trade statistics and company
reports, archaeological fibres and modern lifecycle studies. The claims in this
book rest on sources that can actually be checked, and the companion volume
lists them, chapter by chapter, with the passages that were read. Where the
numbers are estimates, they are labelled as estimates. Where the experts
disagree, the disagreement is in the text. Forecasts appear here only as clearly
marked speculation, because the one lesson paper’s history teaches without
exception is that the future of a material is decided by habits nobody has
formed yet.

Begin with the sheet in your hand. Bend it, and listen to the small sound of a
billion bonds breaking. That sound is the subject of this book.

C H A P T E R  1

Before Paper: Writing on Everything Else

very civilization wanted the same thing: a surface that could remember.
Speech vanishes the moment it is made, and memory, however trained,

dies with the person who carries it. The societies that solved this problem did it
with whatever their landscapes offered, and the result, for three thousand
years, was a world where writing belonged to heavy, expensive, inconvenient
things.

In Mesopotamia the surface was mud. A scribe took a lump of clay, pressed a
wedge-shaped reed into it, and produced the cuneiform records of the world’s
first cities: grain accounts, contracts, hymns, the Epic of Gilgamesh itself. Clay
had one magnificent virtue: bake it and it lasts forever, which is why we can
still read a Sumerian accountant’s complaint about a late barley delivery four
thousand years later. It had equally obvious flaws. A clay tablet is heavy,
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breakable, and holds about as much text as a postcard. A library of clay is a
warehouse.

In Egypt the surface was stone, at least for anything meant to last. Hieroglyphs
climbed temple walls and obelisks, proclaiming eternity in granite, while the
actual paperwork of the civilization went onto papyrus, the remarkable plant
invention that gets the next chapter to itself. Elsewhere the answers were
stranger. The Chinese wrote on oracle bones, shoulder blades of oxen and turtle
shells, heated until they cracked, the cracks read as prophecy and the prophecy
carved beside them. Later they wrote on bronze, on stone drums, on strips of
bamboo tied into bundles, and on silk. The Maya wrote on folded screens of
bark paper, a technology so close to true paper that its destruction by Spanish
priests counts as one of the great losses of the world’s memory. The Indians of
the subcontinent wrote on birch bark in the mountains and on prepared palm
leaves along the coasts, long narrow leaves inscribed with a stylus, rubbed with
soot and oil, and bound with a cord through a hole, the pothi format that held
Sanskrit literature for a thousand years.

Two materials deserve a slower look, because they were paper’s real rivals,
and their story explains why paper won. The first is bamboo and wood, China’s
workhorse for centuries. Cut into thin strips, smoothed, written on with brush
and ink, and tied into bundles that rolled for storage: this was cheap, abundant,
and durable. It was also absurdly bulky. The chroniclers record that a single
memorial to the throne could fill a cart, and that one hard-working emperor set
himself a daily quota of state papers measured by weight, a hundred and
twenty pounds of documents a day, resting only when the scale said he could.
The Chinese expression for a learned person, that he had read five cartloads of
books, is a compliment and a materials-science complaint in the same breath.

The second rival was silk. It took ink beautifully, it was light, it rolled up small,
and it was ruinously expensive, because every metre of it was a silkworm’s life
work and a weaver’s day. Silk turned writing into a luxury good in the most
literal sense: the surface cost more than the scribe. The same was true, in a
different register, of Europe’s great writing material, parchment, which gets its
own chapter, and of every fine surface everywhere: the cost of the material
rationed the words. What to write down was an economic decision. Most of
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what was said and thought in the ancient world was never written, because the
surfaces were too dear to hold it.

The strangest surface of all may be the one that never quite existed: memory
itself, industrialized. The Vedic tradition in India carried enormous texts, the
Rigveda’s ten thousand verses, across centuries purely by voice, with
mnemonic systems so rigorous that modern scholars treat the oral
transmission as more reliable than most manuscripts. It was a triumph, and it
was also a rationing system: only a trained few could afford the years of
memorization, and what they could not carry was lost. Every pre-paper surface
had this same shape. Whether the constraint was weight, cost, fragility or
scarcity, the effect was to make writing a privilege of temples, courts and
merchants, and to keep the written word rare enough to be sacred. The
sacredness of texts in the ancient world is not only theology. It is also materials
economics.

The Maya codices deserve their sad paragraph here, because they show how
fragile a paper-like tradition could be without an industry behind it. The Maya
made true bark paper, amate, beaten from fig-tree bark with a sizing of lime,
and folded it into screenfold books that held astronomy, ritual and history.
When the Spanish arrived, they recognized the books as dangerous and burned
them; four survive in the world. A whole civilization’s written memory, resting
on a handmade sheet produced in small workshops, could be destroyed in a
generation. Paper’s eventual triumph was not just about cheapness. It was
about making so much of the stuff, in so many places, that no bonfire could get
it all.

This is the world paper was born into, and the thing to hold onto is that the
problem was never ink, or literacy, or the idea of writing. All of those existed.
The problem was the sheet. Whoever could make a surface as cheap as a
bamboo strip, as light as silk, as durable as clay and as pleasant as parchment
would not merely improve writing. They would change what writing was for:
from a ritual of states and temples into a habit of ordinary people. That change
took a thousand years after its invention to complete, but it began, as far as we
can tell, in a courtyard in China, with a court official, a vat of water, and a pile
of rags.
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C H A P T E R  2

Papyrus: The First Paper That Wasn't

he first great writing sheet of the Mediterranean world grew in a swamp.
Cyperus papyrus, a sedge with a triangular stem as tall as a man, crowded

the marshes of the Nile Delta in such abundance that the Egyptians built boats
from it, wove its fibres into rope and sandals, ate its pith, and then, some time
before 3000 BCE, discovered that the pith could be made into a sheet that took
ink better than anything else on earth. For three thousand years, papyrus was
the paper of the ancient world, and the resemblance runs so deep that our
word paper is simply the Greek word for the plant, worn smooth by centuries.
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Papyrus strips laid crosswise on the Nile: the sheet before paper.

The making of it was a neat piece of improvisation with botany. The stem was
peeled, and the pith sliced into thin strips. The strips were laid side by side in
one layer, a second layer laid across them at right angles, and the whole mat
pressed or hammered, then dried in the sun. No pulp, no vat, no screen: the
sheet was assembled, not formed, and it held together because the pith’s own
sap, pressed out under the mallet, glued the layers as it dried. The result was a
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pale, flexible sheet with a visible grain, joined edge to edge into rolls that could
run twenty sheets long. On this surface the Egyptians wrote everything:
accounts and letters, love songs and funerary spells, mathematical problems
and medical case histories. The Rhind papyrus taught scribes their fractions;
the Ebers papyrus prescribed for the heart and the stomach; the Book of the
Dead went into the tomb with its owner, a guidebook for the afterlife, written
on swamp sedge.

Papyrus became one of the pillars of the Egyptian economy and one of the
ancient world’s genuine monopolies. The plant grew commercially almost
nowhere else, and the export of papyrus sheets to Greece and Rome ran for
centuries as a state-supervised trade. Rome consumed it on an imperial scale:
the whole apparatus of law, tax, census and literature ran on Egyptian papyrus,
and Roman authors complained about its price and its quality the way modern
readers complain about their printers. Pliny the Elder devoted a long section of
his Natural History to the grades of papyrus, from the fine hieratic sheets to the
coarse wrapping grade sold to shopkeepers, and his account reads exactly like
a modern paper merchant’s catalogue, which is precisely what it was.

But papyrus had limits that a harder material would eventually exploit. It was
brittle with age, it cracked if folded, it hated damp climates, and it could only
be made where the plant grew or near enough to ship the pith. A roll of
papyrus was also an awkward object to consult: no pages, no quick flipping to a
passage, just metres of sheet to be unrolled with one hand and re-rolled with
the other. When the codex, the bound book of folded leaves, began to replace
the roll in the early centuries of the Christian era, papyrus’s weaknesses
became decisive. You cannot fold a papyrus sheet twice without breaking it,
and a book is nothing but folded sheets.

The papyrus trade also invented something paper would inherit: the branded
grade. Pliny’s catalogue of papyrus types, the fine Augustan and Livian sheets
named for the imperial household, the amphitheatre grade from a famous
workshop, the rough commercial wrapping that never saw ink, is the earliest
known instance of a writing material sold by named quality tiers, with prices
and reputations attached. Every paper merchant since has lived in Pliny’s
world: the customer asks not for fibre but for a grade, and the grade is a
promise. When a modern designer specifies a sheet of 90-gram uncoated
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woodfree, or a printer orders triple-crown sulphate board, they are speaking a
language whose grammar was worked out on the Nile.

It is worth pausing on what papyrus actually felt like, because its texture
shaped two millennia of writing habits. The sheet had a direction: the
horizontal strips on the recto side guided the pen, and the vertical fibres of the
verso made it harder to write against the grain, which is why rolls were
normally written on one side only. The scribe’s columns marched along the roll
in pages without page breaks. Reading meant unrolling with the right hand and
rolling up with the left, a two-handed act that made browsing impossible and
citation approximate. When scholars today complain that ancient references
are vague, some of the blame belongs to the material: a text you cannot flip is a
text you quote from memory.

The plant itself has vanished from the modern Nile, driven out as the marshes
were drained; the papyrus you see in Cairo souvenir shops comes from
reintroduced stands in Sicily and Ethiopia. The word outlived the material.
When a Chinese recipe finally crossed the world and displaced every other
writing surface, the languages of Europe named the new material after the old
one. Paper is papyrus’s ghost, and the ghost has had a far longer life.

C H A P T E R  3

Parchment: The Surface That Outlasted
Empires

f papyrus was the ancient world’s paper, parchment was its premium grade:
the prepared skin of animals, sheep, goats, calves, dehaired, scraped,

stretched on a frame and dried under tension until it became a sheet of
astonishing durability. The finest parchment, vellum, made from calfskin or
even the skins of unborn calves, is smooth as cloth and white as bone, and it
held the most precious texts of Europe and the Near East for a thousand years.
The great Bibles of the early medieval monasteries were parchment books: the
Codex Sinaiticus, one of the oldest complete Christian Bibles, was written on
the skins of several hundred animals. A library of parchment was, quite
literally, a herd.
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Parchment’s virtues were real and for centuries decisive. It does not crack; it
flexes. Folded into gatherings and sewn, it made the codex possible, and the
codex, the book as we know it, was parchment’s gift to reading. It takes ink on
both sides, it tolerates damp that would ruin papyrus, it can be scraped clean
and written again, which is why so many ancient texts survive only as faint
ghosts beneath medieval ones, the palimpsests that modern imaging keeps
resurrecting. And it lasts. The Dead Sea Scrolls, parchment hidden in desert
jars, survived two thousand years. A parchment charter from the reign of
William the Conqueror is still perfectly legible, still legally cited. No digital
medium has yet demonstrated a century of such reliability, let alone a
millennium.

Its price was its downfall, though the downfall took five hundred years to
arrive. Every sheet of parchment was an animal, or a good fraction of one, and
animals do not scale. The skins had to be limed, dehaired, stretched and
scraped by specialists, the parchmenters, whose craft gave some medieval
towns a whole street and a guild. The cost structure had a hard floor: a big
Bible needed the skins of a flock, and a monastic library was a capital asset on
the scale of the monastery’s land. Writing on parchment was a decision taken
at the level of an institution, not an individual. Nobody drafted a letter on
vellum.

The rivalry between parchment and paper, when paper finally reached Europe,
was not really a fair fight, and contemporaries knew it. Paper was weaker, tore
more easily, and carried a whiff of the rag heap and, to conservative noses, of
the infidel East, for it had come through the Islamic world. Some princes
banned it for official records; the Holy Roman Emperor Frederick II outlawed
paper for public documents in Sicily in 1231, on the eminently practical
grounds that it would not last. He was right, about the paper of his day, and it
did not matter. Paper could be made in a watermill from rags by the thousand
sheets; parchment could be made from a sheep, once. Economics settled what
snobbery contested.

The palimpsest deserves more than a sentence, because it is parchment’s
strangest afterlife. A surface expensive enough to reuse was a surface that
remembered twice: the original text was scraped and washed away, the sheet
rewritten, and the erased words lingered as stains in the skin. Modern
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multispectral imaging has recovered whole libraries from beneath the visible
text: the Archimedes Palimpsest, a tenth-century copy of works by the greatest
ancient mathematician, overwritten with a thirteenth-century prayer book,
was read again only in the 2000s. Under the prayers were the Method and the
Stomachion, texts known from no other copy. The animal skin kept the secret
for eight hundred years because it had been worth keeping when paper would
have been thrown away.

Parchment also fixed the geography of European book production in ways
paper later inherited. The great parchment-making towns clustered where
sheep, lime and running water coincided, and the monastic scriptoria that
consumed the skins became the first true publishing industry: standardized
page layouts, house styles of script, quality control by senior monks, even
something like print runs when a popular psalter was copied in batches. When
paper arrived it did not create the European book trade; it fed a trade that
parchment had already organized. That is a pattern this book will meet again
and again: a new material rarely invents its market. It finds a market already
shaped by the old material’s price, and then it explodes it.

Parchment never died. It retreated to the heights: diplomas, deeds, the formal
acts of states. The Acts of the British Parliament were printed on vellum into
the twenty-first century, and when the practice was ended in 2016 as a cost
saving, the outcry forced a partial reversal. There is a lesson in that small
controversy. A writing surface can carry not just words but weight, the felt
sense that a document matters, and parchment carries it still. Paper took over
the world of words by being cheap enough for everything. Parchment kept the
world of ceremony by being expensive enough for almost nothing.

C H A P T E R  4

The Weight of Bamboo

o understand why paper was invented in China, it helps to understand
how badly China needed it. By the time of the Han dynasty, the Chinese

state had become the most paperwork-intensive organization on earth. A
census to take, taxes to record, laws to promulgate, an examination system to
administer, a court chronicle to keep, an army of officials corresponding across
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a continent: the empire ran on documents, and the documents ran on two
materials, bamboo and silk, one too heavy and one too dear.

The bamboo slip was the workhorse. Strips of bamboo, or wood in the north
where bamboo did not grow, were cut to standard lengths, smoothed, cured
over fire, and written on in a single vertical column with brush and ink. The
slips were then tied together with cords into bundles that could be rolled for
storage, the ancestor of the Chinese book. The system was cheap, durable, and
gloriously scalable in every dimension except one: mass. Bamboo is dense, and
a book of bamboo is a log. The chroniclers preserved the numbers because the
numbers were absurd. The indefatigable Emperor Wu of Han is said to have
set himself a daily reading quota of state papers that had to be moved by strong
men; the phrase “five cartloads of books” became the standard Chinese
compliment for a scholar, which tells you both how much the Chinese valued
learning and how literally they measured it by the cartload.

Archaeology has made the point vivid. Tomb finds of bamboo-slip libraries,
legal codes, medical manuals, military texts, mathematics books, show a
written culture of stunning richness trapped in a format a modern reader can
barely lift. The sleepers of the Qin and Han bureaucracy, men who spent their
lives writing on strips, must have felt the problem in their backs. There had to
be a lighter way to run an empire.

Silk was the lighter way, and it was closed to almost everyone. Woven silk took
ink beautifully: it was smooth, light, rollable, and lovely to write on, and the
wealthy used it for letters, maps and fine books. But silk was currency, literally,
bolts of silk functioned as money and tax payment in Han China, and writing
on money has obvious limits. A silk book was a treasure object. The material
that the empire’s paperwork actually needed had to be cheap enough to burn,
light enough to carry, and plentiful enough to make by the cartload in the other
direction.

The Chinese had been circling the answer for a long time without naming it.
Felted fibre sheets were old hat in one specific context: padding and clothing
made from wadded silk waste, and possibly from hemp fibres, pressed into
mats. The process of washing and beating rags in water, letting the fibres mat
on a screen, was not a conceptual leap so much as a migration of technique
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from the laundry and the loom to the writing desk. Archaeologists have found
papers in Han contexts that predate the official invention, coarse hemp papers
from the second century BCE, including one from a tomb at Fangmatan bearing
what may be a map, the oldest known paper fragment with a drawing on it.
The idea was in the water, so to speak, decades before anyone got credit for it.

The bamboo tradition left one more legacy that is easy to miss: the vertical
column. Chinese writing ran top to bottom, right to left, because the bamboo
slip was a narrow vertical strip, and the column on the slip became the column
on the silk, and then the column on the paper page, long after the material
reason for it had vanished. Materials outlive themselves in habits. The same
thing happened everywhere: papyrus’s columns shaped the scroll, the scroll’s
columns shaped the codex page, and the codex page still shapes the PDF on
your phone. When you scroll a document in vertical pages on a screen that
could flow text any way at all, you are feeling, at three removes, the shape of a
strip of bamboo.

Nor should bamboo be written off as merely the heavy past. In much of Asia it
never stopped being a writing material for records that had to survive rough
handling, and in the modern paper industry bamboo has come back as a pulp
fibre in its own right: fast-growing, harvestable in three to five years, and
pulped in India and China at meaningful scale for tissue and printing grades.
The strip that was too heavy for an emperor’s paperwork turns out to be a
perfectly respectable tree-free fibre for the twenty-first century. Materials do
not die in this industry. They wait.

What was missing was the moment when technique, need and patronage met:
someone with access to the best materials, a reason to improve them, and the
emperor’s ear. That combination arrived at the Han court in the year 105, in
the person of a eunuch official named Cai Lun, and the world’s oldest
continuous industry counts its birthday from his report. The bamboo slips did
not vanish overnight; they lingered for centuries in conservative corners, the
way parchment would later linger in Europe. But from the moment the first
true sheet of pulp paper dried in the sun, the cartload was doomed. The
empire’s memory was about to lose almost all of its weight.

C H A P T E R  5
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Cai Lun and the Recipe

he man history credits with paper was not an inventor in the lone-genius
mould, and that is part of what makes the story true. Cai Lun was a court

eunuch of the Han dynasty, born around 50 CE in what is now Hunan province,
who rose through the palace service to become, in 89 CE, the Shangfang Si, the
director of the imperial workshop, the office responsible for making swords,
instruments and fine objects for the emperor’s household. He was, in modern
terms, the head of the imperial research and development laboratory, and like
every good lab director in history, his genius was organizational: he gathered
the best available techniques, improved the recipe, standardized the process,
and used his position to make the result official.
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A Han workshop: the mould comes up from the vat with a new sheet.

The official history, the Book of the Later Han, gives the moment in a single
consequential sentence. In the first year of the Yuanxing era, 105 CE, Cai Lun
reported to Emperor He that he had made paper from tree bark, hemp waste,
rags and fishing nets, and the emperor praised his ability and ordered the
method adopted everywhere. The ingredients matter, so look at them: bark of
trees, almost certainly mulberry, the ends and waste of hemp rope and cloth,



24

old rags, worn-out nets. Not silk, not bamboo, not anything a person would pay
for. Cai Lun’s recipe was a formula for turning garbage into writing surface,
and every word of it is an economic statement: paper would be made from
what the world threw away.

"He invented a way to rescue fibre, and the tree-eating
came much later, when the rags ran out."

The process the record implies, and that Chinese papermakers then practiced
for a thousand years, is recognizably the same process every paper mill on
earth still runs, at a different scale. The raw materials were sorted, soaked, and
boiled, often with lime or wood ash lye, to soften them and strip away the non-
fibrous matter. The softened mass was pounded, first with mortar and pestle,
later with water-powered stampers and trip-hammers, until the fibres
separated and frayed into pulp. The pulp was diluted in a vat of water into a
thin slurry. A screen, woven bamboo laced in a wooden frame, was dipped
through the slurry and lifted out with a practiced shake that matted the fibres
into an even web. The water drained through the screen; the wet sheet was
couched onto a pile of its fellows, pressed, and finally dried, on heated walls in
the north, on boards in the sun elsewhere. Sheet by sheet: bark to book in a
day.

Each step conceals a decision that still defines paper quality. How long to cook
the fibres, and in what alkali: that is the pulping question. How much to beat
the pulp: that decides strength against absorbency. How thin the slurry, how
the screen is shaken: that is formation, the evenness of the sheet. Whether to
size the surface with starch or gelatine so ink sits instead of feathering: that is
printability. Cai Lun’s workshop solved, at bench scale, every fundamental
problem of the industry. Nothing essential has been added since except power.

The man himself came to a bad end, as court men did. Caught in a palace
intrigue in 121 CE, ordered to report to the prison, Cai Lun bathed, dressed in
his best robes, and drank poison. He left no writings, no machine drawings, no
patent: just the recipe, the workshop tradition, and a material that within a few
centuries had become so ordinary in China that nobody remembered it had
ever been new. The Chinese made him a god of papermaking, and his tomb at
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Leiyang keeps his temple. It is a reasonable apotheosis. Very few human beings
have altered the daily material basis of civilization; almost none have done it
with rags and fishing nets.

The archaeology keeps pushing the date back, and honesty requires holding
both facts at once. The coarse hemp papers from Fangmatan and other Western
Han sites are real, and they mean the technique existed in some form decades,
perhaps centuries, before 105 CE. What Cai Lun contributed was not the first
fibre sheet but the first industrial one: a specified recipe using free raw
materials, a repeatable process, and imperial adoption that turned a workshop
trick into a state technology. Inventions are rarely moments; they are
thresholds. Cai Lun’s report is the threshold paper crossed, the point after
which the record of its existence becomes continuous and loud.

The early Chinese papers themselves survive, and they are worth picturing.
Analysis of Han and Jin fragments shows hemp and ramie fibres, heavily
beaten, sometimes coated with starch or mineral white to improve the writing
surface, already exhibiting the two great quality levers of all later paper: the
beating that bonds and the coating that carries the ink. By the third and fourth
centuries, Chinese makers were producing papers fine enough for calligraphy
that is still admired as art, and the craft had developed its own vocabulary of
grades and famous regional products. The capital’s scholars argued about
papers the way Pliny’s Romans had argued about papyrus grades. A material
has truly arrived when connoisseurship begins.

And the deepest point is the one the recipe itself teaches. Paper was born as
recycling. The first paper was not made from forests; it was made from waste,
from the frayed ends of textiles and rope, re-formed into a second life. Twenty
centuries later, when the industry congratulates itself on the circular economy,
it is describing the material’s original nature. Cai Lun did not invent a way to
consume trees. He invented a way to rescue fibre, and the tree-eating came
much later, when the rags ran out.
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C H A P T E R  6

The Craft Perfected: Xuan, Korea, Japan

n invention is only the start of a craft. In the centuries after Cai Lun,
Chinese papermaking sorted itself into regional schools, each tuned to a

fibre and a purpose, and the best of them became names that still carry weight.
The most famous is Xuan paper, from the prefecture of Xuanzhou in Anhui: a
sheet built on the bark of the blue sandalwood tree, the qingtan, blended with
rice-straw fibre, prized for calligraphy and painting because it drinks ink in a
controlled way, soft, absorbent, layered, and astonishingly long-lived. Xuan
paper’s reputation rests on a property every paper technologist will recognise:
the craft controls not just the sheet’s look but its behaviour in time, how it
receives the brush today and how it yellows, or refuses to, across a thousand
years. Fine Chinese papers became objects of tribute and trade; paper joined
silk and porcelain in the basket of things the Middle Kingdom made better than
anyone.

The craft crossed borders the way crafts do: with monks, merchants, and
migrants. Paper reached Vietnam in the third century, Korea in the fourth, and
Japan by the fifth. Korea made it its own: Korean paper of the Koryo period,
built on mulberry bast, earned a reputation across East Asia for a glossy white
surface prized for calligraphy and painting, and Chinese connoisseurs collected
it as an import luxury. The usual date for paper’s official arrival in Japan is 610
CE, when the Korean Buddhist monk Damjing is said to have brought the craft
to the court of Empress Suiko, carrying not just papermaking but the brush,
ink, and the religion that would consume most of the early sheets.

Japan then performed the act it performs so well: total absorption, then
refinement past the source. Washi, “Japanese paper”, became a family of
handcrafts built on three bast fibres: kozo, the paper mulberry, workhorse of
the tradition; mitsumata, the elegant shrub whose fine, ivory sheet takes
printing beautifully; and gampi, the wild, uncooperative plant that yields the
lustrous, tissue-fine, nearly translucent sheets connoisseurs love. The Japanese
method differed from the Chinese in the water itself: the vat was charged with
neri, a viscous formation aid drawn from hibiscus roots, which let the
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papermaker rock long fibres into extraordinarily even, thin, strong sheets, and
which European chemists would rediscover as “formation aids” a millennium
later in synthetic form. The fibres are long, the sheets are thin, and the strength
is absurd: washi was used for clothing, for umbrellas, for lanterns, for
windows, for toys, for the vestments of Shinto priests and the statues of
Buddhas. A material you can wear, build with, and pray through is not a
writing surface; it is a platform.

The Japanese state also ran paper at industrial seriousness. Under the
kokubunji system and the great temples, sutra copying consumed paper by the
ton; the Shosoin repository at Nara still holds eighth-century papers,
administrative records of the Todaiji, readable today, among the oldest dated
paper documents on Earth. And one Japanese specialty deserves a forward
pointer: mitsumata paper has printed the country’s money since the Meiji
period, and modern Japanese banknote paper still leans on it. The banknote is
a whole separate IOI study; here it is enough to note that the world’s hardest-to-
forge papers are still, at their core, bast fibres and discipline.

The craft’s survival into the industrial age is itself part of the paper story.
Machine paper nearly killed hand papermaking everywhere it landed, and in
most of the world the hand craft retreated into artist studios. Japan’s craft
never fully broke: the sheet was too embedded in architecture, ritual, and
aesthetics. In 2014 UNESCO inscribed the traditional handicraft of washi,
specifically the Sekishu-Banshi, Hon-minoshi, and Hosokawa-shi traditions, on
the Representative List of the Intangible Cultural Heritage of Humanity. A sheet
that began as a Han bureaucrat’s efficiency measure ended, in one of its
branches, as protected world heritage.

The eastward spread also created the world’s first paper cultures, societies
where the material was abundant enough to be ordinary. In China by the Tang
dynasty, paper was used for things Europe would not imagine for another
thousand years: toilet paper, recorded with distaste by an Arab traveller in the
ninth century; paper money, introduced under the Tang and flying under the
Song; paper windows, paper fans, paper umbrellas, paper armour, laminated
layers tough enough to stop an arrow, issued to soldiers who could not afford
leather. The Chinese did not merely write on paper. They lived inside it. Every
later paper economy has been an echo of that first completeness.
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Korea received the craft early, and Korean papermakers raised it to an art that
connoisseurs still rank among the finest ever made: hanji, beaten from the
inner bark of the paper mulberry, so strong that documents on it have survived
a thousand years of handling, so beautiful that modern conservators use it to
repair Western manuscripts. Japan took the technique in the early seventh
century, tradition says through the monk Doncho, and made it sacred: washi
became the material of sutras and Shinto ritual, of shoji screens that turn
sunlight into a glow, of the thousand origami cranes. The Japanese
papermakers discovered that the long mulberry fibres, barely beaten, gave a
sheet of paradoxical strength-in-softness, and they guarded the craft in family
lineages that in a few cases still make paper today. When UNESCO listed washi
as intangible cultural heritage in 2014, it was honouring the oldest unbroken
branch of Cai Lun’s tree.

East Asia also settled paper’s first great business model: the material as
infrastructure of religion. In China, Korea, and Japan alike, the early mass
market for paper was not letters or commerce but devotion: sutras copied for
merit, charms, records of temples that were also banks and landlords. The
printing of sacred texts, which East Asia pioneered long before Gutenberg, will
meet us again in Part IV. Paper’s first killer application was not the book. It was
the prayer, reproduced.

C H A P T E R  7

Samarkand: Paper Comes West

very technology has a geography lesson hidden in it, and paper’s is the
road from Chang’an to Samarkand. For six centuries after Cai Lun, China

kept the sheet largely to itself. Then, in the middle of the eighth century, two
empires collided at the western edge of the Chinese sphere, and the secret
walked out with the prisoners.



30

Paper reaches Samarkand: the Silk Road carries the recipe west.

The Battle of Talas, fought in 751 between the armies of the Abbasid Caliphate
and the Tang dynasty near the Talas river in what is now Kyrgyzstan, was a
frontier skirmish that decided which power would dominate Central Asia. Its
place in this book comes from a later account. The eleventh-century Persian
historian al-Tha’alibi wrote that among the Chinese captives taken at Talas
were men who knew how to make paper, and that they founded the craft in
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Samarkand. The story is neat, possibly too neat: archaeologists have shown
that paper was known and used in Samarkand decades before 751, so the
prisoners, if they existed, upgraded a practice rather than starting one. But the
direction of travel is not in doubt. The craft crossed from the Chinese world
into the Islamic world in eighth-century Central Asia, and Samarkand was its
first great western home.

Samarkand made sense as the bridgehead. It was already one of the trading
hubs of the Silk Road, a city where Chinese silk, Indian spices, and Persian
silver changed hands. It had water, the Zeravshan river and its canals, and it
had fibre: flax and hemp grew in the region, and a city of merchants generated
rags. Within decades, Samarkand’s paper was famous enough to be a brand. A
tenth-century Persian geography, the Hodud al-Alam, lists paper among the
city’s noted products, and the paper of Samarkand became a name of quality
across the Islamic world; ministers in Egypt, it was said, ordered their writing
paper from Samarkand rather than settling for local stock. Paper had become a
traded commodity with regional brands, an industrial product in the full sense,
three centuries before Europe made a single sheet.

The Islamic world did not merely adopt the craft; it adapted the recipe, and the
adaptation mattered as much as the transfer. Chinese papers leaned on fresh
bast fibres, mulberry above all. The Islamic cities, short on mulberry but rich in
linen and cotton waste, became the great rag papermakers: their sheets were
built on old cloth, ropes, and cordage, beaten to pulp. That shift, from tree bark
to rags, was paper’s first major raw-material pivot, and it would define the
European industry for another six hundred years. The Islamic mills also
refined the finishing: papers were sized with starches, rice, wheat, gum
tragacanth, white sorghum, which hardened the surface for the reed pen and
the abrasion of a scribal culture. Each geography that took up paper did so by
remaking it from its own waste streams. That is a theme this book will keep
meeting: paper is not one material but a process applied to whatever fibre a
civilisation throws away.

The Talas story, prisoner-papermakers founding Samarkand’s industry, is one
of those historical anecdotes too neat to trust completely, and modern
historians suspect the craft had already been trickling west along the caravan
routes for decades. But the date still marks something real: the moment paper



32

I

stopped being China’s secret and became the world’s. Samarkand made the
most of it. The city’s papermakers, working with the flax and hemp of Central
Asia and the pure water of the Zeravshan, produced a sheet so good that
“Samarkandi paper” became a brand across the Islamic world, the Pliny-grade
of its century. The geographers of the Abbasid age listed it among the wonders
of Transoxiana, exported in every direction, and for two or three centuries the
oxford of paper was an oasis city on the Silk Road.

What Samarkand proves, if proof were needed, is that paper is a portable
technology with a local body. The recipe travels in a sentence: soak, beat,
screen, dry. But the sheet that comes out carries its place in it, the local fibre,
the local water, the local lime and starch. There is no abstract paper. There is
Samarkand paper and Fabriano paper and, much later, Saugerties paper and
Ribas do Rio Pardo pulp, each one the universal process wearing local clothes.
Every mill in this book is an instance of that sentence being spoken with an
accent.

From Samarkand the craft moved down the rivers and along the trade routes
with a speed that maps well onto the Abbasid state’s appetite for
administration. The chronology, as the sources record it: papermaking at Gilgit
by the sixth century, Samarkand by 751, Baghdad by 793, Egypt by about 900,
Fes in Morocco around 1100. Each new mill town followed the same logic,
water, fibre waste, and a court that wrote things down. The industry was now
unstoppable, because it had found its first true patron: not an emperor’s
workshop, but an entire civilisation’s paperwork.

C H A P T E R  8

Baghdad: The Paper Capital

f Samarkand was paper’s bridgehead, Baghdad was its first metropolis. The
Abbasid capital, founded in 762 on the Tigris, grew into the largest, richest

city on Earth, and it ran on the new material in a way no state had before.
Paper arrived by 793, and within a generation the city had given it something
new: an industrial district and a retail trade.
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Start with the street. Baghdad had a paper market, the Suq al-Warraqin, the
Stationers’ Bazaar, a street lined, by the tenth century, with more than a
hundred shops selling paper and books. Read that number again. A hundred
specialist shops in one market means a manufacturing base, a distribution
trade, a profession of stationers and copyists, and a public that buys writing
material the way it buys cloth. Paper in Baghdad was not a palace technology;
it was a consumer good. The warraq, the stationer-copyist-papermaker-
bookseller combined, became a figure of the city’s economy and its literature
alike, the man who made the sheet, copied the book, and sold you both.

The state drove the demand. The Abbasid bureaucracy was vast, literate, and
proud of it, and paper was its operating system. The historian Ibn Khaldun,
looking back, connected the switch directly: parchment was rare and
expensive, the volume of official correspondence across the caliphate’s
territories was exploding, and so the Grand Vizier al-Fadl ibn Yahya ordered
the manufacture of paper to replace parchment in the administration. That is a
documented case of a government doing what governments do when a cheaper
material appears: mandating it. Procurement is the oldest accelerant of
industrial revolutions.

With the state came the book trade, and with the book trade came something
like an information economy. Baghdad’s paper fed the translation movement
centred on the House of Wisdom, where Greek, Persian, and Indian texts were
copied into Arabic at a scale the parchment world could never have afforded.
Cheap sheets meant cheap copies; cheap copies meant libraries that were no
longer treasure rooms but working collections. The sources make the
comparison bluntly: between the ninth and early twelfth centuries, the
libraries of Cairo, Baghdad, and Cordoba held collections larger than those of
China and dwarfing anything in Europe. Paper and libraries grew together,
each feeding the other. The city also industrialised the making itself: particular
neighbourhoods were set aside for paper manufacture, and it was in Baghdad
that a method for making a thicker sheet helped turn papermaking from a craft
into a recognised industry.

One more Baghdad lesson belongs to industrial economics. The city’s mills ran
on rags, which meant they ran on a supply chain of waste: old linen, worn
cordage, discarded cloth collected, sorted, and beaten back into fibre. Waste
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has a price, and a city of a million people produces it reliably. Paper’s feedstock
in the Islamic world was the used-up textile economy, recycled. The nineteenth
century would call this recovered fibre and build mills around it; the tenth
century just called it rags. Either way, the pattern holds from Baghdad to Nine
Dragons’ Dongguan: a paper industry is always, in part, a waste-management
industry.

The scale of Abbasid paper production is easy to underestimate because so
little of the product survived, a papyrus-and-parchment world erases its paper,
but the indirect evidence is loud. Baghdad’s book market, the suq al-warraqin,
the street of the paper-sellers, had a hundred shops by the tenth century. The
paper-sellers were not stationers; they were the supply chain of the largest
translation and copying operation the world had yet seen, the movement that
carried Greek philosophy, Persian statecraft and Indian mathematics into
Arabic. When al-Ma’mun’s scholars translated Galen or the Sindhind, the
manuscript went onto paper, and when the madrasas multiplied, the students’
notebooks were paper. The whole classical-Islamic intellectual explosion,
algebra, algorithms, optics, hospitals, has a substrate, and the substrate is rag
pulp.

The warraqin also invented something Europe would later perfect: publishing
before print. A popular text, a poet’s diwan, a jurist’s manual, could be
produced in dozens of copies by dictation to rooms of scribes, and the author
could correct and authorize an edition in his lifetime. Paper made the copy
cheap enough that an author could think in terms of readership rather than
patron. The historian al-Jahiz, whose bookshop-haunting was proverbial, wrote
hundreds of works because there was suddenly a material and a market that
could carry them. Whenever this book returns to the question of what paper
does to a society, Baghdad is the first complete answer: it makes knowledge a
commodity, and then it makes a civilization out of the commodity.

What Baghdad proves, above all, is that paper was never only a writing
material. It was a platform for administration, commerce, scholarship, and
street-level trade, and it created professions and districts wherever it landed.
When the craft moved on, to Cairo, to Cordoba, and eventually to Europe, it
carried that whole ecosystem with it: the mill, the market street, the copyist’s
shop, the library. Paper does not travel as a product. It travels as an economy.
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C H A P T E R  9

The World the Arabs Made of Paper

ollow the sheet past Baghdad and you can watch a material reorganise a
civilisation. In Egypt, paper walked into the home of papyrus and took the

house. The same Nile that had grown the reed for three thousand years now
floated rags to the mill; by about 900 the country was making paper, and by the
end of that century the new material had overtaken the old in its own
birthplace. The papyrus scroll became a relic within living memory. Few
industrial substitutions in history are that complete, that fast, in the
incumbent’s home market.

The reasons were the reasons from Chapter 2, now working at scale. Paper
could be made in Fustat and Alexandria from Egyptian flax waste; it folded
where papyrus cracked; it took the codex format that the region’s religious
cultures increasingly preferred. Egypt’s own records make the transition
visible in a way few industrial revolutions can be seen: the papyri stop, the
paper documents begin, and the geniza of Cairo’s synagogue, a storage room
for worn-out papers, preserves an entire paper-based society in its waste.
Letters, accounts, marriage contracts, shopping lists: by the eleventh century,
ordinary Mediterranean life ran on sheets of beaten rag.

In the Maghreb and al-Andalus, the craft reached Fes around 1100 and crossed
into Muslim Spain, where it found its European beachhead. Al-Andalus was the
Islamic world’s advanced economy: irrigated, urban, literate, and rich.
Cordoba’s libraries were famous across two continents; the sources rank them,
with Cairo’s and Baghdad’s, beyond anything China or Europe could then show.
Paper mills appeared across the peninsula, and one town above all became
synonymous with the industry: Xativa, south of Valencia, where thick, strong,
well-sized paper was made by Muslim craftsmen using water-powered mills.
The first recorded paper mill on the Iberian peninsula stands at Xativa in 1056;
by 1150 the town was firmly established as a papermaking centre, and its
product competed across the Mediterranean.

Paper also changed what the Islamic world did with knowledge. Cheap sheets
plus a religion of the book plus an empire of trade produced a scribal culture at
industrial scale. Mathematical texts, astronomical tables, medical compendia,
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geographies, all of it copied, corrected, excerpted, and shipped along the same
routes that carried the sheets themselves. The codex of the madrasa and the
merchant’s account book are the same object from different ends of the
market. When later Europeans learned algebra, algorithms, and double-entry
habits of mind from Arabic texts, they were receiving cargo that had travelled
on paper’s back.

There is a technological footnote that belongs here because it delayed Europe’s
entry for centuries: water power. The Islamic mills applied the waterwheel to
pulp preparation, replacing hand pounding with cam-driven stamping
hammers. The mechanism was old in grain milling; adapting it to rags meant
that the most labour-hungry step of papermaking, reducing cloth to pulp, could
run on a river. When a Christian king of Aragon, Peter III, issued a decree
establishing a royal hydraulic mill at Xativa, it was operated by the town’s
Mudejar, Muslim, papermaking community, and the document is careful to
protect the hand-beaters’ right to keep working the old way. Even in the
thirteenth century, a paper mill was something a king wanted to own, and a
guild wanted to survive.

The Islamic world also solved, a thousand years early, the problem that every
later paper economy would face: what to do when demand outruns rags. Their
answer was agricultural fibre. In Egypt and the Maghreb, flax was the
feedstock; further east, hemp; and where those ran short, the makers
experimented with bark, with palm fibre, with anything that could be rotted,
cooked and beaten. The treatises mention straw paper as a poor relation, and
the great encyclopedist al-Nuwayri devoted a section of his vast compendium
to the practical chemistry of the vat, what lye does to flax, how to whiten pulp,
how to size with starch. It reads like a medieval TAPPI manual. The industry
was already asking the question Keller would answer in 1843: if not rags, then
what?

The journey westward within the Islamic world left a paper trail in the most
literal sense: the Cairo Geniza. A storeroom of a medieval synagogue in Fustat,
where worn documents were retired because they bore the name of God,
preserved some three hundred thousand fragments of paper and parchment:
business letters, marriage contracts, shopping lists, children’s exercises, the
whole paperwork of ordinary Mediterranean life from the tenth to the
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thirteenth century. It is the richest single archive of everyday writing that
survives from the pre-modern world, and it exists because paper was cheap
enough that everyone used it and durable enough that it waited nine centuries
for the scholars. Most of the Geniza is paper, and most of it is rags reborn.

By 1200, the Islamic world had built paper’s first complete industrial ecology:
fibre supply, powered mills, sized and graded products, urban markets, state
procurement, and an export trade that made distant cities pay for a name,
Samarkand, Xativa, Damascus. Europe, when it finally took up the craft,
inherited this system whole. It would spend the next three centuries improving
two things: the power source and the speed. And then, much later, it would
break the one constraint the whole Islamic system still accepted without
question: that paper begins as old cloth.

C H A P T E R  1 0

Xativa and Fabriano: Europe Learns the
Sheet

urope was the last great civilisation to get paper, and it got it the way it got
so much else in the twelfth and thirteenth centuries: through Spain and

Italy, from the Islamic world. The paper that crossed over was already a
mature industrial product. What Europe added, over the next two centuries,
was power, and a chemical trick, and a brand.
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Fabriano, around 1300: water power, trip hammers, and the industrial rag sheet.

The first European mills were Spanish, and Muslim-run: Xativa’s mill is
recorded as early as 1056, Toledo was making paper by 1085, and Xativa was a
settled papermaking town by 1150. The town’s product, a thick, well-sized
sheet, sold across the Mediterranean. Christian Spain tried to tax and own the
craft it had inherited; Peter III of Aragon’s decree founding a royal hydraulic
mill at Xativa is a small masterpiece of early industrial policy, complete with
labour protections for the Mudejar papermakers who resented the crown’s
water-powered competition and were promised they could keep beating pulp
by hand. The document catches the exact moment a hand craft meets a
powered mill, and it would not be the last time papermaking had that fight.

Italy took the craft next, and Italy made it European. The chronology in the
sources is compact: mills at Amalfi, Fabriano, and Treviso by the later
thirteenth century, spreading through the Italian towns by 1340. Each town ran
on the same geography: a fast stream for power and washing, a textile
economy for rags, and merchants to carry the product. But it was Fabriano, a
small town in the Marche with no particular destiny, that turned papermaking
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from an imported technique into a European technology, and its three
innovations deserve listing one by one, because every paper mill on Earth still
uses their descendants.

The first was power applied to the rags. Fabriano’s mills drove stamping
hammers with waterwheels: heavy pestles lifted by cams and dropped on wet
rags in stone troughs, running day and night, turning cloth into pulp at a
fraction of the hand cost. The stamping mill mechanised the bottleneck of the
whole process. Output per worker multiplied; the price of Italian paper fell
until it stood at roughly a sixth of parchment’s, and kept falling. Everything
that follows in this book, printing, newspapers, packaging, office paper, begins
in that price collapse.

The second was sizing. Raw paper drinks ink like blotting paper; Islamic mills
answered with starch. Fabriano answered with animal glue: gelatin boiled
from the scraps of the local tanneries, applied to the formed sheet, giving a
hard, smooth, durable surface that took the quill cleanly and resisted damp
and insects. It was a local waste product turned into a quality signature, and
gelatin-sized Italian paper became the standard that other towns measured
themselves against.

The third was the watermark. Fabriano’s papermakers began sewing bent wire
figures onto the mould’s screen, so the sheet formed thinner over the wires and
carried a translucent mark, a cross, a circle, an animal, a name. It began as a
mill trademark and became something much larger: a date stamp, a quality
grade, an anti-fraud device, and eventually the watermark in your passport
and your currency. Every security paper in the world descends from wire bent
by a Fabriano mould-maker’s fingers.

From Italy the craft walked north on merchant feet. Troyes in Champagne had
paper by 1348; the Low Countries around 1340 to 1350; and in 1390 a
Nuremberg patrician named Ulman Stromer, who had seen the Italian mills on
business, built the first mill north of the Alps and, memorably, recorded the
event himself, one of the first industrial memoirs in European history. His mill
appears in the Nuremberg Chronicle of 1493, a paper mill drawn on paper.
Switzerland followed by 1432. England, typically late and typically stubborn,
got its first mill around 1490 from John Tate near Hertford, and its first
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commercially successful one only in 1588, when John Spilman set up at
Dartford in Kent and extracted a favourable royal patent for his trouble.

Fabriano’s three inventions deserve the engineering eye, because together they
form the complete grammar of Western paper. The watermark first: a wire
design sewn to the mould, thinning the sheet above it, so that the finished
paper carries a translucent signature visible against the light. It began as a
maker’s trademark and within decades had become something more: a proof
of origin, an anti-counterfeiting device, a collector’s taxonomy. Today
watermarks are how historians date and locate medieval manuscripts, an
entire scholarly discipline, filigranology, built on bent wire. Every security
thread and every portrait watermark in every banknote on earth descends
from Fabriano’s idea that a sheet can certify itself.

The hammer mill second: water-driven cams lifting heavy stampers that
pounded the rags to pulp, replacing the hand mortar and multiplying output
per worker by an order of magnitude. This is the moment paper joins the first
industrial revolution, the medieval one of water power, three centuries before
the steam engine got the credit. And the gelatine sizing third: rags boiled to
glue, the sheet dipped in it and dried, so that ink sat on a hard surface instead
of soaking into a sponge. Arabic papers were sized with starch, which fed mold
and mice; gelatine made the European sheet durable, stiff, and faintly glossy. A
Fabriano sheet of 1300, properly kept, is still crisp today, which is more than
can be said for most machine paper of 1900.

Two features of this slow conquest matter for everything after. First, paper in
Europe was from the start a business, not a court technology: mills were
private, capital-hungry, and competitive, which is why the continent innovated
on cost and speed rather than refinement. Second, the craft arrived just in
time. A century after Fabriano, a goldsmith in Mainz would begin casting
letters of lead. Without cheap Italian and German paper, Gutenberg’s press is a
curiosity that prints on sheepskin for princes. With it, it is the future. Paper and
print were not two inventions. They were one industrial revolution with a
hundred-year head start on itself.

C H A P T E R  1 1
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The Rag Economy

or six hundred years, from Fabriano’s rise to the middle of the nineteenth
century, Western paper had exactly one ingredient, and it was not a crop. It

was used-up cloth. Linen and hemp rags, with cotton arriving later, were the
fibre base of European and American paper, which means the industry ran,
start to finish, on its customers’ waste. To understand the great paper industry
of the hand era, follow a worn shirt.

The shirt began in a flax field, became thread, became cloth, became clothing
or bedding, and wore thin over years of washing, the washing mattering,
because every scrub broke down the harshness of the fibre and left it softer,
more hydrated, better for pulp. When the shirt could no longer be worn,
patched, or sold as second-hand, it entered the rag trade: collected door to door
by rag-and-bone men, bought by dealers, sorted by women in warehouses into
grades by fibre and fineness, stripped of buttons and seams, and sold on,
sometimes across borders and seas, to the mills. It was a fully commercial
supply chain for garbage, centuries before anyone coined the word recycling,
and it paid. Rags were a serious line item in the customs books of trading
nations; exporting countries periodically banned rag exports to starve foreign
mills, and importing mills lobbied against the bans, an early industrial
materials war fought entirely over old clothes.

The chemistry of the rag is why the whole system worked. Flax, hemp, and
cotton are cellulose almost ready to use: the plant has already done the
extraction, the spinning has already aligned the fibre, and years of use have
already stripped the waxes and pectins. A rag is cellulose pre-processed by the
textile industry for free. The paper mill’s job was cleaning, cutting, fermenting
(rags were left to rot slightly, a controlled retting that loosened what washing
missed), and then the long beating that pulled the fibres apart into pulp.
Compare that to what a modern wood mill must do, chemically digesting lignin
out of a tree at temperature and pressure, and the rag looks less like waste and
more like a gift. The quality of the result matched: rag papers are strong, stable,
and alkaline-friendly, which is why five-hundred-year-old rag books can be in
better health than eighty-year-old newsprint.
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But a waste stream is a ceiling. The rag supply grew with the population and
the textile economy, and only with them. You cannot plant rags. You cannot
clear-cut old shirts. As Europe’s appetite for paper grew, first steadily with the
book trade, then violently with the newspaper, rag demand grew straight into
that ceiling. Mills fought over grades and regions; prices climbed; quality
slipped as mills reached for poorer stock. By the late eighteenth century the
industry’s brightest minds were openly hunting for another fibre, and the hunt,
wasps, straw, esparto grass, and finally wood, is one of this book’s central
stories, told in Part IV and Part V. The rag economy did not fail. It succeeded
into its own limit, and the limit forced the second great raw-material pivot in
paper’s history.

The rag era left permanent marks on the industry’s shape. Mills clustered
where textiles clustered: the paper map of Europe was a shadow of the linen
map. Rag sorting and mill work became recognised, sometimes organised,
sometimes exploited, urban trades. And the grading habit, the idea that fibre
comes in qualities and a sheet is engineered by blending them, carried straight
over into the wood age and survives in every modern mill’s furnish recipe.
When a mill today blends softwood kraft with hardwood pulp and broke and
recovered fibre, it is doing, with instruments, what a Fabriano sorter did with
her hands.

The rag economy had a darker stratum that the polite histories skip: it rested
on the poorest labour in Europe. Rag picking was the work of people with no
other work, women and children combing refuse heaps, the urban rag-and-
bone men with their carts and cries, and the sorting rooms of the mills, where
women graded the filth of a city by hand and eye, inhaling the dust of a
thousand strangers’ clothes. The sorters were the mill’s quality control and its
most expendable organ. Infections rode the rags; there are records of mill
towns tracing outbreaks to the sorting rooms, and the rags of the dead were
prized for their softness in exactly the way you would rather not think about.
The white sheet had a grey supply chain.

There is also a fiscal history hidden in the rags. Because rags were
indispensable and scarce, states treated them as strategic goods. Export bans
were common: England, France and the Italian states all forbade or taxed rag
exports at various times, and smuggling rags was a real profession along the
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coasts. Rag merchants became wholesalers with continental networks, and the
price of rags appears in mill accounts like the price of wheat, watched,
hoarded, speculated in. When historians want a single number that tracks the
growth of European literacy before printing, rag imports are a decent proxy:
the rag trade is the demand curve of the written word, made visible as
commerce.

There is one more inheritance, and it is a warning. The rag system was a closed
loop before the phrase existed: the textile industry’s waste became the paper
industry’s raw material, which became the reader’s book, which became,
eventually, rags again. When the industry pivoted to wood, it traded that loop
for a mine: a standing forest consumed once. The nineteenth century called
this progress, and in volume terms it was. The twentieth century would spend
a hundred years rebuilding the loop, under the name recovered fibre, and the
final third of this book is largely that story. The rag-and-bone man, it turns out,
was not the past of the paper industry. He was its future, wearing a worse coat.

C H A P T E R  1 2

The Vatman's Tools

efore it was an industry of machines, paper was an industry of hands, and
the hands had five tools: the vat, the mould, the felt, the press, and the loft.

Every paper machine ever built, up to the two-hundred-metre giants running
today, is these five tools made continuous. To understand the machine age
when it comes, stand for one chapter at the vat.

The vat held the stuff: pulp diluted in water to a thin slurry, kept warm in good
mills, stirred so the fibres stayed suspended. Its consistency was a judgment
call, around one part fibre to a hundred parts water, and everything
downstream depended on the vatman’s feel for it. The mould was the heart of
the craft: a wooden frame stretched with a screen of laid wires, fitted with a
removable rim called the deckle that fenced the pulp to the sheet’s size. The
vatman dipped the mould into the stuff, lifted it out in one level motion, and
gave it the shake, a practiced double oscillation, forward and across, that
interlocked the fibres in both directions and settled the sheet. Every handmade
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sheet carries the shake in its grain. Skilled vatmen were paid like skilled men; a
good one formed thousands of identical sheets a day, each judged in a second.

The wet sheet, still mostly water, was couched, tipped off the mould onto a
woollen felt, then sheet, felt, sheet, felt, into a growing post of layers. The press,
a great screw, squeezed the post until the sheets could bear their own weight.
Then came the part nobody remembers: the loft, where sheets were hung in
bunches over ropes like laundry, in air that moved slowly, for days. Paper dries
from the air side, and rushing it cooks the surface; the slow loft is why old
paper feels like cloth and not like card. Dried sheets were dipped in size,
Fabriano’s gelatin or the Islamic starches, dried again, then pressed, glazed,
sorted, counted into quires and reams, and wrapped for the road.

The one tool that changed before all the others was the one that made the pulp.
Stamping hammers, water-driven pestles inherited from the Islamic mills, had
beaten rags since Fabriano. Then, in the Netherlands around the 1680s, millers
built a different animal: the Hollander beater, an oval trough of circulating
pulp in which a heavy roll studded with metal bars turned over a grooved
bedplate, tearing the fibres between bar and plate. The Hollander was faster
and more controllable than stamps, and it spread everywhere; the trough-and-
roll shape is the direct ancestor of the modern refiner. But the trade noticed
what it cost. Stamped pulp gave long, well-fibrillated fibres and a strong sheet;
the Hollander’s macerating action produced shorter fibres and a weaker one.
Speed won, as speed does. It is paper’s first recorded case of a trade-off the
industry has now been managing for three centuries: throughput against fibre
quality, the machine against the material.

The craft also carried a quiet accounting system that the industry still uses. The
ream and the quire, twenty-four sheets to a quire, twenty quires to a ream,
were the wholesale units; the watermark carried the mill’s name and grade;
the mould size fixed the sheet size, and the sheet size fixed the book formats,
folio, quarto, octavo, that libraries are still shelved by. When a modern
designer says “A4” they are speaking DIN, but when a bibliographer says
“octavo” they are speaking vat.

The mould itself was a precision instrument disguised as a sieve. The Western
mould was a wooden frame laced with laid wires, close-set horizontal lines,
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and chain wires, thicker verticals, and the pattern they left in the sheet, visible
when you hold old paper to the light, is so regular that bibliographers use the
density of laid lines to date and localize paper the way dendrologists use tree
rings. The vatman’s shake was learned over years: too little and the fibres lay
down in clumps; too much and they aligned into a sheet that tore along the
grain. Formation, the evenness of the fibre web, remains the first thing a paper
expert looks for against the light, and the word itself comes straight from the
vat.

Between the vat and the press stood a device with a lovely name: the coucher’s
felt, and the pile of alternating felts and wet sheets it built was called the post.
Pressing the post forced out water by the gallon; then the sheets were parted
from the felts by the layman, hung in the loft like laundry, sized in a warm
gelatine bath, pressed again, dried again, and finally sorted, counted into
quires and reams, and wrapped for sale. A small mill was a choreography of
perhaps a dozen people moving fibre through water, air and pressure. Almost
every role has a modern descendant inside a paper machine’s control room,
which is why millwrights still say vat, couch, felt and press, eight hundred
years after Fabriano.

Stand back and the hand era’s achievement looks different from the machine
age’s. The machine multiplied output; the craft invented the product.
Formation, couching, pressing, drying, sizing, glazing, grading, branding, every
operation a modern mill performs was worked out at the vat, by people, with
water. The Fourdrinier brothers’ great machine, when it comes in Part VI, will
not invent papermaking. It will teach an endless wire to do the vatman’s shake,
and it will take a war’s worth of capital to get the shake right. The tools were
simple. The skill was the industry.

C H A P T E R  1 3

Gutenberg's Appetite

round 1450, in Mainz, Johannes Gutenberg assembled the system we call
printing: movable metal type cast to a standard, an oil-based ink, a

modified screw press, and paper. All four mattered, but the fourth is the one
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this book cares about, and the one the printing histories take for granted. The
press did not create the demand for paper. The paper made the press thinkable.

A Mainz printing shop: when the press met the sheet, Europe changed.

Do the arithmetic the way Gutenberg’s creditors must have. His Latin Bible
runs to more than twelve hundred pages. The edition, by the best surviving
evidence, was either 158 or 180 copies. Call it, in sheets, something like a
hundred and fifty thousand sheets of printing for one book, at a time when a
scribe produced perhaps four pages a day. The famous detail is that Gutenberg
printed on two materials: most copies on paper, a minority, for the rich, on
vellum. The vellum of a single two-volume Bible is estimated in the hides of
whole herds. The paper of the same Bible came out of the ordinary wholesale
trade. One of those supply chains could scale to the next ten thousand books;
the other was a luxury finishing option. Print needed a surface that could be
bought by the wagonload, in consistent quality, on credit. Paper was the only
one Europe had.
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"It was equally a paper revolution wearing printer's
ink."

The relationship ran both ways, and this is the part that built an industry. Print
destroyed paper’s old economics and replaced them with new ones. A hand-
copied book consumed its paper over months, one scribe, one quire at a time. A
press consumed paper in floods: a book’s entire run in weeks, then the next
book, then the next. Papermills near printing towns, and Mainz, Nuremberg,
Venice, Paris, Antwerp became printing towns, found themselves with a
customer who bought in bulk, all year, forever. Mill capacity grew, mill towns
prospered, and the geography of European paper drifted toward the geography
of European print. By the time the Nuremberg Chronicle appeared in 1493,
with its woodcut of Ulman Stromer’s mill among the sights of the city, paper
and print were already each other’s infrastructure.

The Bible itself is the proof object. Forty-nine copies survive substantially
complete, on both paper and vellum, scattered from Mainz to Tokyo. The paper
ones are five hundred and seventy years old and, where the paper was good
rag stock, perfectly healthy: strong, flexible, quietly outlasting the civilisation
that made them. It is worth remembering, when we reach the wood-pulp era
and its self-destructing books, that the very first monument of mass printing
sits on rag paper that has had no conservation crisis at all.

Print also did something subtler to paper: it standardised it. A scribe could
adapt to any sheet; a press could not. Printing demanded consistent thickness,
consistent sizing, consistent moisture, sheet after sheet, because a soft or dry or
variable sheet took ink unevenly and wasted press time, and press time was
the expensive thing. The mill was no longer selling a craft product to a patient
man; it was feeding a machine with an appetite. Consistency is the soul of
industrial paper, and it enters the industry here, in the gap between the
vatman’s pride and the printer’s schedule.

The economics were as radical as the mechanics. A scribe might produce a
Bible in three years; Gutenberg’s shop could produce one hundred and eighty
in the time it took to compose, print and bind, and the price fell by an order of
magnitude within a generation. But the deeper shift was in what could be
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published at all. Print made replication exact, and exactness created new kinds
of text: critical editions that thousands of scholars could check against the same
page, scientific diagrams that survived copying, heresies that could not be
recalled once loosed. The Reformation ran on paper and ink: Luther’s
pamphlets sold in the hundreds of thousands, a distribution unimaginable in
the manuscript age, and the indulgence that started it all was itself a printed
paper form with blanks for the buyer’s name.

Paper mills followed the presses like remoras. Every printing centre, Mainz,
then Nuremberg, Venice, Paris, Lyon, Antwerp, seeded a ring of mills in the
rivers around it, and the watermark evidence shows paper travelling hundreds
of kilometres to reach busy presses. The two technologies co-evolved: the press
demanded sheets of consistent size, weight and sizing, and the mills learned
standardization; the mills’ falling prices made pamphlets and news possible,
and the new cheap formats taught Europe to read habitually. Historians call it
the printing revolution. It was equally a paper revolution wearing printer’s ink.

And there was a new kind of customer at the bottom of the market. Print did
not only multiply Bibles; it multiplied everything: indulgences, almanacs,
ballads, schoolbooks, pamphlets, the disposable literature of the street. Cheap
print created cheap paper grades, coarse brown sheets that would never see a
library. The full modern spectrum of paper, from the Bible to the broadside to
the wrapping the broadside came home in, exists in outline within fifty years of
Gutenberg. The press was paper’s second great patron, after the state, and it
was a hungrier one. The state wanted records. Print wanted readers, and it was
willing to manufacture them by the million.

C H A P T E R  1 4

The Reading Explosion

or two centuries after Gutenberg, print grew inside the limits of the rag
trade, and paper grew with print. The curve bent slowly at first: books for

scholars and churches, pamphlets for the wars of religion, the first corantos
and news-sheets in the early 1600s. Then the curve stopped bending and went
vertical, and the engine was not the book but the newspaper.
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The newspaper is paper’s first truly disposable mass product: large sheets,
printed fast, read in a day, thrown away. It is also, in material terms, an atrocity
that only a great industry could afford: tonnes of fibre manufactured, printed,
distributed, and discarded on a twenty-four-hour cycle. By the eighteenth
century the daily and weekly press was established across Europe; by the early
nineteenth, the penny press in America and the stamp-duty battles in Britain
were pulling newspapers toward genuinely mass circulation. Every step down
in the price of the paper itself put more readers on the other end of the press
run. The rag mills of Europe and America were now feeding a product that
measured its market in entire populations.

The material consequences showed up in places nobody now thinks to look.
Rag prices climbed through the eighteenth century as printers competed with
each other and with the textile economy for the same old clothes. Governments
worried about the strategic rag supply the way later governments would worry
about oil. Export bans proliferated; smuggling followed. The papermaker, the
printer, and the statesman had all arrived at the same conclusion from
different ends: the surface of civilisation was now an industrial material with a
supply problem, and the supply problem was getting worse every decade.

Meanwhile the book itself was democratising. Almanacs, chapbooks, school
texts, and the lending-library novel built a reading public far wider than the
scholarly class, and paper grading evolved to match: fine laid papers for
editions that mattered, coarse stuff for the street. The eighteenth century even
produced paper’s first genuine celebrity objects, the great encyclopedias, which
were as much feats of paper procurement as of scholarship: the Encyclopedie
of Diderot and d’Alembert consumed mountains of sheets, and its volumes on
the crafts include some of the best surviving depictions of the hand paper mill
itself, the industry engraving its own portrait just before it transformed.

The reading explosion changed the physical book itself. Manuscript culture had
produced big lectern volumes meant to be read aloud to a group; print culture
shrank the book toward the hand and the eye. The Aldine Press in Venice
pioneered the small octavo format at the turn of the 1500s, portable classics
without commentary, designed, the printer said, for readers in motion. Margins
narrowed, type shrank, title pages appeared as advertising, and the book
became a personal object rather than a communal one. Every one of those
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changes was a paper decision: smaller pages meant more books per bale of
paper, cheaper carriage, lower shelf space, and a reader who could own what a
monastery had lent.

And reading’s new publics created new paper trades in every direction. The
ballad sheet and the almanac, the chapbook and the broadside, the lottery
ticket and the playbill: ephemera, the paper meant to be read and thrown
away, became an enormous, almost invisible share of production. Almost
invisible because it was thrown away; what survives is a skewed sample, and
historians of print spend their careers reconstructing the cheap print that
everyone read and nobody kept. When you hold a theatre stub or a boarding
pass today, you are holding the direct descendant of the seventeenth-century
ballad sheet: paper as the disposable interface between an institution and a
person.

Look at the whole period and a flywheel is visible. Print made paper cheaper
by buying it in bulk; cheaper paper made print bigger; bigger print made more
readers; more readers made more print. The flywheel ran for three hundred
years on one feedstock, and every revolution in it, the news-sheet, the novel,
the tract, the poster, tightened the same screw: there were not enough rags in
the world. The reading explosion is usually told as a story of ideas, and it was.
But it was also a supply crisis in slow motion, and by 1800 the crisis was
audible. The next chapter is about the men who heard it, a French naturalist
watching wasps, a German pastor experimenting in a parsonage, and a
Londoner who printed a book on straw to prove a point.

C H A P T E R  1 5

The Rag Famine

y the end of the eighteenth century the arithmetic of the rag trade had
gone wrong, and everyone in the industry knew it. Demand for paper was

compounding with population, literacy, and print; the supply of rags
compounded with none of those things fast enough. The industry needed a
fibre it could plant. The search for it is one of the great materials hunts of the
industrial age, and it began, appropriately, with someone watching insects.
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The wasp observation came first, and early. Rene Antoine Ferchault de
Reaumur, the French naturalist who gave his name to a temperature scale,
presented to the Academie des Sciences in 1719 the idea that paper might be
made from wood, because wasps already made it: the wasp chews wood fibre
into a slurry and builds a nest that is, functionally, paper. Reaumur never ran
the experiment, and he knew it; in 1742 he confessed to being ashamed that he
had still not tried, more than twenty years after announcing the idea. The
observation was right and the century was not ready. It would take a hundred
years, and two more men, before the wasp’s trick became an industry.

The pastor was Jacob Christian Schaeffer of Regensburg, a German clergyman-
naturalist who between 1765 and 1771 published volume after volume of
actual experiments: papers made from wasp nests, from wood shavings, from
bark, from every plant he could gather, complete with printed samples bound
into his books so readers could judge the sheets themselves. Schaeffer’s books
are the moment the fibre hunt went empirical. He did not found an industry;
he proved the materials existed and showed his work.

The Londoner was Matthias Koops, and he went further: in 1800 and 1801 he
produced a book, with the gloriously argumentative title Historical Account of
the Substances Which Have Been Used to Describe Events, and to Convey Ideas,
from the Earliest Date, to the Invention of Paper, printed on paper made from
straw, with covers of paper made from wood. Koops patented processes, built a
real mill, and promptly went bankrupt, because being right about straw and
wood in 1801 still meant fighting rag paper’s installed base with immature
economics. The pattern is one this book will meet again at the personal scale:
the pioneer demonstrates, the pioneer fails, the industry arrives a generation
later on the pioneer’s patent. Koops’s book survives as its own best evidence:
you can still handle sheets of his straw paper in libraries, two centuries on.

While the experimenters experimented, a quieter transition filled part of the
gap: esparto grass. Britain, chronically short of rags, found in the tough grass of
Spain and North Africa a fibre it could import by the shipload, and esparto
papers became the standard British book and printing papers of the mid-
nineteenth century. It was a bridge fuel, in modern terms: cleaner than rags,
growable and shippable, but still a forage crop, not a forest. The bridge
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mattered because it taught mills to run non-rag fibre at scale, pulping
chemistry included, before wood arrived.

The famine produced a scientific literature of desperation that makes bizarre
reading now. In 1761 a German pastor and naturalist, Jacob Christian Schaffer,
published a six-volume treatise documenting paper made from everything he
could pulping-iron into a sheet: wasps’ nests, moss, potatoes, cabbage stalks,
asbestos, and dozens of grasses, each specimen bound into the book as an
actual sample. Schaffer’s books are treasured now as the first systematic
survey of papermaking fibres, but they were written as an emergency manual.
Across Europe, societies offered prizes for rag substitutes. The Royal Society of
Arts in London posted awards. The search was on, in the full modern sense: a
coordinated, incentivized, continent-wide research program for a new
feedstock.

Two observations came out of the hunt that pointed the way. The first was Rene
de Reaumur’s, the French polymath who studied wasps and wrote, in 1719, that
the wasp makes fine paper from chewed wood and needs no rags: a proof of
concept running in every hedgerow, waiting a century for someone to
industrialize it. The second was quieter: rags themselves were just cellulose,
plant fibre already refined by the textile maker, and the plant world was
nothing but cellulose. If the chemists could find a way to cook the lignin and
resin out of wood the way boiling and beating cleaned a rag, the forest could
replace the rag heap. The rag famine, in other words, did not just cause the
wood-pulp era. It asked the question the wood-pulp era answered.

The rag famine never ended in a single breakthrough; it dissolved in a
sequence of them. Esparto bought time. Chemistry bought more. And then, in
the 1840s, two men who had never met, a weaver’s son in Saxony and a
farmer’s son in Nova Scotia, independently ground wood against stone and
pulled off a sheet of paper. Their story, and the industry’s unwillingness to
listen to either of them, opens Part V. The famine’s real lesson is systemic: a
civilisation’s writing surface cannot be built on its garbage. Sooner or later the
garbage runs out, and the surface has to be grown.
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C H A P T E R  1 6

Two Men and a Tree

he invention of wood-pulp paper has one of the strangest doublings in
industrial history. In the early 1840s, in Hainichen in Saxony, a weaver’s

son named Friedrich Gottlob Keller ground wood to fibre in a machine of his
own design. At almost exactly the same time, in Halifax, Nova Scotia, a farmer’s
son named Charles Fenerty ground wood by hand and made paper from it.
Neither knew of the other. Both announced. Both were ignored.

Keller first, because he patented. Born in 1816, trained as a weaver and heddle-
maker in his father’s trade, Keller was one of those self-educated mechanics the
nineteenth century produced in numbers: he kept what he called an idea-book,
read everything on machines he could buy, and had been haunted since youth
by Reaumur’s wasps. In 1841 he wrote into the idea-book the concept of a
machine to grind wood for papermaking fibre, and for three years he built
toward it. By 1844 he had a working wood-grinding machine and had made
paper from its pulp. He sent a sample to the German government, hoping for
support to develop it, and got nothing. A Saxon ministry could not see why the
paper industry would want a tree when it had a rag.

"the material that made mass literacy affordable was
never asked to last, and it doesn't."

Fenerty’s version is lonelier and, if anything, earlier in spirit. A Nova Scotian
with a sawmill economy’s intimacy with spruce, he reasoned from the same
wasp’s nest, ground wood by hand, and made his sheet; his surviving letter of
the period sets out the observation and the result plainly. But he was a young
man at the far edge of the British world with no patent, no capital, and no
audience, and his demonstration went nowhere. Canada later made him a folk
hero of invention, which is a kind of justice, but it is justice with a lesson
attached: in industrial history, the patent system and the capital market are
part of the invention. Keller’s machine became the ancestor of an industry;
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Fenerty’s letter became a museum piece. The difference was not genius. It was
a filing.

The technology itself was brutally simple, and that was the point. Press a
debarked log sideways against a rotating grindstone, add water, and the stone
tears the fibres free as a wet pulp: groundwood, the industry calls it. The pulp
carries everything in the wood, lignin included, so the paper is weaker and
yellows with light and time, the fatal flaw that would define newsprint’s
relationship with posterity. But the yield is nearly total, the cost is a fraction of
rag pulp, and the feedstock is a forest. The mills that eventually took it up, after
entrepreneurs including the Voelter and Voith works in Germany
commercialised Keller-type grinders in the 1850s and 1860s, could suddenly
make paper in quantities the rag system could not have imagined.

What two men and a tree actually unlocked was the substitution that runs the
whole modern industry: solar agriculture for urban waste. Rags had made
paper a scavenger of the textile economy; groundwood made it a farmer of
fibre, and the farm was the boreal and temperate forest. Within fifty years the
industry had moved bodily, from linen towns to river-and-forest towns, from
Saxony to Scandinavia, from Nova Scotia to the vast pulpwood frontiers of
Canada and the northern United States. New kinds of places appeared: the
company pulp town, the log drive, the grinder hall with its rows of stones
running day and night. And paper’s price, the number that had governed
everything since Fabriano, fell off a cliff. Cheap paper at last existed. What the
world would do with it, newspapers by the million, books by the billion,
packaging for everything, is the rest of this book.

The two inventors could not have approached the problem more differently,
and the difference is the difference between insight and industry. Fenerty was
a poet-papermaker in a frontier town, working at the bench; his demonstration
sheet was a proof of concept that nobody capitalized. Keller was a businessman
with a problem: he ran a paper mill in Halle and watched the rag supply
tighten and the prices climb. His grinder was built to make money, and when
he could not finance it himself he found Heinrich Voelter, a machinist with a
workshop, and sold him the patent for a sum so small that Voelter’s heirs made
the fortune. Voelter’s grinders sold across Europe; Voith in Heidenheim began
building them from 1856 and grew into one of the great machine houses of the
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world. The patent ledger of groundwood reads like a parable of innovation: the
inventor got the footnote, the licensee got the works.

Groundwood pulp changed the sheet itself in ways users could feel. Because
the grinder tore the whole log apart, lignin and all, the pulp was bulky and the
paper opaque and cheap, but the lignin remained in the sheet, waiting for light
and air. Groundwood paper yellows and embrittles in decades, which is why
old newspapers crumble and why the great newspaper archive of the
twentieth century is a conservation emergency. The cheapness and the fragility
are the same fact. When librarians speak of the “slow fires” eating the books
printed between 1850 and 1990, they are talking about Keller’s bargain: the
material that made mass literacy affordable was never asked to last, and it
doesn’t.

But the chemistry was not finished. Groundwood is wood torn apart, not wood
purified; the sheet carries the tree’s lignin with it, and lignin is time’s
accomplice in paper. For the cheap daily sheet that was fine. For everything
permanent it was a slow-motion disaster that libraries are still managing. The
fix came from the chemists, and it arrived, improbably, in three flavours: soda,
sulphite, and kraft. The next chapter is the chemical mill.

C H A P T E R  1 7

The Chemical Mill

roundwood solved paper’s quantity problem and left its quality problem
untouched: a sheet with the lignin still in it is a sheet with a self-destruct

timer. The chemists’ answer, worked out between the 1850s and the 1880s, was
to stop tearing the tree apart and start dissolving it, to cook wood chips in
aggressive liquors until everything that is not cellulose gives up and lets go.
Three recipes mattered, and the third still runs the world.

The first was the soda process, patented in the early 1850s by two Englishmen,
Hugh Burgess and Charles Watt: chips boiled in caustic soda, sodium
hydroxide, which attacks lignin and frees the fibres. It worked, it worked best
on hardwoods, and it founded the American chemical pulp industry when
mills in Pennsylvania took it up in the 1860s. Soda pulp made soft, bulky,
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printable papers, and for a generation “chemical pulp” meant soda pulp. Its
weakness was strength: the harsh, unselective cook degraded the fibres
themselves.

The second was the sulphite process, built on an 1867 patent by the American
chemist Benjamin Chew Tilghman: chips cooked in sulphurous acid with a
base, magnesia or lime, at pressure. Sulphite pulping was more selective than
soda; it gave longer, brighter, stronger fibres and it loved spruce and fir, the
exact trees of the northern forests. Commercialised in Sweden in the 1870s,
sulphite pulp became the quality wood pulp of the late nineteenth century, the
fibre of fine book and writing papers, and the engine of the Scandinavian
forest industry’s rise. If you read a handsome American or European book
printed between 1880 and 1960, you are almost certainly reading sulphite.

The third was an accident with a German patent and a Swedish name. Carl
Friedrich Dahl, a chemist at a mill in Danzig, had been experimenting since
1879 with sodium sulphate, cheap salt cake, as a makeup chemical for the soda
cook. The sulphate is reduced in the recovery furnace to sodium sulphide, and
the sulphide changes the cook’s chemistry: it accelerates delignification,
shortens the fibre’s exposure to hot alkali, and leaves the cellulose longer and
less degraded. The lore of the discovery is the best kind: a digester cook at the
Munksjo mill in Jonkoping, Sweden, was “blown”, discharged, too early, and
instead of throwing out the undercooked chips the mill manager processed
them anyway, and the paper that came off was dark but, in the words of the
account, far stronger than any paper hitherto known. The Swedes named it for
the strength: kraft is Swedish for strength. Dahl’s patents date to 1884 to 1885,
though as always there were predecessors, A. K. Eaton had taken out United
States patents on sulphide pulping in 1870 and 1871, and Dahl’s deeper
contribution may be the chemical recovery loop that made the process
industrial rather than a recipe.

The kraft loop is worth understanding, because it is why that process won. The
cook uses white liquor, sodium hydroxide plus sodium sulphide, at pH 13 to 14,
in a pressure vessel called a digester. The spent liquor, black liquor, leaves
carrying the dissolved lignin, the hemicellulose, and the cooking chemicals.
Dahl’s loop burns the black liquor in a recovery boiler: the organics burn and
return their energy as steam, the sodium chemicals drop out as a smelt, and the
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smelt is re-causticised back into white liquor to cook again. A kraft mill is
therefore a chemical plant with an energy plant inside it, substantially
powered by the part of the tree it does not sell. Modern kraft mills can be net
exporters of electricity; the black liquor stream is the largest single source of
renewable industrial energy in the forest sector, and in Brazil, to take the
extreme case, it supplies more than half of the whole pulp and paper sector’s
energy matrix.

The kraft process is the one that conquered, and its chemistry deserves the
spotlight. “Kraft” is German and Swedish for strength, and the name is literal:
the sulphate cook, a hot bath of sodium hydroxide and sodium sulphide,
dissolves lignin aggressively while leaving the cellulose chains long, so the
resulting pulp makes the strongest paper in the industry. The brown paper bag,
the corrugated box, the sack that holds cement: all kraft. The process also
closes its own loop in a way that still impresses chemical engineers: the spent
black liquor, loaded with dissolved lignin, is burned in a recovery boiler that
regenerates the cooking chemicals and raises steam, so a modern kraft mill
runs largely on its own waste and can sell power to the grid. The smell, the
famous rotten-cabbage reek of reduced sulphur, is the price of the loop, and
every mill town in the world knows it.

Between them, the chemical processes redraw the world fibre map. Rags had
been urban; wood was rural and northern. The sulphite and kraft mills went to
the spruce and pine: to Scandinavia, to Canada, to the American South with its
fast loblolly pine, and later to the eucalyptus plantations of Iberia, Brazil, Chile,
South Africa, and the acacia estates of Indonesia. Pulp became a global
commodity, traded in tonnes and priced in dollars, with its own cycles of boom
and ruin. The sheet in your hand today is most likely eucalyptus from a
plantation harvested seven years after planting: a fact that would have seemed
like alchemy to the rag merchants, and is now just the market.

By 1900 the industry had its full modern toolkit: groundwood for cheap bulk,
soda and sulphite for printability, kraft for strength. The recipes have been
refined for a century since, continuous digesters, oxygen delignification, but no
fourth cook has displaced them, and kraft is simply dominant: the default
process for turning wood into pulp worldwide. The yields tell the trade-off in
one line: unbleached kraft converts 65 to 70 percent of the wood into pulp,
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bleached grades around 50 percent or below, because whiteness is bought with
fibre. Every white sheet in your house is half a tree by weight, and the other
half went up a recovery boiler’s stack as power. The chemical mill is not pretty.
It is, however, the reason paper is a four-hundred-million-tonne industry
instead of a forty-million-tonne one.

C H A P T E R  1 8

White Gold

hiteness is an industrial decision, not a natural property. Fibre comes off
the cook brown, off the grinder grey-brown, off the rag pile whatever

colour the clothes were. The blinding white sheet that offices, books, and
brands expect is the output of a bleaching line, and the history of bleaching is a
small, sharp lesson in how industries solve one problem by manufacturing
another.

The first great leap came early. In 1774 the Swedish chemist Carl Wilhelm
Scheele discovered chlorine and noticed its astonishing effect on vegetable
colours; within a generation the bleach had been industrialised, most
decisively when Charles Tennant patented bleaching powder, chlorine
absorbed on lime, in 1799, and turned Scotland into the bleaching capital of the
textile world. Paper inherited the technology wholesale from textiles: rags and,
later, pulps were whitened with the same reagents. The effect on the industry
was liberation. A mill no longer needed white rags for white paper; it could buy
cheap dark stock and bleach the colour out of it. Bleaching widened the fibre
supply at exactly the moment the rag famine was tightening it.

Wood pulp made bleaching a much bigger business, because wood’s colour is
not surface dirt but chemistry: the residual lignin left by the cook is the colour,
and destroying it means attacking the pulp harder. Through the twentieth
century the industry bleached with elemental chlorine and chlorine
compounds in multi-stage sequences, C, E, H in the mill shorthand: chlorine,
caustic extraction, hypochlorite, pushed through tower after tower. The pulp
came out brilliantly white. The effluent came out loaded with chlorinated
organic compounds, and by the 1980s the chemistry had a public name:
dioxins, including one of the most toxic compounds ever characterised,
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forming in trace amounts in bleach plant effluents and accumulating in the fish
downstream of mills. The paper industry’s bleaching wars, fought through the
late 1980s and 1990s between mills, regulators, and environmental groups
from the Baltic to British Columbia, were among the defining industrial-
environmental battles of the era.

The industry’s answer was to change the oxidiser, not the goal. Elemental
chlorine was phased out almost entirely: ECF, elemental chlorine free
bleaching built on chlorine dioxide, became the global standard, cutting dioxin
formation to below detection in effluent; TCF, totally chlorine free sequences
built on oxygen, ozone, and hydrogen peroxide, took a smaller share, mostly in
Europe. Oxygen delignification ahead of the bleach plant removed much of the
lignin before the brightening stages, shrinking the chemistry needed and the
effluent with it. The white sheet survived; the poison did not. It stands as one of
the clearer cases of an industry re-engineering a core process under public
pressure inside two decades.

Brightness itself is a specification with its own economics. Paper people speak
of ISO brightness, the reflectance of the sheet at a standard blue wavelength:
newsprint lives in the 60s, ordinary office paper around 80, premium coated
and photo papers push into the 90s. Each step up costs fibre yield, chemical
load, and energy, which is why the modern market has quietly settled into two
whites: the high-bright sheet for commerce and display, and the natural or
lightly bleached sheet for packaging, where brown kraft’s unbleached colour is
no longer a defect but a marketing asset, the visual signature of recyclable
packaging in the e-commerce age. The brown box on your doorstep is, among
other things, a bleaching decision the market learned to love.

Bleaching has its own chemistry lesson hiding inside the environmental
history, and it is worth stating plainly. Chlorine bleaching did not merely tint
the effluent; it reacted chlorine with the aromatic debris of lignin to make
chlorinated organic compounds, some of them, the dioxins and furans, among
the most toxic and persistent substances industry has ever released. The
discovery of dioxins in mill effluent, in fish downstream, and eventually in the
pulp products themselves, including, notoriously, in paper products touching
food and skin, turned bleaching from a technical footnote into a regulatory
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battleground across the 1980s and 1990s. Sweden led, the United States
followed with the Cluster Rules, and the industry rebuilt its bleach plants.

The rebuild is a genuine success story, the kind environmental history rarely
pauses to record. Elemental chlorine was replaced by chlorine dioxide, which
produces a small fraction of the chlorinated toxins; then by ECF-light and
totally chlorine-free sequences using oxygen, ozone, hydrogen peroxide and
enzymes. Modern bleached pulp is not the product your grandparents’ river
received. Whiteness itself turned out to be negotiable: the market discovered it
could accept “natural” and unbleached grades in tissue and packaging, and the
brown sheet acquired a green halo. The colour of paper became a marketing
argument about chemistry, which is a sentence only this industry could
produce.

The arc of the whole chapter is short: an industry that once bleached for
survival, then for fashion, has ended up bleaching by choice and often
choosing not to. Whiteness turned out to be a style. Strength, it turns out, was
the substance all along, which is why the strongest papers on Earth are still the
colour of the tree.

C H A P T E R  1 9

Mill Towns

very industrial material builds its own kind of place, and paper’s place is
the mill town: a river, a forest behind it, a mill on the bank, and a town

wrapped around the mill. Once the industry moved from rags to wood, it
moved bodily north and into the trees, and a whole geography of single-
industry communities rose with it, from Scandinavia to the northern United
States and Canada, each one a working demonstration of what it means when a
sheet of paper has a hometown.

The American archetype is Holyoke, Massachusetts. A planned industrial city
on a bend of the Connecticut River, Holyoke used a dam and a canal grid to
power mills, and by the late nineteenth century it had become the paper city of
the country: at one point it produced around 80 percent of the writing paper of
the United States, and its American Writing Paper Company grew into the
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world’s largest producer of fine papers by 1920. Holyoke’s mill names, Parsons,
Whiting, Crocker-McElwain, were paper royalty, its “Paper City” nickname was
literal, and its rise and long decline trace the industry’s own arc: from rag
papers to wood, from fine papers to commodity grades, from a city of mills to a
city of mill buildings. The same pattern, written larger, ran through the pulp
towns of Wisconsin, Maine, and Ontario: a river for power and water, a forest
for fibre, a railway for the product, and a payroll for everything else.

The European version is older and, in one case, astonishingly consequential. In
1865 a mining engineer named Fredrik Idestam founded a pulp mill on the
Tammerkoski rapids near Tampere, in what was then the Grand Duchy of
Finland; three years later he added a second mill near the town of Nokia,
where the hydropower was better, and in 1871 he and Leo Mechelin formed
the Nokia Company. The paper and pulp business begat rubber works
(galoshes, then tyres) and a cable works, the cable works begat electronics, and
the electronics swallowed the name: the company that for a decade sold more
mobile phones than anyone on Earth began as a wood-pulp mill on a Finnish
rapid. Nokia is the extreme case of a general northern truth: the forest
industries were the platform on which the Nordic economies were built.
Finland and Sweden sold pulp and paper to the world through the entire
twentieth century, and the export earnings paid for the rest of the country.

The mill town’s economics are a case study in what the operations people call a
natural monopoly of geography. A kraft mill wants cheap wood within haul
distance, a big river for process water and power, and one or two customers’
worth of scale, and where those three meet, one mill usually wins the site
outright. That concentration bred the paper town’s famous bargain: steady,
well-paid industrial work for generations, against total exposure to a single
market’s cycles. When newsprint collapsed in the 2000s, the mill towns of the
newsprint belt from Quebec to Finland took the blow directly; machine
closures that were line items in Helsinki or Toronto were unemployment
statistics in towns built around the machines. Part XI will count what the
digital age took. Here it is enough to mark what the mills had built: regions
whose entire civic fabric, schools, unions, hockey teams, rail lines, tax bases,
hung off a paper machine’s wire.
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The mill town created a distinctive kind of community that the industry would
recognize anywhere on earth. Housing was company-built and company-
owned, laid out in sight of the mill, so that the whistle that called the shifts also
organized the day’s waking and sleeping. The company store, the company
church, the company hockey or football team: paternalism with a payroll. The
work itself sorted into a hierarchy that everyone in town could recite, the
machine tenders at the top, the beatermen, the finishers, the yard crews, and
whole families measured their generations in job titles. When a mill town’s
team played on Saturday, the stands held a cross-section of an entire industrial
civilization.

The gender map of the mill was as fixed as the job ladder. Men ran the
machines; women sorted rags in the early mills, then packed, counted,
inspected and finished in the later ones, the meticulous hand work the
machines could not yet do, at a fraction of the men’s wage. The sorting rooms
and finishing floors employed thousands of women decades before “women in
industry” was a phrase, and their product knowledge was real: a finished-sheet
inspector could read a web’s faults the way a machine tender could hear them.
The mill town was never the romance the company magazines printed, but
neither was it the misery the muckrakers filed. It was a complete world, and
the world is mostly gone now, which is why the surviving mill museums feel
like shrines.

And the pattern is still spreading, now southward. The newest mill towns are
not in Maine or Varmland but in Mato Grosso do Sul and Guangdong. Suzano’s
Cerrado Project at Ribas do Rio Pardo, a R$22.2 billion complex with its own
plantations, power plant, and logistics, is a mill town built in one act of
investment. Nine Dragons’ Dongguan base, fifteen machines and five and a
quarter million tonnes on one site, is a paper city inside a factory city. The
geography changes; the logic, fibre, water, power, and a town that grows
around the machine, has not changed since Fabriano put its stampers on a
stream.

C H A P T E R  2 0

The Endless Web
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T he single most important object in the history of paper is not a sheet but a
loop: a loop of woven wire cloth, running continuously, that turns

papermaking from a dipping craft into a flowing process. The loop was
conceived in revolutionary France, paid for in London, engineered in
Bermondsey, and named, unfairly but permanently, for two stationers who
never built anything. This is the story of the machine that never stops.

The endless web: a fourdrinier machine at work in the nineteenth century.

France first, and the motive was money, literally. In the years after the
Revolution, the new regime’s appetite for paper was ravenous, assignats, the
revolutionary banknotes, were being printed by the square mile, and the hand
vats could not keep up. Nicolas-Louis Robert, a former sergeant-major turned
proofreader for the Didot publishing house and then an accountant at Saint-
Leger Didot’s mill at Essonnes, conceived a machine to make paper not sheet by
sheet but in one continuous length. In 1798 he built a prototype that formed
paper on an endless moving band of wire cloth, with a hand crank and a
vatman reduced to a feeder of pulp; on 18 January 1799 he received the French
patent. Robert was a clerk with a mechanical idea in a country at war and
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short of capital. He could not build it. The rights passed to his employer, Didot,
and the Didots carried the models across the Channel to a country with capital
to spare.

In England the idea landed with John Gamble, Didot’s brother-in-law, who took
out an English patent in 1801, and then with the men who would accidentally
give the machine its name: Henry and Sealy Fourdrinier, partners in the City
stationery firm of Bloxham and Fourdrinier, who financed development in
return for a third of the patent rights. The Fourdriniers hired John Hall of
Dartford to build a working machine, and when progress dragged, Hall’s
brother-in-law Bryan Donkin took charge, and the project moved. The brothers
built Donkin his own engineering works in Bermondsey and leased Frogmore
Mill at Apsley in Hertfordshire as the test site, and there, in 1803, the first
improved Robert-type machine ran: pulp flowed onto an endless wire, drained
as it travelled, passed on a continuous felt through press rolls, and was reeled
up as a web. A better machine followed at Two Waters mill in 1805, with
further patents in 1803 and 1807.

The human ledger of the machine is a cautionary tale about who captures an
invention’s value. Nicolas-Louis Robert died in poverty, his patent sold early.
The Fourdrinier brothers sank a fortune, up to sixty thousand pounds, into the
machines, and through an error in the patent arrangements received no
royalties at all; they were ruined by the machine that bears their name. The
one man who came out secure was the engineer: Bryan Donkin’s company
went on to design 191 paper machines by 1851, eighty-three for British mills, a
hundred and five for the Continent, one for India, two for America. The clerk,
the financiers, and the engineer: paper’s most famous machine is a small
lesson in where industrial value pools, and it is rarely where the idea was.

The rival architecture arrived six years later. In 1809 John Dickinson, a
Hertfordshire stationer-inventor, patented the cylinder machine, in which a
wire-covered drum rotates through the vat and picks up the sheet from inside
the mould. The cylinder machine turned out to be superb for heavy, multi-layer
boards, and the two families of machine, fourdrinier for papers, cylinder for
boards, still structure the industry today. America took both quickly: the first
fourdrinier on US soil was erected at Saugerties, New York, in 1827; the first
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American-built machine followed in May 1829, built by George Spafford and
James Phelps and sold to Amos Hubbard for $2,426.

The machine also created an industrial religion of speed and width, and its
litany is worth hearing once. The early fourdriniers made sheets a metre or so
wide at a few tens of metres a minute; by 1900 the machines ran at two
hundred metres a minute; by the 1950s, five hundred; modern newsprint and
fine-paper machines passed a thousand, and tissue machines, the fastest of all,
run at up to two thousand metres a minute, a web of paper moving faster than
highway traffic, ten metres wide. Every increment was fought for: the forming
section learned to jet stock onto the wire at exactly web speed, the presses
learned to water-felt without crushing, the dryers multiplied into canyons of
steam-heated cylinders, sixty, eighty, a hundred of them in a row, and the reel
at the end wound the endless web into rolls the size of railway wheels. A
modern paper machine is among the largest continuous-process machines ever
built, a single artefact the length of a football pitch that converts a slurry of one
percent fibre into finished paper in about twenty seconds.

The endless web also changed who the industry’s customers were. A vat sold to
stationers and printers in reams; a machine sold by the tonne to converters,
merchants and publishers, on specifications: grammage, moisture, tensile,
brightness, formation, all measurable, all contractual. Paper became an
engineered commodity with a data sheet. The romance of the watermark
survived only as a security feature; the spec sheet became the new watermark,
and the mill’s laboratory, testing every reel, became as important as the
vatman’s eye had ever been.

Stand back and see what the endless web actually changed. It did not change
what paper is: formed from fibre in water, drained, pressed, dried, the
vatman’s sequence exactly. It changed the unit of production from the sheet to
the second. A vatman made perhaps a few thousand sheets a day; the machine
made a continuous ribbon whose output was measured first in feet per minute
and eventually in tonnes per day. And it made paper a capital business: a mill
was now a machine hall, a power system, a water system, and a chemistry set,
and the entry ticket was Donkin-scale engineering money, not a vat and a
stream. The machine that never stops also never stopped consolidating the
industry it created.
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C H A P T E R  2 1

Anatomy of a Paper Machine

modern paper machine is one of the largest continuously running
machines in any industry: a building-length sequence of rotating steel,

fabric, and steam that takes in a slurry that is more than 99 percent water and
puts out a dry, wound, saleable web. The widest and fastest of them are civil
engineering with bearings: by 1961 Voith had already delivered a newsprint
machine with a wire 8.3 metres wide, and modern tissue machines run at
speeds up to 2,000 metres per minute, over a hundred kilometres an hour of
paper. Every one of them is, still, the vatman’s five tools in a row. Walk the
machine from wet end to dry end and you walk Chapter 12 at industrial tempo.

The sequence begins in stock preparation, which is not on the machine but
feeds it: pulp slushed and refined, blended into the furnish, the recipe of fibre
grades, fillers, and additives for the specific sheet. Then comes the approach
flow, where the furnish is cleaned, screened, de-aerated, and diluted, and the
fan pump drives it, whitewater recirculating endlessly through the loop,
toward the headbox. The headbox is the machine’s vat mouth: it spreads the
slurry across the full machine width and squirts it, in a precisely controlled jet,
onto the moving wire. The gap the jet leaves by, the slice, is measured in
millimetres and tuned to the gram. Everything about a paper machine exists to
make that jet uniform.

The forming section, the wire, is the machine’s mould and shake. The endless
wire mesh carries the slurry while water drains by gravity, then by foils that
pulse it, then by suction boxes that vacuum it out; the web gains integrity as it
travels, and by the end of the wire it is a wet sheet, still about four-fifths water.
Formation, the evenness of the sheet, is won or lost here, and modern
machines win it with better hydraulics rather than the vatman’s wrists: twin-
wire formers that drain the sheet from both sides at once, headbox vanes that
control the jet’s turbulence. The wire ends at the couch roll, which is named,
with complete historical fidelity, after the vatman’s couching, tipping the sheet
off the mould.
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Headbox

Wire (forming)

Presses Dryer cylinders Calender Reel

The fourdrinier machine: fibre slurry enters at one percent consistency, paper leaves twenty seconds later.

The fourdrinier's sections, from headbox to reel.

The press section is the screw press, mechanised: the fragile web passes
between massive rolls, carried on felts, squeezed through nips that press more
water out, and increasingly, in modern designs, against heated and shoe
presses that coax out what plain pressure cannot. Water removed mechanically
is water that does not have to be evaporated, and evaporation is where the
energy goes, so the press section is an energy strategy as much as a sheet-
quality one.

Then the machine’s longest stretch: the dryer section, a canyon of steam-heated
cast-iron cylinders, dozens of them in a row, the web snaking over and under
in a felted embrace, driven hot enough that each cylinder steals a little more of
the water. Drying is the thermal heart of the mill’s energy budget and the
reason the industry’s energy footprint is what it is: the pulp and paper sector
accounts for about 5.3 percent of final industrial energy consumption
worldwide. The dry end finishes the sheet’s surface: calenders, stacks of
smooth rolls, iron it to its final thickness and gloss; a coating station may add
clay and pigment for printing papers; and then the reel, where the full-width
web, miles of it, winds onto a spool the size of a car. Off the machine, rewinders
slit and cut the parent reel into the rolls and sheets of commerce.

Around the metal sits the water system, which is the machine’s circulatory
system and the industry’s oldest environmental story in one. The whitewater
drained at the wire is not discharged; it is collected and pumped straight back
to dilute fresh stock, and mills close that loop as far as chemistry allows,
recirculating the same water through headbox and wire pit over and over. The
mill’s effluent is what’s left after the loop has been squeezed, and a century of
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tightening the loop is why a modern mill uses a small fraction of the water per
tonne that a nineteenth-century one did.

The wet end has its own quiet drama in the headbox, the pressurized manifold
that spreads the dilute stock, one percent fibre, ninety-nine percent water,
across the full width of the machine through a thin horizontal slice called the
slice lip. The entire quality of the sheet is decided in the metre after the slice: if
the jet lands on the wire too fast or too slow, the fibres align with the machine
direction and the sheet gains a grain; if the flow is uneven by a fraction of a
percent, the sheet shows streaks for the next hundred kilometres of web.
Machine tenders speak of the headbox the way sailors speak of the weather.
Get the first second wrong and nothing downstream can forgive it.

Water, meanwhile, goes round and round. The white water that drains through
the wire carries a cloud of fine fibre and filler, and the mill recaptures it
obsessively: save-alls strain it, fan pumps recirculate it, and the modern
machine is really a water-management plant with a paper byproduct. The goal
is a closed loop, and the best mills approach it: water enters, evaporates from
the dryers, and the same tonne of river water makes many tonnes of paper
before it leaves. The industry’s nineteenth-century reputation as a river-killer
and its twenty-first-century reputation as a water engineer are separated
mostly by this loop.

That is the anatomy: headbox, wire, presses, dryers, calenders, reel, five tools
and a river of recirculating water, running without pause. The machine’s true
product is not paper but continuity. And the companies that build these
machines are an industry of their own, a small club of engineering houses
whose histories are braided into everything else this book has covered. They
get the next chapter.

C H A P T E R  2 2

The Machine Builders

here is an industry behind the industry: the handful of engineering
companies that design and build paper machines. Nobody outside the

sector knows their names, and everybody inside it has a relationship with one
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of them, because a paper machine is not bought like equipment; it is
commissioned like a ship. Their genealogies read like a compressed history of
the whole paper age.

Voith of Heidenheim is the oldest thread. Johann Matthaus Voith took over his
father’s locksmith’s shop in Heidenheim in 1825, five employees, general repair
work, and the step that made the company was a customer: in the 1850s the
workshop began building mechanical wood grinders for the papermaker
Heinrich Voelter, machines built on the very patent that Friedrich Gottlob
Keller had sold in 1846. Read that again: the weaver’s son from Chapter 16,
ignored by his government, reached industrial reality through a Swabian
workshop’s order book. When Johann Matthaus’s son Friedrich took sole
charge in 1867, the firm specialised in paper machines and water power, and it
has never left those two businesses since. The milestones map the industry’s
growth: the world’s largest turbines for Niagara Falls in 1903; the fastest and
widest newsprint machine of its day in 1911; Europe’s fastest newsprint
machine for Feldmuehle in 1953; Europe’s largest newsprint machine, wire 8.3
metres wide, for Ahlstrom at Warkaus, Finland, in 1961; and along the way, the
process inventions, Voith was among the pioneers of flotation deinking, the
cleaning step that makes modern recycled printing papers possible. Today
Voith remains family-owned, with about 22,000 employees and sales of 5.2
billion euros across more than sixty countries.

Valmet is the Nordic mirror: a company assembled by the Finnish state from its
metal and engineering works, with industrial roots running back more than
two centuries into shipyards and textile works, and today the other great full-
line supplier of paper, board, and tissue machines. Where Voith grew
organically, Valmet grew by consolidation, absorbing much of Finland’s
engineering sector and, in the industry’s great merger season at the end of the
twentieth century, the paper machinery operations of other houses. Between
Voith, Valmet, and the Austrian firm Andritz, whose pulping and fibre-line
equipment dominates the woodyard and digester end of the mill, most of the
world’s new paper capacity is specified.

The tragic member of the club is the one that did not survive. Beloit Iron Works
of Beloit, Wisconsin, built up from a foundry bought by four of its own
employees in 1885, became the great American paper-machine house, Beloit
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Corporation from 1962, and equipped the American industry’s entire twentieth
century. When the American paper industry’s centre of gravity sagged south
and offshore, and the machine-builder’s order book thinned, Beloit went
through bankruptcy at the turn of the millennium, and its technology scattered
into the surviving houses. A machine outlives its maker by half a century,
which is why Beloit machines still run in mills whose newest parts come from
Finland and Germany.

The machine builders’ trade created fortunes and company towns of its own,
and its history is a tour of industrial geography: Donkin in Bermondsey; then
the great American houses, Beloit in Wisconsin, Black Clawson in Ohio, Sandy
Hill in upstate New York; and above all the Germans and Finns, Voith in
Heidenheim, Valmet in Helsinki and Jyvaskyla, and later the merged giants.
Voith’s story is the industry’s in miniature: a locksmith’s shop founded in 1825,
repairing water wheels and paper mills; from 1856, building mechanical
grinders under Keller’s patent; by 1903, building the world’s largest turbines
for Niagara Falls; by mid-century, building the fastest and widest paper
machines in Europe; today a family-owned group of some 22,000 people. The
locksmith’s shop and the tissue machine running at two thousand metres a
minute are the same firm.

What the machine builders actually sell is not hardware but capability. A paper
machine is a custom-designed system, specified grade by grade, and the
builder’s engineers live inside the customer’s process: they design the furnish,
the water loop, the drive, the automation, the rebuild path twenty years out.
When a mill anywhere in the world starts up a new line, a small city of Voith or
Valmet or Andritz engineers moves to the site for the commissioning, and the
machine’s first successful reel is celebrated like a ship launch. The industry that
makes the most ordinary material on earth builds its means of production like
cathedrals, and the builders’ order books are the best early indicator of where
the world’s paper will come from a decade hence.

The machine builders’ real product, though, is not iron. It is the mill’s lifetime
economics. A paper machine is a fifty-year asset; its builder sells the machine,
then the rebuilds, the fabrics and rolls, the automation, the spare parts, and the
service contracts, a razor-and-blades model that runs for decades per machine.
When Part XI counts the industry’s four hundred million tonnes a year, the



72

enabling fact underneath every tonne is this small engineering club’s order
book. Paper is made in mills. Mills are made in Heidenheim, Helsinki, and
Graz.
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C H A P T E R  2 3

The Longest Molecule

nselme Payen spent his career asking what plants are made of. In 1838,
working in the laboratory of his Paris factory on the banks of the Seine,

the French chemist treated wood and other plant matter with nitric acid and
caustic soda, stripped away everything that dissolved, and was left with a
fibrous residue that behaved the same whether it came from oak, cotton or
straw. He gave the residue a name: cellulose. It was the first time anyone had
understood that the structural material of the plant world, the stuff of trunks
and stems and husks, was a single substance, repeated in every green thing on
earth.

Payen’s residue is the most abundant organic polymer on the planet.
Something like a hundred billion tonnes of it are synthesized by plants every
year. It is a chain of glucose molecules, sugar units linked end to end, thousands
of them in a row, and the chains lie side by side and grip each other with
hydrogen bonds until they form crystalline fibres of extraordinary strength. A
strand of cellulose, weight for weight, is stronger than steel. A tree is a tower
built of it. And paper, at the level of chemistry, is nothing but this: a felt of
cellulose fibres, freed from the plant that grew them, laid flat, and bonded
again by the same hydrogen bonds that once held the wood together.

"Paper holds itself together."

The beauty of the arrangement is what it means for the making of paper. You
do not need to build the material. The plant has already built it, over years, out
of air and water and sunlight. The papermaker’s whole art is a kind of careful
dismantling: separate the cellulose fibres from the lignin and hemicellulose
that surround them in the cell wall, keep them long and supple, and persuade
them to reassemble in a new shape. When the fibres are wet they swim past
each other; when the water leaves, the hydrogen bonds re-form wherever fibre
touches fibre, and the sheet becomes a single interlocked fabric with no glue at
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all. Paper holds itself together. Every sheet you have ever touched is a small
demonstration of a bond ten times weaker than a covalent bond, multiplied by
the million.

H

cellulose chain (thousands of glucose units)

neighbouring chain: hydrogen bonds (dashed) grip wherever chains touch

Cellulose chains and the hydrogen bonds that make a sheet hold itself together.

The lignin is the problem the industry has spent a century and a half solving. In
the living tree, lignin is the rigid cement that fills the spaces between cellulose
fibres and lets a trunk stand up against a storm. In paper it is a liability: it
discolours, it yellows in sunlight, it makes the sheet brittle. Mechanical pulp,
the kind Keller’s grinder made, keeps the lignin, which is why newsprint
browns like an old photograph. Chemical pulp, the kind the kraft process
makes, dissolves the lignin away in a hot alkaline bath and leaves the cellulose
clean, pale and strong. The trade-off runs through every grade of paper ever
made: yield against purity, cheapness against permanence, the whole tree
against the best of the tree.

Cellulose’s architecture is a stack of magnifications, and it rewards a slow
climb. Glucose molecules link into chains; dozens of chains crystallize side by
side into elementary fibrils; fibrils bundle into microfibrils; microfibrils wind
through the cell wall in spiralling layers, like plywood built by a plant; the cells
themselves, hollow tubes a few millimetres long, overlap and interlock into the
wood. Pulping is the art of undoing this stack at exactly the right level: too little
and the fibres stay glued into shives, visible specks that ruin the sheet; too
much and the chains break, and the paper loses the strength the tree grew into
it. The papermaker’s whole technical inheritance is a feel for where in the stack
to stop.
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It is also worth saying plainly why plants bother: cellulose is the answer to
gravity on a budget. A plant cannot spend energy the way an animal spends
calories, so it builds with the cheapest structural polymer photosynthesis can
make, and it builds well enough that a eucalyptus can stand forty metres tall on
a trunk of glorified sugar. When the paper industry says its raw material is
renewable, this is what the word means at the molecular level: the material is
atmospheric carbon dioxide and water, arranged by sunlight into the strongest
abundant fibre on earth, harvestable on rotations of seven to thirty years. Steel
and plastic have no equivalent trick. The longest molecule is also the greenest
industrial feedstock we have, which is why the arguments in the later chapters
about forests and energy matter so much.

Payen himself spent the rest of his life on the practical chemistry of industry,
starch, sugar, the refining of beet, and he died in 1871 largely uncelebrated. His
residue outlasted every factory he advised. When a modern paper scientist
talks about fibre length, freeness, degree of polymerization, they are talking
about cellulose, about the condition of the chains the plant laid down and the
mill preserved or broke. The longest molecule is the whole story. Everything
else in this book, the vats and wires and presses and fortunes, is just machinery
for handling it with respect.

C H A P T E R  2 4

Engineering a Sheet

sk a paper mill to make you a sheet of paper and it will ask you a hundred
questions back, because there is no such thing as paper in general. There

is a sheet engineered for a job, and the job decides everything: the furnish, the
beating, the machine speed, the pressing, the drying, the coating, the
calendering. The craft is closer to metallurgy than to printing. Two sheets that
look identical under a desk lamp can be as different as a bridge cable and a
bicycle spoke.

Start with the fibre. Softwood, spruce, pine, fir, gives long fibres, three
millimetres and more, and long fibres make strong paper: sack kraft,
linerboard, the brown paper that survives the supply chain. Hardwood, birch,
eucalyptus, aspen, gives short fibres, a millimetre or less, and short fibres make
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smooth paper: the even, closed surface that printing and writing papers need.
Almost every commercial sheet is a blend, softwood for the skeleton, hardwood
for the skin, and the ratio is the first dial the papermaker turns. Recycled fibre
is shorter still, worn down by every pass through the loop, which is why a
corrugated box can hide a diet of old boxes but a fine writing paper cannot.

Then the beating. Before the furnish meets the wire it passes through refiners,
rotating discs set a hair apart, and the fibres are bruised, split, frayed at the
surface so that they will bond the more eagerly. Beat lightly and the sheet is
bulky, absorbent, porous: a tissue, a towel, a blotter. Beat hard and the fibres
collapse and weld: a dense, hard, translucent sheet, the stuff of tracing paper
and greaseproof. The refiners are where absorbency and strength are traded
against each other, minute by minute, and the sound of a mill changing its
beating is the sound of a product being invented.

Chemistry enters next. Fillers, chalk and clay and titanium dioxide, are added
to make the sheet opaque and white and to close its surface for ink; a printing
paper can be a quarter mineral. Sizing, rosin in the old mills, synthetic agents
now, makes the fibres resist water, so that ink sits on the paper instead of
feathering into it; an unsized sheet drinks like blotting paper, a hard-sized one
shrugs off a spill. Dyes, optical brighteners, wet-strength resins for the paper
that must survive a soak, a kitchen towel, a map, a banknote: each additive
answers a requirement someone wrote into a specification.

Then the machine itself shapes the sheet. The rush or drag of stock against wire
speed decides how the fibres align, and alignment decides why paper tears
straighter in one direction than the other. The press section wrings the water
out and smooths the web. The dryers, dozens of steam-heated cylinders, set the
moisture that the sheet will carry for the rest of its life. The calender stack, iron
rollers pressing the dry web like a mangle, polishes the surface to the gloss the
customer ordered. A coating line can add a film of clay and latex finer than a
hair, and the result is the bright, hard, almost photographic surface of a
magazine page.

Grammage deserves a paragraph of its own, because it is the industry’s first
coordinate and the public’s most intimate paper fact. Paper is specified in
grams per square metre: the airmail sheets of old were 30, office paper is 80, a
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paperback page runs 70 to 90, magazine cover stock 150 to 250, boxboard 200
and up. The A-series geometry makes the arithmetic transparent: an A4 sheet
of 80-gram paper weighs exactly five grams, a fact you can verify on a kitchen
scale and one that freight accountants verify constantly. Grammage times area
is weight, weight is freight, freight is money: the entire logistics of the industry
lives in that one multiplication.

The second coordinate is brightness, and it has its own quiet politics. Modern
office papers are bleached and optically brightened to brightness values in the
high nineties, a blue-white that reads as clean to a European eye; book papers
run creamier, partly for reading comfort, partly because high brightness costs
money and permanence; recycled papers advertise their grey as a virtue.
Whiteness, in other words, is not a fact but a market signal, and different
markets read it differently: the same grey sheet that a German office rejects is
the sheet an Indian textbook publisher specifies as natural shade. Nothing
about paper is ever just technical. Even its colour is an argument about what
the material is for.

Every one of these choices is visible in the finished sheet to someone who
knows how to look. Hold a page to the light and the formation, the evenness of
the fibre cloud, tells you about the headbox. Tear it and the edge tells you about
the furnish and the beating. The point is not that paper is complicated. The
point is that it is designed, every square metre of it, by people answering
precise questions with cellulose, water, energy and stone.

C H A P T E R  2 5

The Paper That Read the News

or most of the twentieth century, one grade of paper held the record for
sheer tonnage of information: newsprint, the cheap, grey, lignin-heavy

sheet that newspapers were printed on. It was a product engineered down to a
price. The recipe was mechanical pulp, groundwood straight from the grinder,
lignin and all, because newspaper readers did not keep the paper and the
paper did not need to last. It needed to run through a rotary press at terrifying
speed without breaking, to take ink instantly and hold it without feathering,
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and to cost as little as fibre could be made to cost. That was all, and that was
enough to build an industry on.

The grey torrent: a newsprint mill in the grade's great century.

The geography of newsprint was the geography of trees and power. The great
mills rose where spruce forests met falling water: along the St. Maurice and the
Saguenay in Quebec, at Corner Brook in Newfoundland, in the river towns of
Maine and Wisconsin, in Finland and Sweden and the Russian north. Canada
became the newsprint superpower, shipping millions of tonnes a year to the
pressrooms of New York and Chicago and London. A forest in the boreal north
became a front page in a day, and the companies that owned the forests,
Abitibi, Bowater, International Paper with its vast Quebec limits, were among
the industrial giants of their age. Towns like Grand Falls and Baie Comeau were
built by the grade, literally: the mill came first, the streets after.

The editorial economy of the twentieth century ran on this substrate. Cheap
paper made cheap newspapers, cheap newspapers made mass circulation,
mass circulation made advertising, and advertising paid for the newsroom that



80

filled the columns. When paper prices spiked, publishers shrank page sizes and
cut sections; when paper was abundant, the Sunday paper grew to a doorstep-
thudding brick. Journalists rarely thought about the sheet under the story, but
the sheet set the economics under the journalism.

World newsprint demand, 2000 to 2024 (million tonnes)
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The habit moved to the screen; the tonnage followed. Source: IndexBox market data.

Newsprint's collapse, 2000 to 2024.

Then the news moved. Between 2000 and 2024, world newsprint consumption
collapsed from roughly 38 million tonnes to around 12 million tonnes, one of
the fastest demand destructions ever suffered by a major commodity. The
reader did not stop reading; the reader moved to the screen, and the screen
needed no pulp. The great machines, built to run for a century, became
stranded assets almost overnight. AbitibiBowater, the largest newsprint maker
on earth, went through bankruptcy. Mill after mill in Quebec and Maine and
Scandinavia closed or converted to packaging grades, and the towns that the
mills had built were left to renegotiate their existence. Corner Brook’s mill still
runs, one of the last, but the river of grey paper that once covered the
continent every morning has narrowed to a stream.

The press barons understood their substrate with an intimacy that modern
media companies reserve for server costs. Newspaper contracts with the
Canadian mills were among the longest and hardest-bargained supply
agreements in business; publishers bought forests and mills outright when
they could, which is how the Chicago Tribune came to own a whole
Newfoundland mill town, and why the great newspaper families spoke of
newsprint tonnes the way oilmen speak of barrels. When newsprint prices
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spiked in the 1920s and again in the 1970s, American publishers hauled the
industry before Congress complaining of cartels; the price of the grey sheet was
a matter of national politics, because whoever controlled it controlled the cost
of the press itself.

The newsprint machine was also the apex predator of the paper world, and its
specs deserve awe: machines nine and ten metres wide, running day and night
at a kilometre a minute, turning out a sheet so cheap that publishers could sell
the printed product, freight, journalism and all, for pennies. The whole
twentieth-century information system rested on that cost structure. When the
web delivered information at zero marginal cost, it was not competing with
journalism; it was competing with the mill. The mills lost.

Newsprint is the clearest case in this book of a material’s fate turning on the
fate of a habit. The fibre was fine. The mills were efficient. What died was the
daily ritual of ink on paper at breakfast, and when the ritual died, an entire
industrial geography, forests, machines, ships, towns, went with it. The lesson
sits quietly under everything that follows: paper grades do not live or die on
their own merits. They live and die with the behaviours built on top of them.

C H A P T E R  2 6

The Sixpenny Revolution

n the early 1930s, buying a book in Britain was a decision. Hardbacks cost
seven or eight shillings, a serious fraction of a working wage, and so books

were borrowed from lending libraries, or not read at all. Allen Lane, an editor
at the Bodley Head, noticed this on a railway platform in Exeter, where the only
reading matter on sale was magazines and cheap reprints of dreadful quality.
His idea was simple to the point of seeming stupid: print good books, real
literature, in paper covers, at a price low enough to be an impulse. The price he
chose was sixpence, he liked to say, the same as a packet of cigarettes.
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Sixpence a book: the paperback revolution at a 1930s railway bookstall.

The first ten Penguin paperbacks appeared on 30 July 1935, in colour-coded
covers that are still famous: orange for fiction, blue for biography, green for
crime. The trade thought Lane would lose his shirt. Then Woolworths placed an
order for 63,000 copies, and the project’s economics were paid for in a stroke.
By March 1936 a million Penguins had been printed. Lane had not invented the
paperback, cheap paper-covered books go back centuries, but he had done
something more important: he had attached the paperback to self-respect.
These were not throwaway editions of throwaway stories. They were the same
books the gentleman read in hardback, democratized by a sheet of cheap paper
and a bold cover.

The material enabler was exactly that: cheap paper. A paperback is a piece of
industrial design in which the substrate carries nearly the whole cost structure.
Bulky mechanical-pulp papers, groundwood sheets deliberately made thick
and opaque, gave the books heft and hid show-through at minimal cost per
copy. Glue binding replaced stitching. Trim sizes were standardized to fit
pockets, railway racks, and the economics of the printing press. The book
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stopped being furniture and became packaging for ideas, and like all packaging
it was designed to be affordable, portable, and used up.

The revolution went global within a generation. Pocket Books took the model to
America in 1939 and sold paperbacks in drugstores and newsstands, places
books had never been sold. During the Second World War, the American
military distributed over 120 million cheap paperbacks to its troops, Armed
Services Editions, and created a mass reading habit that came home with the
soldiers. In India, paperback publishers put Tagore and Premchand and pulp
thrillers into railway bookstalls for a few rupees. The French livre de poche,
the German Fischer Bucherei, the Indian paperback lines of the 1960s and 70s:
everywhere, the same formula. Good text, industrial paper, low price,
enormous reach.

The paperback also changed the writer’s economy, and through it, literature
itself. A sixpenny book needed enormous print runs to pay, so publishers
hunted for books with enormous audiences: crime, romance, adventure, the
genres the literary establishment disdained and the public devoured. The
paperback did not just distribute reading; it curated it, building the modern
category structure of publishing. And because a paperback print run was a bet
on thousands of unknown buyers, the industry invented the apparatus of mass
taste: the railway bookstall, the spinner rack, the bestseller list. The material
taught the market to think in thousands.

India’s paperback moment came a generation later and deserves its own
sentence in this book, because the format did there what it did everywhere: it
moved literature from the library to the luggage. From the 1950s, cheap Indian
paperbacks in English and in every major Indian language filled the A H
Wheeler stalls on the railway platforms, and an entire reading culture of
students, clerks and commuters formed around books priced for a day’s small
change. The Wheeler stall paperback, thumbed, spine-cracked, passed hand to
hand, is as much a part of the subcontinent’s reading history as any hardback,
and it was made, inevitably, on Indian-made book paper from mills running on
straw and bagasse.

There is a straight line from Lane’s sixpenny Penguins to the airport bookstall
today, and it is drawn in cellulose. E-books were supposed to kill the paperback,
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and instead the paperback quietly won: print books still outsell e-books by a
wide margin in most markets, because a physical object that costs a few
dollars, survives a beach, and needs no battery turns out to be very good
technology. The sixpenny revolution never really ended. It just became so
normal that we stopped noticing it was made of paper.

C H A P T E R  2 7

The Rational Sheet

n 1922 the German standards institute published a specification for a family
of paper sizes built on a single elegant idea. Take a rectangle with sides in

the ratio of one to the square root of two. Halve it along the long side, and the
two halves have exactly the same proportions as the original. The largest size,
A0, was defined to have an area of exactly one square metre. Halve it four
times and you get A4: 210 by 297 millimetres, one sixteenth of a square metre
of paper, a sheet whose weight in grams you can read directly off the
grammage. It is the most quietly rational object in the modern office, and most
of the world’s paperwork now lives on it.

The idea was older than the standard. The ratio had been noticed during the
French Revolution, when a law of 1798 defined a series of taxed paper formats
with the same self-similar property, and the German mathematician Georg
Christoph Lichtenberg had written about it in a letter in 1786. What the
twentieth century added was enforcement. Germany adopted DIN 476, and
after the Second World War the standard spread through the International
Organization for Standardization as ISO 216, carried by the same logic that
spread the metric system: fewer formats, less waste, documents that scale
cleanly from folder to filing cabinet to envelope. Today nearly every country on
earth uses the A series. The great holdout is North America, which still prints
on the 8.5-by-11-inch Letter sheet, a format whose origins are lost somewhere
in the papermaking habits of the early American colonies.

The A4 sheet became the atom of office life because of two machines. The
photocopier, commercialized by Xerox from 1959, turned every office into a
tiny printing plant, and the plain-paper copier demanded a plain, reliable,
standardized sheet by the truckload. Then the desktop laser printer, arriving in
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the 1980s, put a press on every desk. Between them they created the demand
category the industry calls uncoated woodfree, the white office paper that
became one of the largest single grades in the world, measured in tens of
millions of tonnes. The ream of A4, five hundred sheets in its printed wrapper,
became as standard a unit of office supply as the litre of milk.

The standard’s real triumph is invisible: an ecosystem of furniture, machines
and habits built around one rectangle. Filing cabinets, folders, envelopes, ring
binders, photocopier trays, printer drivers, scanners, even the pockets of
briefcases assume the A4 sheet and its A5 half and A3 double. A standard
succeeds when nobody has to think about it, and the world’s offices have not
thought about their paper size in half a century. The North American exception
proves the rule by costing its users a small tax of friction on every international
document: the Letter page that will not quite fit the world’s folders, the PDF
that prints with cropped margins on the wrong continent.

The photocopier’s demand deserves one more look, because it made paper the
first truly networked office material. Before the copier, a document’s copies
were made at creation, carbon paper, mimeograph stencils; after it, every
document was a potential master, and the copy shop became a node in every
institution. Xerox’s own history is a paper-industry story in disguise: the
machine was brilliant, but the business model was paper, toner and service,
metered per copy, and the company’s fortunes rose with the world’s appetite
for duplicated sheets. The prediction that computing would abolish this
appetite came within a decade of the copier’s triumph and has been wrong for
fifty years in every country where paperwork still confers legitimacy, which is
to say, in every country with a court, a clinic and a government.

The paperless office was predicted in 1975 and has been predicted ever since,
and the truth is subtler than either the boosters or the sceptics said. Office
paper demand in the rich countries did peak, around 2007 in much of Europe
and North America, and it declines a few percent a year as email and screens
take over correspondence and filing. But the same years saw office paper
demand grow through Asia, and the white sheet remains deeply embedded
anywhere a signature matters, a form is filed, a government keeps a record.
India’s own offices and courts still run on A4 and its legal-size cousins; the
subcontinent’s courts are famous for their files, bound in cloth, that outlast the
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litigants. The rational sheet is retreating at the top of the market and advancing
at the bottom, like the material itself.

C H A P T E R  2 8

The Box That Ate the World

he most important paper product of the twenty-first century is brown,
fluted, and thrown away within weeks of being made. Corrugated board, a

wavy middle layer of paper sandwiched between two flat liners, is an
engineering trick from the nineteenth century that has become the skeleton of
global trade. In 2024 the world produced something like 200 million tonnes of
containerboard, the paper that becomes corrugated boxes, roughly twice the
tonnage of the year 2000. No other grade of paper comes close. The box is
where the industry now lives.

The box that ate the world: e-commerce's brown shell at the doorstep.
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The idea itself was a hat. In 1856 two Englishmen, Edward Healey and Edward
Allen, patented a pleated paper lining for tall hats, meant to keep the head cool
and the hat’s shape crisp. The leap to packaging came in 1871, when an
American named Albert Jones of New York patented single-faced corrugated
paper for wrapping bottles and glass lantern chimneys. Three years later
Oliver Long added the second liner, and the modern structure was born: a
material that is mostly air, yet can be stacked twenty boxes high in a shipping
container without crushing. The flute is an arch, and the arch is the oldest trick
in civil engineering, miniaturized and repeated four hundred times per metre.

"The box does not ask to be kept."

Making it is a process of impressive violence. At the corrugator, reels of
medium paper are steamed, forced between enormous heated fluting rolls,
glued at the peaks, and married to the liner at speed, the whole sandwich
emerging as an endless board that is scored, slit and cut into box blanks. The
liners, once virgin kraft, are now overwhelmingly recycled: old boxes pulped
and reformed into new ones, often within weeks, the fibre looping through the
economy five, ten, twenty times. A corrugated plant is less a paper mill than a
river rapid through which the same cellulose passes again and again.

Then came the accelerant. Mail-order retail had always run on boxes, but e-
commerce turned the box into the visible face of shopping itself. When the
store shelf disappears, the box takes over its jobs: protection, branding, the
small ceremony of opening. The pandemic years pushed corrugated demand to
records, and the logistics industry reorganized itself around the fact that a box,
unlike a shelf, must be delivered to every individual doorstep. Analysts began
tracking box demand as a proxy for the real economy; the cardboard box index
became a recession indicator that central bankers actually watch.

The box’s performance data deserves a paragraph, because it reads like a
parody of engineering pride until you price the alternatives. A single-wall
corrugated board, two liners and a flute, total weight about 600 grams per
square metre, can carry tens of kilograms in stacking strength; edge-crush and
burst tests certify every production lot; and the whole structure is designed to
be made from fibre that has already been through the system several times.
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The flute sizes have their own alphabet: A-flute tall and cushiony, C-flute the
shipping standard, B and E and F progressively finer for retail-ready packaging
and pizza boxes. When a packaging engineer specifies a board, they are
composing with arches.

The box also has a war record. Corrugated’s first great logistic test was the
Second World War, when the American military, needing to supply fronts
across two oceans, adopted the fibreboard box as its standard container and
discovered that it could be dropped, stacked, floated and still deliver. V-
packaging, the military called it, and the generals’ memoirs mention it with
surprising warmth: the invasion of Europe ran on kraft paper as surely as it
ran on fuel. The peacetime lesson soaked into every supply chain on earth.
Modern logistics, containerization, palletization, the barcode, the fulfilment
centre, is unthinkable without a cheap, printable, crush-resistant, fully
recyclable shell, and only one material has ever offered all four at scale.

There is a quiet irony at the centre of the box’s triumph. The grade of paper
that is winning is the least refined one, brown, unbleached, made increasingly
from itself. The industry spent a century learning to make paper white, smooth
and permanent, and the future turned out to be a material that is none of those
things: rough, recycled, disposable, and utterly essential. The box does not ask
to be kept. It asks only to arrive intact, and by that measure it is the most
successful paper ever made.

C H A P T E R  2 9

Paper Goes to Market

ong before the box ate the world, paper went shopping. The paper bag was
one of the first consumer paper products, and for a century it was how

nearly everything came home: flour, sugar, nails, vegetables, the weekly
groceries. Its history is a story of machines fighting the tendency of a flat sheet
to hold anything at all.

The breakthrough was the flat-bottomed bag, and it belongs to a woman the
industry nearly forgot. Margaret Knight worked in a Massachusetts paper bag
factory in the 1860s, folding bags by hand, and she became obsessed with the
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problem of a bag that could stand up on its own. In 1868 she built a wooden
machine that cut, folded and glued a square-bottomed bag in one operation.
When she took her iron prototype to be made, a machinist named Charles
Annan, who had seen her drawings, filed a patent on her invention. Knight
sued, produced her diaries and models, and won, in 1871, one of the first
patents ever granted to a woman in America. Her machine’s descendants still
turn out the grocery sack, and the square bottom that lets it stand on a kitchen
counter is her geometry.

The milk carton was paper’s answer to a heavier problem: liquids. Glass bottles
were returnable, expensive, and breakable; waxed paper cartons crept in
during the early twentieth century, but the decisive designs came mid-century.
The gable-top carton, folded from a single blank and sealed at the top like a tiny
roof, put milk, juice and cream into paperboard coated with a whisper of
polyethylene. In 1963 the Swedish company Tetra Pak introduced the Tetra
Brik, a rectangular brick formed from a continuous roll of paper, polyethylene
and, for long life, a layer of aluminium foil. The aseptic brick could sit on a
shelf for months without refrigeration, and it rewrote the food geography of
the hot and the poor: milk in a village without a cold chain, juice on a shelf in
Lagos or Lucknow.

Both products carry the industry’s recurring tension in miniature. The bag and
the carton are paper doing plastic’s job, and to do it they marry fibre to
coatings, wax, polyethylene, foil, that make them harder to recycle than the
honest brown box. The gable-top carton is recyclable where mills will take it;
the aseptic brick needs specialized hydrapulping to separate its layers; the
laminated paper cup, its cousin, is the most argued-over object in waste policy.
Paper’s answer to every liquid and every convenience has been a laminate,
and the laminate is where the material’s clean story gets complicated.

Margaret Knight’s story has a coda worth keeping. She did not stop at bags: she
went on to hold dozens of patents, on rotary engines, on shoe machinery, on
devices nobody expected from a woman of her century, and she fought for
every one of them in a patent system that assumed she could not have invented
what she invented. When she died in 1914, an obituary called her a “woman
Edison.” The paper bag machine was her first fight, and the fact that she had to
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win her own invention in court is part of the industry’s history too: the
material’s makers have not always been the people its records credited.

The carton’s barrier problem, mentioned in passing above, has become one of
the industry’s most important research fronts, so let it be stated precisely here.
A beverage carton is a laminate of roughly three quarters paperboard and one
quarter polyethylene, with a few percent of aluminium foil in the shelf-stable
aseptic versions. Each layer does a job: the board gives stiffness, the plastic
gives a liquid barrier and heat-sealability, the foil blocks light and oxygen.
Recycling such a laminate means hydrapulping the board away from the films,
and the recovered fibre is good, but the residual plastic-aluminium fraction,
polyAl, is a waste stream in search of a market. The carton industry now funds
dedicated recycling plants on every continent, because it knows the brick’s
licence to operate depends on closing that loop.

Yet the trajectory runs in paper’s favour. As cities and countries ban single-use
plastic bags, the paper sack, Margaret Knight’s square-bottomed idea, keeps
returning to the checkout counter. Carton makers now sell bricks with
aluminium-free barriers and caps made of the same fibre as the body. The
direction of policy and of consumer mood bends toward the material that rots.
Paper went to market a hundred and fifty years ago; the market keeps asking it
to stay.

C H A P T E R  3 0

The Cup of Common Sense

he paper cup was born of a genuine fear of germs. At the turn of the
twentieth century, American railway stations and schools shared a

communal drinking vessel, a tin dipper chained to a water barrel or a public
fountain, and doctors had begun to trace disease along the chain. In 1907 a
Boston lawyer named Lawrence Luellen, working with the American Water
Supply Company, invented a disposable paper cup and a vending machine to
dispense it with chilled water for a penny. The pitch was hygiene, not
convenience: your own cup, used once, never shared. During the 1918
influenza pandemic the argument sold itself, and the Dixie cup, as the product
was soon renamed, entered the bloodstream of everyday life.



91

The technical problem the early cup makers solved was that paper and water
are natural enemies. A plain paper cup softens, leaks and collapses within
minutes. The first answer was a coating of paraffin wax sprayed onto the rolled
cup; the modern answer is a film of polyethylene extruded onto the board
before forming, a few grams of plastic that keep the coffee in and the cup rigid.
That thin film is also the cup’s original sin in the recycling debate: it must be
separated from the fibre before repulping, and most municipal systems were
never built to do it. The result is one of the most recognizable objects in the
world that is also, in most places, not recycled, billions of cups a year, each used
for about fifteen minutes.

Scale is the cup’s other story. The automatic cup-forming machine, which rolls
a paper blank around a mandrel, seals the seam and crimps on a bottom disc,
works with a rhythm that belongs to the age of mass production: a modern line
turns out hundreds of cups a minute, and the world consumes them by the
hundreds of billions. The coffee-shop boom of the 1990s and 2000s turned the
cup into a walking advertisement, the white or brown cylinder with its printed
sleeve becoming a piece of urban costume. Paperboard for cups became a
premium grade, and mills in the American South and in China came to
specialize in it.

The kulhad deserves its full paragraph, because it is the one rival that beat the
paper cup on both hygiene and romance and still lost on logistics. The unglazed
terracotta cup of the Indian railway platform is disposable, sterile from the
kiln, tasteless-neutral to many palates and actually flavour-adding to many
more, and its disposal is simply gravity: thrown from the train window, it
returns to the clay it came from within a season. Indian Railways periodically
announces kulhad revivals, most recently as an employment program for
potters, and the cups do come back at stations for a while. But a kulhad cannot
be stacked ten thousand to a carton, cannot survive a monsoon supply chain,
and cannot be printed with a logo, and so the paper cup, for all its polyethylene
guilt, keeps the platforms. The lesson generalizes: disposability is a supply-
chain property before it is a materials property.

The cup’s fifteen minutes of use against its years of persistence make it the
perfect emblem of the industry’s midlife crisis, and the engineering response
has been correspondingly intense. The holy grail is a barrier that repulps:
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dispersion coatings that release in the pulper, mineral and biopolymer barriers
that break down with the fibre, cup stocks that municipal mills accept without
a second thought. Several such cups are now on the market, quietly, in the
hands of people who have not noticed any difference, which is exactly the
point. When the disposable cup finally becomes recyclable everywhere, it will
be because the industry made the improvement invisible.

The industry knows the cup is its reputational front line, and the engineering
response has been intense: cups with water-based barrier dispersions instead
of polyethylene film, cups whose lining repulps like ordinary paper, schemes
that collect cups separately and send them to mills that want them. India,
which consumes staggering quantities of tea from small paper and plastic cups
at every railway platform, is one of the largest cup markets on earth, and one
where the paper cup’s main rival, the little terracotta kulhad, was paper’s rival
a century before plastic existed. The disposable cup is a hundred-year-old
answer to the communal dipper, and the argument it started, hygiene against
waste, convenience against persistence, is the argument the whole industry is
still having.

C H A P T E R  3 1

The Softest Machines

issue is paper at its most intimate, the grade engineered to be pressed
against a face, and it is made on the fastest machines in the industry,

machines that throw a web of paper at up to two thousand metres a minute, a
blur of white moving faster than a car on a highway. Everything about tissue
inverts the values of other papers. Where a printing paper wants density and
hardness, tissue wants bulk and softness; where packaging wants strength,
tissue wants to fall apart obligingly in water, or to hold together wet, depending
on the product; where other papers are judged on what they carry, tissue is
judged on how it feels.

The making of it has its own theatre. A thin jet of dilute stock hits the wire and
is transferred almost at once to a single enormous steam-heated cylinder, the
Yankee dryer, three to six metres across, its polished surface hot enough to dry
the sheet in a second or two. Then comes the moment that defines the product:
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a steel blade, the creping doctor, scrapes the dried sheet off the Yankee, and the
sheet crowds up against the blade into microscopic folds. Creping is what
makes tissue tissue, the crinkle that gives it stretch, softness and absorbency.
Change the blade angle and you change the hand of the product; tissue makers
speak of blade wear the way violin makers speak of varnish.

The category grew out of a wartime accident. During the First World War,
Kimberly-Clark of Neenah, Wisconsin, made cellucotton, a wood-pulp wadding,
as a substitute for surgical cotton. Army nurses found another use for the thin
wadding pads, and after the war the company followed the insight: Kotex,
launched in the early 1920s, became the first disposable sanitary product, and
Kleenex, introduced in 1924 as a cold-cream remover and re-marketed as the
disposable handkerchief, became a word so successful it swallowed its
category. The disposable tissue was a new human habit, not a new material,
and habits are the best demand an industry can have. Toilet paper itself, sold
on rolls from the 1890s, followed the same curve: from embarrassment, to
necessity, to the product whose absence in a pandemic supermarket queue
became a global news story.

The tissue business also produced one of the great branding cultures of the
paper world, because a product judged on softness must be sold on feel.
Kleenex became so generic that dictionaries list it; the great tissue wars of the
late twentieth century, fought in advertising over quilting, lotion, ply count and
the famous “please don’t squeeze the Charmin” campaigns, were wars over the
subjective physics of a sheet a few thousandths of an inch thick. Behind the
advertising, the engineering was real: through-air drying, which blows hot air
through the web instead of pressing it flat, gave a springier, more absorbent
sheet and became the industry’s premium technology; layered headboxes put
different fibres in the sheet’s two faces, strength outside, softness in.

Toilet paper’s own history carries a lesson about how habits become
infrastructure. Rolled, perforated tissue was sold from the 1850s as a medical
product, advertised with the euphemisms of the age, and for decades it fought
the free alternatives, the catalogue page, the corn cob, the newspaper. What
finally won was plumbing: as indoor bathrooms spread, a flushable, rapidly
disintegrating sheet became a requirement of the pipe, not a preference of the
person. Tissue makers now engineer “dispersibility” as precisely as softness,
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because the modern city runs on the assumption that the sheet will fall apart in
the sewer on schedule. Few materials are so intimately load-bearing.

Tissue is also the industry’s most defiantly local product. It is bulky, light and
mostly air, which makes it expensive to ship far, so tissue mills sit near their
customers, and every large country makes its own. It is the grade least touched
by the internet, because no screen can substitute for it, and it grows steadily
wherever incomes rise, one of the surest demand lines in the whole paper
economy. The softest machines run the fastest, and they are not slowing down.

C H A P T E R  3 2

The Small Brilliant Papers

ome of the most ingenious paper objects ever made weigh less than a gram.
They live at the edges of the industry, tiny in tonnage, disproportionate in

cleverness, and they show what happens when a sheet of cellulose is asked to
do one very specific thing perfectly.

The tea bag is the most ubiquitous. In 1908 a New York tea merchant named
Thomas Sullivan sent out samples in small silk pouches, and customers,
misunderstanding, dunked the whole pouch in hot water. Paper proved better
than silk, and the tea bag became a materials problem that took decades to
solve: a paper porous enough to brew, strong enough wet to be lifted out
dripping, tasteless, and sealable at machine speed. The answer was a blend of
long abaca fibres with heat-sealable filaments, a specialty sheet made by a
handful of mills on earth, most tea bags in the world traceable to a few
machines in Germany and England.

The coffee filter has an exact birthday and a face. In 1908, in Dresden, a
housewife named Melitta Bentz tired of grounds in her cup, punched holes in
the bottom of a brass pot and lined it with a sheet of blotting paper from her
son’s school exercise book. The clean cup that resulted became a company, and
the company still bears her name. Blotting paper, the absorbent unsized sheet
that had dried a century of ink, turned out to be the perfect filter, and the
crimped paper cone is one of those designs so right it has barely changed in a
hundred and fifteen years.
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The Post-it note is the famous accident. In 1968 a 3M chemist, Spencer Silver,
made an adhesive that stuck weakly and let go cleanly, a solution looking for a
problem. Six years later his colleague Art Fry, singing in a church choir, grew
annoyed that his bookmarks kept falling out of his hymnal, and remembered
Silver’s glue. The pale yellow squares that followed became a new category of
office life: temporary paper, meant to be thrown away, whose disposability is
precisely the point. Carbonless copy paper, invented at NCR in the 1950s, made
its own kind of magic: microcapsules of dye on the back of one sheet bursting
against a clay coating on the next, so a signature wrote itself through three
copies at once, no carbon sheet required.

The carbonless paper story has a coda that shows how fast a small brilliant
paper can vanish. Carbonless forms conquered invoicing, receipts and multi-
part bureaucracy from the 1960s to the 1990s; then the computer printer and
finally the emailed PDF removed the need for the multi-part form almost
entirely, and a whole specialty grade shrank to a niche in a decade. The mill
that makes a small brilliant paper lives with this risk: its market is a habit, and
habits can be deleted by software. The Post-it note, by contrast, survived the
screen by becoming a screen complement, the physical token in a digital
workflow, stuck to the monitor that was supposed to replace it.

The tea bag, meanwhile, keeps generating materials controversy in a
thoroughly modern way. The heat-sealable fibres in most tea bag papers are
plastic, polypropylene filaments, a few percent by weight, and when
researchers reported that a steeping plastic-fibre bag releases microplastic
particles into the cup, the story ran around the world. The industry’s response
was swift: plastic-free tea bag papers using plant-based sealable fibres, and a
new selling point born overnight. The pattern is the one the whole book tracks:
a small paper’s tiny plastic component becomes a headline, and the headline
becomes a product specification. In the small papers, you can watch paper’s
whole plastic argument happen in a teacup.

One more small paper deserves its mention, because it quietly underwrites the
others: the humble envelope. Patented in commercial form in the 1840s,
industrialized with the same flat-blank folding logic as the bag, the envelope
became the shell of the world’s correspondence and, with the window and the
self-seal, the courier of the billing economy. Its tonnage is falling with the letter,



96

I

but its design legacy is everywhere: the courier mailer, the padded envelope of
e-commerce, the security-patterned sleeve of the bank statement. Paper has
always been as much about enclosing as about writing. The envelope is the
box’s older, thinner cousin, and it taught the industry that a folded sheet is a
container waiting to happen.

Each of these small papers is a reminder that paper is a platform, not a
product. Give a chemist, a housewife or a chorister a sheet with one tuned
property, porosity, adhesion, controlled fragility, and they will find a use for it
that no mill engineer imagined. The tonnage is trivial. The thinking is not.

C H A P T E R  3 3

Paper as Instrument

n the laboratory, paper stops being a surface and becomes a measuring
device. The transformation began in the early fourteenth century, when the

Spanish physician Arnaldus de Villa Nova began using a dye extracted from
lichens to test the acidity of solutions. The dye was litmus, its very name a piece
of Old Norse, litmosi, colour moss, and soaked into paper it became the
simplest scientific instrument ever mass-produced: dip, watch, read. Blue turns
red in acid, red turns blue in base. Six hundred years later, schoolchildren still
meet chemistry through a strip of lichen-stained cellulose.

The deeper magic arrived in the 1940s, when two British chemists, Archer
Martin and Richard Synge, worked out the theory of partition chromatography
and realized that a sheet of filter paper could serve as the stationary phase.
Spot a mixture at one corner, let a solvent creep up the fibres by capillarity, and
the components travel at different speeds, separating into a ladder of spots.
Paper chromatography put biochemical analysis within reach of any bench
with a jar and a sheet of Whatman No. 1. It was one of the techniques that let
Frederick Sanger sequence insulin, and Martin and Synge took the 1952 Nobel
Prize in Chemistry for the work behind it. A method that runs on capillary
action and gravity helped open the age of molecular biology.

The diagnostic strip followed the same logic into the clinic and the home.
Dipsticks for urine, pH papers, the litmus’s medical descendants, turned paper
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into a frontline screening tool, cheap enough to use once and discard. The
lateral flow test, the strip that showed the world two red lines during the
pandemic, is a direct descendant: a sample creeps along a nitrocellulose
membrane past lines of antibodies, and the paper itself performs the assay. No
power, no instrument, no technician: the strip is the instrument.

The filter paper companies behind the science deserve naming, because they
are among the oldest continuous businesses in the book. Whatman, founded on
the papers James Whatman the Younger perfected in eighteenth-century Kent,
became the standard laboratory filter of the world, its grades, the famous No. 1
and No. 42, specified by number in a century of methods papers. When a
chemist anywhere writes “filtered through Whatman No. 1,” they are citing a
paper mill the way a physicist cites an instrument maker. Schleicher & Schuell
in Germany and Ahlstrom’s filtration lines played the same role for other
laboratories. The laboratory paper trade is small in tonnage and enormous in
consequence: science’s data has passed through it for two hundred years.

Paper instrumentation is now having a third act in the field of frugal science,
and it may be the most important one. The drive to make diagnostics for places
without laboratories has produced paper microfluidics: sheets patterned with
wax-printed channels that guide a drop of blood or urine through a sequence
of reagent zones, performing a multi-step assay with no pump, no power and
no technician, for cents per test. Malaria, dengue, pregnancy, water
contamination: the test is the sheet. It is litmus paper rebuilt with twenty-first-
century chemistry, and it may do more for global health than any instrument
the rich world’s laboratories have built this century.

The litmus paper lineage has one more branch that belongs in any honest
account: the litmus test as a political metaphor, which the material earned the
hard way. A strip that gives an unambiguous answer, red or blue, acid or base,
was irresistible to editorialists, and “litmus test” entered the language as the
phrase for a single question that decides everything. Few industrial materials
have donated a concept to political theory. Paper diagnostics keep doing it: the
“dipstick” is now shorthand for any quick check. The instrument became an
idiom, which is the surest sign that the instrument won.
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There is a thread worth pulling here. Every one of these instruments works
because of the properties this book has been circling: cellulose’s capillary
network, its chemical hospitality, its willingness to be impregnated, coated, and
cut to shape for pennies. The same material that carries the news and wraps
the parcel also separates the amino acids and reads the pregnancy test. Paper
was the first disposable substrate of science, and in the age of the smartphone
it quietly remains one of the most important.

C H A P T E R  3 4

The Papers That Refuse to Commoditize

eyond the great commodity grades lies a long tail of papers that exist
because some job cannot be done by anything else. Banknote paper is the

most demanding: a sheet of pure cotton fibre, no wood at all, built to survive
pockets, washing machines and years of folding, carrying its watermark and
security thread inside the sheet itself rather than printed on top. Currency
paper is made by a small club of specialist mills under conditions closer to a
mint than a paper factory, and its recipe is, in every country, a state secret of a
modest kind. The rupee note, the euro, the dollar: all of them are cotton, and all
of them are paper, whatever the polymer faction says.

At the other end of the price spectrum sits a paper that is barely an industry at
all, yet carries an entire tradition. Handmade paper, sheet by sheet from a vat,
never quite died. In India the kagzi families who came with the Mughal courts
kept their vats alive in Sanganer, in Pondicherry, in the recycled-cotton units of
Tamil Nadu, and Gandhi deliberately made the hand sheet a symbol of self-
reliant industry, the paper of the freedom movement’s letterheads. In Japan the
washi tradition, paper beaten by hand from kozo bark, was named to
UNESCO’s intangible heritage list in 2014, and in Fabriano the town that
industrialized the rag sheet now demonstrates it to schoolchildren in a
museum a few streets from its medieval mills. The hand sheet survives for the
same reason the letterpress survives: because a sheet with a deckle edge and a
maker’s fingerprint does something a machine sheet is designed not to do.

Between these poles lies the working specialty world: filter papers for engines
and laboratories, insulating paper wound into every transformer on the grid,
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release liners behind every sticker, base papers for decor laminates, cigarette
papers of astonishing thinness, parchment for baking, tea bag and coffee filter
tissue, abrasive backing, wallpaper base, the paper in plasterboard and in the
laminate of the counter in a cheap cafe. Each is a niche with its own
champions, mills like Ahlstrom and Delfort and the security paper houses, and
each niche is defensible in a way commodity paper never is: the customer
cares about the property, not the price per tonne.

The security papers have a whole secret literature of their own. Banknote
paper begins with cotton linters, the short fibres too brief for textiles, cooked
and beaten to a specification that is, in every issuing country, classified in
practice. The watermark is formed in the mould exactly as Fabriano made it,
but in multi-tone: not just light and dark but a whole grayscale portrait in the
thickness of the sheet. The security thread is embedded during forming; colour-
shifting and fluorescent fibres are mixed into the furnish; the finished paper
must survive a standardized torture of crumpling, laundering and soiling that
no other grade endures. A banknote is expected to live three to five years in the
world’s pockets and to be verifiable at a glance by a tired cashier. It is the most
engineered sheet in the world, and its makers advertise nothing.

India’s handmade paper tradition, mentioned above, has an economic footnote
that matters: it is one of the few pre-industrial paper industries that found a
modern market on its own terms. The handmade units around Sanganer and
Kalpi, and the Gandhian institutions at Wardha and Kumarappa’s All India
Village Industries experiment, survived the machine age by selling exactly
what machines cannot make: deckle edges, embedded petals and threads, the
sheet as an object of craft. Indian handmade paper now exports to the world’s
stationers and artists. The village vat did not defeat the fourdrinier. It stepped
sideways into a market the fourdrinier cannot enter.

The specialty world is where paper’s future most clearly prefigures itself. As
commodity grades consolidate and shrink, the mills that thrive are the ones
making something too particular to be replaced by a screen or a plastic film.
The sheet that filters the blood sample, insulates the transformer, and carries
the watermark of the state is not going anywhere. Paper refuses to become one
commodity, because it never was one.
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C H A P T E R  3 5

The Second Harvest

very city on earth grows a forest nobody planted. It arrives at the kerb in
bundles and bins: old newspapers, flattened boxes, office files, packaging,

the daily outflow of a paper civilization. This second harvest is now the
industry’s single largest source of fibre. In 2024 the world consumed about 243
million tonnes of recovered paper, more than the 189 million tonnes of virgin
wood pulp it produced, and in the countries with the oldest paper habits the
loop is strikingly tight: the United States recycled between 60 and 64 percent of
its paper and 69 to 74 percent of its cardboard, while Europe reported a
recycling rate of 75.1 percent. Recycled fibre supplied 44 percent of everything
American mills ate.

The system behind those numbers is one of the least celebrated supply chains
in the world. In the rich countries it is kerbside bins, materials recovery
facilities, baling machines and commodity brokers, a market in which a bale of
old corrugated containers trades like wheat. In India it is something older and
in many ways more remarkable: the kabadiwala, the door-to-door scrap buyer
with his bicycle and spring scale, who purchases old newspapers and cartons
from households by the kilogram and feeds them up a ladder of aggregators to
the mills. India recovers roughly a fifth to a quarter of its paper through this
army of micro-entrepreneurs, and nearly every Indian paper mill runs on a
furnish heavy with waste paper, because domestic wood pulp is scarce and
imports are dear. The kabadiwala never appears in sustainability reports, but
he is one of the most effective recyclers on the planet.

"Every city on earth grows a forest nobody planted."

Inside the mill, the second harvest is undone gently. The recovered paper goes
into a pulper, a giant drum of churning warm water that reduces bales to
slurry in minutes. Screens and cleaners fish out the tapes, staples, plastics and
grit. For white grades the ink must go too: flotation deinking washes the slurry
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with surfactants and blows air through it, so the ink particles ride the bubbles
to the surface and are skimmed away like cream. What remains is a grey,
serviceable fibre, shorter and weaker than when it was new, ready to be
blended and born again.

Pulp mill

Paper mill

Use and collect

Repulping

virgin fibre in

rejects and losses out

A fibre can loop two dozen times (TU Darmstadt):
the limit is collection, not chemistry.

The fibre loop: paper's circular economy.

The grades of recovered paper form their own commodity taxonomy, and
learning it once repays the effort, because the whole recycling debate is
conducted in it. The ISRI and European grade lists run to dozens of entries, but
the spine is simple: old corrugated containers, the brown gold at the top of the
volume chart; old newspapers and magazines; sorted office paper, the white
high-grade; and mixed paper, the honest name for everything swept together.
Prices move like any commodity: old corrugated traded from near nothing to
over two hundred dollars a tonne within a few years, and every waste
manager in the world watches the index. When a city’s recycling program
“fails,” it usually means the grade it collects has no buyer at a price that covers
the baling.

The kabadiwala system deserves a closer look than the sentence it usually gets,
because it solves the hardest problem in recycling, collection from a hundred
million dispersed households, without a single municipal truck. The economics
are direct: paper waste has a positive price at the household’s door, so the
household sorts and stores it voluntarily, and a chain of small dealers, each
adding aggregation and transport, carries it to the mill gate. India’s recovery
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rate is modest by European standards, but it is achieved at near-zero public
cost, and the fibres that do enter the system are collected with a thoroughness
no kerbside program matches. As Indian consumption grows, the question is
whether this organic system can scale with it, or whether India will have to
build the formal infrastructure the kabadiwala has so far made unnecessary.

There is a limit written into the chemistry, and the whole next part of this book
turns on it. Every time a cellulose fibre is dried and repulped, its walls stiffen
and its ability to bond declines. A fibre cannot loop forever. The question of
exactly how many lives a paper fibre can live was, for decades, an industry
argument conducted with more assertion than data, until a German university
decided to settle it.

C H A P T E R  3 6

The Sword Falls

or thirty years the world’s recycling system rested on a quiet arrangement:
the rich countries collected their used paper, and China took it. Ships that

carried containers of Chinese goods to Los Angeles, Rotterdam and Hamburg
returned laden with bales of American and European waste paper, backhaul
cargo on the cheapest shipping lanes on earth. Chinese mills, hungry for fibre
their own forests could not supply, digested more than half of the world’s
traded recovered paper at the peak. The arrangement was so convenient that
almost nobody asked what would happen if it stopped.

It stopped on 1 January 2018. The policy had been announced the previous July,
when China told the World Trade Organization it would ban imports of twenty-
four categories of solid waste, and the industry named it after the enforcement
campaign: National Sword. The rules were surgical. Mixed waste paper, banned
outright. Other recovered paper, admitted only if contamination stayed below
half of one percent, a standard no municipal collection system on earth could
meet reliably. Import quotas shrank to almost nothing. The largest sink for the
world’s used paper closed in a matter of months.

The shock was immediate and global. Prices for mixed paper in the United
States and Europe collapsed; some municipalities went from being paid for
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their recyclables to paying to have them taken away, and a few quietly
landfilled collected paper. Bales accumulated at ports and recovery facilities
like stranded freight. The trade rerouted itself in a scramble: recovered paper
flowed to Vietnam, Malaysia, Indonesia, India and Turkey, whose mills
suddenly had their pick of the world’s fibre and whose governments soon
began passing their own contamination rules, having learned the lesson of
becoming someone else’s landfill.

Inside China the sword cut both ways, deliberately. Deprived of imported fibre,
China’s giants went to the fibre: Nine Dragons, Lee & Man and others built or
bought pulp capacity in North America and Southeast Asia, and the Chinese
industry accelerated its shift toward domestic collection and imported pulp.
Beijing had never intended to shrink its paper industry; it intended to stop
being the world’s bin and to own cleaner, more controllable supply chains
instead.

The Sword’s deeper cause was quality, and the quality problem was created by
the exporters themselves. Single-stream recycling, the convenient American
and European habit of throwing all recyclables into one bin, maximized
collection volumes and minimized sorting quality; the bales that went to China
carried glass shards, food waste, plastic film, and worse. For years the Chinese
mills accepted the contamination because fibre was scarce and labour to sort it
was cheap. By the 2010s, China no longer needed the arrangement: its own
cities generated plenty of domestic waste paper, its wages had risen, and its
government was waging a public war on pollution. National Sword was not
protectionism alone; it was a wealthy country refusing a poor country’s job.

The rerouting had one more leg that rarely makes the summaries: it improved
the systems it shocked. American and European recovery facilities invested in
optical sorters and slower belt speeds; municipalities rewrote what residents
could put in the bin; paper mills in the importing countries added cleaning
lines; and the old argument that “recycling is broken” gradually became untrue
in the places that took the lesson. The system’s dependency had been the flaw,
not the concept. Five years after the Sword, recovered paper still moved
globally, but on better standards, to more buyers, under more honest rules.
That is what a correction looks like from inside.
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India’s experience of the Sword was double-edged in a way the Western
accounts miss. On one side, Indian mills suddenly had access to cheap
American and European recovered paper, and imports surged, feeding the very
mills that supply the country’s packaging boom. On the other side, the flood of
imports undercut the kabadiwala’s price, squeezing the domestic collection
system that India will need in the long run. Indian policymakers now debate
import rules for waste paper with the same fervour Europeans debated single-
stream: how to use the world’s surplus fibre without strangling the local loop.
The Sword, in other words, did not end the politics of waste paper. It globalized
them.

National Sword is now a case study in what systems people call circular. A loop
that depends on one buyer’s tolerance is not a loop; it is a pipeline with the far
end hidden. The countries that had exported their paper problem discovered
they had never built the mills, the sorting quality or the habits to absorb their
own second harvest. The sword did not create that truth. It merely made it
impossible to ignore, which is what good shocks do.

C H A P T E R  3 7

Twenty-Five Lives

ow many times can a paper fibre be recycled? The question sounds simple
and had, for years, no honest answer. Industry brochures said five to

seven times, a number repeated so often it hardened into fact without ever
being measured properly. Environmental sceptics said the loop was nearly
closed after two or three passes. The argument mattered: the whole claim that
paper is the circular material par excellence rests on how long the fibre keeps
going.

In 2016 a team at the Technical University of Darmstadt decided to measure it.
Professor Samuel Schabel’s group did something nobody had bothered to do:
they put the same paper through the recycling loop again and again under
controlled conditions, pulping, reforming, drying, testing, repulping, twenty-
five times in a row, tracking the fibre and the sheet at every pass. The headline
result startled even the optimists. The fibres survived. After twenty-five cycles
the furnish was still making perfectly usable paper, provided the process was
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run properly, and virgin fibre added modestly at the margins. The five-to-seven
figure, the team concluded, was a myth born of confusing two different things:
fibre survival, and the unavoidable loss of material in any real industrial
system, where screens, cleaners and deinking discard some fibre with the
rejects at every pass.

The distinction is the insight. A cellulose fibre does not die on its fifth life; it
leaves the system. Every pass through a real mill ejects a fraction of the stock
with the contaminants, and every user converts some paper into forms that
never come back, the book on the shelf, the tissue flushed, the archive box in
the attic. The practical ceiling on recycling rates, around 75 to 80 percent in the
best systems, is set by collection and by use, not by chemistry. Europe’s 75.1
percent is close to what physics and logistics allow.

The Darmstadt study’s methods are worth a paragraph because they are a
small model of how materials claims should be tested. Schabel’s group
standardized everything: a defined blend of newsprint, magazine and
corrugated papers, repulped under fixed conditions, reformed into handsheets,
dried, tested for tensile, tear, porosity and optical properties, then repulped
again. No virgin fibre was added during the twenty-five loops, the better to
isolate the fibre’s own behaviour. The results, published by the university and
summarized for industry by the German paper association, showed the
expected decline in some properties, the fibres slowly stiffened and drained
faster, but no cliff: at cycle twenty-five the furnish still made paper that met
practical specifications. The limit the industry had feared was behavioural, not
chemical.

The practical rules that follow are now industry doctrine. Keep the loop fast,
because a box that returns in weeks returns strong. Keep it clean, because
contamination, not cycling, is what kills fibre value. Add virgin fibre where
strength demands it, and think of the virgin input as the loop’s maintenance
dose, the leak being topped up. And stop quoting five to seven: the honest
sentence is that a fibre can be recycled many times, and the system’s job is to
let it. Europe’s recycled-content rules and brand commitments are now written
against this understanding, which is what it looks like when a university
experiment changes a continent’s supply chain.
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The study also clarified what happens at the loop’s edges, where fibre is
genuinely lost, and the list is a map of the system’s remaining work. Some
paper is consumed in use: tissue, hygiene, food-contact papers that cannot be
collected. Some is retained in use: books, archives, the construction papers
locked into walls. Some is lost to collection: the receipt in the pocket, the
wrapper in the hedge. And some is lost to process: the fibres that leave with the
rejects at every mill pass. Add the edges up and the maximum achievable
recycling rate falls out at roughly 80 percent, which is why Europe’s 75.1
percent is not a B-minus but close to the physical limit, and why the remaining
debate is about the last difficult tonnes, not the easy middle.

There is a human version of the same mathematics. The fibre that survives
longest is the fibre that stays clean, is collected quickly, and is handled by a
system built to value it. A corrugated box that goes from warehouse to baler to
mill in six weeks can live a dozen lives in a decade. A newspaper left in a damp
garage lives one. The longevity of cellulose, in other words, is not a property of
the molecule alone; it is a property of the civilization handling it. Twenty-five
lives are available. How many we give the fibre is up to us.

C H A P T E R  3 8

The Managed Forest

modern pulp tree is not found; it is scheduled. In the plantation belt that
now supplies a growing share of the world’s paper fibre, eucalyptus in

Brazil reaches harvest size in about seven years, acacia in Sumatra in six,
radiata pine in Chile and New Zealand in twenty-five. The forester’s calendar
replaces the forester’s axe: a compartment planted this year is thinned on a
known date and clear-cut on another, and the mill at the end of the road has
modelled its wood supply decades into the future with the confidence of a bond
trader. Suzano’s new Cerrado complex in Mato Grosso do Sul, the largest single
pulp line ever built, sits at the centre of a planted estate measured in hundreds
of thousands of hectares, every hectare a spreadsheet cell that happens to
photosynthesize.
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The managed forest: a eucalyptus plantation on the Brazilian cerrado.

The plantation is the industry’s answer to its oldest accusation, that paper eats
forests. The honest answer is complicated and worth stating straight. Paper is
not the main driver of deforestation, cattle and soy and palm are, by wide
margins, and the biggest fibre regions, the boreal north and the plantation
south, are mostly managed rather than cleared: Canada’s forests are harvested
under crown regulation and regrow; the Nordic countries have more standing
timber than a century ago; Brazil’s pulp plantations grow largely on old
pasture. But the honest answer has a shadow, and the shadow is named Asia
Pulp and Paper. Through the 1990s and 2000s, APP’s suppliers converted
natural rainforest in Sumatra into acacia plantations at a pace that drew
Greenpeace campaigns, lost the company its FSC association, and emptied the
shelves of toy and tissue brands that could not afford the association. APP
pledged zero deforestation in 2013; auditors and activists have argued ever
since about how well the promise has kept. The lesson the industry took was
that fibre provenance is now a commercial fact as real as price.
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Out of that fight came the certification economy. The Forest Stewardship
Council, founded in 1993, put a logo on the sheet: a small checkmark-and-tree
that says the fibre came from a forest managed for ecology and community as
well as yield, with a chain of custody audited from stump to mill. Its rival,
PEFC, certifies more of the world’s northern forests through national schemes.
A shopper holding a ream of paper can now, in principle, know which kind of
forest it came from. Certification is imperfect, audits are only as good as
auditors, but it moved the argument from accusation to verification, and that is
what progress in commodities usually looks like.

The boreal forests run on a different clock and a different politics, and they
deserve their own paragraph in the plantation’s chapter. In Canada and Russia
and the Nordic north, a spruce takes fifty to eighty years to reach harvest, and
the industry’s model is not the plantation but the managed wild forest: blocks
cut on rotation under crown or national rules, regrown by planting or natural
seeding, the whole estate governed by growth-and-yield tables older than some
governments. The controversies are different too: not conversion of rainforest,
but the pace and pattern of cutting in ancient ecosystems, caribou habitat in
Quebec, old-growth valleys in British Columbia and Finland’s far north. The
campaigns of the 2020s against boreal sourcing, and the industry’s responses,
show that “managed” is not a settled word. It is a negotiation between a slow
forest and a fast economy.

The carbon arithmetic of forestry is the sharpest of these negotiations, and
honesty demands stating it in both directions. A harvested forest releases
carbon; a growing one absorbs it; a plantation on degraded pasture can be a
net sink even after harvest, while logging an ancient forest can release a stock
that took centuries to build. Paper’s climate case therefore depends entirely on
which forest, which is why certification and satellite monitoring have become
load-bearing for the industry’s claims, and why the FAO’s finding that global
forest area is still shrinking, mostly in the tropics and mostly for agriculture,
keeps the paper industry careful about what it takes credit for.

The managed forest is neither the villain of the old campaigns nor the green
cathedral of the marketing. It is a farm, albeit a slow one, and like all farming it
can be done well or badly. The interesting question for the next decades is
whether the plantation model, with its astonishing productivity, can supply a
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growing paper economy inside the ecological lines, freeing the wild forest to be
simply left alone.

C H A P T E R  3 9

The Thirsty Machine

aper is made of water. A sheet that arrives bone dry in your hands passed
through a river on its way: traditional mills used a hundred tonnes of

water for a tonne of paper, and even the best modern mills, recirculating
relentlessly, use tens of tonnes. The great mills stand on great rivers not for
romance but for physics, and the history of the industry can be read in its
relationship with the water it borrowed and the condition in which it gave the
water back.

For most of the twentieth century, the answer was: badly. A kraft mill’s spent
cooking liquor, its bleach plant’s effluent, its fibre-laden whitewater all went,
after token treatment, into the river, and the rivers told the story in foam and
fish kills and a smell that identified a mill town before the sign did. The bleach
plant was the worst of it: chlorine bleaching of pulp generated chlorinated
organics, including dioxins, and by the late 1980s the discovery of dioxin in
mill effluent and in fish downstream became one of the defining industrial-
environmental scandals of the era. The industry’s response, under regulatory
and public pressure, was genuine and technical: elemental chlorine gave way
to chlorine dioxide, then to totally chlorine-free sequences using oxygen, ozone
and peroxide; the kraft recovery boiler, which burns the dissolved lignin out of
the spent liquor and regenerates the cooking chemicals, turned the mill’s
dirtiest stream into its power plant. A modern kraft mill generates most of its
own energy from its own waste, and a Scandinavian mill today discharges
water cleaner than the river it draws from.

Energy is the other half of the account, and it is large: the paper industry
consumes roughly 5 to 6 percent of the world’s industrial energy, making it one
of the most energy-hungry manufacturing sectors on earth. Drying is the
glutton: evaporating a tonne of water takes what it takes, and the dryer
section’s appetite sets the mill’s fuel bill and much of its carbon footprint. The
industry’s decarbonization story is therefore really a story about boilers,
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moving from coal and oil to biomass, recovered lignin, and increasingly to
electrified and heat-pumped drying. Some mills now sell power to the grid; a
few dream of being net exporters of energy and materials both.

The numbers behind the modern water story are better than the industry’s
reputation, and they belong in the book. A nineteenth-century mill might use
two hundred tonnes of water per tonne of paper; a well-run modern integrated
mill uses twenty to fifty, and the best fine-paper and tissue mills run lower,
with internal recycling so complete that the river sees the mill as a modest user
rather than a flood. The effluent that does leave is treated, settled, biologically
digested, sometimes polished, to standards that in Europe and North America
are strict and enforced, and the fisheries downstream of Nordic mills have
returned in living memory. The industry’s water problem today is less pollution
than exposure: mills in water-stressed regions, including parts of India, face
hard questions about every tonne they draw.

The energy transition inside the mill is similarly concrete. The recovery boiler
made kraft mills energy-self-reliant early; the modern frontier is the lime kiln
and the dryer hood, the last fossil redoubts, and the toolkit is biomass
gasification, electric boilers, heat pumps recovering warmth from dryer
exhaust, and mills sited beside their fuel, the forest itself. Several European
mills now advertise fossil-free production, and the integrated Brazilian
eucalyptus mills are close to energy autarky on black liquor and bark. A paper
mill’s smokestack, where it still smokes, is increasingly a transitional object,
like the mill town’s whistle: a sound the industry is engineering out of itself.

The water-and-energy ledger is where paper’s environmental case is actually
fought, not in the cartoon of dead trees. A material that is renewable,
recyclable and biodegradable still has to be manufactured, and manufacturing
has a metabolism. The mills that survive the next thirty years will be the ones
that treat the river as a partner and the boiler as an asset, because regulation,
customers and physics all point the same way.

C H A P T E R  4 0

The Plastic Question
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E very few years someone rediscovers that paper is not obviously greener
than plastic, and a small war of lifecycle studies breaks out. The argument

is worth taking seriously because it is the argument of our moment: as the
world legislates against single-use plastic, paper is the default substitute, and
whether that substitution helps depends on questions most slogans skip.

Start with the honest scorecard. Plastic bags are astonishingly efficient objects:
a few grams of polyethylene, made from fossil carbon, carrying many times
their weight with almost no material at all. A paper bag is heavier, takes more
energy and water to make, and must be reused several times, some studies say
many times, before its climate footprint beats the plastic bag it replaces. If the
only question is greenhouse gas per use, paper often loses. But the scorecard
has other columns. Plastic escapes. It fragments into microparticles that now
turn up in Arctic ice, in fish, in human blood; it persists for centuries; it is
barely recycled anywhere, with real global rates in the single digits for
packaging films. Paper, dropped in a forest or a ditch, is gone in weeks to
months, eaten by the same fungi and bacteria that eat fallen branches. The
oceans are not filling with old newspapers.

The substitution wave is therefore not really about carbon; it is about
persistence. That is why straws, bags, cutlery, plates and sachets are moving to
fibre, why the European Union’s single-use plastics directive effectively created
a paper-engineering boom, and why the hardest technical frontier in the whole
industry right now is the barrier: giving paper plastic’s impermeability without
plastic’s immortality. Water-based dispersion coatings that repulp, mineral
coatings, thin biopolymer films that compost, moulded fibre with fluorine-free
grease barriers: an entire sub-industry has appeared in five years to make
paper do, briefly, what polyethylene does forever.

The lifecycle wars have a methodological lesson that outlives the paper-versus-
plastic fight: the answer depends on the boundary. Count only production
emissions and the lightweight plastic bag wins on carbon. Add realistic litter
rates, ocean persistence, and end-of-life, and the calculus shifts; add the
difference between a fossil feedstock and a growing one, and it shifts again;
add the fact that paper is actually recycled at scale while plastic film is not, and
the honest summary becomes: it depends on the system, so fix the system. The
studies that matter most are the least quoted ones, the regional lifecycle
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assessments that ask what happens to this bag, in this city, with this collection
system. Universal slogans are where good materials policy goes to die.

The barrier race, meanwhile, is quietly becoming one of the largest materials-
science competitions on earth, because the prize is the entire single-use
packaging economy. The technical target is brutal: a coating that repels water,
grease and oxygen for the product’s shelf life, then dissolves, repulps or
composts on cue, at a cost per square metre that a grocer will pay, applied on
coaters running a kilometre a minute. Dispersion barriers, mineral-filled
coatings, cellulose films, chitosan, whey proteins, thin-metal-free vacuum
coatings: the patent filings run into the thousands. Whoever wins, the loser is
polyethylene’s monopoly on cheap impermeability, and the winner is
whichever paper mill owns the recipe. This is the industry’s Apollo program,
and it is happening now.

There is one more column in the honest scorecard, and it is the one consumers
actually vote on: trust. People believe they understand paper. They have
recycled it, composted it, watched it melt in the rain. Plastic, by contrast, has
spent two decades accumulating betrayals: the recycling symbol that meant
almost nothing, the microplastics in the bloodstream, the gyres in the ocean.
When a shopper reaches for the paper bag, they are often not performing a
lifecycle assessment; they are choosing the material that has never lied to
them. Industries underestimate this at their peril. Trust is a material property
too, and paper has been compounding it for two thousand years.

The verdict of the honest studies is usually the same: the right answer is fewer
single-use things of any material, and where something must be single-use,
prefer the material that rots and the system that collects it. Paper wins where
recovery loops are real, loses where they are not, and keeps the argument
interesting everywhere. The plastic question does not have a slogan for an
answer. It has a supply chain, and the supply chain is the part worth reading.
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C H A P T E R  4 1

The Four Hundred Million Tonne Economy

tand back far enough and the numbers compose a single picture. Industry
compilations of FAO data put world output of paper and paperboard at

about 420 million tonnes a year, more than five times the tonnage of 1961 and
close to the highest ever recorded. China alone makes about a third of it; the
United States about 14 percent; India, the fastest climber in the top five, about 6
percent and rising. Behind the tonnage sits a market valued near a trillion
dollars when pulp, paper and packaging are counted together, millions of jobs,
and a logistics web that touches every supply chain on earth, because
everything that is shipped is shipped in paper.

The shape of the economy has rotated. A generation ago the industry’s centre of
gravity was communication: newsprint, printing and writing papers, the
grades that carried information. Those grades have been in structural decline
since roughly 2007 in the rich world, newsprint down from 38 million tonnes
in 2000 to about 12 million in 2024, and the tonnage has migrated to the grades
that carry goods: containerboard doubled from about 100 to about 200 million
tonnes over the same span, cartonboard and tissue growing steadily behind it.
The industry that used to be about reading is now about shipping, wiping and
wrapping. It is the same fibre, re-purposed by the internet it was supposed to
be killed by.

"It is the same fibre, re-purposed by the internet it was
supposed to be killed by."

The geography rotated too. The twentieth century’s paper map was Atlantic:
North America and Scandinavia supplied the world from their forests. The
twenty-first century’s map is Asian: China became the largest producer and
consumer, Indonesia and Brazil became the low-cost fibre platforms, and India
became the demand story, its consumption per person still a fraction of the rich
world’s, which is precisely why every global producer watches it. A country
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where the average person uses 15 to 20 kilograms of paper a year, against 50-
plus in Europe and over 200 in America, has a lot of paper still to use.

Paper and paperboard production, 2024 (million tonnes, FAO data)

China 140.3

United States 62.5

India 22.4

Japan 21.9

Germany 19.2

World total: about 420 million tonnes (up 4 to 5 percent in 2024). Source: FAO forest products statistics.

Who makes the world's paper, 2024.

India’s position in this economy rewards a longer look, because it is where the
industry’s past and future meet. The subcontinent is among the fastest-growing
paper markets in the world, with demand rising several percent a year on the
back of education, e-commerce and packaged food, yet its per-capita
consumption remains far below the world average, the classic profile of a
market with decades of runway. Its fibre economy is unique among the big
producers: wood is scarce and plantation policy contested, so the mills run on a
triple base of imported and domestic waste paper, agricultural residues like
wheat straw and bagasse, and a smaller share of wood pulp, much of it from
farm forestry programs that pay smallholders to grow pulpwood on field
bunds. ITC’s pulpwood programs in Telangana and Andhra Pradesh, which
greened tens of thousands of hectares of degraded farmland while supplying
the Bhadrachalam mill, are the Indian answer to the plantation question: the
fibre farm as rural income, not industrial estate.

The demand structure is distinctive too. India still buys enormous tonnages of
writing and printing paper, textbooks, notebooks, examination answer books,
the paperwork of the world’s largest school system, while its packaging
demand explodes with e-commerce, and its tissue market is barely begun. An
economy where the exercise book and the cardboard box are both growth
markets is an economy the global industry cannot ignore, and every major



117

T

Indian mill is expanding. The constraints are equally Indian: water stress in the
river basins where mills cluster, coal-heavy energy, and a recovered-paper
system still building its quality ladder. If the world paper industry’s next thirty
years has a single most interesting question, it is how India solves growth on
scarce fibre and scarcer water, because whoever learns to make paper under
those constraints will own the template for half the world.

The economy’s deepest trait is cyclicality, and every manager in the industry
lives by it. Paper machines cost hundreds of millions of dollars and take years
to build, so capacity arrives in lumps; demand arrives smoothly, so the industry
oscillates between shortage and glut with the regularity of tides, and fortunes
are made by those who build at the bottom of the cycle and lost by those who
build at the top. The 2020s added a new wrinkle: a pandemic packaging boom,
an energy-price shock, and a demand hangover, all inside five years. The four
hundred million tonne economy is not a machine. It is a tide, and the chapters
about companies are really chapters about who learned to swim in it.

C H A P T E R  4 2

The Companies

he paper industry has no Apple, no single name the whole world knows,
but it has giants, and their strategies read like answers to the question this

book keeps asking: what is paper for now?

International Paper, founded in 1898 in upstate New York, is the old American
champion, and its recent history is the industry in miniature: it sold its
printing-paper business, doubled down on corrugated packaging, and in
January 2025 completed the 7.2 billion dollar acquisition of Britain’s DS Smith
to become one of the two superpowers of the cardboard box. The other is
Smurfit Westrock, formed in 2024 when Dublin’s Smurfit Kappa absorbed
America’s WestRock in a 21 billion dollar combination, a transatlantic box
empire spanning forty countries. The future, both companies are betting, is
brown and ships to your door.

The forest end of the industry has its own monarchs. Suzano of Brazil is the
world’s largest market pulp producer, its 2024 Cerrado mill, 2.55 million tonnes
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of eucalyptus pulp a year on one line, the biggest ever built, and its whole
model rests on the fastest-growing plantation fibre on earth. In the north, the
Finns and Swedes reinvented themselves: UPM and Stora Enso, the latter
traceable to a copper share certificate of 1288 that makes it a candidate for the
oldest limited company in the world, now describe themselves as renewable
materials companies, selling timber, packaging, biocomposites and even
battery materials alongside declining volumes of publication paper. Asia’s
giants rose on different fuel: Nine Dragons of China, founded in 1995 by Zhang
Yin on imported waste paper, became the largest paper maker in Asia with
more than 13 million tonnes of capacity; Asia Pulp and Paper grew with
Indonesia’s plantations and controversies alike.

And then there are the companies paper made without anyone noticing.
Kimberly-Clark turned wartime cellucotton into Kleenex and Kotex and built a
tissue empire on habits it invented. Essity, spun out of Sweden’s SCA in 2017,
sells hygiene to a billion people in 150 countries. Tetra Pak’s paper bricks sit in
a billion kitchens. India’s own champions fit the same pattern at a different
scale: ITC, the tobacco-to-hotels conglomerate, is the country’s largest
paperboard maker; JK Paper and West Coast Paper Mills anchor the writing-
and-printing grades; and hundreds of agro-based mills turn wheat straw and
bagasse into the country’s book paper, a fibre mix found almost nowhere else
at scale.

The consolidation wave that created the packaging superpowers has a logic
worth making explicit. Paper machines are among the most capital-intensive
assets in manufacturing, and containerboard demand is regional, boxes do not
travel far empty, so the winners are the firms that can spread fixed costs over
the most machines in the most regions while still sitting next to the customer.
Scale buys fibre purchasing power, machine rebuilds, R&D, and the balance
sheet to survive the cycle’s troughs. That is why the industry keeps merging
even as critics call it mature: the economics reward the consolidator, and every
cycle shakeout hands the survivors another mill.

The Japanese and the Indians fill out the map in instructive ways. Japan’s Oji
Holdings, founded in 1873 on the paper that modernized a nation, remains one
of the world’s largest producers and has quietly become a global packaging and
plantation company, with forests from Vietnam to Brazil to New Zealand.
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India’s majors are diversifying in the other direction: ITC uses its paperboard
business to anchor a packaging-and-printing chain for the country’s consumer
brands, while JK Paper grew by buying and turning around older mills, the
domestic version of the consolidation game. The pattern is universal: from
North America to Scandinavia to East Asia to India, paper companies survive
by choosing a position, fibre, grade or geography, and defending it. Generalists
are bought; specialists endure.

Two more species of paper company complete the taxonomy. The converters,
firms like WestRock’s box plants, Tetra Pak’s carton empire, and thousands of
small corrugated sheet plants, buy paper and sell shape: they are the industry’s
customer-facing half, and in many markets they are larger than the mills that
feed them. And the merchants, the paper traders and distributors, still move
the long tail of grades between mills and printers the way Pliny’s papyrus
factors did, a two-thousand-year-old profession that survives because matching
a specific sheet to a specific job remains a human skill. The industry’s org chart,
in the end, has three rows: who grows the fibre, who makes the sheet, who
gives it a job.

What unites the survivors is not size but clarity about which paper they are
betting on. The companies that tried to be everything to everyone were carved
up; the ones that picked a grade, a fibre and a geography, and bet the mill on
them, are still running.

C H A P T E R  4 3

The Turn

very industry has a decade when the story changes direction, and for
paper it was roughly 2005 to 2015. In 2007, global demand for graphic

paper, the communication grades, peaked and began a decline that has never
reversed. In 2008 the financial crisis crushed demand and exposed how much
debt the expansion had been built on. In 2009 AbitibiBowater, the largest
newsprint producer in the world, filed for bankruptcy protection. Between
2009 and 2013, dozens of mills in North America and Europe closed for good,
and the obituaries for the industry itself were written with confidence, usually
on screens.
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What actually happened was more interesting than death. The industry turned.
Capital that would once have built newsprint machines went into
containerboard and tissue. Mills were converted, not closed: a machine that
had made magazine paper in Finland came out of its rebuild making kraftliner;
a shuttered American newsprint mill reopened making recycled
containerboard for the e-commerce boom. The great consolidation merged the
fragments into packaging superpowers, and the fibre producers of the
southern hemisphere, whose eucalyptus grows three times faster than Nordic
spruce, took the pulp trade. Between 2015 and 2024, while the obituaries
yellowed, world production of paper and paperboard grew almost every year,
and the FAO reported another 4 to 5 percent gain in 2024.

The turn had a soundtrack of slogans. “From communication to packaging” was
the analyst version. “From sunset to circular” was the marketing version. The
worker version was harder: a converted mill does not always rehire the town
that built it, and the mill towns of Maine, Quebec, Ontario and Finland’s lake
country carry the turn in their demography, younger people leaving, the paper
museum where the payroll used to be. Industrial transitions are always
described in aggregate tonnage and experienced in individual lives, and this
one is no different.

The conversion economy deserves its own documentation, because converting
a paper machine is one of the industry’s signature engineering feats. A
newsprint machine is not obviously a boxboard machine: the furnish changes
from virgin groundwood to recycled fibre, the grammage triples, the speed
halves, the pressing and drying are rebuilt, and the stock-preparation plant is
replaced wholesale. Yet the forming section and the frame, the most expensive
steel in the mill, often survive, and hundreds of machines worldwide have
made the crossing. The conversions of the 2010s and 2020s, from newsprint
and magazine paper to containerboard and kraft, are the turn made physical:
the same iron, pointed at a different habit.

The turn also had a paper-trail in finance that historians of the industry will
mine for decades. The 2009 AbitibiBowater bankruptcy, then the largest in the
industry’s history, was a newsprint balance sheet meeting a newsprint demand
curve; the Resolute company that emerged was smaller, southern-shifted, and
diversified toward lumber and pulp. International Paper’s sale of its white-
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paper business, Sylvamo’s spin-off, WestRock’s and Smurfit’s and DS Smith’s
serial mergers, the Finnish firms’ rebranding as biomaterials companies: every
one of these moves is the same sentence in different handwriting. The industry
looked at the habits of the species it serves and rearranged itself around the
ones that were growing.

The demand numbers behind the turn are stark enough to bear repeating in
one place. Newsprint: about 38 million tonnes in 2000 to about 12 million in
2024. Containerboard: about 100 million tonnes to about 200 million in the
same span. The industry’s total barely moved, but its composition rotated by a
hundred million tonnes, the largest single rotation of demand any bulk
material has undergone in peacetime. No steel mill, no cement plant, no
refinery has been asked to swap half its product mix in twenty years. The
paper industry did it while the obituaries were being written on the very
screens that caused it.

The turn is also not finished. Packaging’s boom carries its own questions,
plastic substitution will help fibre, but e-commerce growth normalizes, and the
recycling loop that supplies the brown grades tightens every year. The
industry’s next decade will be decided by the same forces as its last: which
habits people keep, which materials policy favours, and who builds capacity at
the wrong moment. The only safe sentence about paper’s future is the one that
has been true for two thousand years: reports of its death are greatly
exaggerated, because the material keeps finding the job nobody else can do as
well.
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C H A P T E R  4 4

The Third Dimension

lmost all the paper in this book is flat. Moulded fibre is the exception:
paper that is formed like clay, pressed wet over a shaped screen until it

takes the shape of an egg, a cupholder, the corner of a television’s shipping
crate. The egg carton is the masterpiece everyone knows, a structure of cones
and cradles that protects the most fragile ordinary object in commerce using
nothing but repulped newspaper and air. It is corrugated’s cousin in the family
of paper-as-engineering: strength from geometry, not from material.

The process is the vatman’s dream mechanized. Pulp, often 100 percent
recovered, is slushed in water; a perforated mould in the shape of the product
dips in; vacuum pulls the fibres onto the screen; the wet shape is transferred to
a heated press or an oven, and out comes a rigid three-dimensional object with
a slightly fuzzy skin. For decades the products were humble: egg cartons, fruit
trays, cup carriers, end caps for appliances, the unseen packaging inside the
box. Design students loved it and nobody else thought about it at all.

Then the plastic bans arrived, and moulded fibre found its moment. Every
object the single-use directives targeted, plates, bowls, clamshell containers,
cup lids, meat trays, was an object moulded fibre could plausibly replace. The
technical barriers were real: food service needs grease and water resistance,
which the industry had long achieved with fluorinated chemicals now falling
under their own bans, and the race for fluorine-free barriers became one of the
hottest competitions in materials. The prize is enormous. Every quick-service
restaurant on earth is re-specifying its packaging, and the fibre bottle, a
moulded shell with a thin barrier, is in pilot at some of the world’s largest
beverage companies.

Moulded fibre’s engineering details repay attention because they explain both
its promise and its limits. The wet mould is screened so that vacuum can pull
fibre onto it evenly; the art is in the radii and draft angles, because a wet
fibrous preform must release cleanly and must dry without warping, and the
drying is the energy bottleneck: a moulded pulp dryer eats heat the way a
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paper machine’s dryer section does, per kilogram of much bulkier product. The
premium process, thermoformed or “type 3” moulded fibre, presses the
preform between heated matched dies and comes out smooth, dense and
precise, the material of the egg-carton-that-is-not-an-egg-carton: the phone tray,
the cosmetics insert, the fibre bottle preform.

The fibre bottle is the flagship ambition and deserves its honest status. Coca-
Cola, Carlsberg, Absolut and others have run multi-year pilots of bottles whose
structural shell is moulded fibre with a thin internal barrier, and the
prototypes survive the shelf; the unsolved problems are the barrier’s
recyclability, the filling-line speed, and the unit cost at scale. Nobody should
claim the fibre bottle has arrived. But nobody who has watched this industry
for a decade doubts the direction: every year the barrier gets thinner and the
shell gets stronger, and somewhere in that trend is the moment a bottle of cola
becomes, structurally, a very sophisticated egg carton. Paper keeps eating
categories that nobody thought belonged to it.

There is a quiet historical irony in moulded fibre’s rise: it is the oldest idea in
the book coming back. The pre-Columbian Mexicans beat bark into shaped
objects; the Chinese formed papier-mache over moulds a thousand years ago;
the Victorians moulded pulp into everything from architectural ornaments to
coffins. The modern industry is the same insight with vacuum pumps and
thermoforming dies: a wet fibre slurry wants to take a shape, and almost any
shape will do. The newest machines add what the Victorians lacked, cycle times
of seconds and tolerances of tenths of millimetres, and the result is that the
world’s most sophisticated consumer brands now ship their products cradled
in what is, materially speaking, a very fast papier-mache.

The deeper significance of moulded fibre is conceptual. It proves that paper’s
future is not only as a sheet. Cellulose fibre in water is a formable material,
closer to a casting slip than to a textile, and the same furnish that becomes a
newspaper can become a bottle, a tray, a piece of furniture, or protective
packaging that replaces expanded polystyrene entirely. The industry spent two
centuries perfecting the flat sheet. The flat sheet, it turns out, was just the
beginning.

C H A P T E R  4 5
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The Smallest Fibre

ake a cellulose fibre and keep pulling it apart. Past the fibrils that beating
frays, past the microfibrils bundled in the cell wall, down to the crystalline

rods a few nanometres wide: this is nanocellulose, the fundamental rebar of
the plant world, and in the laboratory it performs like a material from a
different century. Weight for weight, its strength rivals Kevlar; its crystals are
stiffer than aluminium; it forms transparent films, viscous gels, and foams
lighter than air. The same glucose chain that makes a breakfast newspaper
becomes, at the nanoscale, one of the most impressive structural materials
known.

The smallest fibre: nanocellulose gel and an iridescent film in the laboratory.

The science is old but the industry is young. Cellulose nanocrystals were
described in the 1940s, but making them at scale was expensive and energy-
hungry, and for decades nanocellulose was a conference material, impressive
in the slides, absent from the products. That is changing. Pilot and commercial
plants now run in Canada, Japan, Scandinavia and the United States: CelluForce
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in Montreal, several Japanese paper companies, the UPM and Stora Enso pilot
lines. The first real applications are characteristically modest: a strengthening
additive that lets a paper machine use more recycled fibre without losing
runnability, a rheology modifier in coatings, a reinforcing filler in composites
and concrete.

The visions are less modest. Nanocellulose films are candidates to replace
plastic barrier layers in packaging, transparent, printable, and derived from
the same pulp the package is made of. Aerogels of nanocellulose insulate like
the best fossil foams and biodegrade like leaves. In biomedicine,
nanocellulose’s compatibility with living tissue has made it a scaffold for
wound dressings and, in research labs, for growing tissues. None of this is yet a
market on the scale of a single paper grade, and honesty requires saying so:
nanocellulose has been five years from takeoff for fifteen years.

The two families of nanocellulose behave differently enough to deserve
separate introductions. Cellulose nanocrystals, made by acid hydrolysis that
dissolves the disordered parts of the fibre and leaves the crystalline rods, are
stiff, short, and self-assembling: dried films of them show iridescent structural
colour like a butterfly wing, a party trick with real applications in security
printing and pigments. Cellulose nanofibrils, made by mechanically
disintegrating the fibre, sometimes with enzymatic or chemical pre-treatment
to cut the enormous energy cost, are long, tangled, gel-forming: they thicken,
stabilize, strengthen and film-form. The crystals are pigments and composites;
the fibrils are rheology and films. Both are the same glucose, arranged at the
same scale as the features of a microchip.

The adoption puzzle is equally instructive. The material works, the pilot plants
run, the applications have been demonstrated for years, and yet the market
remains a fraction of early forecasts. The reasons are the usual ones in
materials, and they are worth stating because they apply to every future-of-
paper claim in this book: incumbent materials are cheap, qualified and
understood; a new material must be not better but so much better that a
customer will requalify a product, rewrite a specification and retrain a line.
Nanocellulose is waiting for its killer application the way the laser once waited
for the barcode scanner. The fibre has time. It has already waited two thousand
years for us to notice how good it is.
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India has a stake in this frontier too, and it fits the pattern of this book. The
country’s research institutes and a few of its mills have run nanocellulose
pilots, often starting from the feedstocks India has rather than the ones it lacks:
bagasse, wheat straw, cotton waste. The logic is the same as it was in 105: the
cheapest cellulose is the cellulose nobody else wants, and the nanoscale cares
even less than the vat about whether the fibre began in a forest or a field. If
nanocellulose finds its volume market in coatings, packaging and composites,
the agricultural residue that Indian mills already handle could become a high-
value precursor. The frontier, like the invention, may belong to whoever owns
the waste.

But the direction of travel matters more than the timetable. For two thousand
years, papermaking has been the art of using the fibre exactly as the plant
grew it, merely rearranged. Nanocellulose is the first technology that
disassembles the plant’s architecture and rebuilds it to human specification. If
the twentieth century was about making more paper, the twenty-first may be
about making paper do more, one nanometre at a time.

C H A P T E R  4 6

The Conductive Sheet

n 2009, researchers at Stanford did a small, strange experiment: they drew
on ordinary paper with an ordinary ink pen filled with carbon nanotubes,

and produced a battery. The paper’s capillary network wicked the nanotubes
into the sheet, held them fast, and the result stored and released charge like a
real device, because it was one. Paper electronics had been a laboratory
curiosity for years; the nanotube pen made the point vividly. The substrate of
the information age’s enemy could be a circuit.

The field that grew from experiments like this is called papertronics, and its
logic is the logic of disposability. Silicon electronics are miraculous and
expensive and immortal; the world increasingly needs sensors that are none of
those things: a label on a vaccine vial that records its temperature history and
costs a cent, a soil sensor a farmer leaves in the field to degrade with the
season, a diagnostic strip that is the whole instrument. Print conductive inks,
silver, carbon, now even cellulose-based conductors, onto paper, and the sheet
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becomes the board, the battery, the antenna and the waste stream all at once.
Paper RFID tags already ride on packaging; printed paper batteries power
disposable medical patches; electrochemical paper sensors read glucose, detect
pathogens, test water.

The obstacles are honest ones. Paper is hygroscopic, and humidity wanders
electrical properties; its surface is rough at the scale of fine circuits; printing
resolution on a fibrous substrate will never rival lithography on silicon.
Nobody is printing a processor on a paper towel, and nobody should claim
otherwise. The point is different: there is a vast middle ground of electronics
that need to be cheap, temporary and everywhere, and in that middle ground
the winning substrate is the one that costs nothing and composts.

The printed-electronics toolkit on paper now includes most of the components
of a simple device, and listing them makes the ambition concrete. Conductive
traces: printed silver or carbon inks, or in the newest work, conductors grown
from the cellulose itself. Transistors: demonstrated on paper with printed
semiconductors, slow and coarse by silicon standards, but switching. Power:
printed zinc batteries, paper supercapacitors, even microbial fuel cells where
the paper wicks both the sample and the fuel. Displays: electrochromic inks
that change colour on a sheet like a mood ring with a datasheet. Put them
together and you get the field’s emblematic artefact: a paper test strip that
senses, computes a little, displays a result, powers itself, and composts when
done.

The economics point the same way as the physics. A silicon RFID chip costs
cents and lasts decades; a printed paper tag costs a fraction of a cent and lasts
as long as the parcel it rides. For the trillion-item future of tracked goods, food
safety labels and disposable diagnostics, immortality is waste. The substrate
that rots is not a compromise in these applications; it is the specification.
Papertronics will not put a paper processor in your phone. It will put a sheet of
paper, quietly thinking, in every package you open.

The hygiene angle deserves its own honest paragraph, because papertronics
lives or dies by it. A paper circuit is exposed: no epoxy package, no hermetic
seal. Humidity drifts its resistances, handling abrades its traces, and time
oxidizes its contacts. The field’s researchers do not deny this; they design for it,
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building devices meant to work for days or weeks and then be gone. The
disposable diagnostic, the freshness label, the one-season soil sensor: all of
them assume the device will fail, and schedule the failure after the job is done.
Engineering to a death date is a strange discipline, and paper, the material that
has always known it is temporary, turns out to be the perfect teacher.

There is something quietly satisfying in the arc. Paper carried information for
two thousand years as ink on a surface. The silicon age declared that era over
and built a new substrate for information in clean rooms. And now the
engineers are teaching the old substrate to carry information again, not as
marks but as function: the sheet itself sensing, storing, transmitting. Cai Lun’s
material has survived every successor technology so far by absorbing their
jobs. It may yet absorb a few of theirs.

C H A P T E R  4 7

The Archive

n 2003 the National Archives of the United States ran a quiet experiment
that should unsettle every believer in the digital: they could still read, easily,

papers written on rag stock in the eighteenth century, while magnetic tapes
from the 1970s were already failing and file formats from the 1990s were
orphaned. The archivists have a phrase for it: paper is the original write-once,
read-forever medium. It needs no power, no software, no migration. It needs
only not to burn and not to get wet, and even those failures are visible, gradual
and often recoverable.

This is why the world’s memory is still largely paper, and why the numbers
surprise people. National archives, court registries, land records, church books,
ships’ logs: the overwhelming mass of recorded human history before 1990
exists only as sheets, and the digitization programs, heroic as they are, have
scanned a small fraction of it. India’s own record rooms, the cloth-bound court
files, the district land registers, the colonial archives in Delhi and London that
scholars still travel to touch, are a working illustration: the Raj administered a
subcontinent on paper, and the paper is still there, still legible, still cited in
court.
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The chemistry of permanence turns out to be a story this book already knows.
Rag paper, pure cellulose, sized with gelatine, has survived five centuries in
good condition. The wood-pulp paper of the late nineteenth and twentieth
centuries, full of lignin and acidic alum-rosin sizing, is the one that self-
destructs: the slow fire, librarians call it, whole national literatures of the
industrial age embrittling on the shelf. The great deacidification programs of
the world’s libraries exist to neutralize, one bath at a time, the mistake the rag
famine forced. Permanence is not a property of paper in general; it is a
property of well-made paper, which is one more reason the craft matters.

The slow fire deserves its own paragraph of chemistry, because it is the rag
famine’s final invoice. The alum-rosin sizing that made wood-pulp paper
printable left aluminium ions in the sheet; over decades, in the presence of
moisture, they generate acid; the acid hydrolyzes the cellulose chains; the
paper yellows and shatters. A library shelf of 1920s paper is a slow chemical
reaction with a deadline. The great libraries’ responses are industrial in scale:
mass deacidification plants that bathe books in alkaline solutions, digitization
as triage, and the quiet lobbying that pushed the paper industry itself to
change. Since the 1990s, fine papers are made alkaline, calcium carbonate filler
instead of alum, precisely so that the books of our era do not repeat the slow
fire. Archival permanence is now a specification you can order.

The archive also has a politics that paper people feel in their bones.
Governments announce paperless records with fanfare, and archivists quietly
ask the questions nobody budgets for: who migrates the files when the format
is orphaned, who pays the electricity for two centuries of servers, who can read
a proprietary database in 2224? The Dutch and British national archives have
both published honest assessments that long-term digital preservation costs
more per document than acid-free paper in a warehouse. None of this argues
against digitization, whose gifts of access and search are real. It argues for the
hybrid the world’s memory has actually adopted: scan for use, keep the sheet
for the centuries. The archive is paper’s oldest job, and it turns out to be its
most durable one too.

The receipt in your pocket is the archive’s comic counterexample, and it earns
its mention. Thermal paper, coated with a leuco dye that darkens with heat,
needs no ink and prints in milliseconds, which is why every cash register on
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earth uses it. It is also deliberately impermanent: the image fades in months or
years, the coating historically carried bisphenol chemistry now being regulated
away, and archivists despise it. The material that outlasts empires also makes
the most ephemeral record in daily life, on purpose. Paper contains multitudes:
the sheet built for a millennium and the sheet built for a minute, from the same
fibre, by the same machines.

The sensible consensus of the digital age is not paper against screen but paper
alongside screen, each doing what it does best: bits for access and search,
atoms for durability and evidence. Born-digital records are now archived on
paper for the very long term; the most paranoid archives store data as
printable code that a future civilization could read with a lens. When the
question is “will anyone be able to read this in two hundred years,” the two-
thousand-year-old answer keeps coming back.

C H A P T E R  4 8

Epilogue: The Sheet That Stayed

egin where we began: a receipt in your pocket, a box at your door, a page
in your hand. This book set out to answer a deceptively simple question,

what is paper, where does it come from, and where is it going, and the answer
turned out to be the history of the world told through a material. A court clerk
in Luoyang reporting a new method to the Emperor in 105. Rag dealers in
Fabriano perfecting a trade the Arabs had carried from Samarkand. A
bankrupted speculator’s machine roaring to life beside the Thames. A Boston
lawyer frightened by a shared dipper. A Dresden housewife with her son’s
blotting paper. A Wisconsin mill’s wartime wadding. A chemist’s failed glue on
a chorister’s bookmark. A professor in Darmstadt pulping the same sheet
twenty-five times.

The pattern in all of it is not decline. It is migration. Paper has been declared
dead by the telegraph, the radio, the television, the computer, the smartphone,
and each time it has shed the job the new medium wanted and deepened the
jobs it could not do. The information left the sheet and went to the screen; the
sheet responded by wrapping everything the screen sold. The material that
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began as a medium ended as an infrastructure, and infrastructure, as every
engineer knows, is the stuff you only notice when it fails.

"Every technology that was supposed to replace it has
instead renegotiated with it."

What would fail, if paper vanished tomorrow, is quietly everything: the box,
the bag, the carton, the cup, the tissue, the filter, the banknote, the book, the
archive, the strip that reads the pregnancy test and the liner that insulates the
transformer. A civilization that ran out of paper would notice within hours,
which cannot be said of many materials celebrated as essential. Four hundred
million tonnes a year is not a habit. It is a metabolism.

The sheet’s future, if this book’s argument is right, will not look like a
comeback, because the material never left. It will look like what it has always
looked like: quiet substitution in both directions, habit by habit, price by price.
The newspaper went to the screen; the parcel came to the door. The letter died;
the diagnostic strip was born. The office prints less; the world ships more. Two
thousand years of this material’s history suggest one rule above all: do not bet
against the fibre. Every technology that was supposed to replace it has instead
renegotiated with it.

And the negotiation is accelerating. The plastic treaties will send billions of
items looking for a compostable substrate. The circular-economy laws will
reward the material with the best-proven loop. The energy transition will
favour the industry whose boiler already burns its own waste. And
somewhere, in a workshop the future has not heard of yet, someone is doing to
cellulose what Cai Lun did to rags: looking at the most ordinary material in the
world and seeing what else it could become. The sheet in your hand is not the
end of the story. It is the current page.

A last look at the numbers, because they are the spine of the argument. About
420 million tonnes a year, of which the largest share is the brown packaging
that moves the world’s goods. A recycling rate of three quarters in the best
systems, on a fibre that can live two dozen lives. A feedstock that grows back
on rotations shorter than a mortgage. An energy system that increasingly
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powers itself. No other bulk material on earth can recite that list. Cement
cannot. Steel cannot. Plastic cannot. Paper can, and does, at a scale that touches
every human being alive, every single day, usually without being noticed. The
oldest mass material is also the most modern one. The sheet stayed because it
earned the staying.

And the fibre is waiting to be used again. Somewhere near you tonight is a
sheet of paper whose cellulose has been a tree, a box, a newspaper, and a box
again, whose bonds broke and re-formed through a dozen lives, and which is
ready, whenever it reaches the kerb, to be pulped and born once more. The
oldest writing surface on earth is also its most modern circular material. The
sheet that stayed is not finished with us. If anything, we are only just learning
what it can do.
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Appendix: The Paper Industry at a Glance

compact map of the world of paper as it stands in the mid-2020s. Figures
are drawn from the sources listed in the companion volume; all tonnages

are annual, for 2024 unless noted, and rounded.

The world

World production of paper and paperboard: about 420 million tonnes (FAO
forest products data; up 4-5% in 2024)

World wood pulp production: 189 million tonnes

World consumption of recovered paper: 243 million tonnes

Largest producer: China, about a third of world output

United States: about 14 percent; India: about 6 percent and the fastest-
growing large market

The great grades

Containerboard (corrugated boxes): about 200 million tonnes, up from
about 100 million in 2000 - the industry’s largest grade

Printing and writing papers: in structural decline in the rich world since
about 2007

Newsprint: about 12 million tonnes, down from 38 million tonnes in 2000

Tissue: steady growth everywhere incomes rise; made on the fastest
machines, up to 2,000 metres per minute

Cartonboard, specialty and other papers: the long tail where margins live

The recycling loop
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United States (AF&PA, 2024): 60-64% of paper and 69-74% of cardboard
recycled; 46 million tons recovered; recycled fibre = 44.4% of mill furnish

Europe (Cepi/EPRC, 2024): 75.1% recycling rate

Fibre durability: TU Darmstadt found fibres still serviceable after 25
recycling cycles; the practical ceiling (~80%) is set by collection and use, not
chemistry

The companies

International Paper (USA): FY2024 net sales 18.6 billion dollars; acquired DS
Smith (7.2 billion) in January 2025

Smurfit Westrock (Ireland/USA): formed 2024, roughly 21 billion dollars of
combined revenue

Suzano (Brazil): world’s largest market pulp producer; Cerrado mill (2.55
Mt/yr, 4.3 billion dollars) started July 2024

Nine Dragons (China): Asia’s largest, over 13 million tonnes of capacity

UPM, Stora Enso (Finland): the northern reinvention, from paper to
renewable materials; Stora’s share archive begins in 1288

Kimberly-Clark, Essity: the tissue and hygiene empires

India: ITC, JK Paper, West Coast Paper Mills; hundreds of agro-based mills
using straw and bagasse

Two thousand years in ten dates

The chronology of the machine age

1798: Louis Robert builds his prototype continuous machine in France;
patented 1799

1801-07: the Fourdrinier brothers finance Bryan Donkin’s improved
machines in England; the Fourdriniers sink up to sixty thousand pounds
into the development and die unrewarded after a patent error
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1809: John Dickinson patents the cylinder machine, the fourdrinier’s great
rival to this day

1827: the first fourdrinier in America is erected at Saugerties, New York; by
1829 American-built machines are being sold for under two and a half
thousand dollars

1843-46: Fenerty in Nova Scotia and Keller in Saxony independently put
wood through the grinder; Voelter and then Voith industrialize Keller’s
patent

1850s-80s: soda, sulphite and then kraft pulping bring chemistry to the
feedstock problem; the boreal forests join the industry

1880s-1920s: speed and width multiply; the mill town and the machine
builder become institutions; Voith builds the world’s largest turbines and its
fastest paper machines in the same decade

1930s-70s: the sheet democratizes the book (Penguin, 1935), the office
(copier paper, A4 standard), the kitchen (the aseptic carton, 1963) and the
washroom (the tissue empires)

2000-24: communication papers peak and fall; packaging doubles; the
recycling loop matures; National Sword reroutes the world’s waste paper;
consolidation creates the box superpowers

The reading path

The chapters follow the material: invention and diffusion (1-9), the rag age in
Europe (10-15), the industrial transformation (16-22), the science and the
products (23-34), the loop (35-37), the environment (38-40), the business (41-43),
and the frontiers (44-48). A reader in a hurry can read 1, 5, 16, 20, 28, 35, 41 and
48 and still get the arc; a reader in love should start at the beginning and keep
going, like the web off the reel.

105 CE: Cai Lun reports papermaking to the Han court

751: papermaking spreads west after the Battle of Talas

around 1280: Fabriano industrializes the rag sheet; watermark, gelatine
sizing, the hammer mill
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1798-1807: Robert’s machine, patented in France, perfected by the
Fourdriniers and Donkin in England

1843-46: Fenerty and Keller put wood into paper

1850s-70s: soda, sulphite and kraft pulping tame the chemistry

1935: Penguin’s sixpenny paperbacks democratize the book

1950s-70s: the paperback, the copier and the carton build the office and the
kitchen

2007-18: graphic papers peak; National Sword reroutes the world’s waste
paper

2024: 420 million tonnes, three-quarters of it packaging, tissue and
specialty; the sheet that stayed


