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“Once,	civilization	needed.	Now,	it	just	wants.”

—	after	Ketineni	Ramarao

“Without	ammonia,	there	would	be	no	inorganic	fertilizers,	and
nearly	 half	 the	 world	 would	 go	 hungry.	 Of	 all	 the	 century’s
technological	marvels,	 the	Haber–Bosch	process	has	made	 the
most	difference	to	our	survival.”

—	Vaclav	Smil,	Nature,	1999
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T H E 	 I T E M

Synthetic	Nitrogen	Fertilizer
Hold	 a	 handful	 of	 white	 granules	 and	 you	 are	 holding	 the	 densest
concentration	 of	 human	 dependence	 outside	 of	 water	 itself.	 Urea	 is
forty-six	 percent	 nitrogen	 by	 weight,	 the	 most	 concentrated	 solid
nitrogen	 fertilizer	 in	ordinary	use,	and	every	 tonne	of	 it	began	as	 the
most	ordinary	thing	on	Earth:	air.	Four-fifths	of	every	breath	you	take
is	 nitrogen,	 and	 almost	 none	 of	 it	 is	 available	 to	 life.	 The	 industry
studied	 in	 this	 book	 exists	 to	 break	 that	 single	 fact	 open.	 It	 takes
nitrogen	from	the	sky,	fixes	it	into	ammonia,	and	sells	it	to	a	world	that
cannot	eat	without	it.

This	is	not	a	book	about	a	company,	a	brand,	or	a	market	index.	It
is	the	biography	of	an	item:	synthetic	nitrogen	fertilizer,	the	family
of	 chemicals	 -	 ammonia,	 urea,	 ammonium	 nitrate,	 ammonium
sulfate,	 and	 their	 solutions	 and	 blends	 -	 through	 which	 industry
feeds	crops	at	a	scale	the	soil	never	could	alone.	We	treat	that	item
the	way	this	series	treats	every	item:	as	its	own	industry,	with	its
own	 invention,	 its	 own	 science,	 its	 own	 machinery,	 its	 own
geography,	 its	 own	 companies,	 its	 own	 accidents,	 and	 its	 own
unfinished	future.

The	 scale	 deserves	 a	 number	 early.	 In	 2024	 the	world	 produced
roughly	 190	 million	 tonnes	 of	 ammonia	 and	 about	 201	 million
tonnes	 of	 urea,	 according	 to	 the	 International	 Fertilizer
Association's	 market	 intelligence	 service.	 Estimates	 converging
over	two	decades	of	scholarship	put	the	human	stake	at	about	half
of	us:	roughly	one	of	every	two	people	alive	eats	because	reactive
nitrogen	made	 in	 a	 factory	 reached	 a	 field.	 That	 claim,	 its	 basis,
and	 its	 uncertainty	 are	 examined	 properly	 in	 chapter	 nine.	 It	 is
placed	here	only	to	establish	what	kind	of	object	this	book	is	about.
Few	items	in	this	library	carry	half	the	species	on	their	back.

The	 story	 is	 global	 before	 it	 is	 anything	 else.	 The	 bird	 islands	 of
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Peru,	 the	 driest	 desert	 on	 Earth	 in	 Chile,	 a	 waterfall	 valley	 in
Telemark,	a	laboratory	bench	in	Karlsruhe,	a	gun	foundry's	reactor
shells	 at	 Essen,	 the	 gas	 fields	 of	Qatar	 and	Louisiana,	 the	wheat
belts	 of	 India	 and	 the	 corn	 belt	 of	 Iowa,	 a	 silo	 in	 Oppau	 and	 a
warehouse	 in	Beirut	 -	 the	 item	passes	 through	 all	 of	 them.	 India
enters	 where	 India	 genuinely	 enters:	 as	 one	 of	 the	 largest
producers	and	 the	most	 instructive	case	of	what	happens	when	a
state	 decides	 fertilizer	 is	 too	 important	 to	 price	 freely.	 The	 India
layer	of	this	library's	map	will	be	built	deliberately	later,	once	the
item	itself	is	established,	and	this	book	follows	that	discipline.

One	more	orientation.	Nitrogen	fertilizer	is	usually	discussed	as	an
input	-	something	farmers	buy.	This	book	treats	it	as	an	output	too:
the	 product	 of	 one	 of	 the	 largest,	 most	 energy-hungry,	 most
geopolitically	 exposed	 manufacturing	 systems	 on	 the	 planet,
consuming	 about	 two	 percent	 of	 the	 world's	 final	 energy	 and
roughly	 a	 fifth	 of	 industry's	natural	 gas	demand.	The	molecule	 is
simple:	 one	 nitrogen	 atom,	 three	 hydrogens.	 The	 civilization
around	 the	molecule	 is	 not.	 That	 distance,	 between	 a	 three-atom
product	and	a	planetary	industry,	is	the	territory	of	this	book.

The	method	is	item-first.	Part	One	is	the	scarcity:	what	nitrogen	is,
why	life	cannot	skip	it,	and	how	the	nineteenth	century	strip-mined
islands	and	deserts	to	get	it.	Part	Two	is	the	conquest:	the	arc,	the
cyanamide	kilns,	and	the	two	men,	Haber	and	Bosch,	whose	1909
laboratory	 trick	 became	 the	 largest	 chemical	 process	 on	 Earth.
Part	 Three	 is	 the	 industry	 as	 it	 actually	 works:	 the	 plants,	 the
products,	the	companies,	the	prices,	and	the	strange	economics	of
selling	 farmers	 a	 gas	 derivative	 in	 a	 bag.	 Part	 Four	 is	 what	 the
item	 built:	 the	 dependence	 of	 half	 the	 human	 population,	 the
machinery,	 and	 the	 second	 careers	 beyond	 the	 field.	 Part	 Five	 is
the	 cost,	 stated	 plainly:	 the	 half	 of	 the	 nitrogen	 that	 leaks,	 the
carbon	 ledger,	 the	 water	 ledger,	 and	 the	 three	 disasters	 that
taught	the	industry	its	safety	code.	Part	Six	is	the	future:	blue	and
green	 ammonia,	 engineered	 microbes,	 precision	 agronomy,	 and
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the	long	equilibrium	in	which	all	of	them	compete.

A	note	on	numbers.	Fertilizer	statistics	are	counted	in	several	units
-	tonnes	of	ammonia,	tonnes	of	nitrogen	content,	tonnes	of	nutrient
-	and	the	difference	between	them	is	a	factor	of	about	1.2	between
ammonia	and	its	nitrogen	content.	This	book	says	which	unit	 it	 is
using	wherever	the	distinction	matters,	and	the	companion	volume
records	 every	 figure	 against	 its	 source,	 with	 a	 note	 on	 how	 that
source	was	read.	Where	a	 figure	 is	an	estimate	or	a	 forecast,	 the
text	says	so.	The	industry	deserves	better	than	false	precision,	and
so	do	you.	S4,	S5,	S37
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C H A P T E R 	 O N E

The	Quiet	Ceiling
PART 	ONE 	 · 	 THE 	 SCARC ITY

Every	living	cell	is	built	around	nitrogen	and	every	field	runs	short	of	it.
For	most	of	agricultural	history	that	shortage	was	the	hard	ceiling	on
how	 many	 people	 the	 Earth	 could	 feed,	 and	 nobody	 could	 lift	 it.
Understanding	 the	 fertilizer	 industry	 means	 first	 understanding	 the
ceiling	it	broke.

The	element	life	cannot	skip

Nitrogen	 is	 not	 the	 most	 abundant	 element	 in	 living	 matter	 -
carbon,	hydrogen	and	oxygen	outweigh	it	many	times	over	-	but	it
holds	 the	 positions	 nothing	 else	 can	 hold.	 The	 amino	 acids	 that
chain	into	proteins	each	carry	nitrogen	at	their	head.	The	bases	of
DNA	and	RNA,	the	molecules	that	store	every	instruction	for	every
organism,	are	nitrogen	compounds.	Chlorophyll,	the	molecule	that
harvests	 sunlight,	 is	 built	 around	 a	 nitrogen-ringed	 frame.
Adenosine	triphosphate,	the	universal	currency	of	cellular	energy,
carries	five	nitrogen	atoms.	Vaclav	Smil,	whose	accounting	of	this
element	runs	through	half	a	century	of	scholarship,	puts	it	bluntly:
there	 is	 no	 substitute	 for	 this	 intake.	 Humans,	 like	 all	 higher
animals,	cannot	build	protein	from	the	nitrogen	in	air;	we	must	eat
nitrogen	 that	 some	 other	 organism	 has	 already	 fixed	 into	 usable
form.

And	here	is	the	central	paradox	of	terrestrial	life.	The	atmosphere
is	seventy-eight	percent	nitrogen.	Every	hectare	of	land	sits	under
roughly	 seventy-five	 thousand	 tonnes	 of	 it.	 But	 atmospheric
nitrogen	 exists	 as	 N2,	 two	 atoms	 locked	 together	 by	 a	 triple
covalent	bond,	one	of	 the	strongest	bonds	 in	chemistry.	Breaking
that	 bond	 is	 so	 expensive,	 energetically,	 that	 almost	 nothing	 in
nature	bothers.	Plants	cannot	do	it	at	all.	The	air	above	a	starving
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wheat	field	is	an	ocean	of	food	the	plant	cannot	drink.

What	 breaks	 the	 bond	 in	 nature	 is	 a	 small	 set	 of	 specialists.
Lightning	 splits	 nitrogen	 molecules	 in	 the	 heat	 of	 a	 strike	 and
delivers	a	few	kilograms	of	fixed	nitrogen	per	hectare	per	year	in
rain.	Far	more	important	are	the	nitrogen-fixing	bacteria,	above	all
the	 genus	Rhizobium,	 which	 live	 symbiotically	 in	 nodules	 on	 the
roots	of	legumes	-	peas,	beans,	lentils,	clover,	alfalfa	-	and	certain
free-living	 cyanobacteria.	 These	 organisms	 possess	 the	 enzyme
nitrogenase,	 the	 only	 biological	 machinery	 that	 cracks	 the	 triple
bond	at	ordinary	temperatures,	and	agriculture	co-opted	them	for
millennia	without	understanding	them.	S37,	S38

The	old	arithmetic

Preindustrial	farming	was,	at	its	material	core,	a	nitrogen	recycling
operation.	Crop	residues	went	back	to	the	field.	Animal	and	human
waste	was	collected	and	returned	-	a	practice	carried	to	its	highest
refinement	in	China	and	Japan,	where	cities	sold	their	night	soil	to
the	countryside	as	a	 traded	commodity.	Farmers	rotated	 legumes
through	 their	 cereal	 fields,	 or	 grew	 clover	 and	 vetch	 as	 green
manure	 to	 be	 plowed	 under,	 feeding	 the	 next	 crop	 with	 the
previous	season's	captured	sky.

Smil	 has	 computed	 what	 that	 system	 could	 sustain.	 The	 most
intensive	organic	agriculture	 imaginable	 -	continuous	recycling	of
all	wastes	plus	devoted	legume	and	green-manure	cropping	-	could
supply	 at	 best	 around	200	 kilograms	 of	 nitrogen	per	 hectare	 per
year.	 That	 converts	 to	 perhaps	 200	 to	 250	 kilograms	 of	 plant
protein	per	hectare,	which	in	theory	could	feed	as	many	as	fifteen
people	from	one	hectare	under	perfect	conditions.	Perfection	never
happened.	In	practice,	nations	running	purely	organic	agricultures
supported	 about	 five	 people	 per	 hectare	 of	 arable	 land:	 China's
early	 twentieth-century	 average	 was	 five	 to	 six,	 Japan's	 slightly
higher	with	the	complicating	subsidy	of	fish	protein,	and	the	fertile
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regions	 of	 northwestern	 Europe	 also	 sat	 around	 five	 in	 the
nineteenth	century.

Five	people	per	hectare.	That	was	the	quiet	ceiling,	and	it	stood	for
ten	 thousand	 years.	 Every	 famine,	 every	 land	 enclosure,	 every
imperial	grab	for	farmland	happened	under	it.	The	ceiling	was	not
made	of	soil,	water,	or	sunlight.	It	was	made	of	the	nitrogen	cycle's
refusal	to	grow.	Recycling	cannot	create;	it	can	only	move.	A	field
that	 exports	 grain	 exports	 nitrogen,	 and	 the	 books	 must	 be
balanced	from	somewhere.	S37,	S54

The	chemist	names	the	bottleneck

The	 man	 who	 first	 read	 those	 books	 correctly	 was	 Justus	 von
Liebig,	 the	 German	 chemist	 whose	 work	 in	 the	 1840s	 founded
agricultural	 chemistry	 as	 a	 discipline.	 Liebig	 demolished	 the
prevailing	 humus	 theory	 -	 the	 belief	 that	 plants	 ate	 soil	 organic
matter	directly	-	and	argued	that	plants	feed	on	mineral	nutrients:
nitrogen,	 phosphorus,	 potassium,	 and	 a	 supporting	 cast.	 Crop
growth,	 he	 proposed,	 is	 limited	 by	 whichever	 nutrient	 runs
shortest,	the	famous	law	of	the	minimum.	Nitrogen	was	usually	the
shortest.

Liebig's	 insight	 industrialized	 the	 search	 for	 nutrients	 before	 it
industrialized	the	nutrients	themselves.	Europe	responded	by	strip-
mining	the	accumulated	fertility	of	the	past.	Bison	bones	from	the
American	 West	 were	 shipped	 east	 to	 be	 crushed	 for	 phosphate.
Liebig	accused	England	of	robbing	the	battlefields	and	catacombs
of	 Europe	 for	 skeletal	 phosphorus,	 a	 grotesque	 trade	 that	 sat
comfortably	 within	 a	 civilization	 whose	 farms	 were	 bleeding
nitrogen	faster	than	manure	could	replace	it.	Paris	collected	on	the
order	of	a	million	tons	of	horse	dung	a	year	for	its	market	gardens.
Every	 city,	 every	 army,	 every	 herd	 was	 audited	 for	 its	 nutrient
content.

But	auditing	is	not	creating.	By	the	final	decades	of	the	nineteenth
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century,	 the	 recycled	 and	 scavenged	 sources	 were	 simply
outgrown.	What	Europe	found	 instead,	halfway	around	the	world,
were	two	geological	accidents:	mountains	of	dried	bird	droppings
on	a	few	desert	islands,	and	a	mineral	desert	that	had	spent	eons
concentrating	nitrate	out	of	thin	air	and	sea.	The	ceiling	held	-	but
for	a	few	decades,	two	exotic	holes	were	punched	through	it.	Those
holes,	 and	 the	 men	 who	 fought	 wars	 over	 them,	 are	 the	 next
chapter.	S26,	S37

The	body's	nitrogen

The	ceiling	is	not	abstract;	it	sits	inside	the	reader.	A	human	body
of	 seventy	 kilograms	 carries	 about	 two	 kilograms	 of	 nitrogen,
almost	all	of	 it	 in	protein,	and	protein	is	not	a	store	the	body	can
raid	 at	 leisure	 -	 it	 is	 muscle,	 enzyme,	 antibody,	 and	 structure,
constantly	being	torn	down	and	rebuilt.	Adults	must	replace	on	the
order	of	a	gram	of	nitrogen	per	day,	children	and	nursing	mothers
far	more	per	kilogram.	Where	that	nitrogen	comes	from	is	a	chain
with	no	shortcuts:	plants	and	the	microbes	 that	serve	them	fix	 it,
animals	 concentrate	 it	 by	 eating	 plants,	 and	 humans	 harvest	 the
chain	 at	 whatever	 rung	 their	 agriculture	 and	 their	 wealth	 allow.
Smil's	 balance	 sheets	 show	 the	 chain's	 leakiness:	 of	 the	 nitrogen
applied	to	a	field,	only	a	fraction	ever	reaches	a	human	mouth,	and
in	a	rich,	meat-heavy	diet	the	losses	multiply	at	every	trophic	step.
The	mid-1990s	accounting	that	runs	through	this	book's	sources	is
stark:	nitrogen	fertilizer	was	then	supplying	about	forty	percent	of
the	nitrogen	in	the	human	diet	worldwide,	and	the	share	has	only
grown	since.	Roughly	 two	of	every	 five	grams	of	nitrogen	 in	your
body	were	fixed,	at	high	pressure,	over	an	iron	catalyst,	in	a	plant
you	will	never	see.	S4,	S38

What	a	ceiling	feels	like

It	is	worth	dwelling	on	what	life	under	the	ceiling	was	like,	because
the	fertilizer	industry	is	incomprehensible	without	it.	Under	a	five-
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person-per-hectare	 ceiling,	 nearly	 everyone	 farms.	 A	 society	 that
needs	 four-fifths	of	 its	people	 in	 the	 fields	cannot	spare	many	 for
cities,	 factories,	 universities,	 or	 armies,	 and	 its	margin	 against	 a
bad	 harvest	 is	 the	 difference	 between	 one	 season's	 recycled
nitrogen	and	the	next.	The	ceiling	also	had	a	politics:	land	was	the
only	 nitrogen	 account	 that	 mattered,	 so	 land	 was	 fought	 over,
enclosed,	inherited,	and	taxed	with	a	ferocity	that	modern	readers
reserve	 for	 oil.	 And	 it	 had	 a	 geography.	 Regions	 blessed	 with
legume-friendly	climates,	dense	 livestock,	or	disciplined	night-soil
systems	 -	 the	 Low	 Countries,	 the	 Chinese	 deltas,	 the	 Japanese
plains	 -	 ran	 richer	 and	 denser	 than	 regions	 without	 them.	 The
world's	first	industrialists	were,	in	a	precise	sense,	the	people	who
found	ways	to	 import	other	people's	nitrogen:	British	mills	 fed	by
grain	from	abroad,	British	cities	fed	by	manure	hauled	from	miles
around.	 When	 the	 accumulated	 geological	 deposits	 were	 finally
found,	they	were	seized	with	the	speed	of	people	who	understood
exactly	what	they	were	for.	S37

The	nitrogen	cycle,	mapped

It	 helps	 to	 hold	 a	map	 of	 the	 cycle	 before	 the	 industry	 enters	 it.
The	 atmosphere	 is	 the	 great	 reservoir	 -	 some	 four	million	 billion
tonnes	of	N2,	effectively	 infinite	at	human	scales	 -	but	chemically
locked.	 The	 living	 reservoir	 is	 tiny	 by	 comparison:	 a	 few	 billion
tonnes	of	nitrogen	embodied	in	organisms,	soils	and	dead	organic
matter,	 endlessly	 recycled	 through	 growth,	 death,	 decay	 and
reincorporation.	 The	 connectors	 between	 the	 two	 reservoirs	 are
few	and	narrow.	 Inbound:	 lightning,	 fixing	a	 few	million	 tonnes	a
year	in	its	strikes;	the	rhizobial	symbioses	and	free-living	microbes,
fixing	 tens	of	millions;	and,	 since	1913,	 the	converter.	Outbound:
the	denitrifying	bacteria	in	waterlogged	soils	and	ocean	sediments,
patiently	 returning	nitrate	 to	 the	sky	as	N2,	 closing	 the	 loop	 that
keeps	 the	 planet's	 nitrogen	 books	 balanced	 over	 geological	 time.
For	 ten	 thousand	 years	 agriculture	 lived	 inside	 this	 map,
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borrowing	from	the	living	reservoir	and	repaying	through	manure
and	rotation.	The	two	geological	deposits	of	the	next	chapter	were
raids	 on	 rare	 places	 where	 the	 cycle	 had	 accidentally	 banked	 a
surplus.	The	industry	this	book	studies	did	something	categorically
different:	 it	cut	a	new	inbound	lane,	 from	the	 infinite	reservoir	to
the	living	one,	wide	enough	to	carry	more	than	a	hundred	million
tonnes	a	year.	Everything	else	 -	 the	abundance,	the	pollution,	the
politics	-	follows	from	the	width	of	that	lane.	S21,	S37

The	nitrogen	in	a	harvest

The	 ceiling's	 arithmetic	 is	 worth	 one	 more	 pass,	 because	 it
explains	why	 fertilizer	became	a	 flow	 industry	 rather	 than	a	one-
time	 fix.	 Every	 harvested	 crop	 is	 a	 nitrogen	 export:	 a	 tonne	 of
wheat	grain	carries	away	roughly	twenty	kilograms	of	nitrogen;	a
tonne	 of	 rice,	 about	 eleven;	 a	 tonne	 of	 maize,	 about	 fifteen.	 A
hectare	 yielding	 eight	 tonnes	 of	 wheat	 -	 an	 ordinary	 modern
harvest,	 an	 extraordinary	 historical	 one	 -	 exports	 some	 160
kilograms	 of	 nitrogen	 in	 a	 single	 afternoon	 of	 combining.	 Under
the	 old	 arithmetic,	 that	 export	 had	 to	 be	 repaid	 from	 the	 field's
own	 account:	 years	 of	 clover,	 cartloads	 of	 manure,	 the	 careful
husbanding	 of	 every	 residue.	 The	 legume	 rotation	 could	 restore
perhaps	 fifty	 to	 a	 hundred	 kilograms	 a	 hectare	 in	 a	 good	 year,
which	is	why	the	rotation	existed	and	why	it	capped	the	harvest	it
served:	 land	 devoted	 to	 fixing	 nitrogen	 was	 land	 not	 devoted	 to
food.	The	converter	changed	the	account's	currency,	not	its	 logic.
The	 export	 still	 happens	 every	 harvest;	 only	 the	 repayment	 now
arrives	by	rail	and	barge	from	a	plant	a	thousand	miles	away,	and
the	 farmer's	 nitrogen	 problem	 has	 become	 a	 cash-flow	 problem.
When	the	cash	fails	-	when	the	price	spikes,	the	subsidy	stalls,	the
ship	 does	 not	 dock	 -	 the	 old	 arithmetic	 reasserts	 itself	 within	 a
single	season.	Fertilizer	is	not	a	stock	solution	to	a	stock	problem.
It	is	a	flow	solution	to	a	flow	problem,	and	it	must	be	re-purchased,
re-applied	 and	 re-earned	 every	 single	 year,	 everywhere,	 forever.
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That	 is	 the	 deepest	 reason	 the	 industry	 is	 large,	 stable,	 and
permanent.	S37,	S38

The	rotation	and	its	limits

The	legume	rotation	deserves	 its	own	respect,	because	it	was	the
most	 sophisticated	nitrogen	 technology	of	 the	preindustrial	world
and	 its	 limits	 are	 the	 whole	 plot.	 The	 classical	 systems	 -	 the
medieval	three-field	course	with	its	pulses,	the	Norfolk	four-course
with	clover	and	turnips	feeding	both	soil	and	livestock,	the	clover-
ley	systems	that	carried	Britain's	agricultural	revolution,	the	rice-
wheat-green	manure	rotations	of	Asia	-	all	worked	the	same	trick:
give	 some	 fraction	 of	 the	 land	 and	 the	 year	 to	 a	 nitrogen-fixing
crop,	and	 spend	 the	 fixed	nitrogen	on	 the	 food	crops	 that	 follow.
The	 systems	were	brilliant,	 and	 they	were	a	 tax.	Every	 season	of
clover	was	a	season	without	wheat;	every	cart	of	manure	spread	on
one	field	was	mined,	in	effect,	from	another.	Smil's	accounting	puts
numbers	 on	 the	 ceiling	 this	 imposed:	 even	 the	 theoretical	 best
organic	system,	recycling	everything	and	devoting	maximal	land	to
fixation,	tops	out	around	200	kilograms	of	nitrogen	per	hectare	per
year,	and	 the	realized	national	 systems	ran	at	a	 fraction	of	 that	 -
which	is	why	they	fed	about	five	people	per	hectare	and	no	more.
The	 rotation	 did	 not	 fail.	 It	 succeeded	 completely,	 at	 exactly	 the
rate	the	sky	allowed,	and	that	rate	was	not	enough.	The	argument
of	 this	book	 is	not	 that	 the	old	agronomy	was	 ignorant;	 it	 is	 that
the	 old	 agronomy	 was	 optimal	 inside	 a	 closed	 cycle,	 and	 the
converter's	 revolution	 was	 to	 open	 the	 cycle.	 Every	 modern
critique	 that	dreams	of	 closing	 it	 again	must	begin	by	answering
the	rotation's	own	arithmetic.	S37,	S59

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	One.
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C H A P T E R 	 T W O

Bird	Islands	and	Desert	Salt
PART 	ONE 	 · 	 THE 	 SCARC ITY

Before	nitrogen	fertilizer	was	made,	it	was	found	-	twice,	in	two	strange
deposits	on	the	Pacific	edge	of	South	America.	The	first	was	excrement.
The	second	was	salt.	Between	them	they	fed	the	North	Atlantic's	farms
for	 most	 of	 a	 century,	 started	 a	 war,	 and	 taught	 the	 world	 what
nitrogen	scarcity	felt	like	when	the	deposits	began	to	run	out.

Plate	I	·	The	guano	age:	accumulated	seabird	droppings	on	Peru's	desert	islands	were	the	world's
first	traded	nitrogen	boom.
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The	Chincha	miracle

Off	the	coast	of	Peru,	the	cold	Humboldt	Current	drives	one	of	the
richest	 fisheries	 on	 Earth,	 and	 the	 fish	 feed	 seabirds	 in	 their
millions.	 The	 islands	where	 the	 birds	 roost	 -	 the	Chincha	 Islands
above	 all	 -	 sit	 in	 a	 climate	 so	 dry	 that	 rain	 almost	 never	washes
their	droppings	away.	Guano	accumulated	there	for	centuries	into
deposits	tens	of	meters	deep:	a	substance	so	rich	in	nitrogen	and
phosphorus	 that	 a	 few	 buckets	 could	 transform	 a	 field.	 Peruvian
farmers	 had	 used	 it	 for	 generations.	 Alexander	 von	 Humboldt
carried	 word	 of	 it	 back	 to	 Europe,	 and	 by	 the	 1840s	 the	 guano
trade	was	an	international	industry.

Between	the	1820s	and	the	1860s	the	Chincha	Islands	exported	on
the	order	of	12.5	million	tons	of	guano	to	the	United	States,	France
and	 Great	 Britain.	 It	 was	 the	 first	 global	 fertilizer	 commodity:
priced,	shipped,	 insured,	 fought	over,	and	blended	 into	 the	rising
nutrient	economy	Liebig	had	theorized.	The	United	States	went	so
far	 as	 to	 pass	 the	 Guano	 Islands	 Act	 of	 1856,	 letting	 its	 citizens
claim	 unoccupied	 guano	 islands	 anywhere	 on	 the	 planet	 as
American	 appurtenances.	 Peru	 financed	 a	 generation	 of	 state
spending	 on	 the	 trade	 -	 and	 buried	 itself	 in	 debt	 when	 the	 best
deposits	 gave	 out.	 By	 the	 1870s	 the	miracle	was	 exhausted,	 and
the	 trade's	 historians	 record	 an	 uncomfortable	 ledger	 behind	 the
boom:	 bonded	 labor,	 debt	 peonage,	 and	 the	 Pacific's	 first	 great
resource	curse.	The	American	Historical	Review's	study	of	the	era
calls	 it	plainly	 the	 first	green	revolution,	and	notes	 that	 it	 ran	on
coercion	as	much	as	on	nutrients.	S26,	S48,	S52

The	desert	that	sweated	nitrate

The	 second	 accident	 lay	 inland.	 The	 Atacama	Desert	 of	 northern
Chile	 -	 then	 partly	 Bolivian	 and	 Peruvian	 territory	 -	 is	 the	 driest
non-polar	 place	 on	 Earth,	 and	 across	 its	 basins	 lie	 caliche	 beds:
mineral	 crusts	 laced	with	 sodium	 nitrate,	 Chile	 saltpeter.	 How	 a
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water-soluble	salt	accumulated	in	such	quantity	is	a	small	miracle
of	 chemistry	 and	 climate;	 what	 matters	 is	 that	 it	 was	 the	 only
commercially	 minable	 nitrate	 deposit	 on	 the	 planet,	 and	 that
nitrate	is	nitrogen	in	a	form	plants	can	eat	directly.

The	 deposits	 were	 worth	 a	 war.	 In	 1879	 Chile,	 Bolivia	 and	 Peru
fought	 the	War	 of	 the	 Pacific	 -	 remembered	 in	 the	 region	 as	 the
Saltpeter	War	-	and	by	1881	Chile	had	taken	the	nitrate	provinces
outright.	 For	 four	 decades	 Chilean	 nitrate	 was	 the	 backbone	 of
world	agriculture	and	of	the	explosives	trade.	Around	1900,	Chile
supplied	 roughly	 two-thirds	 of	 the	 fertilizer	 nitrogen	 used
anywhere	 on	 Earth.	 Oficinas	 -	 company	 nitrate	 towns	 -	 spread
across	 the	 desert,	 railways	 ran	 caliche	 to	 the	 coast,	 and	 ships
carried	 saltpeter	 to	 Liverpool,	 Hamburg	 and	 Norfolk.	 Germany,
with	poor	soils,	a	growing	population	and	no	tropical	empire	of	its
own,	was	the	most	anxious	customer:	350,000	tonnes	of	saltpeter
imported	in	1900,	rising	to	900,000	tonnes	by	1912.	S26,	S36
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Plate	II	·	The	Atacama	oficinas:	the	only	commercially	minable	nitrate	on	Earth,	and	around	1900
the	source	of	two-thirds	of	the	world's	fertilizer	nitrogen.

A	warning	from	the	podium

Everyone	 who	 studied	 the	 trade	 could	 see	 the	 end	 coming.	 The
deposits	 were	 finite,	 the	 oligopoly	 that	 ran	 them	 raised	 prices
relentlessly,	and	demand	compounded	with	population.	The	anxiety
found	 its	most	 famous	 voice	 in	 1898,	 when	 Sir	William	 Crookes,
president	 of	 the	 British	 Association	 for	 the	 Advancement	 of
Science,	devoted	his	presidential	address	to	the	nitrogen	problem.
Civilization,	he	warned,	was	burning	 through	a	 fixed	endowment;
unless	chemists	found	a	way	to	pull	nitrogen	from	the	air,	wheat-
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eating	peoples	faced	starvation	within	a	generation.	It	was	one	of
the	great	technological	prophecies:	specific,	material,	and	-	within
fifteen	years	-	answered.

The	 chemistry	 of	 the	 answer	 had,	 in	 fact,	 been	 circling	 for	 a
century.	 Ammonia	 was	 known	 to	 be	 a	 nitrogen	 compound	 since
Berthollet's	 work	 in	 1784,	 and	 hopeful	 souls	 had	 been	 trying	 to
make	 it	 from	 the	 air	 since	 Georg	 Friedrich	 Hildebrandt's
experiments	 in	1795.	Coke	ovens	and	gas	works	recovered	a	thin
stream	of	ammonia	as	a	by-product,	and	by	1900	that	stream	had
been	 industrialized	 -	 but	 it	 could	 never	 meet	 demand.	 Wilhelm
Ostwald,	 one	of	 the	great	 chemists	 of	 the	age,	 tried	an	ammonia
synthesis	in	1900	and	interested	BASF	in	it;	the	company's	young
chemist	Carl	Bosch	was	assigned	to	check	the	apparatus,	and	the
check	 failed.	Henry	Le	Chatelier	managed	a	genuine	 synthesis	 in
1901,	then	abandoned	the	line	after	an	explosion	killed	one	of	his
assistants.	The	problem	was	waiting	for	a	different	kind	of	mind	-
and,	in	a	Norwegian	valley	and	two	German	laboratories,	it	found
three.

The	nitrate	age	ended	slowly	and	then	all	at	once.	Chile's	salt	held
its	crown	into	the	First	World	War,	but	the	synthetic	processes	that
replaced	it	were	already	operating	before	1914,	and	by	the	1930s
the	 oficinas	 were	 in	 terminal	 decline.	 Today	 the	 Atacama's
mineralized	 nitrates,	 in	 the	words	 of	 the	U.S.	 Geological	 Survey,
contribute	minimally	to	the	global	nitrogen	supply.	The	desert	that
fed	the	world	became	a	heritage	site.	The	sky	that	replaced	it	has
not	run	out	yet.	S26

The	guano	economy

Between	the	1840s	and	the	1870s,	Peru	built	a	national	economy
on	 droppings.	 Guano	 was	 the	 country's	 dominant	 export	 and	 its
fiscal	 spine:	 the	 state	 owned	 the	 deposits,	 auctioned	 extraction
contracts	 to	 merchant	 houses	 -	 many	 of	 them	 British	 -	 and

19



borrowed	 on	 European	 bond	markets	 against	 future	 bird	 output.
The	trade	moved	 in	the	hundreds	of	millions	of	 tons	over	 its	 long
era	from	the	1840s	into	the	1930s,	when	guano	and	sodium	nitrate
together	flowed	out	of	Peru	and	Chile	to	the	farms	of	Europe	and
North	 America.	 The	 system	 had	 every	 feature	 of	 a	 modern
resource	boom:	a	commodity	frontier,	a	labor	regime	-	indentured
Chinese	 coolies	 working	 the	 islands	 under	 conditions	 travelers
described	with	horror	-	a	rentier	state,	and	a	foreign-financed	debt
pyramid	 resting	 on	 a	 deposit	 nobody	 was	measuring	 honestly.	 It
also	 had	 the	 classic	 ending.	 The	 best	 layers	were	 skimmed	 first,
the	 birds	 could	 not	 replace	 what	 the	 scrapers	 took,	 and	 by	 the
1860s	the	Chincha	bonanza	-	some	12.5	million	tonnes	exported	in
the	 islands'	 great	 decades	 -	 was	 visibly	 running	 down.	 Peru's
answer	 was	 to	 nationalize	 the	 second	 deposit,	 the	 nitrate	 fields,
and	 the	 resulting	 dispute	 over	 who	 owned	 the	 desert	 helped	 set
the	region	alight.	S48,	S51

The	Saltpeter	War

The	 War	 of	 the	 Pacific,	 1879	 to	 1884,	 is	 remembered	 in	 South
America	as	a	national	epic	and	should	be	remembered	everywhere
as	 the	 first	 great	 fertilizer	 war.	 Chile,	 backed	 by	 British	 nitrate
capital,	 fought	 Peru	 and	 Bolivia	 for	 the	 Atacama	 deposits;	 Chile
won,	 annexed	Peru's	 Tarapacá	 and	Bolivia's	 entire	 coastline,	 and
inherited	 a	 near-monopoly	 on	 the	 world's	 mined	 nitrogen.	 The
numbers	convey	the	prize:	by	1900	Chile	supplied	two-thirds	of	the
fertilizer	 nitrogen	 used	 on	 Earth,	 exporting	 through	 ports	 that
existed	for	no	other	purpose.	Germany	-	the	rising	industrial	power
with	the	most	intensive	agriculture	in	Europe	-	became	the	trade's
most	 exposed	 customer,	 importing	 roughly	 350,000	 tonnes	 of
Chilean	 nitrate	 in	 1900	 and	 nearly	 900,000	 tonnes	 by	 1912.
Berlin's	 strategists	 understood	what	 that	 dependence	meant	 in	 a
blockade,	 and	 so	 did	 London's.	 The	 Royal	 Navy	 could	 cut	 the
nitrate	 route	 in	 a	 day,	 and	no	 stockpile	 of	 guano	or	 salitre	 could
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last	a	 long	war.	The	search	 for	 synthetic	nitrogen,	when	 it	 came,
was	 driven	 as	much	 by	 that	 map	 as	 by	 any	 laboratory	 curiosity.
Germany	 needed	 bread	 from	 air	 because	 its	 bread	 -	 and	 its
gunpowder	-	sailed	through	British	waters.	S26,	S36

The	guano	mania,	seen	from	Europe

From	the	 importing	side,	 the	guano	decades	 looked	 like	salvation
with	 an	 invoice.	 British	 and	North	German	 farmers	 in	 the	 1840s
adopted	Peruvian	guano	with	a	speed	that	startled	contemporaries:
within	 a	 few	 years	 of	 its	 commercial	 introduction	 it	 was	 the
standard	top-dressing	of	progressive	agriculture,	recommended	in
every	 farming	 journal,	 analyzed	 by	 every	 consulting	 chemist,
adulterated	by	every	second	merchant.	The	mania	had	the	texture
of	every	 input	 revolution	 since:	 early	adopters	 reporting	 startling
yield	 responses,	agronomists	 scrambling	 to	explain	optimal	 rates,
and	a	price	high	enough	to	spawn	an	entire	industry	of	substitutes,
frauds	 and	 analyses.	 Liebig	 himself	 lent	 authority	 to	 the	 trade
while	 warning,	 characteristically,	 that	 imported	 fertility	 was	 a
mortgage,	 not	 an	 income	 -	 that	 a	 nation	 feeding	 its	 fields	 from
foreign	deposits	was	consuming	capital.	The	historians	of	the	trade
count	the	flow	in	the	hundreds	of	millions	of	tons	across	the	guano
and	 nitrate	 era	 from	 the	 1840s	 to	 the	 1930s,	 and	 the	 fiscal
consequences	were	as	 large	as	the	agronomic	ones:	Peru's	guano
revenues	 financed	 its	 state,	 its	 railways	 and	 ultimately	 its
catastrophic	foreign	debt,	while	Chile's	nitrate	duties	supplied	half
or	 more	 of	 its	 public	 revenue	 for	 decades.	 The	 pattern	 -	 a	 farm
input	so	valuable	it	reorganizes	national	finances	-	did	not	end	with
the	 deposits.	 It	 is	 the	 same	 pattern	 visible	 today	 in	 India's	 urea
subsidy	 and	 Russia's	 export	 leverage,	 executed	 with	 different
instruments	on	the	same	dependence.	S26,	S48,	S51

The	labor	of	the	islands

The	 guano	 bonanza	 had	 a	 human	 cost	 that	 its	 ledgers	 kept	 in	 a
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separate	 column,	 and	 an	 honest	 account	 keeps	 it	 visible.	 The
scraping	 of	 the	 Chincha	 Islands	 was	 done	 overwhelmingly	 by
indentured	 Chinese	 laborers	 -	 coolies	 recruited	 or	 coerced	 in
Macau	 and	 Amoy,	 sold	 to	 the	 islands'	 contractors,	 and	 worked
under	 conditions	 that	 contemporary	 observers	 described	 in	 the
vocabulary	of	slavery:	the	dust,	the	ammonia	sting,	the	quotas,	the
deaths.	 The	 trade's	 historians	 place	 the	 islands	 within	 the	 wider
nineteenth-century	system	that	moved	contract	 labor	 to	wherever
a	 commodity	 frontier	met	 a	 labor	 shortage,	 and	 the	 guano	 fields
were	 among	 its	 most	 notorious	 postings.	 The	 nitrate	 desert
developed	 its	 own	 labor	 regime	 -	 oficina	 towns	 in	 the	 waterless
Atacama,	 company	 scrip,	 and	 strikes	 suppressed	 with	 a	 violence
that	culminated,	after	the	period	this	chapter	covers,	in	the	Santa
María	 de	 Iquique	 massacre	 of	 1907.	 The	 industry's	 origin	 story
therefore	contains,	 from	its	 first	page,	the	two	terms	it	has	never
since	 separated:	 a	 genuinely	 civilizational	 benefit,	 and	 a	 cost
reliably	pushed	onto	the	people	with	the	least	power	to	refuse	it	-
the	coolie	on	the	island,	the	peasant	at	the	end	of	the	price	chain,
the	 downstream	 estuary.	 The	 same	 pairing	 runs	 through	 the
synthetic	 era	 that	 follows,	 and	 this	 book	 does	 not	 pretend
otherwise.	S48,	S51,	S52

Saltpeter	before	the	farms

22



One	prequel	belongs	in	this	chapter,	because	it	explains	why	states
cared	about	nitrates	before	farmers	did.	Long	before	guano	fed	a
turnip,	potassium	nitrate	-	saltpeter	-	 fed	gunpowder,	and	for	five
hundred	 years	 the	 supply	 of	 gunpowder	 set	 the	 limits	 of	 war.
Saltpeter	 was	 sweated	 from	 manure	 piles,	 scraped	 from	 cellar
walls,	 and	 dug	 from	 the	 same	 Indian	 and	 Chilean	 grounds	 that
later	 fed	 the	 fertilizer	 trade;	 states	 ran	 saltpeter	 monopolies,
saltpeter	 inspectors	 with	 rights	 of	 entry	 into	 private	 barns,	 and
saltpeter	 plantations	 to	 rot	 nitrogen	 out	 of	 dung	 at	 scale.	 The
Atacama's	 sodium	 nitrate	 -	 too	 hygroscopic	 for	 good	 powder	 but
fine	for	blasting	and	farming	-	 inherited	this	strategic	aura:	when
Chile	took	the	desert	in	1884,	it	took	not	merely	a	fertilizer	district
but	 the	world's	 reserve	stock	of	explosive-grade	nitrogen.	That	 is
the	 context	 in	 which	 Crookes's	 1898	 warning	 landed	 with	 such
force,	 and	 in	 which	 the	 German	 general	 staff	 read	 their	 import
statistics:	every	tonne	of	nitrate	in	a	German	field	was	a	tonne	that
could	 be	 in	 a	German	 shell,	 and	 every	 tonne	 of	 it	 arrived	by	 sea
past	a	rival's	fleet.	The	fertilizer	industry	was	born	strategic.	It	did
not	have	to	become	so.	S26,	S36

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Two.
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C H A P T E R 	 T H R E E

Fire	in	the	Arc
PART 	 TWO 	 · 	 THREE 	WAYS 	 TO 	CATCH 	THE 	SKY

The	 first	 industrial	 process	 to	 pull	 nitrogen	 out	 of	 the	 air	 ran	 on
lightning	made	by	hand.	In	a	Norwegian	valley	with	more	falling	water
than	 people,	 two	 men	 at	 a	 dinner	 party	 decided	 to	 manufacture	 the
sky's	electricity	and	sell	it	as	fertilizer.

Plate	III	·	Fire	from	falling	water:	the	arc	process	could	only	live	where	electricity	was	almost
free.
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A	dinner	in	Christiania

In	 February	 1903,	 the	 Norwegian	 cabinet	 minister	 Gunnar
Knudsen	hosted	a	dinner	that	Norwegian	industry	has	been	dining
out	 on	 ever	 since.	 At	 the	 table	 were	 Sam	 Eyde,	 an	 ambitious
engineer	 hunting	 for	 ways	 to	 monetize	 Norway's	 abundant
hydropower,	and	Kristian	Birkeland,	a	brilliant,	eccentric	physicist
who	 had	 built	 high-voltage	 electric	 arc	 equipment	 -	 initially,	 in	 a
characteristic	detour,	 for	military	purposes.	Eyde	had	energy	and
wanted	 products.	 Birkeland	 had	 an	 arc	 and	wanted	 applications.
The	product	they	settled	on	was	fixed	nitrogen.

The	 chemistry	was,	 in	 principle,	 the	 oldest	 on	 Earth.	 A	 lightning
strike	heats	air	until	some	of	its	nitrogen	and	oxygen	combine	into
nitrogen	 oxides;	 rain	 carries	 the	 products	 down	 as	 dilute	 nitric
acid,	 nature's	 own	 fertilizer	 delivery.	 Birkeland's	 idea	 was	 to
industrialize	 the	 strike:	 draw	 a	 powerful	 electric	 arc	 out	 into	 a
disc-shaped	 flame	 between	 water-cooled	 copper	 poles	 inside	 a
furnace,	blast	air	through	it,	and	harvest	the	nitrogen	oxides.	The
oxides	were	 absorbed	 in	water	 to	make	 nitric	 acid,	 and	 the	 acid
was	 run	 over	 limestone	 to	 make	 calcium	 nitrate	 -	 Norwegian
saltpeter,	a	straight	replacement	for	the	Chilean	kind.

The	 catch	 was	 thermodynamic	 and	 permanent.	 Only	 a	 trivial
fraction	of	the	air's	nitrogen	oxidizes	per	pass,	and	the	arc	runs	hot
and	power-hungry.	The	process	consumes	electricity	so	voraciously
that	 it	 could	 only	 ever	 exist	 where	 power	 was	 essentially	 free.
Norway,	steep	and	wet	and	sparsely	populated,	was	exactly	such	a
place.	 On	 2	 December	 1905,	 in	 Eyde's	 office	 in	 Christiania	 -	 the
papers	 signed	 late,	 Yara's	 corporate	 history	 notes,	 because	 the
founders	 were	 busy	 men	 -	 Norsk	 Hydro-Elektrisk
Kvælstofaktieselskab	came	into	existence:	Norsk	Hydro.	S2

Notodden	and	Rjukan

The	 first	 works	 rose	 at	 Notodden	 in	 Telemark,	 beside	 the
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Tinnelva's	 falls,	 and	 the	 enterprise	 grew	 with	 a	 speed	 that	 still
reads	as	audacious.	The	company	dammed	the	great	Svelgfoss	falls
-	among	the	largest	hydropower	installations	in	Europe	at	the	time
-	 and	 when	 even	 that	 was	 not	 enough,	 it	 built	 a	 second,	 larger
complex	 further	up	 the	valley	at	Rjukan,	a	place	 so	 shadowed	by
mountains	that	the	company	later	had	to	install	mirrors	to	give	the
town	 winter	 sun.	 By	 1911	 the	 operation	 was	 consuming	 50,000
kilowatts;	 a	 year	 later	 consumption	 had	 doubled	 to	 100,000.	 In
1913	 the	 plants	 produced	 about	 12,000	 tonnes	 of	 fixed	 nitrogen,
roughly	 five	 percent	 of	 what	 the	 world's	 coke	 ovens	 were	 then
yielding	 as	 by-product	 ammonia.	 It	 was	 a	 real	 industry,	 the	 first
proof	that	atmospheric	nitrogen	could	be	manufactured	and	sold.

It	 was	 also,	 from	 the	 beginning,	 an	 industrial	 dead	 end	 with	 a
beautiful	 address.	 The	 arc's	 appetite	 for	 electricity	 meant	 every
tonne	of	fertilizer	carried	a	power	bill	no	coal-belt	competitor	could
pay.	The	process	survived	exactly	where	its	founders	put	it:	at	the
foot	of	waterfalls.	Even	 in	Norway	 it	was	soon	supplemented	and
then	replaced	by	the	Schönherr	arc	variant	and	finally	by	ammonia
synthesis.	 Rjukan	 and	 Notodden	 survive	 together	 on	 UNESCO's
World	 Heritage	 List,	 preserved	 as	 the	 monuments	 of	 the	 first
successful	raid	on	the	sky.	S2,	S3,	S26,	S56,	S57

What	the	arc	taught

The	 Birkeland-Eyde	 process	 failed	 economically	 almost
everywhere,	 but	 its	 real	 contribution	 is	 easy	 to	 underrate.	 It
proved	 a	 market	 existed.	 Norsk	 Hydro	 built	 the	 distribution,
agronomy,	 and	 customer	 relationships	 of	 an	 industrial	 nitrogen
business,	 and	 when	 a	 cheaper	 chemistry	 arrived	 the	 company
simply	swapped	the	furnace	for	the	reactor:	Hydro's	Vemork	plant
later	made	its	hydrogen	by	electrolysis	for	the	new	synthesis,	and
the	 firm	 that	 grew	 into	 Yara	 International	 is	 today	 one	 of	 the
largest	nitrogen	companies	on	Earth,	with	2025	revenues	of	about
fifteen	and	a	half	billion	dollars.	The	arc	was	a	bridge.	It	carried	a
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waterfall-owning	 nation	 across	 the	 decade	 between	 the	 saltpeter
age	 and	 the	 ammonia	 age,	 and	 it	 taught	 the	 industry	 its	 first
durable	 lesson:	 in	 nitrogen	 fixation,	 energy	 is	 the	 product.
Everything	 since	 -	 the	 coal	 plants	 of	 Shanxi,	 the	 gas	 giants	 of
Qatar,	 the	 electrolysers	 now	 rising	 in	 Norway	 again	 -	 has	 been
another	answer	to	the	same	question	Birkeland	and	Eyde	asked	at
dinner:	where	 is	 the	 cheap	 energy,	 and	how	do	we	bolt	 it	 to	 the
air?	S26,	S56

Three	routes	to	the	sky

By	1905,	remarkably,	there	were	three	industrial	technologies	for
pulling	nitrogen	out	of	 the	air,	and	 for	a	decade	 it	was	genuinely
unclear	 which	 would	 win.	 The	 arc	 process	 burned	 electricity
directly:	air	passed	through	a	spread	electric	flame	hotter	than	any
furnace,	a	fraction	of	its	nitrogen	oxidized	to	nitric	oxide,	and	the
gases	 scrubbed	 into	 nitric	 acid	 and	 then	 nitrate	 salts.	 Its
economics	were	a	pure	 function	of	 power	prices,	which	 is	why	 it
lived	 where	 waterfalls	 were	 cheap	 and	 coal	 was	 not.	 The
cyanamide	route,	chapter	four's	subject,	ran	air	over	incandescent
calcium	 carbide	 and	 sold	 the	 resulting	 solid	 as	 a	 fertilizer	 that
needed	no	acid	plant	at	all.	And	the	third	route	-	direct	synthesis	of
ammonia	 from	 its	 elements,	 the	one	Le	Chatelier	 had	abandoned
after	 an	 explosion	 killed	 his	 assistant	 in	 1901,	 the	 one	 Ostwald
tried	 and	 dropped,	 the	 one	 Nernst	 declared	 impractical	 on
thermodynamic	grounds	-	was	the	one	nobody	had	yet	made	work.
Norway's	arc	kingdom	was,	in	retrospect,	the	proof	of	demand:	the
world	would	pay	enormous	energy	costs	for	fixed	nitrogen,	and	any
process	that	undercut	the	arc's	ravenous	appetite	would	inherit	the
market.	S26,	S28

What	the	arc	left	behind

The	 Birkeland-Eyde	 plants	 were	 doomed	 by	 efficiency	 -	 the	 arc
captured	 only	 a	 sliver	 of	 the	 air's	 nitrogen	 and	 devoured	 tens	 of
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megawatts	 to	do	 it	 -	 but	 the	company	built	 to	 run	 them	was	not.
Norsk	Hydro's	real	assets	turned	out	to	be	everything	around	the
process:	the	hydropower,	the	nitrate	chemistry,	the	fertilizer	sales
organization	 across	 Europe,	 and	 a	 corporate	 culture	 fluent	 in
electrochemistry.	 When	 Haber-Bosch	 ammonia	 swept	 the	 field
after	 the	 First	World	War,	Hydro	 bought	 a	 license,	 converted	 its
plants,	 and	 folded	 its	 arc-era	 nitrate	 business	 into	 the	 new
synthesis.	 A	 century	 later	 the	 same	 firm,	 renamed	Yara,	 is	 again
converting	its	process	to	the	cheapest	available	energy	-	this	time
renewable	electricity	at	Herøya	-	and	the	parallel	is	not	accidental.
The	arc	era's	deeper	lesson	stands:	in	this	industry	the	molecule	is
constant	 and	 the	 energy	 source	 is	 the	 strategy.	 Whoever	 fixes
nitrogen	 with	 the	 cheapest	 energy	 wins;	 the	 chemistry	 itself	 is
merely	the	admission	ticket.	S2,	S3

Notodden,	Rjukan,	and	the	industrial	sublime

The	towns	the	arc	built	deserve	a	paragraph	of	their	own,	because
they	are	the	industry's	first	company	landscapes.	Notodden,	where
Norsk	Hydro	 formed	on	2	December	1905,	married	 the	Telemark
waterfalls	 to	 the	 factory;	 Rjukan,	 built	 in	 a	 gorge	 so	 deep	 the
winter	sun	never	reached	it,	became	famous	for	the	giant	mirrors
that	 now	 bounce	 daylight	 into	 its	 square.	 The	 plants	 climbed	 in
steps:	fifty	thousand	kilowatts	of	arc	furnaces	by	1911,	a	hundred
thousand	by	1912	-	at	the	time	among	the	largest	concentrations	of
electrical	 load	 on	 Earth.	 Visitors	 described	 the	 arc	 halls	 as
cathedrals	 of	 thunder:	 air	 itself	 on	 fire,	 hundreds	 of	 times	 a
second,	 in	 furnace	after	 furnace.	The	output,	 though,	was	modest
against	 its	 spectacle	 -	 by	 1913	 the	 whole	 Norwegian	 operation
fixed	about	twelve	thousand	tonnes	of	nitrogen	a	year,	barely	five
percent	 of	what	 the	 coke-oven	 byproduct	 trade	 already	 supplied,
and	each	tonne	carrying	an	energy	bill	that	only	a	waterfall	could
pay.	When	UNESCO	later	 listed	Rjukan	and	Notodden	as	a	World
Heritage	 industrial	 landscape,	 it	 honored	 something	 precise:	 the
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first	 place	 on	 Earth	 where	 humans	 fixed	 nitrogen	 at	 industrial
scale,	using	 the	one	energy	source	 that	would	someday	return	 to
claim	the	industry.	S2,	S3,	S56,	S57

What	the	arc	cost

The	 arc's	 economics	 deserve	 one	 paragraph	 of	 physics,	 because
they	set	the	bar	every	successor	had	to	clear.	Air	passed	through
the	furnace's	flame	spent	only	milliseconds	hot	enough	for	nitrogen
and	oxygen	to	combine,	and	only	a	percent	or	 two	of	 the	passing
nitrogen	 was	 caught	 at	 all;	 the	 product	 gases	 then	 had	 to	 be
quenched	 fast,	 before	 the	 fragile	 nitric	 oxide	 fell	 back	 into	 its
parents.	The	result:	kilowatt-years	of	electricity	per	tonne	of	fixed
nitrogen,	 on	 a	 scale	 only	 Norway's	 waterfalls	 could	 underwrite.
The	 hundred	 thousand	 kilowatts	 of	 1912	 -	 a	 national	 showpiece,
among	the	largest	power	concentrations	on	the	planet	-	produced
what	 a	 single	modest	 ammonia	 loop	 would	 soon	 produce	 from	 a
few	 truckloads	of	water	gas	a	day.	Yet	 the	comparison	should	be
made	 with	 respect.	 The	 arc	 proved	 that	 fixed	 nitrogen	 could	 be
manufactured,	 not	 merely	 mined;	 it	 created	 the	 company,	 the
engineering	school	and	the	customer	network	that	carried	Norway
into	the	converter	era;	and	it	left	the	industry's	first	law	written	in
kilowatt-hours:	 fixation	 is	 energy,	 and	 the	 winner	 is	 whoever
brings	the	cheapest	energy	to	the	reaction.	Birkeland's	flame	failed
that	law.	It	was	not	wrong;	it	was	early.	S3,	S26

The	waterfall	and	the	nation
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Norway's	arc	adventure	was	also	a	nation-building	project,	and	the
timing	mattered.	The	country	separated	from	Sweden	in	1905	-	the
same	 year	 Norsk	 Hydro	 was	 founded	 -	 and	 its	 new	 elite	 was
looking	 for	 exactly	what	Eyde	was	offering:	 a	way	 to	 convert	 the
one	 thing	 Norway	 had	 in	 superabundance,	 falling	 water,	 into	 an
industrial	 future	 that	 did	 not	 depend	 on	 anyone	 else's	 coal.	 The
Telemark	 plants	 were	 therefore	 more	 than	 factories:	 they	 were
proof	that	a	small,	poor,	mountainous	nation	could	sit	at	the	front
rank	of	the	world's	most	advanced	industry.	The	pattern	the	arc	set
-	 cheap	 renewable	 power	 converted	 into	 a	 traded	 chemical	 -
became	the	template	 for	Norway's	whole	 industrial	strategy	 for	a
century,	 through	 aluminum,	 fertilizers,	 oil	 services	 and	 today's
hydrogen	 projects.	 It	 is	 not	 too	 much	 to	 say	 that	 the	 country's
modern	 wealth	 descends	 from	 the	 realization,	 first	 tested	 at
Notodden,	 that	 energy	 must	 be	 exported	 embodied	 in	 products
because	 it	 cannot	 be	 exported	 in	 barrels	 of	 rain.	 When	 Yara
opened	 its	 electrolyzer	 hall	 at	Herøya	 in	 2024,	 a	 few	 fjords	 from
the	 original	 arc	 furnaces,	 it	 was	 the	 same	 national	 strategy,
running	on	its	fifth	generation	of	technology:	the	waterfall,	still	at
work.	S3

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Three.
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C H A P T E R 	 F O U R

Lime	That	Breathes	Nitrogen
PART 	 TWO 	 · 	 THREE 	WAYS 	 TO 	CATCH 	THE 	SKY

The	 second	 way	 to	 catch	 the	 sky	 was	 to	 make	 a	 solid	 that	 drank	 it.
Calcium	 carbide,	 baked	 in	 nitrogen,	 becomes	 calcium	 cyanamide	 -	 a
grey	 powder	 that	 farmers	 spread	 directly	 on	 fields.	 For	 the	 first	 two
decades	 of	 the	 twentieth	 century	 it	was	 the	world's	 leading	 synthetic
nitrogen	product,	and	it	is	the	reason	the	industry	speaks	German.

From	gold	to	fertilizer

The	path	to	cyanamide	began,	improbably,	with	gold.	Adolph	Frank
and	Nikodem	Caro	were	trying	to	make	cyanides	cheaply	-	cyanide
being	 the	 key	 reagent	 for	 leaching	 gold	 and	 silver	 from	 ore	 -	 by
heating	 calcium	 carbide	 with	 alkaline	 salts	 in	 the	 presence	 of
nitrogen.	The	work	rested	on	earlier	observations:	Henri	Moissan
had	 noticed	 in	 1893	 that	 calcium	 carbide	 absorbs	 atmospheric
nitrogen,	and	Fritz	Rothe	in	1898	identified	the	compound	formed
as	calcium	cyanamide.	Frank	and	Caro	turned	the	observation	into
a	 process	 between	 1895	 and	 1899	 and	 patented	 it.	 The	 gold
chemistry	never	paid.	The	by-product	did.

The	reaction	is	pleasingly	simple.	Calcium	carbide	-	itself	made	by
fusing	lime	and	coke	in	an	electric	furnace	-	is	crushed	and	held	at
about	 1,000	 degrees	 Celsius	 in	 an	 atmosphere	 of	 pure	 nitrogen.
The	 carbide	 drinks	 the	 gas:	 CaC2	 +	 N2	 →	 CaCN2	 +	 C.	 Once
started,	 the	reaction	 is	exothermic	and	sustains	 itself,	batch	after
batch	 in	 steel	 cylinders	 heated	 initially	 by	 an	 internal	 resistance
element.	 The	 product,	 ground	 and	 sold	 as	 Kalkstickstoff	 -	 lime
nitrogen	 -	 contained	 roughly	 a	 fifth	 to	 a	 quarter	 nitrogen	 by
weight,	and	 in	 the	soil	 it	decomposes	 through	urea	to	ammonium
carbonate,	 feeding	 crops	 in	 the	 same	 final	 steps	 as	 every	 other
nitrogen	fertilizer.	S28,	S29
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The	first	synthetic	boom

The	 first	 full-scale	 cyanamide	 factories	 opened	 in	 1905	 at	 Piano
d'Orta	 in	 Italy	 and	Westeregeln	 in	 Germany.	 The	 process	 spread
fast	wherever	 cheap	 electricity	 or	 cheap	 carbide	 could	 be	 found:
Briançon	 in	 France,	 Martigny	 in	 Switzerland,	 Knapsack	 in
Germany,	 and	 from	 1908	 the	 North	 Western	 Cyanamide
Company's	works	at	Odda	 in	Norway,	which	 from	1909	produced
12,000	tonnes	a	year	and	was	for	a	time	the	largest	of	 its	kind	in
the	 world.	 By	 1918,	 in	 the	 middle	 of	 a	 war	 that	 had	 severed
Germany	from	Chilean	nitrate,	thirty-five	cyanamide	plants	around
the	 world	 were	 fixing	 325,000	 tonnes	 of	 nitrogen	 a	 year.	 In
Germany	 alone	 the	 cyanamide	 factories	 were	 a	 strategic	 asset:
official	 figures	 record	 them	 supplying	 14,700	 tonnes	 of	 pure
nitrogen	 in	1915,	 a	 stream	 the	Reich	 could	not	have	 replaced	by
sea.

Cyanamide	 was	 the	 world's	 first	 synthetic	 nitrogen	 fertilizer
industry	 in	 the	 full	 sense	 -	 patented	 process,	 international	 plant-
building,	 branded	 product,	 farm	 advisory.	 It	 demonstrated	 that
farmers	would	buy	a	factory-made	nitrogen	and	that	the	logistics	of
fertilizer	 -	 seasonal	 production,	 silo	 storage,	 rail	 and	 ship
distribution,	dealer	networks	 -	could	be	made	to	work	at	scale.	 It
also	 demonstrated	 the	 ceiling	 of	 an	 electricity-hungry	 chemistry.
Like	 the	 arc	 process,	 cyanamide	 is	 energy-intensive	 and,	 worse,
labor-intensive:	 batch	 ovens,	 hot	 carbide,	 dusty	 handling.	 When
ammonia	 synthesis	 arrived	 with	 a	 lower	 cost	 per	 kilogram	 of
nitrogen,	 cyanamide	 retreated	 to	 niches.	 Global	 production	 of
calcium	 cyanamide	 peaked	 around	 1945	 at	 roughly	 1.5	 million
tonnes	a	year,	and	the	product	survives	today	mostly	as	a	specialty
fertilizer-herbicide	and	a	chemical	intermediate.	The	kilns	at	Odda
still	stand,	 intact,	a	candidate	for	world	heritage	listing:	the	ruins
of	the	second	bridge	to	the	sky.	S28

The	chemistry	of	cyanamide
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The	Frank-Caro	route	deserves	a	slow	look,	because	it	is	the	road
not	 taken	 -	 and	because	 it	 nearly	won.	Calcium	carbide,	 itself	 an
energy-hungry	 product	 of	 lime	 and	 coke	 in	 an	 electric	 furnace,
absorbs	 atmospheric	 nitrogen	 at	 around	 a	 thousand	 degrees
Celsius	to	form	calcium	cyanamide,	a	dark	solid	carrying	a	useful
payload	of	nitrogen	in	a	form	plants	can	use	directly.	Moissan	had
noticed	 carbide's	 appetite	 for	 nitrogen	 in	 1893;	 Rothe	 identified
the	 product	 in	 1898;	 Frank	 and	 Caro	 patented	 the	 industrial
process	 at	 the	 turn	 of	 the	 century	 and	 had	 factories	 running	 by
1905	 at	 Piano	 d'Orta	 in	 Italy	 and	 Westeregeln	 in	 Germany.
Cyanamide	had	 real	 virtues:	 it	 needed	no	hydroelectric	waterfall,
no	 high-pressure	 steel,	 no	 exotic	 catalyst	 -	 only	 carbide	 furnaces
and	 air.	 It	 could	 be	 built	 anywhere	 with	 cheap	 power	 and
limestone,	 and	 it	 sold	 as	 a	 dry,	 shovel-ready	 fertilizer.	 Odda	 in
Norway,	fed	by	its	own	falls,	became	the	largest	works	on	Earth	by
1909,	turning	out	twelve	thousand	tonnes	a	year.	S28,	S29

The	peak	and	the	fade

The	process	peaked	astonishingly	late:	around	1945,	world	calcium
cyanamide	 production	 touched	 one	 and	 a	 half	 million	 tonnes	 a
year.	 It	 survived	 two	 world	 wars	 partly	 for	 the	 same	 reason
Germany	 loved	 Haber-Bosch	 -	 it	 could	 be	 built	 from	 domestic
limestone,	coke	and	electricity	with	no	imported	feedstock	-	and	it
left	 a	 permanent	 residue	 in	 the	 industry.	 Cyanamide's	 chemistry
still	 serves	 niche	 uses,	 and	 its	 carbide	 furnaces	 taught	 a
generation	 of	 chemical	 engineers	 the	 electric-furnace	 craft.	 But
the	 arithmetic	 of	 the	 converter	 beat	 it	 in	 the	 end.	 A	 tonne	 of
cyanamide	 nitrogen	 cost	 multiples	 of	 the	 energy	 in	 a	 tonne	 of
Haber-Bosch	 nitrogen	 once	 the	 high-pressure	 loop	 matured	 and
natural	 gas	 arrived,	 and	 the	 product	 could	 not	 be	 upgraded
cheaply	into	the	nitric	acid	the	explosives	trade	demanded.	Frank-
Caro	 is	 the	 book's	 first	 demonstration	 of	 the	 industry's	 deepest
rule:	processes	do	not	die	when	they	stop	working;	they	die	when	a
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rival	 makes	 the	 same	 atom	 cheaper.	 The	 arc	 died	 that	 way,
cyanamide	died	that	way,	and	the	question	hanging	over	the	gas-
fed	 present	 -	 chapter	 fourteen's	 question	 -	 is	whether	 the	 rule	 is
about	to	fire	again.	S28

The	electric	furnace	economy

Cyanamide's	 deeper	 significance	 is	 that	 it	 invented	 the	 electric-
furnace	branch	of	the	nitrogen	industry,	and	with	it	a	template	that
keeps	 resurfacing:	 whenever	 electricity	 is	 cheaper	 than	 fuel,
nitrogen	 fixation	 migrates	 toward	 the	 electron.	 The	 carbide
furnace	 ran	 at	 two	 thousand	 degrees	 and	 devoured	 power;	 the
cyanamide	 kiln	 ran	 at	 a	 thousand;	 the	 whole	 chain	 converted
falling	water,	 via	 carbide,	 into	 a	 sackable	 fertilizer.	Regions	with
stranded	hydro	 -	Norway,	 the	Alps,	 the	Japanese	mountains,	 later
the	American	Tennessee	Valley	 -	all	experimented	with	the	route,
and	 the	 Tennessee	 Valley	 Authority's	 wartime	 nitrate	 works	 at
Muscle	Shoals	carried	the	 lineage	 into	the	American	arsenal.	The
lineage	 is	 visible	 today	 in	 the	green-ammonia	projects	 of	 chapter
fourteen,	which	 are,	 in	 energy	 terms,	 Frank-Caro's	 idea	with	 the
carbide	 step	 deleted:	 electricity	 in,	 fixed	 nitrogen	 out,	 no	 carbon
required.	 Every	 generation	 of	 the	 industry	 rediscovers	 that	 the
cheapest	joule	decides	the	process,	and	each	rediscovery	builds	on
the	metallurgy	and	the	daring	of	the	last.	S28,	S29,	S55,	S60

The	cyanamide	belt

Map	the	process	at	its	height	and	a	belt	emerges,	running	through
the	hydropower	valleys	of	the	chemical	age.	The	Alpine	arc	-	Italy's
Piano	 d'Orta	 and	 the	 works	 that	 followed	 it	 -	 married	 mountain
power	 to	 the	 carbide	 furnace.	 Germany's	 Westeregeln	 anchored
the	route	in	the	heart	of	chemical	industry.	Norway's	Odda,	fed	by
the	 same	 fjord-country	 hydrology	 that	 powered	 the	 arc,	 became
the	 largest	 cyanamide	 producer	 anywhere	 at	 twelve	 thousand
tonnes	 a	 year	 by	 1909.	 Beyond	 Europe,	 the	 pattern	 repeated
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wherever	 power	 outran	 fuel:	 Japanese	 mountain	 sites,	 North
American	 falls,	 and	 eventually	 the	 Tennessee	 Valley,	 where	 the
United	 States	 built	 carbide	 and	 cyanamide	 capacity	 as	 strategic
insurance.	 The	 engineering	 was	 robust	 rather	 than	 elegant:
electric	 furnaces	 running	 near	 two	 thousand	 degrees	 to	 make
carbide	 from	 lime	 and	 coke,	 then	 the	 slower	 nitrogenation	 ovens
where	the	crushed	carbide	drank	atmospheric	nitrogen	at	around	a
thousand	 degrees.	 Every	 stage	 was	 energy	 stacked	 on	 energy,
which	 is	 why	 the	 belt's	 geography	 never	 strayed	 far	 from	 cheap
power	-	and	why	the	whole	edifice	was	condemned	the	moment	a
converter	in	the	Ruhr	could	pull	the	same	atom	from	air	and	water
gas	 at	 a	 fraction	 of	 the	 cost.	 Yet	 the	 belt's	 ruins	 are	 instructive:
several	of	 its	 sites	 converted	 to	 the	new	synthesis,	 carrying	 their
power	contracts,	their	nitrate	chemistry	and	their	workforces	into
the	Haber-Bosch	era,	and	the	route's	peak	-	one	and	a	half	million
tonnes	of	calcium	cyanamide	a	year	as	late	as	1945	-	is	a	reminder
that	industrial	obsolescence	is	a	slope,	not	a	cliff.	S28,	S55,	S60

The	state	and	the	kiln
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Cyanamide's	long	survival	was	not	market	sentiment;	it	was	policy.
A	process	built	 from	limestone,	coke	and	electricity	answered	the
question	 every	 general	 staff	 and	 every	 planning	 ministry	 asked
after	1914:	how	do	we	fix	nitrogen	with	what	we	have?	Germany's
interwar	 governments	 sheltered	 the	 route	 for	 its	 autarky	 value;
Japan's	mountain	works	served	an	empire	without	gas;	the	United
States,	 alarmed	 by	 the	 same	 blockade	 arithmetic	 in	 reverse,	 had
built	 the	 great	 nitrate	 plants	 at	 Muscle	 Shoals	 during	 the	 First
World	War	-	too	late	for	that	war,	then	fought	over	for	two	decades
as	the	symbol	of	public	power,	until	the	Tennessee	Valley	Authority
folded	them	into	the	New	Deal's	fertilizer	and	munitions	programs.
The	pattern	is	the	industry's	perennial	second	track:	alongside	the
merchant	market	 there	 always	 runs	 a	 strategic	market,	 in	which
the	 question	 is	 not	 the	 cheapest	 tonne	 but	 the	 securest	 one.
Calcium	cyanamide	was	 the	 first	 technology	 to	 live	 on	 that	 track
after	losing	the	main	one.	It	would	not	be	the	last	-	the	argument
reappears	 with	 synthetic	 gasoline	 at	 Leuna,	 with	 China's	 coal-
based	 ammonia,	 and	 today	 with	 the	 subsidized	 blue	 and	 green
plants	 of	 chapter	 fourteen.	 The	 state,	 in	 this	 industry,	 is	 never	 a
spectator;	it	is	a	customer	of	last	resort	with	the	deepest	pockets	in
the	room.	S26,	S28,	S55,	S60

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Four.
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C H A P T E R 	 F I V E

Bread	from	Air
PART 	 TWO 	 · 	 THREE 	WAYS 	 TO 	CATCH 	THE 	SKY

The	third	way	to	catch	the	sky	worked	so	well	that,	a	century	later,	 it
still	 makes	 more	 than	 ninety-nine	 percent	 of	 the	 world's	 synthetic
ammonia.	It	was	found	on	a	laboratory	bench	in	Karlsruhe	in	1909	and
forced	 into	 industry	 at	 Oppau	 in	 1913.	 Its	 story	 is	 the	 heart	 of	 this
book,	because	 the	Haber-Bosch	process	 is	not	a	step	 in	 the	history	of
nitrogen	 fertilizer.	 It	 is,	 with	 one	 pause	 for	 scale,	 the	 entire	 history
since.
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Plate	IV	·	The	Karlsruhe	bench:	ammonia	from	air,	125	milliliters	an	hour.

The	thermodynamics	man

Fritz	 Haber	 was	 a	 physical	 chemist	 at	 the	 Technical	 College	 of
Karlsruhe,	 ambitious,	 prolific,	 and	 already	 respected	 for	 a	 1905
book,	 Thermodynamik	 technischer	 Gasreaktionen,	 that	 treated
industrial	 gas	 reactions	 with	 unusual	 rigor.	 In	 that	 book	 he	 had
included	his	own	measurements	of	the	ammonia	equilibrium	-	and
concluded,	 from	 the	 traces	 of	 ammonia	 he	 obtained	 at	 1,000
degrees	Celsius	over	an	 iron	catalyst,	 that	 the	direct	synthesis	of
ammonia	from	its	elements	was	commercially	hopeless.	He	moved
on.
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What	 pulled	 him	 back	 was	 a	 rivalry.	 Walther	 Nernst,	 the	 newly
crowned	 master	 of	 chemical	 thermodynamics	 in	 Berlin,	 had
computed	 the	 ammonia	 equilibrium	 from	 theory	 and	 arrived	 at
numbers	 that	 disagreed	 with	 Haber's,	 and	 he	 said	 so	 at	 a	 1907
meeting	with	some	confidence	in	his	own	superiority.	Stung,	Haber
repeated	 the	 experiments	 with	 better	 technique.	 The	 new	 data
vindicated	 him	 -	 and,	 far	 more	 important,	 told	 him	 something
nobody	had	quite	 seen:	at	high	pressure,	 the	equilibrium	yield	of
ammonia	 became	worth	 having.	 The	 reaction	N2	 +	 3H2	 ↔	 2NH3
releases	 heat,	 so	 low	 temperature	 favors	 the	 product,	 but	 low
temperature	 is	 glacially	 slow;	 pressure,	 however,	 pushes	 the
equilibrium	 toward	 ammonia	 whatever	 the	 temperature,	 because
four	molecules	of	gas	become	two.	Haber	saw	the	industrial	shape
of	the	answer	in	one	frame:	high	pressure	to	make	the	equilibrium
cooperate,	high	temperature	to	make	it	move,	a	catalyst	to	make	it
move	 faster,	 and	 -	 because	 each	 pass	 over	 the	 catalyst	 converts
only	 a	 few	 percent	 of	 the	 gas	 -	 a	 loop:	 cool	 the	 product	 stream,
liquefy	 out	 the	 ammonia,	 and	 push	 the	 unreacted	 gases	 back
through	again.	Every	ammonia	plant	on	Earth	today	is	that	single
insight,	scaled.

Haber's	 instrument	 maker	 and	 indispensable	 collaborator	 was
Robert	 Le	 Rossignol,	 an	 Englishman	 who	 designed	 and	 built	 the
high-pressure	 bench	 apparatus.	 Early	 in	 1909	 Haber	 found	 his
catalysts:	first	osmium,	rare	and	precious,	then	uranium,	almost	as
good	and	easier	 to	get	 -	 and,	 in	encouraging	 trials,	plain	 iron.	 In
March	1909	he	demonstrated	to	his	laboratory	colleagues	that	air
could	be	fixed	at	a	rate	worth	discussing.	By	July,	when	the	BASF
men	 came	 to	 watch,	 the	 little	 machine	 was	 making	 ammonia	 at
about	250	milliliters	every	two	hours	-	a	slow	drip	of	liquid,	drop	by
drop,	 condensing	 out	 of	 compressed	 gas.	 The	 visitors	 had	 seen
nothing	like	it.	The	world	had	never	seen	anything	like	it.	S26,	S32

The	company	that	said	yes
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Not	 everyone	 at	 BASF	 believed.	 August	 Bernthsen,	 the	 research
director,	 doubted	 the	whole	 proposition:	 no	 industrial	 equipment
could	survive	such	pressure	and	heat	long	enough	to	pay	back	the
investment,	 and	 the	 osmium	 catalyst	 might	 die	 on	 its	 throne,	 a
metal	 too	 rare	 to	 build	 an	 industry	 on.	 When	 he	 heard	 the
pressures	involved	-	a	hundred	atmospheres	or	more	-	he	burst	out
that	 just	 the	 day	 before,	 an	 autoclave	 at	 seven	 atmospheres	 had
exploded	on	them.	The	company's	president,	Heinrich	von	Brunck,
turned	to	the	youngest	of	his	senior	chemists,	a	metallurgist's	son
who	 had	 grown	 up	 among	 his	 father's	 workshop	 tools	 and	 had
spent	years	failing	to	fix	nitrogen	himself.	Carl	Bosch's	answer	has
survived	in	the	company's	memory	as	the	founding	sentence	of	the
modern	industry:	"I	think	it	can	work.	I	know	exactly	what	the	steel
industry	can	do.	We	should	risk	it."

They	risked	it,	and	the	problems	arrived	in	formation.	The	first	was
the	 catalyst.	 Osmium	 was	 out;	 uranium,	 Haber's	 second	 choice,
degraded	too	easily	in	the	presence	of	air	and	water.	Bosch	handed
the	 search	 to	 Alwin	 Mittasch,	 who	 organized	 it	 like	 a	 military
campaign:	systematic	trials	across	the	periodic	table,	thousands	of
melts,	 blends	 and	 promoter	 mixes.	 In	 September	 1909,	 within
months	of	starting,	the	team	found	an	iron-based	material	with	the
right	 properties	 -	 and	 then	 spent	 two	more	 years	 understanding
why	 it	worked,	 discovering	 in	 the	 process	 the	 role	 of	 promoters:
trace	admixtures	of	other	oxides,	useless	alone,	that	multiplied	the
iron's	activity.	When	Mittasch	wound	down	the	search	in	1920,	he
estimated	 he	 had	 tested	 about	 twenty	 thousand	 compounds.	 The
catalyst	 that	 emerged	 -	 magnetite-derived	 iron	 promoted	 with
potassium,	 aluminium	 and	 calcium	 oxides	 -	 is,	 in	 refined
descendants,	still	the	catalyst	of	the	world	industry.

The	second	problem	was	the	steel	 itself.	The	first	 larger	reactors,
2.44-meter	 vessels	 with	 walls	 more	 than	 2.5	 centimeters	 thick,
built	by	Krupp	-	the	best	gun-barrel	makers	in	Germany,	for	good
reason	 -	 began	 to	 fail	 in	 service:	 the	 steel	 lost	 its	 elasticity	 and
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cracked.	 Bosch,	 deploying	 metallography	 as	 an	 industrial
diagnostic	 tool	 for	 the	 first	 time,	 found	 the	 culprit:	 hydrogen.	 At
high	pressure	and	temperature,	hydrogen	atoms	diffuse	into	steel,
react	 with	 its	 carbon,	 and	 hollow	 it	 out	 from	 within	 -	 hydrogen
embrittlement,	 now	 a	 first-year	 engineering	 term,	 then	 an
unknown	disease.	Cooling	the	reactor	was	impossible;	the	catalyst
needed	at	least	400	degrees.	Insulation	failed,	because	pressurized
hydrogen	 is	 a	 superb	 thermal	 conductor	 and	 diffuses	 through
anything.	For	 six	months	 the	program	hung	on	 this	 single	 failure
mode.	Bosch's	 answer,	when	 it	 came,	was	architectural:	 split	 the
pressure	vessel	into	two	nested	shells,	an	inner	tube	that	holds	the
chemistry	but	lets	the	diffusing	hydrogen	pass,	and	an	outer	shell
that	 carries	 the	pressure	 -	with	 small	grooves	and	holes	 to	bleed
the	 escaped	 hydrogen	 harmlessly	 away.	 The	 double-walled
converter	was	still	standard	when	Bosch	accepted	his	Nobel	Prize
in	1931.

The	 third	 problem	 was	 everything	 else:	 pumps	 and	 compressors
that	 could	 hold	 200	 atmospheres	 of	 hydrogen	without	 leaking	 (a
leak	 of	 hydrogen	 is	 both	 an	 explosion	 risk	 and	 a	 direct	 cost),
instruments	 to	watch	 a	 continuous	 process	 in	 real	 time	 -	 itself	 a
novelty	 -	 and	 an	 entire	 works	 to	 house	 it.	 Construction	 of	 the
Oppau	plant,	on	the	Rhine	north	of	Ludwigshafen,	began	officially
on	 7	May	 1911.	What	 Bosch	 assembled	 there	was	 less	 a	 factory
than	a	new	kind	of	civilization	apparatus:	compressors	the	size	of
locomotives,	 reactors	 four	 times	 larger	 than	 any	 in	 the	 chemical
industry,	 an	 air-separation	 plant,	 kilometers	 of	 pipework,	 its	 own
power,	rail	and	river	docks,	a	laboratory	with	180	researchers	and
a	 thousand	 assistants,	 and	 housing	 for	 more	 than	 ten	 thousand
workers.	S1,	S26

Oppau,	1913

On	9	September	1913	the	Oppau	works	began	producing	ammonia,
at	 up	 to	 thirty	 tons	 a	 day	 by	 year's	 end.	 In	 1914	 it	 made	 8,700
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tonnes,	 feeding	a	neighboring	unit	 that	 turned	out	36,000	 tonnes
of	ammonium	sulfate	fertilizer.	BASF's	own	chronology	records	the
achievement	 with	 corporate	 understatement:	 the	 task	 begun	 in
1908	was	accomplished.	What	had	actually	been	accomplished	was
the	 founding	 of	 the	 modern	 chemical	 process	 industry	 -	 high-
pressure,	 continuous,	 catalytic,	 instrumented	 -	 with	 synthetic
nitrogen	as	its	first	product.

The	 timing	was	 terrible	and	world-historical.	Eleven	months	 later
Europe	went	to	war,	and	Britain's	blockade	cut	Germany	off	from
Chilean	nitrate.	Nitrates	were	not	only	fertilizer;	they	were	the	raw
material	of	nitric	acid,	and	nitric	acid	is	the	raw	material	of	every
high	explosive	of	the	era.	Wilhelm	Ostwald's	other	great	process	-
the	 catalytic	 oxidation	 of	 ammonia	 to	 nitric	 acid	 over	 platinum
gauze	 at	 about	 900	 degrees	 -	 suddenly	 meant	 that	 an	 ammonia
plant	was	a	munitions	plant	with	a	valve	turned.	Oppau	could	not
meet	 the	 demand;	 a	 second,	 far	 larger	works	was	 built	 at	 Leuna
near	Merseburg,	which	by	April	1917	was	shipping	ammonia	out	in
tanker	 cars.	 Historians	 of	 the	 process	 are	 blunt:	 without	 Haber-
Bosch,	Germany's	explosives	would	have	run	out	within	months,	as
would	 much	 of	 its	 bread.	 The	 process	 prolonged	 the	 war.	 It	 is
impossible	 to	write	 the	honest	history	of	 this	 item	and	 leave	 that
sentence	out.

Haber's	own	war	was	darker	still.	He	signed	the	Manifesto	of	the
Ninety-Three	 in	 October	 1914,	 took	 a	 captain's	 rank,	 and	 led
Germany's	 chemical	warfare	 program	 -	 directing	 a	 team	 of	more
than	 150	 scientists	 and	 1,300	 technical	 staff,	 and	 standing
personally	 at	 the	 front	 when	 chlorine	 was	 first	 released	 at	 the
Second	Battle	of	Ypres	in	April	1915.	His	wife,	Clara	Immerwahr	-
the	 first	 woman	 to	 earn	 a	 chemistry	 doctorate	 at	 Breslau,	 and	 a
sharp	 critic	 of	 his	war	work	 -	 died	 by	 suicide	 in	May	 1915,	 days
after	Ypres,	with	his	service	pistol.	Haber	went	back	to	the	front.
In	 1918	 he	 was	 awarded	 the	 Nobel	 Prize	 in	 Chemistry	 for	 the
ammonia	 synthesis,	 one	 of	 the	 most	 controversial	 prizes	 ever
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given:	 to	 several	 Allied	 scientists	 he	 was	 a	 war	 criminal;	 to	 the
committee,	the	man	who	had	made	bread	from	air.	Both	were	true.
S1,	S26

The	reckoning	of	the	1920s

The	war	 ended,	 and	 the	 industry	 it	 had	 built	 turned	 back	 to	 the
field.	Leuna	and	Oppau	passed	 into	 the	 IG	Farben	conglomerate;
Haber-Bosch	 plants	 were	 built	 under	 license	 in	 France,	 Britain,
Italy,	Japan	and	the	United	States;	the	interwar	variants	-	Casale,
Claude,	 Mont	 Cenis	 -	 pushed	 pressures	 higher	 and	 conversions
better.	Yet	even	in	1931,	when	Bosch	received	his	own	Nobel	Prize
for	 high-pressure	 methods,	 world	 ammonia	 production	 was	 still
modest.	 Smil's	 accounting	 puts	 global	 output	 below	 five	 million
tonnes	until	the	late	1940s.	The	age	of	abundance	still	needed	two
more	 things:	 cheap	 hydrocarbon	 feedstocks,	 and	 a	 revolution	 in
plant	 scale.	 Both	 arrived	 together,	 in	 the	 1960s,	 and	 they	 are
chapter	eight's	story.	Haber	did	not	live	to	see	any	of	the	industry's
middle	age.	Driven	from	Germany	in	1933	by	the	race	laws	of	the
state	he	had	served	so	completely,	broken	in	health	and	spirit,	he
died	 in	 Basel	 in	 January	 1934,	 on	 his	 way	 to	 a	 new	 post	 in
Palestine.	The	process	outlived	the	man	by	a	century	and	counting.
S26,	S33,	S61

The	bargain	and	the	shadow

No	figure	in	this	book	resists	a	clean	verdict	like	Fritz	Haber.	The
same	mind	 that	 delivered	 the	 laboratory	 reaction	 in	 1909	 signed
the	 Manifesto	 of	 the	 Ninety-Three	 in	 1914	 defending	 Germany's
conduct,	ran	the	empire's	chemical	warfare	service	with	a	staff	of
150	scientists	and	1,300	technicians,	and	personally	supervised	the
first	chlorine	release	at	 the	Second	Battle	of	Ypres	 in	April	1915.
His	wife	Clara	 Immerwahr	 -	 the	 first	woman	 to	 earn	a	 chemistry
doctorate	at	Breslau,	a	scientist	who	had	set	her	career	aside	 for
his	 -	 shot	 herself	 days	 after	 Ypres,	 with	 his	 pistol,	 while	 he
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prepared	for	the	eastern	front.	The	Nobel	committee's	decision	in
1918	 to	 award	 him	 the	 chemistry	 prize,	 over	 protests	 from
scientists	of	the	nations	his	weapons	had	burned,	remains	the	most
contested	 award	 in	 the	 prize's	 history.	 The	 committee's	 citation
said	only	that	the	synthesis	was	"of	exceedingly	great	 importance
for	the	advancement	of	agriculture	and	the	prosperity	of	mankind."
Both	things	were	true.	That	is	exactly	the	problem.	S26,	S32

The	reckoning	of	the	1920s,	extended

The	 interwar	 industry	 sorted	 itself	 on	 national	 lines,	 and	 the
sorting	 explains	 the	 map	 the	 rest	 of	 the	 book	 uses.	 Germany,
barred	by	Versailles	from	explosives	output	but	not	from	ammonia,
expanded	Leuna	 into	one	of	 the	 largest	 chemical	works	on	Earth
under	 IG	Farben.	Britain,	alarmed	at	having	 faced	 the	blockade's
mirror	 image,	 built	 its	 own	 synthesis	 at	 Billingham.	 France	 and
Italy	followed;	Norway	converted;	the	Soviet	Union	made	ammonia
plants	 a	 centerpiece	 of	 industrialization.	 And	 the	 technology's
economics	kept	improving:	the	great	compression	and	catalyst	cost
curves	fell	steadily,	so	that	by	the	1930s	synthetic	nitrogen	was	no
longer	a	strategic	substitute	for	Chilean	nitrate	but	its	executioner.
Chile's	 nitrate	 share	 of	 the	 world	 market,	 two-thirds	 in	 1900,
collapsed	 toward	 a	 twentieth	 by	 the	 late	 1930s.	 The	 arc	 died,
cyanamide	 held	 its	 niches,	 and	 the	 converter	 -	 the	 high-pressure
synthesis	 loop	 -	 became	 the	 industry's	 single	 architecture.	 Every
plant	 since,	 with	 the	 arguable	 exception	 of	 the	 electrolysis	 halls
now	rising,	is	a	descendant	of	Oppau.	S26,	S33,	S58

The	apparatus	nobody	could	build

The	 standard	 account	 of	 Haber-Bosch	 emphasizes	 the	 chemistry;
the	 industrialization	 was,	 at	 least	 as	 much,	 a	 steel	 story.	 No
pressure	 vessel	 of	 1909	 could	 hold	 hydrogen	 at	 two	 hundred
atmospheres	 and	 five	 hundred	 degrees	 for	 long:	 hot	 hydrogen
atoms,	 small	 enough	 to	 wander	 into	 the	 metal's	 own	 lattice,
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attacked	the	carbon	in	ordinary	steel	and	turned	the	walls	brittle	-
hydrogen	 embrittlement,	 a	 failure	 mode	 the	 industry	 had	 never
had	to	fear	at	this	severity.	Bosch's	answer	was	the	double-walled
converter:	an	inner	tube	holding	the	catalyst	under	the	full	burden
of	temperature,	an	outer	shell	holding	the	full	burden	of	pressure,
and	the	cold	incoming	gas	threaded	between	them	so	the	pressure-
bearing	wall	never	saw	the	heat.	Krupp's	works	forged	the	vessels
-	cylinders	2.44	meters	tall	that	were,	for	their	time,	monuments	of
heavy	engineering.	Construction	at	Oppau	began	on	7	May	1911;
on	 9	 September	 1913	 the	 plant	 started,	 making	 thirty	 tonnes	 of
ammonia	a	day.	Within	a	year	it	was	producing	at	a	rate	of	8,700
tonnes	 of	 ammonia	 annually,	 worked	 up	 into	 36,000	 tonnes	 of
ammonium	 sulfate	 -	 and	 the	 war	 arrived	 to	 find	 Germany,	 alone
among	 the	 great	 powers,	 able	 to	 manufacture	 the	 nitrogen	 of
gunpowder	from	air.	Every	high-pressure	process	plant	that	exists
today,	 from	 hydrocrackers	 to	 polyethylene	 loops,	 descends	 from
the	apparatus	those	years	forced	into	being.	S26

The	blockade	test

The	 First	 World	 War	 was	 the	 industry's	 examination	 under	 fire,
and	 it	passed	with	consequences	historians	still	 argue	about.	Cut
off	 from	 Chilean	 nitrate	 by	 the	 Royal	 Navy	 from	 1914,	 Germany
should	 have	 run	 out	 of	 explosives	 within	 a	 year	 or	 two	 by	 the
prewar	 calculus	 -	 the	 calculation	 on	 which	 Britain's	 blockade
strategy	rested.	Instead,	Oppau's	ammonia,	oxidized	to	nitric	acid,
sustained	 both	 the	 powder	 mills	 and	 the	 farms;	 when	 demand
outgrew	 Oppau,	 the	 state	 built	 Leuna,	 which	 became	 one	 of	 the
largest	chemical	works	on	Earth;	and	by	April	1917	ammonia	was
moving	in	the	world's	first	tankers	built	 for	 it.	The	war's	nitrogen
ledger	 is	 the	 starkest	demonstration	of	what	 the	 synthesis	meant
for	 state	 power:	 a	 blockade-proof	 supply	 of	 the	 decisive	 war
material,	manufactured	 from	air,	water	and	coal.	 It	also	 fixed	the
industry's	 dual	 structure	 for	 a	 century.	 Every	 ammonia	 complex
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built	 since	 has	 been	 evaluated,	 by	 someone,	 for	 its	 wartime
potential;	 every	 major	 power	 has	 treated	 nitrogen	 capacity	 as
strategic	infrastructure;	and	the	postwar	settlements	-	Versailles's
attention	 to	 the	German	nitrogen	works	 among	 them	 -	wrote	 the
lesson	into	treaty	law.	The	fertilizer	that	feeds	half	the	world	was
baptized,	 at	 industrial	 scale,	 as	 a	 weapon	 of	 national	 survival.
Neither	identity	has	ever	fully	displaced	the	other.	S26,	S50,	S61

The	Nobel	shadow

The	prizes	tell	the	story's	double	ledger	in	miniature.	Haber's	1918
Nobel	in	chemistry	-	awarded	alone,	"for	the	synthesis	of	ammonia
from	 its	 elements"	 -	 was	 protested	 by	 scientists	 in	 the	 Allied
countries	 while	 the	 wreckage	 of	 Ypres	 was	 still	 fresh,	 and	 the
controversy	has	never	fully	subsided;	it	remains	the	reference	case
in	every	argument	about	whether	a	discovery	can	be	honored	apart
from	its	maker's	wars.	Bosch	waited	until	1931,	sharing	the	prize
for	 high-pressure	 methods,	 by	 which	 time	 the	 process	 he
industrialized	was	visibly	feeding	the	world	and	the	memory	of	the
gas	 shells	 had	 faded	 into	 the	 greater	 catastrophe	 approaching.
Haber	himself	did	not	live	to	see	the	worst	inversion:	born	Jewish,
he	was	expelled	from	the	institute	he	had	founded	when	the	Nazis
purged	 the	 civil	 service	 in	 1933,	 and	 died	 in	 exile	 in	 Basel	 in
January	1934	-	the	state	he	had	armed	discarding	him	by	ancestry.
And	 the	works	he	and	Bosch	built	 became,	under	 IG	Farben,	 the
industrial	core	of	the	next	war's	machinery:	Leuna's	ammonia	and
synthetic	fuel	made	it	one	of	the	most	bombed	targets	 in	Europe,
and	the	conglomerate's	later	crimes	tainted	the	whole	lineage.	The
book	records	all	of	this	without	resolution,	because	there	is	none:
the	same	hands	fed	more	people	than	any	in	history	and	built	the
instruments	of	two	wars.	The	item	inherited	both.	S32,	S33

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Five.
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C H A P T E R 	 S I X

The	Chemistry	of	Pressure
PART 	 THREE 	 · 	 THE 	MACHINE

Synthetic	 nitrogen	 fertilizer	 rests	 on	 one	 chemical	 reaction	 and	 one
industrial	masterpiece	around	it.	The	reaction	fits	in	a	line:	N2	+	3H2	↔
2NH3.	 The	masterpiece	 is	 everything	 required	 to	make	 that	 line	 run,
continuously,	 at	 three	 thousand	 tonnes	 a	 day,	 for	 fifty	 years.	 This
chapter	walks	the	machine	slowly,	because	the	machine	is	the	industry.

The	bond	that	runs	the	world

Start	 with	 the	 enemy.	 The	 nitrogen	molecule's	 triple	 bond	 has	 a
dissociation	 energy	 of	 941	 kilojoules	 per	 mole	 -	 among	 the
strongest	bonds	chemistry	offers,	which	is	why	the	atmosphere	is	a
nitrogen	desert	over	a	nitrogen	ocean.	The	synthesis	reaction	itself
is	 actually	 gentle:	 making	 ammonia	 from	 its	 elements	 releases
92.28	 kilojoules	 per	 mole	 of	 nitrogen.	 The	 paradox	 is	 the	 one
Haber	 mapped	 in	 1907.	 Thermodynamics	 wants	 ammonia	 made
cold;	 kinetics	 -	 the	 speed	 of	 the	 reaction	 -	 refuses	 to	 work	 cold,
because	 no	 molecule	 can	 pay	 the	 activation	 toll	 of	 splitting	 that
triple	 bond	without	 heat.	 And	 there	 is	 a	 third	 party:	 equilibrium.
Because	 four	gas	molecules	 shrink	 into	 two,	pressure	pushes	 the
reaction	toward	ammonia.	At	the	temperatures	where	a	catalyst	is
lively,	 equilibrium	 at	 ordinary	 pressure	 would	 give	 up	 almost
nothing;	the	equilibrium	constant	for	the	reaction	falls	from	434	×
10-5	 at	 300	 degrees	 to	 1.45	 ×	 10-5	 at	 500.	 So	 the	 process	 does
what	no	natural	system	does:	it	buys	all	three	at	once.	Roughly	150
to	 250	 atmospheres	 of	 pressure	 to	 force	 the	 equilibrium,	 400	 to
500	degrees	Celsius	to	 force	the	rate,	and	a	catalyst	to	 lower	the
toll.

Even	then,	one	pass	converts	only	about	fifteen	percent	of	the	gas.
The	 industry's	 answer	 is	 Haber's	 loop:	 the	 hot	 gas	 leaving	 the
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converter	 is	cooled	until	 the	ammonia	 liquefies	and	 is	drawn	off	 -
ammonia	 condenses,	 nitrogen	 and	 hydrogen	 do	 not	 -	 and	 the
unconverted	 eighty-five	 percent	 is	 compressed	 and	 sent	 round
again.	Pass	after	pass,	the	loop	grinds	overall	conversion	to	about
ninety-seven	 percent.	 The	 synthesis	 loop	 is	 one	 of	 the	 defining
inventions	of	the	industrial	age,	and	it	is	invisible	from	outside	the
plant	fence.	S27

The	catalyst:	iron,	promoted

At	the	heart	of	 the	converter	sits	one	of	the	cheapest	catalysts	 in
heavy	 industry	 and	 one	 of	 the	most	 engineered.	 It	 begins	 life	 as
magnetite,	 Fe3O4,	 melted	 with	 precise	 admixtures	 of	 potassium,
aluminium	and	 calcium	oxides,	 chilled	 rapidly,	 and	milled.	 In	 the
plant,	synthesis	gas	slowly	reduces	the	magnetite	to	metallic	alpha-
iron;	 the	 particle	 becomes	 a	 porous	 architecture	 -	 a	 magnetite
core,	 a	wüstite	 shell,	 and	 an	 outer	 skin	 of	 iron	 crystallites	 about
thirty	 nanometers	 across,	 riddled	 with	 a	 bimodal	 pore	 system	 of
ten-	 and	 fifty-nanometer	 channels.	 The	promoters	do	no	 catalysis
themselves.	The	aluminium	and	calcium	oxides	hold	the	structure
open	 and	 keep	 the	 surface	 from	 sintering	 away;	 the	 potassium
donates	 electrons	 into	 the	 iron,	 and	 that	 electronic	 push	 is	what
lets	 the	 iron	 tear	 the	 triple	 bond.	 Gerhard	 Ertl's	 surface-science
work	 on	 exactly	 this	 mechanism	 -	 nitrogen	molecules	 adsorbing,
dissociating	 into	 atoms	 on	 the	 iron,	 then	 hydrogenating	 stepwise
through	NH	and	NH2	to	NH3,	which	desorbs	-	won	a	Nobel	Prize	in
2007,	nearly	a	century	after	Mittasch	found	the	material	by	brute
empiricism.	Reduction	of	a	 fresh	charge	takes	 four	 to	 ten	days	of
careful	 conditioning;	 modern	 pre-reduced	 catalysts	 cut	 that	 to	 a
day	and	a	half.	A	charge	then	works	for	years,	slowly	poisoned	by
sulfur,	phosphorus,	arsenic	and	chlorine	compounds	-	permanently
-	 and	 by	 oxygen	 compounds	 like	 water	 and	 carbon	 monoxide,
which	 depress	 it	 until	 removed.	 The	 entire	 front	 half	 of	 an
ammonia	plant	exists,	in	large	part,	to	protect	this	iron.	S26,	S27
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Where	the	hydrogen	comes	from

The	 reaction	 needs	 three	 hydrogen	 molecules	 per	 nitrogen
molecule,	and	hydrogen	is	the	cost	driver;	Bosch	said	in	1931	that
the	cost	of	ammonia	was	mostly	the	cost	of	hydrogen,	and	nothing
since	has	refuted	him.	Today	the	world	gets	that	hydrogen	mostly
from	 natural	 gas,	 by	 steam	 methane	 reforming:	 methane	 and
steam	over	a	nickel	catalyst	in	tubes	glowing	inside	a	fired	furnace,
CH4	+	H2O	→	CO	+	3H2,	a	strongly	endothermic	reaction	at	about
800	degrees.	The	gas	is	then	pushed	through	the	shift	reaction,	CO
+	H2O	→	CO2	+	H2,	which	converts	the	carbon	monoxide	into	more
hydrogen;	 the	CO2	 is	 scrubbed	out;	and	 the	 last	 traces	of	carbon
oxides	 -	 iron	 poisons	 -	 are	 converted	 back	 to	 methane	 in	 the
methanator.	The	air	for	the	secondary	reformer	brings	the	process
nitrogen	with	it,	so	that	one	integrated	flowsheet	takes	in	methane,
water	 and	 air,	 and	 delivers	 pure	 synthesis	 gas	 in	 the	 exact	 3:1
ratio.	About	seventy	percent	of	world	ammonia	runs	this	gas	route.
Most	 of	 the	 remainder,	 concentrated	 in	 China,	 starts	 from	 coal
gasification	 instead	 -	 more	 capital-hungry,	 and	 about	 twice	 as
carbon-intensive	per	tonne	of	product.	Oil	and	electricity	together
supply	only	a	few	percent.

The	 numbers	 behind	 this	 are	 the	 industry's	 skeleton.	 Making	 a
tonne	 of	 ammonia	 by	 the	 best	 gas-based	practice	 takes	 about	 28
gigajoules;	the	global	fleet	averages	about	41	gigajoules	per	tonne
on	 a	 net	 basis,	 because	 the	 fleet	 is	 old	 -	 average	 age	 around	 25
years,	 with	 European	 plants	 averaging	 40	 and	 China's	 12.
Ammonia	plants	run	 for	up	to	 fifty	years	once	built,	which	means
the	machine	of	2026	still	contains	a	great	deal	of	the	1980s	inside
it.	 The	 International	 Energy	 Agency's	 accounting	 for	 the	 whole
sector:	about	2	percent	of	total	final	energy	consumption,	roughly
170	 billion	 cubic	 meters	 of	 natural	 gas	 a	 year	 -	 a	 fifth	 of	 all
industrial	 gas	 demand	 -	 and	 about	 75	 million	 tonnes	 of	 coal
equivalent.	 Direct	 carbon	 dioxide	 emissions	 run	 near	 450	million
tonnes	a	year,	with	perhaps	170	million	more	indirect;	at	about	2.4
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tonnes	of	CO2	per	tonne	of	ammonia,	the	product	is	nearly	twice	as
emissions-intensive	 as	 crude	 steel	 and	 four	 times	 cement,	 per
tonne.	S6,	S27

The	geometry	of	scale

One	more	 number	 completes	 the	 picture:	 three	 thousand	 tonnes
per	 day	 from	 a	 single	 train.	 That	 figure,	 routine	 today,	 was	 the
revolution	of	the	1960s.	Early	Haber-Bosch	plants	were	built	from
many	 parallel	 small	 units.	 In	 1963	 the	 M.	 W.	 Kellogg	 company
engineered	a	600-tonne-per-day	plant	as	a	single	train	-	one	line	of
equipment,	 each	 unit	 the	 largest	 of	 its	 kind	 -	 with	 the	 crucial
innovation	 of	 driving	 the	 huge	 synthesis-gas	 compressors	 with
centrifugal	 machines	 powered	 by	 steam	 turbines	 fed	 from	 the
process's	 own	 waste	 heat,	 instead	 of	 reciprocating	 compressors
driven	 by	 purchased	 electricity.	 The	 design	 cut	 the	 energy	 and
capital	 cost	 per	 tonne	 so	 deeply	 that	 it	 re-founded	 the	 industry:
within	a	decade	the	single-train	plant	was	the	world	standard,	unit
sizes	 climbed	 past	 1,000	 and	 then	 2,000	 and	 now	 beyond	 3,000
tonnes	per	day,	and	the	fertilizer	price	fell	toward	the	cost	of	gas.
Smil	notes	that	the	innovations	of	the	1960s	cut	the	electricity	use
of	the	synthesis	by	more	than	ninety	percent.	Every	cheap	calorie
in	the	modern	food	system	has	this	engineering	lineage	inside	it.

And	the	 loop	still	ends	where	 it	began:	at	 the	cold	end,	ammonia
drops	 out	 as	 a	 liquid	 at	 around	 minus	 twenty	 degrees	 under
pressure,	 is	 flashed,	 and	 goes	 to	 storage	 -	 either	 pressurized
spheres	 or,	 at	 world	 scale,	 refrigerated	 tanks	 holding	 twenty	 or
thirty	thousand	tonnes	at	minus	thirty-three	degrees.	From	there	it
flows	 to	 ships,	 pipelines,	 railcars,	 or	 straight	 into	 the	 derivative
plants	next	door	that	make	the	actual	fertilizers.	Those	derivatives
-	urea	above	all	-	are	the	next	chapter.	S27,	S45

A	tonne	of	ammonia,	accounted
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Follow	 a	 tonne	 of	 ammonia	 through	 a	 modern	 plant	 and	 the
industry's	 whole	 economics	 appear	 in	 miniature.	 The	 feed	 is
methane:	 roughly	 thirty	 to	 thirty-six	 gigajoules	 of	 it	 per	 tonne	 at
best	 practice,	 of	 which	 about	 forty	 percent	 is	 not	 burned	 but
embodied	 -	 the	 hydrogen	 atoms	 in	 the	 product	 are	 methane's
hydrogen	 atoms.	 The	 methane	 meets	 steam	 in	 the	 primary
reformer	 at	 around	 800	 degrees	 over	 nickel,	 cracking	 into
hydrogen	and	carbon	monoxide;	air	enters	the	secondary	reformer,
its	oxygen	burning	off	residual	methane	and	its	nitrogen	becoming
the	 process's	 own	 feedstock,	 so	 that	 the	 plant	 literally	 gulps	 the
sky	 through	 its	 burner.	 The	 gases	 are	 shifted	 to	 convert	 carbon
monoxide	to	more	hydrogen	and	carbon	dioxide,	scrubbed	to	strip
the	CO2	out	-	the	same	CO2	that	a	urea	plant	next	door	will	happily
swallow	-	compressed	to	150	to	250	bar,	heated	past	400	degrees,
and	 pushed	 through	 the	 converter's	 iron	 beds.	 About	 fifteen
percent	 of	 each	 pass	 becomes	 ammonia;	 the	 rest	 is	 chilled,
separated,	 and	 recirculated	 until	 cumulative	 conversion
approaches	 ninety-seven	 percent.	 Nothing	 about	 this	 is	 exotic
anymore.	 That	 is	 the	 point:	 the	 most	 consequential	 industrial
reaction	ever	devised	is	now	a	utility,	run	by	shift	crews,	optimized
by	tenths	of	a	gigajoule.	S6,	S27

The	loop	and	the	losses

The	gap	between	the	average	plant	and	the	best	plant	is	where	the
industry's	 carbon	 problem	 hides.	 The	 IEA's	 accounting	 puts	 the
global	 fleet	average	at	about	41	gigajoules	per	tonne	net,	against
28	for	best-available	gas	technology	and	36	for	best-available	coal	-
a	 spread	 that	maps	almost	 exactly	 onto	 the	age	and	 feedstock	of
the	fleet:	plants	in	Europe	average	forty	years	old,	China's	twelve,
and	 lifetimes	 run	 to	 fifty	 years,	 so	yesterday's	design	choices	are
still	emitting	today.	Coal-based	plants,	concentrated	in	China,	emit
roughly	twice	the	CO2	per	tonne	of	their	gas-fed	cousins,	which	is
how	one	country	comes	to	hold	thirty	percent	of	world	production
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and	 forty-five	 percent	 of	 the	 sector's	 direct	 emissions.	 And	 the
process	 leaks	 in	 subtler	ways:	methane	 slip,	 vented	CO2,	 flaring,
the	 energy	 of	 compression	 itself.	 The	modern	 single-train	 plant	 -
three	 thousand	tonnes	a	day	 from	one	 line,	 the	geometry	Kellogg
pioneered	 in	 the	early	1960s	 -	 is	a	marvel	of	 thermal	 integration,
recovering	heat	from	every	exothermic	step	to	raise	the	steam	that
drives	 its	own	compressors.	But	even	a	marvel,	multiplied	by	 five
hundred	plants	and	two	hundred	million	tonnes,	adds	up	to	chapter
twelve's	ledger.	S27

The	catalyst	hunters

The	industrial	converter	exists	because	of	the	least	famous	genius
in	this	book:	Alwin	Mittasch,	the	BASF	chemist	Bosch	assigned	to
find	a	catalyst	that	could	survive	the	loop.	Haber's	laboratory	had
run	 on	 osmium	and	uranium	 -	 rare,	 expensive,	 and	 impossible	 at
scale.	 Mittasch's	 program	 was	 industrial	 research	 before	 the
phrase	existed:	 systematic,	 combinatorial,	 relentless.	By	1920	his
team	 had	 tested	 some	 twenty	 thousand	 candidate	 formulations,
and	the	answer	arrived	early,	in	September	1909,	from	the	geology
of	a	Swedish	iron	mine:	magnetite,	promoted	with	a	few	percent	of
potassium	 oxide,	 alumina	 and	 calcium	 oxide,	 outperformed	 the
precious	metals	at	a	fraction	of	their	cost	and	could	be	made	by	the
tonne.	The	same	basic	recipe	still	runs	the	world's	converters.	The
story	carries	the	industry's	characteristic	lesson:	the	breakthrough
was	not	the	reaction,	which	thermodynamics	had	mapped,	nor	the
apparatus,	 which	 Krupp's	 steelworks	 could	 build	 once	 Bosch
solved	 hydrogen	 embrittlement	 with	 his	 double-walled	 pressure
tube,	 but	 a	 cheap,	 durable,	 unglamorous	 material	 found	 by
exhaustive	search.	Modern	catalyst	work	 -	 ruthenium	since	1992,
the	 electride	 catalysts	 of	 the	 2010s	 -	 is	 Mittasch's	 program
continuing	by	other	means.	S26,	S27

From	coal	to	gas:	the	feedstock	migrations
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The	synthesis	loop	is	indifferent	to	where	its	hydrogen	comes	from,
and	 that	 indifference	 has	 let	 the	 industry	 migrate	 across
feedstocks	 as	 each	 became	 cheapest	 -	 a	 migration	 that	 explains
today's	map.	The	first	plants	ran	on	coal:	water	gas	and	coke-oven
gas	 supplied	 Oppau,	 Leuna	 and	 the	 interwar	 world,	 and	 the
laborious	gasification	of	coal	set	the	industry's	early	cost	structure
and	 its	 location	beside	 the	coalfields.	Oil	and	naphtha	had	a	mid-
century	 interlude	 where	 crude	 was	 cheap.	 Then	 natural	 gas
arrived	 -	 clean,	 hydrogen-rich,	 pipeline-delivered	 -	 and	 by	 the
2010s	 some	 seventy-two	percent	 of	world	ammonia	was	made	by
steam	 methane	 reforming,	 with	 the	 industry	 migrating	 bodily
toward	the	gas:	the	Gulf	Coast,	Trinidad,	the	Middle	East,	Russia,
North	Africa.	The	great	 exception	proves	 the	 rule	by	negating	 it:
China,	short	of	gas	and	 long	on	coal,	 runs	roughly	 three-quarters
of	 its	 enormous	 ammonia	 sector	 on	 coal	 gasification,	 paying	 for
feedstock	 security	 with	 roughly	 double	 the	 carbon	 intensity	 per
tonne	 -	 the	 single	 largest	 reason	 China	 holds	 thirty	 percent	 of
world	production	and	forty-five	percent	of	the	sector's	direct	CO2.
Each	migration	 left	 its	 infrastructure	 stranded	 or	 converted,	 and
each	 teaches	 the	 same	 lesson	 now	 facing	 the	 electrolyzers:	 the
loop	survives	every	feedstock;	only	the	economics	choose.	S6,	S27

The	logistics	of	the	hub	molecule
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Ammonia	 is	made	at	a	 few	hundred	sites	and	used	at	millions,	so
the	 industry	 is	 also	 a	 transport	 system,	 and	 its	 modes	 tell	 the
safety	and	cost	story	 in	miniature.	Anhydrous	ammonia	moves	by
sea	 in	 specialized	 refrigerated	 or	 pressurized	 tankers	 -	 the	 first
were	 converted	 as	 early	 as	 1917	 for	 Leuna's	 output	 -	 through	 a
terminal	network	that	defines	the	world's	nitrogen	trade	routes.	It
moves	 by	 rail	 in	 pressure	 cars	 across	 North	 America	 and	 the
former	Soviet	Union.	Uniquely,	it	moves	by	dedicated	pipeline:	the
United	 States	 runs	 ammonia	 pipelines	 from	 the	 Gulf	 Coast	 deep
into	 the	 corn	 belt,	 delivering	 the	 fertilizer	 directly	 to	 regional
terminals	 at	 a	 cost	 no	 truck	 can	 match	 -	 one	 more	 structural
advantage	 in	 the	American	 shield.	And	 it	moves,	 dangerously,	 by
road,	in	nurse	tanks	towed	behind	farm	pickups	every	spring.	Each
mode	 has	 its	 own	 accident	 file	 and	 its	 own	 regulations;	 the
International	 Energy	 Agency	 counts	 only	 about	 a	 tenth	 of
production	 crossing	borders	 as	 ammonia	 itself,	 precisely	 because
moving	the	concentrated	molecule	 is	costly	and	hazardous,	which
is	why	the	trade	prefers	to	move	it	one	step	transformed	-	as	urea's
dry,	safe,	stackable	granules.	The	logistics,	in	other	words,	are	not
a	footnote	to	the	product	map:	they	are	one	of	its	authors.	S6,	S49

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Six.
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C H A P T E R 	 S E V E N

From	Ammonia	to	the	Field
PART 	 THREE 	 · 	 THE 	MACHINE

Almost	 no	 farmer	 buys	 ammonia.	 What	 the	 world's	 farms	 actually
spread,	inject	and	irrigate	with	is	a	small	family	of	ammonia's	children	-
urea	above	all,	then	ammonium	nitrate,	ammonium	sulfate,	ammonium
phosphates	 and	 their	 solutions.	 The	 family	 is	 the	 product	 line	 of	 the
industry,	 and	 each	 member	 exists	 because	 of	 a	 specific	 physical
problem	it	solves.

Macro	plate	of	white	urea	prills	and	granules

Plate	V	·	Forty-six	percent	nitrogen	by	weight:	urea,	the	world's	dominant	fertilizer.
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Urea,	the	king

Urea	has	a	strange	double	pedigree.	Friedrich	Wöhler	made	it	in	a
laboratory	 in	 1828	 from	 silver	 cyanate	 and	 ammonium	 chloride	 -
the	 first	 organic	 molecule	 synthesized	 from	 inorganic	 materials,
and	 the	 experiment	 usually	 credited	 with	 killing	 vitalism,	 the
doctrine	that	life	chemistry	was	categorically	separate.	Ninety-four
years	later	Carl	Bosch	and	Wilhelm	Meiser	patented	the	industrial
route	that	still	runs	everything:	ammonia	and	carbon	dioxide,	two
streams	an	ammonia	plant	already	has	on	hand,	 reacted	at	about
190	degrees	Celsius	 and	140	 to	 175	 atmospheres.	 The	 chemistry
runs	 through	 ammonium	 carbamate,	 an	 intermediate	 that	 forms
fast	 and	 then	 dehydrates	 slowly	 to	 urea,	 so	 the	 plant	 is	 a
compromise	between	the	fast	first	equilibrium	and	the	slow	second
one	 -	 and	 because	 the	 CO2	 by-product	 of	 hydrogen	 making
becomes	 a	 feedstock,	 urea	 plants	 grew	 up	 grafted	 directly	 onto
ammonia	plants,	a	pairing	so	complete	that	the	world	now	makes
about	 201	million	 tonnes	 of	 urea	 a	 year,	more	 tonnes	 of	 product
than	any	other	fertilizer.

Why	the	dominance	is	a	physics	story:	urea	is	46	percent	nitrogen,
the	densest	 solid	nitrogen	 fertilizer	 in	 common	use.	Every	 tonne-
kilometer	 of	 transport,	 every	 bag,	 every	 spreader-load	 carries
nearly	 half	 its	 weight	 in	 plant	 food.	 It	 is	 chemically	 a	 solid	 yet
dissolves	 completely;	 it	 can	 be	 prilled	 -	 frozen	 droplets	 raining
down	a	tower	-	or	granulated	into	harder,	larger	grains	that	resist
crushing	and	caking	in	tropical	humidity,	with	formaldehyde	dosed
in	to	toughen	them.	Its	great	weakness	is	what	happens	in	the	soil:
the	enzyme	urease	hydrolyzes	it	within	days,	and	if	the	ammonium
it	 releases	 sits	 near	 the	 surface,	 ammonia	 gas	 escapes	 straight
back	to	the	sky	it	came	from.	Modern	practice	fights	that	loss	with
urease	 inhibitors,	 polymer	 coatings,	 and	 placement	 below	 the
surface	-	the	enhanced-efficiency	frontier	of	chapter	fifteen.	S30,	S40

The	nitrate	branch
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The	 second	 great	 branch	 runs	 through	 nitric	 acid.	 Ostwald's
oxidation	 burns	 ammonia	 over	 platinum-rhodium	 gauze	 at	 about
900	degrees	 to	 nitric	 oxide,	 then	 on	 to	 nitrogen	dioxide	 and	 into
water:	 nitric	 acid,	 the	 hinge	molecule	 between	 ammonia	 and	 the
nitrate	 salts.	 Reacted	 with	 more	 ammonia	 it	 gives	 ammonium
nitrate,	33.5	to	34.5	percent	nitrogen,	with	the	unusual	agronomic
virtue	 of	 supplying	 half	 its	 nitrogen	 as	 immediately	 available
nitrate	 and	half	 as	 slower	 ammonium.	Blended	with	 limestone	 or
dolomite	 it	 becomes	 calcium	 ammonium	 nitrate,	 the	 standard
nitrogen	of	northern	Europe;	dissolved	with	urea	in	water	it	gives
UAN	 solution,	 32	 percent	 nitrogen,	 the	 liquid	 workhorse	 that
accounts	for	about	eighty	percent	of	liquid	fertilizer	in	the	United
States	 -	 a	 formulation	 popular	 precisely	 because	 it	 delivers
ammonium	 nitrate's	 agronomy	 without	 ammonium	 nitrate's
storage	 hazard.	 That	 hazard	 -	 ammonium	 nitrate's	 ability,	 under
confinement	 and	 contamination,	 to	 detonate	 -	 is	 real	 enough	 to
have	written	 some	of	 the	darkest	pages	 in	 industrial	history,	 and
chapter	thirteen	is	devoted	to	it.	S30,	S31

The	rest	of	the	family

Around	the	two	giants	stands	a	supporting	cast,	each	an	 industry
in	itself.	Ammonium	sulfate,	21	percent	nitrogen	plus	sulfur,	began
as	a	by-product	of	coke	ovens	and	caprolactam	plants	and	sells	into
sulfur-hungry	 soils.	 The	 ammonium	phosphates	 -	MAP	 and	DAP	 -
are	 where	 the	 nitrogen	 industry	 interlocks	 with	 the	 phosphate
industry;	 world	 trade	 in	MAP	 and	DAP	 together	 ran	 at	 about	 29
million	tonnes	in	2024,	according	to	the	IFA.	Anhydrous	ammonia
itself,	82	percent	nitrogen,	is	still	injected	directly	into	soil	by	knife
applicators	 across	 the	 North	 American	 corn	 belt,	 the	 cheapest
nitrogen	of	all	where	the	logistics	of	pressurized	gas	are	tolerable.
And	the	blends	-	NPK	granules	of	every	ratio	-	fill	out	the	shelf.	The
pattern	 to	 hold	 onto	 is	 simple:	 ammonia	 is	 the	 universal
intermediate,	 and	 every	 downstream	 product	 is	 an	 answer	 to	 a
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handling	 problem	 -	 transport	 density,	 storage	 safety,	 soil
chemistry,	or	the	shape	of	a	farmer's	season.	The	molecule	is	one.
The	products	are	a	map	of	the	world's	farms.	S30,	S31

How	a	urea	plant	breathes

Urea's	 dominance	 has	 a	mechanical	 elegance	 behind	 it:	 the	 urea
plant	 is	 the	 ammonia	 plant's	 own	 carbon	 sink.	 The	Bosch-Meiser
process,	patented	in	1922,	reacts	two	molecules	of	ammonia	with
one	 of	 carbon	 dioxide	 at	 around	 190	 degrees	 and	 1.4	 to	 1.75
megapascals,	 first	to	ammonium	carbamate,	then	dehydrating	the
carbamate	 to	 urea	 and	 water.	 The	 CO2	 feedstock	 is	 the	 very
stream	 the	 ammonia	 synthesis	 had	 to	 strip	 out	 of	 its	 hydrogen;
pipe	it	next	door	and	the	complex	vents	less	carbon	while	making
its	 most	 valuable	 product.	 This	 integration	 is	 why	 ammonia	 and
urea	 plants	 are	 almost	 always	 twins,	 why	 urea	 capacity	 tracks
ammonia	capacity,	 and	why	a	 "urea	plant	 shutdown"	 in	 the	news
usually	means	the	whole	complex	is	down.	The	product	is	finished
as	 prills	 -	 droplets	 frozen	 mid-fall	 in	 a	 tower	 -	 or	 as	 harder
granules,	 the	 form	 the	 spreaders	 prefer;	 its	 chronic	 impurity	 is
biuret,	a	condensation	byproduct	that	can	scorch	sensitive	crops	at
high	levels;	and	its	great	agronomic	flaw	is	volatility:	spread	on	a
warm,	 moist,	 alkaline	 surface	 without	 incorporation,	 urea's
nitrogen	can	escape	as	ammonia	gas	before	any	root	sees	it.	Half
the	mitigation	arsenal	of	chapter	fifteen	exists	to	manage	that	one
flaw.	S30,	S40,	S41

Forms	on	the	field

The	 product	 map	 matters	 because	 farmers	 buy	 forms,	 not
molecules.	The	United	States	 runs	on	 liquids	and	gas:	 anhydrous
ammonia	 injected	 straight	 into	 the	 soil	 as	 a	pressurized	gas,	 and
UAN	-	urea-ammonium	nitrate	solution,	thirty-two	percent	nitrogen
-	 which	 accounts	 for	 some	 eighty	 percent	 of	 American	 liquid
fertilizer	 and	 flows	 through	 the	 sprayer	 fleet	 like	 fuel.	South	and
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East	Asia	run	on	urea	in	bags.	Europe,	with	its	cooler	climate	and
nitrate-tolerant	 soils,	 long	 preferred	 ammonium	 nitrate	 and
calcium	 ammonium	 nitrate.	 The	 choices	 are	 not	 arbitrary:	 they
encode	 climate,	 farm	 scale,	 regulation,	 and	 infrastructure	 -
anhydrous	 ammonia	 needs	 pressurized	 nurse	 tanks	 and	 trained
applicators,	UAN	needs	 stainless	 logistics,	 urea	 needs	 only	 a	 dry
shed	 and	 a	 strong	 back,	 which	 is	 one	 reason	 it	 conquered	 the
developing	world.	The	DAP	and	MAP	branch,	technically	phosphate
fertilizers,	 carries	 a	 free	 passenger	 of	 nitrogen	 and	 ties	 the
nitrogen	industry	to	the	phosphate	mines	of	Morocco	and	Florida;
potash,	the	third	nutrient,	is	a	separate	mining	industry	altogether,
and	this	book	touches	it	only	where	the	three	meet	in	the	blending
shed.	S30,	S47

The	king's	rivals,	and	why	they	lost

Urea's	 ascent	 to	 nearly	 half	 of	 world	 nitrogen	 delivery	 was	 not
foreordained;	it	won	a	long	elimination	tournament	against	worthy
rivals.	Ammonium	sulfate,	the	original	synthetic	product	-	Oppau's
first	output	in	1913	-	carries	sulfur	as	a	bonus	but	only	twenty-one
percent	 nitrogen,	 so	 freight	 and	 spreading	 costs	 penalize	 it	 per
unit	 of	 nutrient;	 it	 survives	 as	 a	 specialty	 where	 sulfur	 is	 short.
Ammonium	 nitrate,	 at	 thirty-three	 to	 thirty-four	 percent,
agronomically	excellent	and	instantly	available,	carries	the	security
burden	 of	 chapter	 thirteen:	 after	 Beirut	 and	 West,	 ever	 more
jurisdictions	restrict,	tax,	or	license	it,	and	several	have	banned	the
straight	 grade	 outright.	 Anhydrous	 ammonia,	 eighty-two	 percent
nitrogen	and	the	cheapest	molecule	per	unit	of	nutrient,	demands
pressure	 vessels,	 trained	 applicators	 and	 injector	 machinery	 -	 a
combination	 that	 fits	 the	American	corn	belt	and	almost	nowhere
else	at	 scale.	Calcium	ammonium	nitrate,	ammonium	phosphates,
sodium	 and	 potassium	 nitrates	 each	 hold	 their	 niches.	Urea	won
the	 mass	 market	 by	 brute	 arithmetic:	 forty-six	 percent	 nitrogen,
the	highest	of	any	solid;	a	safe,	dry,	non-explosive	granule;	and	a
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process	that	consumes	the	ammonia	plant's	own	waste	carbon.	Its
weaknesses	 -	 volatilization,	 biuret,	 the	 temptation	 its	 subsidy-
friendly	 cheapness	 offers	 to	 overuse	 -	 are	 the	weaknesses	 of	 the
reigning	 champion:	 everyone	 knows	 them,	 and	 nobody	 has	 yet
beaten	the	arithmetic.	S30

The	blending	shed	and	the	bag

Between	 the	 plant	 gate	 and	 the	 field	 sits	 a	 distribution	 industry
that	 rarely	 makes	 the	 headlines	 and	 makes	 most	 of	 the	 margin.
Nitrogen,	 phosphate	 and	 potash	 leave	 their	 respective	 plants	 as
bulk	 commodities	and	meet	 in	 the	blending	 shed,	where	 regional
formulators	mix	NPK	grades	matched	 to	 local	 soils	 and	 crops	 -	 a
20-20-0	 for	 one	 district,	 a	 15-15-15	 for	 another.	 Then	 the	 chain
fans	 out:	 rail	 and	 barge	 to	 port	 or	 inland	 terminals,	 truck	 to	 the
dealer,	and	finally	the	fifty-kilogram	bag,	the	industry's	true	unit	of
account	 across	 Asia	 and	 Africa.	 The	 bag	 carries	 more	 than
nutrient:	 in	 India	 it	 carries	 a	 statutory	 price,	 a	 dealer	margin	 of
₹354	per	tonne,	a	subsidy	settlement,	a	neem	coating,	and	often	a
long	political	history;	everywhere	 it	carries	working	capital,	since
the	 dealer	 finances	 the	 farmer's	 season	 until	 harvest.
Counterfeiting	and	diversion	-	sand-cut	blends,	repackaged	subsidy
bags	 -	 are	 chronic	 wherever	 prices	 are	 administered,	 and	 the
industry's	 answer	 has	 been	 authentication	 at	 absurd	 scale:
holograms,	QR	codes,	and	in	India's	case	a	nationwide	point-of-sale
system	that	logs	individual	bag	sales	against	farmer	identities.	The
romance	 of	 the	 converter	 ends,	 in	 other	 words,	 in	 one	 of	 the
largest	 retail	 logistics	 systems	 on	 Earth:	 hundreds	 of	 millions	 of
bags	a	year,	each	one	traceable,	each	one	a	small	treaty	between
chemistry,	the	state	and	the	farm.	S30,	S43

The	prill	and	the	granule

A	 note	 on	 the	 physical	 object,	 because	 in	 this	 industry	 form	 is
function.	Urea	leaves	the	plant	in	one	of	two	shapes.	Prills	are	the
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older	 form:	 concentrated	 urea	 melt	 raining	 down	 a	 tall	 tower,
freezing	into	small	beads	on	the	way	-	cheap	to	make,	smooth,	and
prone	 to	crushing	and	caking	 in	humid	storage.	Granules	are	 the
modern	 form:	 the	melt	 sprayed	onto	 seed	particles	 in	a	 fluid	bed
and	built	up	in	layers	-	harder,	larger,	more	uniform,	and	worth	a
premium	 wherever	 application	 is	 mechanized,	 because	 a
spreader's	 metering	 and	 a	 blend's	 homogeneity	 both	 depend	 on
particle	 size.	The	difference	decides	 real	 things:	which	product	 a
region's	blending	plants	will	accept,	how	far	the	bag	can	travel	in
monsoon	humidity,	whether	 a	 coated	 or	 inhibited	 grade	holds	 its
treatment.	Storage	physics	haunts	both	forms:	urea	is	hygroscopic,
and	 a	 damp	 pile	 cakes	 into	 the	 kind	 of	 mass	 that	 once	 needed
Oppau's	 dynamite;	 modern	 anti-caking	 treatments	 and	 climate-
controlled	 sheds	 exist	 precisely	 because	 the	 product	 wants	 to
return	 to	 a	 single	 block.	 Even	 the	 bag	 is	 engineered	 -	 woven
polypropylene	with	a	 liner,	 fifty	kilograms	because	 that	 is	what	a
person	can	carry	 -	and	across	South	Asia	 the	bag	 itself,	 stenciled
with	the	statutory	price,	is	the	industry's	most-seen	artifact:	more
people	have	read	a	urea	bag	than	will	ever	read	an	annual	report.
S30,	S41

The	phosphate	passenger
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Nitrogen	 rarely	 travels	 alone,	 and	 its	most	 important	 companion
product	 deserves	 a	 map	 note.	 The	 ammonium	 phosphates	 -
monoammonium	and	diammonium	phosphate,	MAP	and	DAP	-	are
made	by	reacting	phosphoric	acid	with	ammonia,	so	every	tonne	of
DAP	 carries	 a	 payload	 of	 the	 nitrogen	 industry's	 hub	 molecule
inside	 the	 phosphate	 industry's	 product.	 DAP	 in	 particular	 has
become	 the	 world's	 dominant	 phosphate	 fertilizer	 and,	 in	 South
Asia,	 the	 default	 companion	 to	 urea:	 India's	 fertilizer	 politics,
which	chapter	eleven	follows	through	the	urea	bag,	run	a	parallel
file	 on	 DAP	 imports	 and	 their	 subsidy.	 The	 linkage	 matters
analytically	because	it	ties	the	three	nutrient	industries	together	at
the	point	of	use:	a	farmer's	nitrogen	decision	is	made	alongside	a
phosphate	and	potash	decision,	blends	are	formulated	to	soil	tests,
and	 the	 price	 of	 one	 nutrient	 shifts	 demand	 onto	 the	 others	 -
India's	 urea-heavy	 distortion	 being	 the	 canonical	 case,	 where	 a
frozen	urea	price	dragged	the	whole	nutrient	ratio	out	of	balance.
The	nitrogen	industry,	seen	from	the	blending	shed,	is	one	leg	of	a
tripod;	 this	book	 follows	 that	 leg,	 and	 flags	 the	others	where	 the
legs	cross.	S8

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Seven.
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C H A P T E R 	 E I G H T

The	Map	of	Production
PART 	 THREE 	 · 	 THE 	MACHINE

Ask	where	nitrogen	fertilizer	comes	from	and	you	are	really	asking	two
questions:	 where	 is	 the	 cheap	 energy,	 and	 who	 built	 the	 plants.	 The
modern	map	 of	 production	 is	 the	 geography	 of	 natural	 gas,	 coal	 and
state	policy	drawn	over	the	chemistry	of	chapter	six.	This	chapter	reads
that	map	and	names	the	companies	that	own	it.

Engraved	plate	of	a	modern	Gulf	Coast	ammonia	plant	at	dusk

Plate	VI	·	The	single-train	works:	one	line	of	equipment,	three	thousand	tonnes	a	day,	fifty	years
of	service.
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The	headline	numbers

In	 2024	 the	 world	 produced	 about	 190.5	 million	 tonnes	 of
ammonia,	three	percent	more	than	the	year	before,	and	201	million
tonnes	of	urea,	also	up	three	percent	-	both	record	levels,	per	the
International	Fertilizer	Association's	medium-term	outlook	of	June
2025.	Measured	in	nutrient	terms,	the	U.S.	Geological	Survey	puts
2024	 world	 ammonia	 output	 at	 about	 150	 million	 tonnes	 of
contained	nitrogen.	The	money	view	is	foggier	by	nature	-	private
analysts	 define	 the	market	 differently	 -	 but	Mordor	 Intelligence's
2025	 estimate	 values	 the	 nitrogenous	 fertilizer	 market	 at	 about
104	billion	dollars,	growing	at	roughly	 three	and	a	half	percent	a
year	 toward	 128	 billion	 by	 2031,	with	 urea	 holding	 a	 44	 percent
product	 share.	 Treat	 all	 market-size	 numbers	 as	 estimates,	 and
prefer	the	physical	tonnages	where	the	industry	itself	keeps	score.
S7,	S8,	S9,	S49

The	geography	of	gas

The	United	States	Geological	Survey's	country	table	is	the	quickest
way	to	see	the	map.	China	towers	over	everyone:	about	47	million
tonnes	 of	 ammonia	 nitrogen	 in	 2024,	 roughly	 thirty	 percent	 of
world	 production,	 made	 overwhelmingly	 from	 coal	 -	 about	 85
percent	of	Chinese	ammonia	starts	from	coal	gasification	-	which	is
why	 the	 IEA	 attributes	 forty-five	 percent	 of	 the	 sector's	 carbon
dioxide	 to	 China	 alone.	 India	 follows	 at	 about	 15	million	 tonnes,
then	Russia	and	the	United	States	around	14	million	each.	Behind
them	 comes	 the	 gas	 crescent:	 Saudi	 Arabia	 at	 5.4,	 Egypt	 at	 5.0,
Iran	at	4.2,	Qatar	at	3.1,	Oman	at	2.0,	Algeria	at	2.0	million	tonnes,
with	Trinidad	and	Tobago	-	a	small	island	with	a	giant	gas	field	and
the	 ammonia	 plants	 to	 prove	 it	 -	 at	 3.2.	 The	 pattern	 is
unmistakable:	build	where	the	gas	is.	The	IEA	notes	that	just	over
seventy	 percent	 of	 world	 ammonia	 runs	 on	 natural	 gas	 steam
reforming,	and	that	 low-cost	gas	explains	 the	 fleets	of	 the	United
States,	 the	 Middle	 East	 and	 Russia,	 while	 coal	 explains	 China's.
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Europe,	 with	 expensive	 gas	 and	 old	 plants	 -	 average	 age	 about
forty	years	-	has	become	the	industry's	marginal	producer,	the	first
to	shut	when	prices	spike	and	the	last	to	recover.

The	 United	 States	 illustrates	 the	 economics	 from	 the	 other	 side.
American	 ammonia	 is	 made	 by	 18	 companies	 at	 37	 plants	 in	 17
states,	 with	 about	 55	 percent	 of	 capacity	 concentrated	 in
Louisiana,	Oklahoma	and	Texas	-	the	states	sitting	on	the	gas.	The
plants	ran	at	about	80	percent	of	rated	capacity	 in	2024,	and	the
average	Gulf	Coast	ammonia	price	was	about	440	dollars	per	short
ton:	213	dollars	in	2020,	578	in	2021,	a	violent	1,070	in	the	crisis
year	2022,	then	470	in	2023	and	440	in	2024.	The	fertilizer	price,
in	other	words,	is	the	gas	price	wearing	overalls;	the	USGS	credits
the	low	Henry	Hub	gas	prices	of	recent	years	-	an	average	of	about
2.10	dollars	per	million	BTU	in	2024	-	for	a	wave	of	plant	upgrades
and	expansions	expected	to	add	about	1.4	million	tonnes	a	year	of
American	 capacity	 within	 five	 years,	 some	 of	 it	 decarbonized.
About	88	percent	of	American	ammonia	goes	to	fertilizer,	much	of
it	onto	the	37	million	hectares	of	corn	that	US	growers	planted	in
2024,	 corn	 being	 the	 single	 most	 nitrogen-hungry	 of	 the	 major
crops.	S6,	S7

The	companies

The	 industry	 is	 simultaneously	 global	 and	 club-like.	 A	 few	names
recur	on	every	continent.

CF	 Industries,	 headquartered	 outside	 Chicago,	 calls	 itself	 the
world's	largest	producer	of	ammonia,	and	its	books	back	the	claim:
gross	 ammonia	 production	 of	 about	 9.8	 million	 tonnes	 in	 2024,
rising	 toward	 ten	 million	 expected	 in	 2025,	 from	 complexes	 in
Louisiana,	 Iowa,	 Oklahoma,	 the	 UK	 and	 the	 Trinidad	 pointe-a-
Pierre	joint	venture.	Its	2024	results	-	net	earnings	of	1.22	billion
dollars	 on	 sales	 of	 5.94	 billion,	 adjusted	EBITDA	 of	 2.28	 billion	 -
also	show	how	the	industry	profits:	CF	bought	its	gas	at	an	average
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of	 2.40	 dollars	 per	 million	 BTU,	 and	 the	 spread	 between	 cheap
American	 gas	 and	 the	 world	 price	 of	 nitrogen	 is	 essentially	 the
company's	business	model.

Yara	 International	 of	 Oslo	 is	 the	 direct	 heir	 of	 Birkeland	 and
Eyde:	Norsk	Hydro's	fertilizer	business,	demerged	in	2004.	Yara	is
the	 great	 distributor	 and	 brand	 of	 nitrogen,	 selling	 into	 roughly
150	countries;	 its	 full-year	2025	 revenue	was	15.7	billion	dollars,
with	EBITDA	excluding	special	items	of	2.8	billion,	up	thirty-seven
percent	 on	 2024	 as	 European	 gas	 calmed.	 Yara	 also	 leads	 the
industry's	 decarbonization	 push,	 and	 will	 reappear	 in	 chapter
fourteen.

Nutrien	 of	 Saskatoon,	 the	 world's	 largest	 fertilizer	 company	 by
breadth,	 is	 a	 potash	 giant	 with	 a	 major	 nitrogen	 arm:	 nitrogen
adjusted	 EBITDA	 of	 1.9	 billion	 dollars	 in	 2024,	 with	 ammonia
production	 rising	 on	 its	 Trinidad	 operations,	 and	 nitrogen	 sales
volumes	guided	at	10.7	to	11.2	million	tonnes	for	2025.	OCI,	listed
in	 Amsterdam,	 runs	 ammonia	 and	 methanol	 assets	 from	 the
Netherlands	to	Iowa	and	Texas.	EuroChem,	Swiss-headquartered
and	 Russia-rooted,	 is	 the	 aggressive	 expander:	 its	 EuroChem
Northwest	 1	 plant	 at	 Kingisepp	 has	 the	 largest	 single-train
ammonia	capacity	in	Europe	at	one	million	tonnes	a	year,	built	for
a	billion	dollars	on	KBR	technology,	and	a	second	phase	adding	a
further	million	 tonnes	of	 ammonia	and	1.4	million	 tonnes	of	urea
was	 in	 commissioning	with	 first	 product	 expected	 at	 the	 start	 of
2026.

The	 state-backed	 giants	 complete	 the	 roster.	 QAFCO	 -	 Qatar
Fertiliser	Company,	founded	in	1969	-	is	the	world's	largest	single-
site	producer	of	ammonia	and	urea:	3.8	million	tonnes	of	ammonia
and	5.6	million	tonnes	of	urea	a	year	at	Mesaieed,	feeding	granular
urea	 into	 India,	 Australia	 and	 the	 United	 States.	 SABIC	 Agri-
Nutrients	 anchors	 Saudi	 Arabia's	 position;	 in	 March	 2026	 it
received	 feedstock	approval	 from	the	Saudi	energy	ministry	 for	a
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further	 expansion.	 In	 China	 the	 industry	 is	 a	 constellation	 of
hundreds	 of	 coal-fed	 plants	 under	 names	 like	 China	 National
Petroleum,	 Sinopec	 and	 the	 provincial	 groups	 -	 no	 single	 brand,
but	 collectively	 the	 largest	 bloc	 on	 Earth.	 And	 India	 deserves	 its
own	sentence	here:	Indian	Farmers	Fertiliser	Cooperative,	IFFCO,
one	of	the	largest	cooperatives	in	the	world	by	any	measure,	and	a
cluster	 of	 private	 majors,	 produced	 about	 15	 million	 tonnes	 of
ammonia	nitrogen	in	2024	-	and	still	could	not	satisfy	Indian	fields,
making	India	the	world's	decisive	urea	importer.	India's	full	story,
which	is	a	story	about	subsidy	as	much	as	production,	gets	its	own
treatment	in	chapter	eleven.	S10,	S15,	S16,	S17,	S18

The	trade

For	 all	 the	 romance	 of	 ships	 and	 ports,	 ammonia	 itself	 is	 only
lightly	 traded:	 exports	 equal	 about	 ten	 percent	 of	 production,
because	 moving	 a	 toxic,	 refrigerated	 gas	 is	 expensive	 and	 most
ammonia	 is	 consumed	on	 the	 site	 that	makes	 it.	Urea	 is	 the	 true
trading	good	-	nearly	thirty	percent	of	production	crosses	a	border,
carried	 as	 harmless-looking	 white	 granules	 in	 bulk	 carriers.	 The
trade	 map	 has	 three	 famous	 arteries:	 Middle	 East	 to	 India	 and
Brazil,	Russia	to	Brazil	and	the	United	States,	and	North	Africa	to
Europe.	 Brazil,	 which	 turned	 its	 cerrado	 into	 one	 of	 the	 world's
breadbaskets	 without	 building	 much	 nitrogen	 capacity,	 imported
8.3	million	tonnes	of	urea	 in	2024,	up	fourteen	percent	 in	a	year.
China,	historically	a	big	exporter,	has	turned	inward:	its	2024	urea
exports	 fell	 ninety-four	 percent	 to	 under	 300,000	 tonnes	 under
export	 restrictions,	 a	 single	 policy	 decision	 that	 tightened	 the
whole	 world	 market.	 And	 Russia	 remains	 the	 shadow	 giant	 -	 its
2024	 urea	 exports	 ran	 sixteen	 percent	 above	 the	 prior	 year
through	the	third	quarter,	sanctions	or	no	sanctions,	because	food
inputs	 travel	with	 a	 different	 passport	 than	 oil.	 The	 IFA	 counted
record	 or	 near-record	 production	 across	 the	 fertilizer	 complex	 in
2024:	 ammonia,	 urea,	 phosphoric	 acid	 at	 89.6	 million	 tonnes,
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potash	 at	 76.6.	 The	 machine,	 a	 century	 after	 Oppau,	 has	 never
been	bigger.	The	question	that	hangs	over	it	-	what	feeds	it,	and	at
what	political	price	-	is	where	we	go	next.	S7,	S8

Reading	the	price	tape

No	statistic	in	this	industry	teaches	more	than	one	price	series:	the
US	 Gulf	 Coast	 ammonia	 average,	 quoted	 annually	 by	 the	 US
Geological	 Survey.	 In	 2020,	 with	 the	 world's	 gas	 cheap	 and	 its
farms	quiet,	 ammonia	averaged	about	213	dollars	 a	 short	 ton.	 In
2021	it	was	578.	In	2022,	the	year	of	the	gas	war,	1,070	-	the	peak
of	the	worst	fertilizer	price	shock	in	living	memory.	In	2023	it	fell
back	to	470,	and	in	2024	to	440,	against	a	Henry	Hub	gas	average
near	2.10	dollars	 per	million	BTU.	The	 tape	 tells	 three	 stories	 at
once.	First,	the	feedstock	rule:	ammonia's	price	is	gas's	price	plus
a	margin	for	capital	and	scarcity,	so	an	energy	crisis	is	a	food-input
crisis	with	a	six-month	fuse.	Second,	the	asymmetry:	prices	rocket
on	shortage	and	drift	down	on	glut,	because	demand	for	food	does
not	 fall	when	 fertilizer	 is	expensive	 -	 farmers	simply	pay,	borrow,
or	skip,	and	skipping	shows	up	a	season	 later	as	yield.	Third,	 the
margin's	 destination:	 the	 spread	 between	 the	 2022	 peak	 and	 the
gas	 cost	 of	 making	 a	 tonne	 flowed	 straight	 into	 the	 producers'
income	 statements	 -	 the	 same	 companies	 whose	 windfall	 profits
that	year	became	a	political	scandal	on	three	continents.	The	price
tape	is	the	industry's	electrocardiogram,	and	chapter	eleven	reads
it	beat	by	beat.	S7,	S42

The	trade	routes

Nitrogen	 is	 a	 bulk	 commodity	 that	 mostly	 stays	 home	 -	 but	 the
minority	 that	 moves	 organizes	 world	 agriculture.	 Only	 about	 ten
percent	 of	 ammonia	 crosses	 a	 border,	 because	 shipping	 a	 toxic,
pressurized	gas	 is	costly;	 its	derivative	urea	 is	 the	great	 traveler,
with	 around	 thirty	 percent	 of	 production	 traded.	 The	 flow	 map
follows	 the	 gas	 map:	 export	 surplus	 runs	 from	 the	 Middle	 East,
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Russia,	Trinidad	and	North	Africa	toward	the	great	deficits	-	South
Asia,	 Brazil,	 and	 in	 shock	 years	 Europe.	 Brazil,	 the	 agricultural
superpower	 with	 almost	 no	 gas,	 imported	 8.3	 million	 tonnes	 of
urea	in	2024,	up	fourteen	percent	in	a	year,	making	it	the	market
where	 global	 prices	 meet	 the	 world's	 fastest-growing	 farmland.
Russia's	 wartime	 re-routing	 shows	 the	 map's	 plasticity:	 its
ammonia	exports	ran	eighty-two	percent	below	2021	levels	in	2024
-	the	pipeline	through	Ukraine	shut	and	the	Black	Sea	under	threat
-	 while	 its	 urea	 exports	 grew	 sixteen	 percent	 through	 the	 third
quarter,	sailing	around	the	blockage.	Every	ton	that	moves	does	so
through	a	handful	of	chokepoints	-	the	Strait	of	Hormuz,	the	Black
Sea,	 the	 Mississippi	 outlet	 -	 which	 is	 why	 fertilizer	 intelligence
reads	like	naval	intelligence.	S8,	S10

Capacity's	long	wave

Ammonia	 plants	 are	 among	 the	 longest-lived	 machines	 in	 the
industrial	economy	-	fifty-year	lifetimes	are	routine,	the	world	fleet
averages	twenty-five	years	of	age,	Europe's	forty,	China's	twelve	-
and	that	longevity	gives	the	industry	its	peculiar	rhythm.	Capacity
arrives	in	great	waves	when	prices	and	gas	align,	then	persists	for
decades:	 the	 gas-flaring	 Gulf	 states	 built	 in	 the	 1970s,	 the
American	shale	belt	after	2010,	China's	coal-based	build-out	in	the
2000s,	Russia's	 export	 complexes	 across	 two	decades.	The	USGS
expects	world	capacity	to	grow	about	seven	percent	over	the	four
years	 from	 2025,	 which	 sounds	 modest	 until	 compounding	 on	 a
base	 near	 160	million	 tonnes	 of	 nutrient;	 and	 because	 old	 plants
almost	never	die	-	they	are	debottlenecked,	re-tubed,	re-catalyzed	-
each	wave	layers	atop	the	last.	The	consequence	for	any	forecast	is
humility:	 the	 industry	 of	 2040	 is	 mostly	 already	 built,	 and	 the
question	is	not	what	will	exist	but	what	will	run,	at	what	gas	price,
under	 what	 carbon	 rule,	 feeding	 which	 trade	 route.	 Long-lived
capital	 is	 why	 the	 low-carbon	 transition	 here	 is	 measured	 in
decades	and	why	retrofits	-	capture	bolted	onto	a	1990s	reformer	-
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matter	as	much	as	the	gleaming	new	electrolysis	halls.	S6,	S7,	S45

The	cost	stack,	by	region

The	geography	of	production	reduces	to	a	cost	stack,	and	the	cost
stack	 is	mostly	 energy.	Best-available	 technology	 needs	 about	 28
gigajoules	 of	 natural	 gas	 per	 tonne	 of	 ammonia;	 the	 world	 fleet
averages	41;	best	coal	technology	manages	36	before	counting	its
far	heavier	carbon.	At	two	dollars	per	million	BTU	-	the	American
2024	average	-	a	tonne's	gas	bill	 is	small	relative	to	its	440-dollar
price;	at	the	2022	European	peak	the	same	physics	produced	a	gas
bill	 larger	 than	 any	 plausible	 selling	 price,	 and	 the	 plants	 idled.
That	is	the	whole	competitive	map	in	one	inequality.	Regions	sort
themselves	by	delivered	energy	cost:	the	shale-fed	Gulf	Coast	and
the	flared-gas	Gulf	states	at	the	bottom;	Russia	close	behind	when
pipes	 and	 politics	 allow;	 coal-fed	 China	 competitive	 on	 cash	 cost
but	not	on	carbon;	Europe	and	Northeast	Asia	 structurally	at	 the
top,	 importing	 either	 the	 molecule	 or	 the	 methane,	 and	 in	 2022
discovering	what	 happens	when	 both	 spike	 together.	 Capital	 sits
on	 top	of	 the	energy:	a	world-scale	greenfield	plant	costs	billions
and	takes	five	years,	so	capacity	arrives	in	lumps	and	the	industry
oscillates	 between	 shortage	 windfalls	 and	 glutted	 troughs.	 The
2024	data	show	the	system	mid-swing:	world	ammonia	capacity	set
to	 grow	 seven	 percent	 in	 four	 years	 while	 Europe's	 output
rebounded	twenty	percent	off	the	crisis	floor	-	the	cost	stack	being
re-sorted,	 as	 it	 is	 every	 generation,	 by	 the	 price	 of	 a	 unit	 of
hydrogen.	S6,	S7,	S10

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Eight.
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C H A P T E R 	 N I N E

Feeding	Half	the	World
PART 	 FOUR 	 · 	WHAT 	 I T 	 BU ILT

The	 claim	 attached	 to	 this	 industry	 is	 the	 largest	 claim	 that	 can	 be
made	 for	 any	manufactured	 thing:	 that	 it	 feeds	about	half	 the	human
species.	The	claim	deserves	scrutiny	rather	than	slogans.	This	chapter
examines	how	the	estimate	 is	made,	what	 it	does	and	does	not	mean,
and	the	historical	event	-	the	Green	Revolution	-	where	the	mechanism
was	visible	in	a	single	generation.

The	arithmetic	of	dependence

The	estimate's	genealogy	 is	 respectable.	The	method	begins	 from
protein.	Nitrogen	is	the	irreplaceable	element	in	dietary	protein,	so
if	 you	 can	 account	 for	 where	 the	 nitrogen	 in	 humanity's	 protein
comes	from,	you	know	how	many	people	the	industry	feeds.	Vaclav
Smil's	nitrogen	balances,	built	through	the	1990s	and	summarized
in	 his	 2001	 book	 Enriching	 the	 Earth,	 concluded	 that	 about	 85
percent	 of	 the	 nitrogen	 in	 human	 food	 protein	 comes	 from
cropland,	the	rest	from	seafood	and	grazing	livestock	-	and	that	by
the	 mid-1990s	 roughly	 40	 percent	 of	 that	 cropland	 nitrogen
derived	 from	 synthetic	 fertilizer.	 The	 conclusion:	 about	 two-fifths
of	 dietary	 protein,	 and	 therefore	 about	 40	 percent	 of	 the	world's
population	 in	 the	year	2000,	depended	on	synthetic	nitrogen.	 Jan
Willem	Erisman	 and	 colleagues,	 publishing	 in	Nature	Geoscience
in	2008,	pushed	the	accounting	forward	with	a	demographic	model
and	concluded	 that	ammonia	 synthesis	had	supported	42	percent
of	all	births	over	the	preceding	century	 -	 leaving	an	estimated	44
percent	of	the	world	population	of	2000,	and	48	percent	by	2008,
fed	 by	 the	 process.	 An	 independent	 2023	 estimate	 by	 Rosa	 and
Gabrielli	 put	 the	 2019	 figure	 at	 about	 half.	 Our	 World	 in	 Data,
which	maintains	the	public	chart	on	this	question,	summarizes	the
consensus	 honestly:	 estimates	 converge	 on	 forty	 to	 fifty	 percent,
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the	uncertainty	is	real,	and	the	figure	varies	by	country	-	lower	in
rich	nations	with	surplus	food,	higher	where	diets	are	tighter.

Three	qualifications	keep	the	claim	honest.	First,	fertilizer	is	one	of
several	 yield	 drivers	 -	 crop	 breeding,	 irrigation,	 mechanization,
pesticides	 -	and	Stewart	and	colleagues'	synthesis	of	362	seasons
of	 field	 data	 attributed	 between	 thirty	 and	 fifty	 percent	 of	 yield
increases	 to	 fertilizer,	 more	 in	 the	 tropics;	 the	 factors	 multiply
each	other	rather	than	add.	Second,	dependence	is	not	destiny:	the
counterfactual	world	without	Haber-Bosch	would	not	 simply	have
let	half	of	humanity	starve	-	it	would	be	a	smaller,	hungrier,	more
land-hungry	civilization,	and	Smil's	point	is	that	nothing	else	could
have	sustained	eight	billion.	Third,	the	claim	cuts	the	other	way	as
well:	any	serious	disruption	to	this	industry	is	a	food-security	event
for	billions,	which	is	why	chapter	eleven	exists.	S4,	S5

The	Green	Revolution,	up	close

Between	the	arithmetic	and	the	anecdote	stands	the	one	historical
episode	 where	 the	 whole	 mechanism	 played	 out	 in	 fast-forward:
the	Green	Revolution.	Its	genetics	began,	of	all	places,	in	occupied
Japan,	 where	 an	 American	 agronomist	 named	 S.	 Cecil	 Salmon
noticed	 Norin	 No.	 10,	 a	 wheat	 with	 short,	 stiff	 straw,	 and	 sent
seeds	home	in	1946.	At	Washington	State's	Pullman	station	Orville
Vogel	bred	the	dwarfing	genes	into	American	lines,	and	in	Mexico
Norman	Borlaug	crossed	them	with	local	wheats.	The	genes	solved
a	 fertilizer	 problem:	 traditional	 tall	 wheats,	 heavily	 fed	 with
nitrogen,	grew	lush	and	top-heavy	until	they	fell	over	-	lodged	-	and
rotted.	 Short-strawed	 wheat	 could	 stand	 under	 a	 heavy	 head	 of
grain	and	pour	the	nitrogen	into	yield	instead	of	stem.

In	1963,	Borlaug	answered	an	urgent	request	from	the	government
of	 India,	 whose	 wheat	 had	 hit	 exactly	 that	 lodging	 wall.	 The
results,	preserved	 in	the	USDA's	own	timeline,	remain	staggering
to	 read:	 Indian	 wheat	 production	 rose	 from	 12	million	 tonnes	 in
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1965	 to	 over	 20	 million	 in	 1970,	 and	 past	 37	 million	 within	 a
generation.	 Pakistan,	 Turkey	 and	 Afghanistan	 followed.	 Borlaug
took	the	Nobel	Peace	Prize	in	1970.	What	the	story	usually	omits	is
the	material	partner:	the	dwarf	genes	were	a	yield	technology	that
only	 worked	 with	 fertilizer	 and	 irrigation,	 and	 India's	 fertilizer
consumption,	 imports	 and	 domestic	 ammonia	 industry	 grew	 in
lockstep	with	its	grain.	Gene,	molecule	and	canal	were	one	system.
India	 in	 1965	was	months	 from	 famine	 and	 begging	 for	 grain;	 a
decade	 later	 it	 was	 self-sufficient.	 No	 other	 episode	 shows	 so
cleanly	what	the	white	granules	do.	S39

The	machinery	and	the	economies	built	on	it

A	library	like	this	one	measures	an	industry	also	by	what	accretes
around	it.	Around	synthetic	nitrogen	an	entire	material	civilization
has	 formed.	 There	 is	 the	 application	 machinery:	 anhydrous
ammonia	knife-injection	toolbars	and	their	nurse	tanks,	centrifugal
spinner	 spreaders,	 pneumatic	 boom	 spreaders	 throwing	 forty-
meter	 fans	 of	 urea,	 self-propelled	 sprayers	 for	 UAN,	 and
increasingly	the	guidance	electronics	and	variable-rate	controllers
that	 meter	 fertilizer	 to	 the	 square	 meter.	 There	 is	 the	 logistics:
refrigerated	 ammonia	 terminals	 at	 ports	 like	 Donaldsonville	 and
Damietta,	 the	 ammonia	 pipelines	 of	 the	 American	 Midwest,	 unit
trains	of	hopper	cars,	 river	barges,	and	 the	 fertilizer	 terminals	of
Kandla	and	Santos.	There	is	the	retail	layer	-	cooperatives,	dealers
and	 agronomists,	 from	 the	 CHS	 and	 Nutrien	 networks	 of	 North
America	 to	 India's	 several	 hundred	 thousand	 fertilizer	 dealers,
through	whom	a	 fifty-kilo	bag	of	urea	 legally	 changes	hands	at	 a
government-fixed	 price.	 And	 there	 are	 the	 derivative	 economies:
the	explosives,	resins	and	emissions-control	businesses	of	chapter
ten,	and	the	vast	animal	economy	-	roughly	a	 third	of	 the	world's
cropland	grows	feed,	and	the	protein	in	a	chicken	or	a	glass	of	milk
is,	about	half	the	time,	atmospheric	nitrogen	by	way	of	a	synthesis
loop.	 When	 this	 series	 says	 that	 every	 small	 part	 is	 its	 own
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industry,	 it	means	 exactly	 this:	 inside	 the	white	 granule	 lives	 an
entire	lattice	of	plants,	ships,	machines,	labs,	laws	and	habits	-	and
on	top	of	the	lattice,	half	of	us.	S4,	S39

Half	the	protein

The	 dependence	 claim	 that	 opens	 this	 book	 is	 often	 quoted	 and
rarely	 unpacked,	 so	 let	 us	 unpack	 it.	 Erisman	 and	 colleagues,	 in
the	 Nature	 Geoscience	 study	 that	 remains	 the	 reference
accounting,	traced	the	consequences	of	a	single	invention	across	a
century:	 of	 all	 the	 people	 born	 in	 the	 twentieth	 century,	 roughly
forty-two	 percent	 would	 not	 have	 been	 born	 without	 synthetic
nitrogen	 -	 not	 because	 the	 others	 would	 have	 starved	 in	 some
counterfactual	 novel,	 but	 because	 the	 harvests	 that	 carried	 the
population	 boom	 were	 physically	 impossible	 at	 organic	 nitrogen
flows.	For	the	living	population	the	share	is	larger:	about	forty-four
percent	of	people	in	2000,	forty-eight	by	2008,	and	roughly	half	in
2019	 by	 later	 estimates.	 The	 mechanism	 runs	 through	 protein:
eighty-five	 percent	 of	 the	 nitrogen	 in	 human	 food	 protein	 comes
from	 cropland,	 and	 fertilizer	 was	 already	 supplying	 about	 forty
percent	 of	 dietary	 protein	 nitrogen	 by	 the	 mid-1990s.	 Smil's
blunter	version:	take	away	the	converter	and	the	world's	harvests
roughly	 halve.	 Stewart's	 field-trial	meta-analysis	 -	 362	 seasons	 of
experiments	 -	puts	 fertilizer's	 contribution	 to	yield	gains	at	 thirty
to	fifty	percent.	Any	way	the	arithmetic	is	done,	the	answer	lands
in	 the	 same	 place:	 about	 four	 billion	 people	 eat	 because	 this
industry	exists.	S4,	S5,	S38

The	Ehrlich	wager

The	intellectual	test	of	that	dependence	came	in	1968,	when	Paul
Ehrlich's	 The	 Population	 Bomb	 declared	 the	 battle	 to	 feed
humanity	over	and	India	hopeless	-	"there	is	not	the	slightest	hope"
of	 self-sufficiency	by	1971.	What	 actually	 happened:	 India,	which
grew	 12	 million	 tonnes	 of	 wheat	 in	 1965,	 grew	 more	 than	 20
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million	in	1970	and	kept	climbing.	The	instrument	was	exactly	this
book's	item:	Borlaug's	dwarf	wheats,	bred	to	stand	up	under	heavy
nitrogen	 instead	of	 lodging,	 fed	with	subsidized	 fertilizer	 through
new	state	distribution	channels,	watered	by	tube	wells.	The	Green
Revolution	 is	 often	 told	 as	 a	 seed	 story.	 It	 is	 at	 least	 as	much	 a
fertilizer	story	-	the	seeds	were,	in	the	engineers'	phrase,	nitrogen-
response	machines.	The	lesson	cuts	both	ways,	and	this	book	holds
both.	 The	 pessimists	 were	 wrong	 about	 the	 ceiling:	 chemistry
moved	 it.	 The	 optimists	 were	 wrong	 about	 the	 permanence:	 the
ceiling	 was	 moved,	 not	 abolished,	 and	 moving	 it	 built	 a
dependence	-	on	gas,	on	subsidy,	on	an	industry	-	that	now	shapes
the	politics	of	every	large	farming	nation.	S4,	S37,	S39

The	protein	transition

Dependence	 has	 a	 second	 engine	 besides	 population:	 diet.	 As
incomes	rise,	people	eat	up	the	food	chain	-	more	milk,	eggs,	pork,
chicken,	 beef	 -	 and	 each	 step	 up	 multiplies	 the	 nitrogen
underneath,	 because	 animals	 are	 inefficient	 converters	 of	 plant
protein.	 Producing	 a	 kilogram	 of	 beef	 protein	 requires	 several
kilograms	 of	 feed	 protein;	 the	 feed	 requires	 the	 field;	 the	 field
requires	 the	 bag.	 The	 twentieth	 century's	 demand	 growth	 was
therefore	doubly	 supercharged:	more	people,	 each	 eating	higher.
The	accounting	hides	in	plain	sight	in	the	crop	statistics	-	the	great
majority	 of	 the	American	 corn	 crop,	 the	 emblematic	 fertilizer-fed
plant,	is	fed	not	to	people	but	to	livestock	and	fuel,	and	the	global
soybean	trade	is	at	bottom	a	protein-and-nitrogen	logistics	system
running	from	the	Americas	to	Asian	feedlots.	This	is	why	fertilizer
demand	forecasts	track	meat	demand	as	much	as	headcounts,	why
China's	feed	imports	moved	world	nitrogen	markets	 in	the	2000s,
and	why	 any	 serious	 projection	 of	 the	 industry's	 future	 -	 chapter
sixteen's	 dials	 -	 begins	 with	 the	 question	 of	 what	 a	 few	 billion
newly	middle-class	diners	will	eat.	The	converter	does	not	just	feed
half	the	world.	It	 feeds	the	animals	that	feed	the	prosperous	half.

75



S4,	S38

What	withdrawal	would	mean

The	dependence	is	measurable	from	both	directions:	what	fertilizer
adds,	 and	 what	 its	 absence	 removes.	 Stewart's	 meta-analysis	 of
362	seasons	of	field	experiments	attributes	thirty	to	fifty	percent	of
yield	gains	to	 fertilizer	 -	a	range	wide	enough	to	be	honest	about
soils,	 climates	 and	 management,	 and	 large	 enough	 to	 be
unambiguous	 about	 the	 item's	 role.	 The	 counterfactual
computations	 are	 more	 dramatic.	 Smil's	 verdict	 is	 that	 without
synthetic	 nitrogen	 the	 world's	 harvests	 would	 roughly	 halve;
Erisman's	 accounting	 pushes	 the	 consequence	 into	 demography
itself,	 crediting	 the	 synthesis	 with	 making	 possible	 forty-two
percent	 of	 all	 births	 in	 the	 twentieth	 century.	 And	 the	 world
already	 runs	 the	 withdrawal	 experiment	 in	 reverse,	 at	 low
intensity:	 sub-Saharan	 Africa,	 applying	 a	 small	 fraction	 of	 the
nitrogen	 per	 hectare	 that	 Asia	 applies,	 harvests	 correspondingly
meager	cereal	yields	-	not	from	any	failure	of	agronomy	or	effort,
but	 because	 the	 nitrogen	 simply	 is	 not	 there,	 priced	 out	 by	 the
same	global	market	 that	makes	 it	cheap	 in	Iowa.	The	distribution
of	 the	 item's	benefits	 is	 therefore	as	 consequential	 as	 their	 total:
half	 of	 humanity	 is	 fed	by	 synthetic	nitrogen,	but	 that	half	 is	 not
evenly	 chosen.	 Where	 the	 bags	 arrive,	 yields	 tripled	 within	 a
generation;	where	 they	do	not,	 the	 old	 ceiling	 still	 stands,	 in	 the
one	region	whose	population	is	growing	fastest.	S4,	S37

The	seeds	that	drank	nitrogen
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The	 Green	 Revolution's	 seeds	 were,	 mechanically	 speaking,	 an
answer	 to	 a	 structural	problem	 this	book	has	already	met:	under
heavy	nitrogen,	tall	wheat	grows	lush	and	top-heavy,	and	the	first
storm	 lodges	 it	 -	 flattens	 it	 -	 turning	 abundance	 into	 rot.	 The
dwarfing	 genes	 fixed	 the	 architecture.	 Norin	 No.	 10,	 a	 Japanese
dwarf	 variety,	 reached	 the	 United	 States	 in	 1946	 through	 an
agronomist	 named	 S.	 Cecil	 Salmon;	 Orville	 Vogel's	 program	 at
Pullman	turned	it	into	American	varieties	like	Gaines;	and	Norman
Borlaug's	 CIMMYT	 program	 in	Mexico	 carried	 the	 dwarfing	 into
spring	wheats	for	the	tropics.	The	result	was	a	plant	that	converted
fertilizer	 into	 grain	 instead	 of	 straw	 and	 stayed	 standing	 to	 be
harvested	 -	 a	nitrogen-response	machine	 in	 the	 literal	 sense.	The
numbers	 that	 followed	 still	 startle:	 India,	 visited	 by	 Borlaug	 in
1963	 and	 planted	 with	 the	 dwarfs	 from	 1965,	 lifted	 its	 wheat
harvest	from	12	million	tonnes	in	1965	to	more	than	20	million	in
1970,	and	kept	climbing	past	37	million.	Mexico	went	from	wheat
importer	 to	 exporter;	 Pakistan	 and	 the	 Philippines	 repeated	 the
pattern	with	wheat	and	rice.	Every	element	of	the	package	-	seed,
fertilizer,	 water,	 credit,	 price	 support	 -	 was	 necessary,	 and	 the
fertilizer	 was	 the	 one	 the	 others	 were	 designed	 around:	 dwarf
wheat	without	nitrogen	is	merely	short.	The	revolution's	critics	are
right	that	it	also	locked	in	the	dependence	this	chapter	describes.
Both	 things	 are	 true,	 and	 the	 harvest	 figures	 are	 the	 reason	 the
argument	has	never	been	settled.	S39

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Nine.
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C H A P T E R 	 T E N

Beyond	the	Field
PART 	 FOUR 	 · 	WHAT 	 I T 	 BU ILT

Fertilizer	 is	 ammonia's	 largest	 child,	 not	 its	 only	 one.	 About	 seventy
percent	of	ammonia	feeds	crops;	the	remaining	thirty	percent	runs	into
explosives,	plastics,	 fibres,	resins,	refrigerants	and	exhaust	pipes.	The
dual	nature	-	bread	and	gunpowder	from	one	molecule	-	is	not	a	quirk
of	history.	It	is	the	industry's	permanent	condition.

The	explosive	twin

Nitrogen's	 chemistry	 is	 energy	 storage	 in	 reverse:	 reactive
nitrogen	compounds	carry	within	them	the	yearning	to	become	N2
again,	and	that	release	is	an	explosion.	The	same	nitrate	that	feeds
wheat	 feeds	 the	blasting	 agent.	Ammonium	nitrate,	mixed	with	 a
few	percent	of	fuel	oil,	becomes	ANFO,	the	workhorse	explosive	of
mining,	 quarrying	 and	 construction	 -	 cheap,	 stable,	 and
responsible	 for	 moving	 more	 rock	 than	 every	 other	 explosive
combined.	Nitric	acid,	 the	hinge,	 is	nitrated	 further	 into	 the	high
explosives	 proper:	 nitroglycerine,	 TNT,	 RDX.	 The	 historical
consequence	 is	 that	 nitrogen	 capacity	 is	 strategic	 capacity.	 It	 is
why	the	Allies	blockaded	Chilean	saltpeter	in	1914,	why	Germany
built	Leuna,	why	ammonia	plants	appear	in	war-targeting	studies,
and	 why	 the	 line	 between	 a	 fertilizer	 complex	 and	 a	 munitions
reserve	is	a	matter	of	valve	settings.	The	dark	mirror	of	this	fact	-
what	 happens	 when	 the	 explosive	 twin	 escapes	 its	 handlers	 in
peacetime	-	is	chapter	thirteen.	S23,	S26,	S50

The	industrial	third

The	 peaceful	 industrial	 third	 of	 ammonia	 is	 quietly	 everywhere.
Urea	 alone	 runs	 a	 parallel	 career:	 reacted	 with	 formaldehyde	 it
becomes	 the	 urea-formaldehyde	 resins	 that	 glue	 the	 world's
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particleboard	 and	 plywood	 -	 the	 furniture	 and	 construction
economy	 sitting	 on	 a	 fertilizer	 intermediate;	 converted	 with
melamine	 it	 yields	 the	 hard	 laminates	 of	 tabletops	 and	 bank
counters;	refined	to	technical	grade	it	becomes	diesel	exhaust	fluid
-	AdBlue	in	Europe,	DEF	in	America	-	which	modern	truck	engines
inject	 into	 their	 exhaust	 to	 convert	 smog-forming	nitrogen	oxides
back	into	harmless	nitrogen	and	water,	a	twist	worth	pausing	on:
urea	 cleaning	 up	 nitrogen	 pollution,	 in	 the	 tailpipe,	 of	 the	 diesel
fleet	 that	 delivers	 urea	 to	 the	 farm.	Urea	 also	 appears	 in	 animal
feed	 supplements,	 pharmaceuticals,	 and	 cosmetics.	 Nitric	 acid
feeds	 nylon's	 adipic	 acid,	 polyurethane	 intermediates,	 and	 metal
treatment.	 Ammonia	 itself	 is	 one	 of	 the	 oldest	 and	 best
refrigerants,	still	running	cold	stores	and	 ice	plants	a	century	on,
and	 its	 aqueous	 form	 cleans,	 etches	 and	 neutralizes	 across	 the
chemical	 industry.	 The	 International	 Energy	 Agency's	 mass-flow
accounting	 for	 2019	 shows	 the	 split	 plainly:	 fertilizer	 takes	 the
great	river	of	ammonia,	but	a	substantial	second	channel	carries	it
into	plastics,	explosives	and	synthetic	fibres	-	and	a	third	channel,
speculative	 but	 growing,	 now	 points	 toward	 energy	 itself.	 That
channel	is	chapter	fourteen.	S6,	S49

The	chemistry	of	the	double	life

Why	 should	 one	 molecule	 serve	 the	 bakery	 and	 the	 battlefield?
Because	 fixed	 nitrogen	 is	 stored	 chemical	 disequilibrium,	 and
disequilibrium	can	be	discharged	slowly	or	fast.	The	triple	bond	of
N2	is	one	of	nature's	deepest	energy	wells;	every	reactive	nitrogen
compound	 sits	 above	 it	 on	 the	 slope,	 and	 every	 use	 -	 leaf	 or
explosive	 -	 is	 a	 way	 of	 rolling	 downhill.	 A	 plant	 enzyme	 rolls	 it
slowly,	harvesting	the	reactivity	to	build	amino	acids.	A	detonator
rolls	it	in	microseconds,	harvesting	the	same	descent	as	blast.	The
industry	 learned	 early	 that	 the	 two	 rolls	 share	 a	 plant:	 the	 same
Haber-Bosch	 ammonia,	 oxidized	 over	 platinum-rhodium	 gauze	 at
nine	hundred	degrees	in	the	Ostwald	process,	becomes	nitric	acid,
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and	nitric	 acid	 is	 the	 fork	 -	neutralize	 it	with	more	ammonia	and
you	have	ammonium	nitrate	fertilizer;	nitrate	glycerol,	cellulose	or
toluene	 with	 it	 and	 you	 have	 the	 munitions	 shelf.	 Leuna,	 IG
Farben's	giant,	ran	both	forks	 from	one	synthesis	 loop,	and	every
large	nitrogen	complex	since	has	carried	 the	same	 latent	duality.
Export	controls,	wartime	targeting,	and	the	registration	rules	that
follow	 a	 bag	 of	 ammonium	 nitrate	 to	 the	 farm	 gate	 all	 descend
from	that	single	chemical	fact.	S23,	S31

The	quiet	infrastructure

The	 industrial	 third	 also	 hides	 inside	 infrastructure	 people	 use
without	naming	it.	Refrigeration	is	the	oldest:	ammonia	was	among
the	 first	 practical	 refrigerants,	 and	 its	 thermodynamic	 virtues	 -
high	 latent	heat,	zero	ozone	and	climate	 impact	 -	keep	 it	 running
cold	 stores,	 ice	 rinks,	 breweries	 and	 food-processing	 plants
worldwide	even	as	 synthetic	 refrigerants	cycle	 through	 their	own
environmental	 reckonings.	 Urea-formaldehyde	 resins	 bind	 the
particleboard	 and	 plywood	 of	 the	 built	 environment;	 melamine
resins,	 from	 urea,	 harden	 the	 laminate	 surfaces	 of	 kitchens	 and
offices.	Caprolactam	and	acrylonitrile	route	ammonia	nitrogen	into
nylon	and	acrylic	fibre,	so	the	item	sits	in	clothing	as	well	as	bread.
Diesel	exhaust	fluid,	the	fastest-growing	industrial	use	of	the	past
two	 decades,	 is	 urea	 purified	 to	 technical	 grade	 and	 dosed	 into
truck	 exhaust,	 where	 its	 nitrogen	 neutralizes	 the	 engine's	 own
nitrogen	oxides	-	a	molecule	built	from	air,	cleaning	the	air,	in	the
tailpipe	 of	 the	 truck	 that	 hauls	 it.	 An	 item-first	 reading	 of	 the
economy	 keeps	 finding	 the	 same	 three	 atoms,	 and	 the	 finding
never	quite	stops	being	strange.	S6

The	strategic	stockpile	question

The	 dual-use	 chemistry	 forces	 a	 policy	 question	 that	 every	 large
economy	answers	differently:	how	much	nitrogen	capacity	should	a
nation	hold,	and	in	whose	hands?	During	the	Cold	War	the	answer
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was	 explicit	 -	 the	 United	 States	 maintained	 ordnance	 works
convertible	between	fertilizer	and	munitions,	and	ammonia	plants
figured	 in	 both	 sides'	 industrial	 mobilization	 planning.	 The	 post-
Cold	 War	 answer	 drifted	 toward	 market	 logic:	 capacity	 followed
cheap	 gas	 to	 Louisiana,	 Trinidad	 and	 the	 Gulf,	 and	 import
dependence	came	to	be	regarded	as	normal	commerce.	The	2022
shock	 ended	 the	 drift.	 Europe	 discovered	 that	 a	 third	 of	 its
nitrogen	supply	chain	ran	through	Russian	gas;	Britain	discovered
that	 one	 closing	 plant	 at	 Billingham	 could	 imperil	 its	 food-grade
CO2;	 India	 accelerated	 domestic	 urea	 capacity;	 China	 kept	 its
export	valve	half-closed.	The	question	now	returns	in	a	new	form:
not	 whether	 to	 hold	 capacity,	 but	 whether	 the	 low-carbon
transition	 -	 which	 raises	 capital	 costs	 and	 may	 concentrate
production	 among	 fewer,	 larger,	 subsidy-backed	 players	 -	 will
make	the	next	dependence	more	brittle	than	the	last.	The	molecule
that	 feeds	 half	 the	 world	 is,	 once	 again,	 a	 file	 in	 the	 defense
ministry	as	well	as	the	farm	ministry.	S23,	S25

The	blasting	agent	economy

The	 explosive	 twin	 deserves	 its	 own	 accounting,	 because	 in
tonnage	it	is	a	mining	story,	not	a	military	one.	Ammonium	nitrate
mixed	with	about	six	percent	fuel	oil	-	ANFO	-	is	the	workhorse	of
surface	mining,	quarrying	and	civil	construction	worldwide:	poured
or	 augered	 into	 boreholes,	 initiated	 by	 a	 booster,	 it	 breaks	 rock
more	 cheaply	 per	 cubic	 meter	 than	 any	 rival	 ever	 fielded.	 The
modern	coal	pit,	iron-ore	mine,	road	cut	and	tunnel	face	all	run	on
it,	 which	 means	 a	 measurable	 share	 of	 everything	 dug	 from	 the
Earth's	crust	-	the	ore	of	chapter	three's	successors,	the	aggregate
of	 every	 highway,	 the	 coal	 that	 still	 fires	 much	 of	 the	 grid	 -	 is
moved	 by	 the	 same	 nitrogen	 that	 feeds	 the	 wheat	 belt.	 The
symmetries	run	deeper	than	the	chemistry.	ANFO's	virtues	are	the
fertilizer's	virtues:	a	dense,	stable,	pourable	prill,	manufacturable
in	the	same	plants,	shippable	in	the	same	bags.	And	its	governance
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problem	 is	 the	 fertilizer's	 governance	problem:	 a	material	 that	 is
indispensable,	 ubiquitous,	 and	 one	 bad	 actor	 away	 from
catastrophe,	 from	 the	 bombing	 campaigns	 that	 made	 ammonium
nitrate	a	regulated	article	to	the	accidental	detonations	of	chapter
thirteen.	 The	 industry	 that	 feeds	 half	 the	 world	 also	 clears	 the
ground	 beneath	 it,	 with	 the	 same	 molecule,	 from	 the	 same
factories.	S23

The	refrigerant's	century

One	industrial	career	of	ammonia	deserves	a	longer	look,	because
it	 outlasted	 every	 synthetic	 rival:	 refrigeration.	 Ammonia	 was
among	 the	 first	 practical	 refrigerants,	 adopted	 in	 the	 nineteenth
century's	 ice	 plants	 and	 cold	 stores,	 and	 its	 virtues	 remain
unmatched	 for	 large	 installations	 -	 exceptional	 latent	 heat,	 zero
ozone-depletion	 potential,	 zero	 direct	 global-warming	 potential,
and	 a	 smell	 that	 announces	 its	 own	 leaks.	 The	 synthetic
refrigerants	 that	 displaced	 it	 from	kitchens	 and	 cars	 have	 cycled
through	 their	 own	 reckonings:	 the	 CFCs	 banned	 for	 the	 ozone
layer,	the	HCFCs	phased	out	on	the	same	account,	the	HFCs	now
being	 phased	 down	 for	 their	 warming	 power.	 Through	 each
transition	 the	 big	 cold	 stores,	 food-processing	 plants,	 breweries
and	 ice	 rinks	 quietly	 kept	 their	 ammonia,	 and	 the	phase-down	of
the	 synthetics	 is	 now	 bringing	 the	 old	 refrigerant	 new	 attention.
There	 is	 a	 pleasing	 symmetry	 in	 it:	 the	 molecule	 whose
manufacture	warms	the	planet	is	also,	circulated	in	a	closed	loop,
one	of	 the	most	climate-benign	ways	to	keep	food	cold	 -	and	cold
food,	 of	 course,	 is	 the	 other	 half	 of	 the	 food-security	 story	 this
book's	 fertilizer	half	begins.	The	 item's	careers	keep	 folding	back
on	its	themes:	energy,	food,	and	the	atmosphere	they	share.	S6,	S49

The	scrubber	in	the	exhaust

The	fastest-growing	industrial	use	of	urea	in	this	century	deserves
its	own	paragraph,	because	it	is	the	item	cleaning	up	after	another
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industry.	 Modern	 diesel	 engines,	 under	 emissions	 rules	 from
California	to	Delhi,	carry	selective	catalytic	reduction	systems	that
inject	 a	 precise	 mist	 of	 diesel	 exhaust	 fluid	 -	 a	 third	 urea,	 two-
thirds	pure	water	-	into	the	hot	exhaust,	where	the	urea's	nitrogen
reacts	 with	 the	 engine's	 smog-forming	 nitrogen	 oxides	 and
converts	them	back	to	harmless	atmospheric	N2	and	water.	Every
new	 truck,	bus,	 tractor	and	 locomotive	built	 to	current	 standards
consumes	 the	 fluid	 continuously,	 so	 the	 logistics	 of	 freight	 now
include	 a	 parallel	 supply	 chain	 of	 pumps,	 jugs	 and	 bulk	 tanks	 of
what	 is,	 chemically,	 fertilizer-grade	 thinking	 at	 reagent-grade
purity.	The	 loop	 is	worth	savoring:	nitrogen	 fixed	at	200	bar	 in	a
gas-fed	plant	 is	used	 to	destroy	nitrogen	pollution	made	at	2,000
degrees	in	a	combustion	chamber,	in	the	exhaust	of	the	truck	that
very	 likely	delivered	 the	bag.	The	 industry	counts	DEF	among	 its
steadiest	growth	markets	-	a	regulation-built	demand	that,	like	the
subsidy	bag,	shows	how	much	of	 this	 item's	map	 is	drawn	by	 the
state.	S30

The	feed	supplement
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One	minor	use	closes	a	loop	with	chapter	one.	Ruminants	-	cattle,
sheep,	 goats	 -	 carry	 rumen	microbes	 that	 can	 build	 protein	 from
simple	 nitrogen	 compounds,	 so	 feed-grade	 urea,	 mixed	 in	 strict
rations,	 substitutes	 for	 part	 of	 the	 protein	 in	 cattle	 feed;	 the
practice	is	old,	dose-sensitive	(too	much	ammonia	too	fast	is	toxic),
and	 regulated,	 but	 at	 scale	 it	 returns	 a	 sliver	 of	 the	 industry's
product	to	food	through	a	second	biological	path.	The	symmetry	is
the	 point	 worth	 keeping:	 the	 cow's	 rumen	 does	 roughly	 what
rhizobium	does	-	biology	upgrading	inorganic	nitrogen	into	protein
-	 and	 the	 converter	 feeds	 both.	 Between	 the	 field,	 the	 feed	 bunk
and	 the	 tailpipe,	 urea's	 career	 touches	 the	 food	 system	 at	 three
separate	trophic	levels,	which	is	why	a	single	bag's	price	shows	up
in	bread,	milk	and	freight	rates	alike.	S38

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Ten.

84



C H A P T E R 	 E L E V E N

The	Gas	Umbilical
PART 	 F IVE 	 · 	 THE 	COST

Every	 ammonia	 plant	 is	 a	 gas	 field	 wearing	 a	 factory	 costume.
Feedstock	 is	 the	 industry's	 raw	 material	 and	 its	 fate:	 roughly	 forty
percent	 of	 the	 energy	 a	 plant	 consumes	 is	 embedded	 in	 the	 product
itself,	and	the	cost	of	hydrogen	is	the	cost	of	ammonia.	This	chapter	is
about	what	that	dependence	means	-	in	prices,	in	geopolitics,	and	in	the
one	 country	 that	 decided	 the	 dependence	 could	 not	 be	 left	 to	 the
market.

One	price	drives	all	prices

The	 linkage	 is	mechanical.	 In	a	gas-based	plant,	methane	 is	both
the	 hydrogen	 source	 and	 most	 of	 the	 fuel;	 when	 the	 gas	 price
triples,	 the	 ammonia	 price	 follows	 with	 the	 fidelity	 of	 a	 shadow.
The	years	2020	to	2024	wrote	the	lesson	in	figures	nobody	in	the
industry	 will	 forget.	 Gulf	 Coast	 ammonia	 averaged	 213	 dollars	 a
short	 ton	 in	 2020.	 Then	 gas	 surged	 -	 first	 with	 post-pandemic
demand,	 then	 catastrophically	 with	 Russia's	 invasion	 of	 Ukraine
and	 the	 strangling	 of	 pipeline	 gas	 to	 Europe	 -	 and	 ammonia
followed:	 578	 dollars	 in	 2021,	 1,070	 dollars	 in	 2022.	 Fertilizer
became	 front-page	 news;	 farmers	 from	 Iowa	 to	 Punjab	 stared	 at
input	 bills	 that	 had	 doubled	 in	 a	 season.	 Then	 gas	 calmed,	 and
ammonia	 fell	 back	 through	 470	 dollars	 in	 2023	 to	 about	 440	 in
2024.	The	whole	drama	was	the	gas	price,	told	through	a	fertilizer.

Europe	 caught	 the	 worst	 of	 it,	 because	 Europe	 is	 the	 industry's
marginal	 producer:	 old	 plants,	 the	 IEA	 estimates	 an	 average	 age
around	 forty	 years,	 and	 gas	 bought	 at	 the	 world's	 most	 exposed
market.	 In	 the	summer	and	autumn	of	2022	the	closures	came	 in
waves.	 BASF,	 the	 company	 that	 started	 it	 all	 at	 Oppau,	 cut
ammonia	output	at	Ludwigshafen	and	Antwerp.	CF	Fertilisers	UK
halted	ammonia	at	Billingham.	Poland's	Grupa	Azoty	ran	its	Pulawy
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ammonia	plant	at	about	ten	percent	of	capacity	and	Anwil	stopped
entirely;	Borealis	wound	down	fertilizer	lines	in	Austria.	And	Yara	-
Europe's	 largest	 -	 announced	 in	 August	 2022	 that	 its	 European
ammonia	 capacity	would	 run	 at	 about	 35	 percent,	 an	 annualized
cut	 of	 3.1	 million	 tonnes	 of	 ammonia	 and	 four	 million	 tonnes	 of
finished	products.	A	European	Parliament	question	that	November
put	 the	 tally	 at	 half	 of	 Europe's	 ammonia	 capacity	 closed.	 The
industry	 of	 the	 continent	 that	 invented	 the	 process	 survived	 on
imports	 from	 the	 gas-rich:	 the	 United	 States,	 Trinidad,	 North
Africa,	the	Gulf.	When	prices	normalized,	some	capacity	returned	-
European	nitrogen	production	rebounded	about	twenty	percent	in
2024	 -	 but	 the	 structural	 fact	 did	 not	 change:	 Europe	 is	 where
world	fertilizer	economics	go	to	be	decided,	at	the	margin.	S6,	S7,	S34

The	geopolitics	of	a	food	input

Because	fertilizer	is	bread,	its	trade	never	behaves	like	an	ordinary
commodity.	 Russia,	 sanctioned	 across	 most	 of	 its	 economy,	 sold
urea	freely:	exports	up	sixteen	percent	through	the	third	quarter	of
2024,	with	 the	United	States	and	Brazil	 among	 the	buyers,	while
its	 ammonia	 exports	 remained	 crippled	 -	 down	 82	 percent	 from
2021	 levels,	 the	pipeline	 through	Ukraine	 shut.	China,	protecting
its	own	farmers,	throttled	urea	exports	ninety-four	percent	in	2024
to	 under	 300,000	 tonnes,	 and	 the	 world	 market	 tightened
accordingly.	 India	 runs	 tenders	 that	 move	 global	 prices	 in	 an
afternoon;	 Brazil	 imports	 almost	 everything.	 The	 IFA's	 2025
outlook	 reads	 like	 a	 list	 of	 pressure	 points:	 sanctions,	 tariffs,
protectionism,	shipping	risks	in	the	Red	Sea,	gas	shortages	in	Iran,
Egypt,	 Trinidad	 and	 Mexico.	 A	 food	 input,	 it	 turns	 out,	 travels
under	a	flag	of	truce	that	everyone	respects	until	they	don't.	S8,	S34

India:	the	state	in	the	bag

Nowhere	 is	 the	 dependence	managed	more	 visibly	 than	 in	 India,
and	 India's	 arrangement	 deserves	 attention	 because	 it	 is	 the
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world's	 largest	experiment	in	treating	fertilizer	as	a	public	utility.
India	is	the	second-largest	ammonia	producer	on	Earth	-	about	15
million	tonnes	of	nitrogen	content	in	2024	-	and	simultaneously	the
world's	 decisive	 urea	 importer,	 because	 its	 fields	 demand	 more
than	its	plants	make.	The	state's	answer	is	to	fix	the	price.	By	law,
a	fifty-kilo	bag	of	urea	sells	to	the	Indian	farmer	at	268	rupees	-	a
maximum	retail	price	statutorily	fixed,	with	a	dealer	margin	of	354
rupees	per	tonne	on	top	-	and	the	government	pays	producers	the
gap	between	that	price	and	the	actual	cost	of	making	or	importing
it.	 The	 subsidy	 is	 one	 of	 the	 largest	 single	 lines	 in	 the	 Indian
budget,	and	it	buys	a	political	quiet	that	no	Indian	government	has
been	willing	to	surrender.

The	 policy	 literature	 is	 its	 own	 industry:	 the	New	Urea	 Policy	 of
2015	 to	 push	 energy	 efficiency	 in	 domestic	 plants;	 neem-coated
urea,	a	government	scheme	coating	every	subsidized	granule	with
neem	oil	to	slow	soil	release	and	-	as	important	-	to	stop	subsidized
industrial-grade	 urea	 leaking	 into	 plywood	 glue	 and	 adulterated
milk;	 soil	 health	 cards	 to	 nudge	 application	 toward	 need.	 The
results	are	mixed	 in	a	way	any	honest	account	must	hold	 in	both
hands.	Cheap	urea	underwrote	India's	food	security	and	its	Green
Revolution	 inheritance.	 It	also	skewed	Indian	nutrient	use	heavily
toward	 nitrogen	 over	 phosphorus	 and	 potash,	 encouraged	 over-
application	on	tired	soils,	and	chained	the	exchequer	to	the	world
gas	price	 -	when	2022's	prices	spiked,	 it	was	 the	 Indian	 taxpayer
who	 absorbed	 what	 the	 Indian	 farmer	 never	 saw.	 CF	 Industries'
2024	 commentary	 reads	 India	 the	 way	 the	 whole	 industry	 does:
low	inventories,	big	tenders,	demand	that	cannot	be	ignored.	India
is	where	the	gas	umbilical	becomes	a	constitutional	question:	who
may	charge	the	people	for	the	sky?	S43

The	2022	shock,	in	detail

The	 shock	 deserves	 a	 closer	 autopsy	 because	 it	 is	 the	 clearest
modern	 demonstration	 of	 the	 gas	 umbilical.	 When	 Russia's
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invasion	 of	 Ukraine	 severed	 Europe's	 pipeline	 assumptions	 in
2022,	 European	 gas	 prices	 rose	 an	 order	 of	 magnitude	 above
American	 levels,	 and	 the	 arithmetic	 of	 chapter	 six	 did	 what
arithmetic	does:	at	those	gas	prices,	European	ammonia	could	not
cover	 its	 feedstock	 cost.	 The	 industry's	 response	 was	 swift	 and
revealing.	Yara	cut	its	European	ammonia	output	toward	thirty-five
percent	 of	 capacity,	 idling	 some	 3.1	million	 tonnes	 of	 annualized
ammonia	 and	 four	 million	 tonnes	 of	 finished	 product;	 BASF
curtailed	 Ludwigshafen	 and	 Antwerp;	 CF	 Fertilisers	 UK	 halted
ammonia	at	Billingham,	briefly	imperiling	Britain's	carbon	dioxide
supply	 for	 food	 packaging	 -	 a	 side-channel	 nobody	 had	 noticed
until	 it	nearly	closed;	Poland's	Grupa	Azoty	and	Anwil	followed.	A
parliamentary	 question	 that	 November	 claimed	 half	 of	 Europe's
ammonia	production	stood	closed.	And	then	the	second	lesson:	the
world	 rerouted.	 American	 gas	 stayed	 cheap,	 so	 American	 and
Middle	 Eastern	 ammonia	 sailed	 to	 Europe;	 Europe's	 nitrogen
production	 rebounded	 twenty	percent	by	2024	as	gas	 eased;	 and
the	crisis's	true	legacy	proved	to	be	strategic,	not	statistical	-	every
government	 now	 files	 fertilizer	 under	 energy	 security,	 because
2022	showed	they	are	the	same	file.	S7,	S34,	S35

China's	valve

The	other	great	control	on	world	nitrogen	markets	sits	 in	Beijing,
and	it	is	exercised	through	exports	rather	than	wells.	China	holds
about	thirty	percent	of	world	ammonia	production	-	much	of	it	coal-
based	-	and	consumes	nearly	all	of	it	at	home,	but	its	urea	export
decisions	 move	 global	 prices	 like	 a	 tap.	 When	 domestic	 food
security	anxiety	rises,	the	tap	closes:	in	2024	Chinese	urea	exports
fell	 below	 three	 hundred	 thousand	 tonnes,	 down	 ninety-four
percent	 year	 on	 year,	 and	 importing	 regions	 from	 South	 Asia	 to
South	 America	 felt	 the	 tightening.	 The	 mechanism	 is
administrative	-	 inspection	regimes	and	export	quotas	rather	than
formal	bans	-	which	makes	it	deniable,	revocable,	and	fast.	For	the
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global	market,	the	effect	is	a	structural	uncertainty	layered	on	the
gas	price:	even	a	well-supplied	world	can	tighten	within	a	season	if
the	 largest	 producer	 decides	 its	 farmers	 come	 first.	 Every
importing	government's	 fertilizer	policy	 is	written	with	 that	valve
in	mind.	S8,	S10

The	cost	of	the	bag

India's	 ₹268	 bag	 deserves	 the	 arithmetic	 it	 usually	 escapes.	 The
gap	 between	 that	 statutory	 price	 and	 the	 true	 cost	 of	 a	 tonne	 of
urea	-	set	by	imported	gas	and	world	prices	-	is	paid	by	the	Union
budget	as	a	subsidy	that	in	shock	years	has	run	past	1.5	lakh	crore
rupees,	among	the	largest	single	subsidy	lines	of	the	Indian	state.
The	 distortions	 are	 exactly	 the	 ones	 price	 theory	 predicts:	 urea,
artificially	 cheap	 against	 phosphate	 and	 potash,	 is	 over-applied;
soil	 chemistry	 tilts	 nitrogen-heavy;	 efficiency,	 already	 low,	 falls
further;	 and	 a	 black	 market	 in	 diverted,	 subsidized	 bags	 -
smuggled	 to	 Bangladesh,	 resold	 to	 industry	 -	 thrives	 at	 every
porous	border,	which	 is	why	 the	government	coats	every	granule
with	neem	oil	and	tracks	bags	by	the	hundred	million.	The	political
economy	 is	 the	 hard	 part:	 two	 hundred	 million	 farm	 households
experience	the	subsidy	as	a	birthright,	every	reform	attempt	since
the	1990s	has	collided	with	that	fact,	and	the	current	instruments	-
nano-urea,	direct	benefit	transfer	pilots,	soil	health	cards	-	are	all
attempts	 to	shrink	 the	bill	without	ever	sending	the	voter	a	price
signal.	 India	 is	 the	 extreme	 case	 of	 a	 universal	 pattern:	 once	 a
state	 makes	 nitrogen	 cheap	 for	 food-security	 reasons,	 the
cheapness	 becomes	 structural,	 and	 the	 budget,	 the	 soil	 and	 the
climate	pay	the	difference.	S7,	S43

The	American	shield

If	India	shows	the	state	inside	the	bag,	the	United	States	shows	the
geology	 inside	 it.	The	shale	 revolution	handed	American	nitrogen
producers	 the	 developed	 world's	 cheapest	methane	 -	 Henry	 Hub
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averaged	 about	 2.10	 dollars	 per	 million	 BTU	 in	 2024	 -	 and	 the
industry	 rebuilt	 itself	 around	 that	 fact:	 eighteen	 companies
running	 thirty-seven	 plants	 across	 seventeen	 states,	 with	 some
fifty-five	percent	of	capacity	concentrated	 in	Louisiana,	Oklahoma
and	 Texas,	 operating	 near	 eighty	 percent	 of	 rated	 capacity.	 The
consequences	cascade	through	the	whole	book.	American	ammonia
at	440	dollars	a	short	ton	sets	the	Atlantic	price;	American	exports
sailed	 to	 Europe	 when	 European	 plants	 idled	 in	 2022;	 American
producers'	margins	 -	CF	 Industries	 ran	a	2.40-dollar	 average	gas
cost	 in	2024	 -	became	 the	 industry's	windfall	geography;	and	 the
corn	 belt's	 37	 million	 hectares	 of	 maize	 sit	 downstream	 of	 the
cheapest	secure	nitrogen	supply	on	Earth,	which	is	one	structural
reason	 American	 agriculture	 exports	 grain	 and	 everyone	 else
studies	 its	 cost	 curve.	 The	 shield	 has	 a	 shadow,	 noted	 for	 the
record:	 about	 eighty-eight	 percent	 of	 US	 ammonia	 goes	 to
fertilizer,	and	the	fertilizer	goes	overwhelmingly	to	feed	grains,	so
the	same	gas-to-nitrogen-to-corn	chain	that	shields	American	food
prices	 also	 concentrates	 the	 system's	 climate	 ledger	 -	 production
emissions	 and	 field	 emissions	 both	 -	 inside	 one	 continental
economy.	 Geography,	 as	 always	 in	 this	 book,	 is	 destiny	 with	 a
pipeline.	S7,	S10

Trinidad	and	the	export	machine

The	 purest	 expression	 of	 the	 gas-to-nitrogen	 model	 is	 a	 small
island:	 Trinidad	 and	 Tobago,	 whose	 Point	 Lisas	 industrial	 estate
converts	 offshore	 gas	 into	 about	 3.2	million	 tonnes	 of	 nitrogen	 a
year,	 nearly	 all	 of	 it	 for	 export	 -	 one	 of	 the	 world's	 top	 ten
producers	from	a	nation	of	a	million	and	a	half	people.	Point	Lisas
is	the	 industry's	 logic	distilled:	gas	that	could	not	reach	a	market
as	gas	reaches	the	world	as	ammonia	and	methanol	instead,	loaded
onto	 ships	 at	 a	 dedicated	 terminal,	 priced	 off	 the	 US	 Gulf.	 The
model	 replicates	 wherever	 stranded	 gas	 meets	 deep	 water	 -
Qatar's	QAFCO,	Saudi	Arabia's	 Jubail,	Egypt's	Delta	plants,	 Iran's
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Asaluyeh	 -	 and	 it	 creates	 the	 industry's	 characteristic	 diplomacy:
long-term	 offtake	 agreements,	 joint	 ventures	 with	 Japanese	 and
Korean	 trading	houses,	and	a	quiet	competition	among	 importing
nations	 to	 lock	 in	 the	 island's	 output.	 It	 also	 concentrates	 risk	 in
the	same	pattern:	when	Trinidad's	gas	fields	underdeliver,	as	they
have	 in	 recent	 years,	 the	 plants	 curtail	 and	 the	 Atlantic	 market
tightens;	when	Hormuz	is	threatened,	the	urea	price	moves	before
the	oil	price	finishes	its	sentence.	The	export	machine	is	efficient,
profitable	and	structurally	fragile	-	a	description	that	fits	the	whole
industry,	which	is	the	point.	S7,	S53

The	cartel	that	isn't
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Nitrogen	 is	 conspicuously	 not	OPEC,	 and	 the	 difference	matters.
Potash	had	its	cartels	and	its	duopolies;	phosphate	has	Morocco's
commanding	reserve	position;	nitrogen,	alone	among	the	big	farm
inputs,	 is	 made	 almost	 anywhere	 energy	 is	 cheap,	 by	 dozens	 of
rivals	on	every	continent	-	eighteen	companies	in	the	United	States
alone	 -	 with	 no	 producer	 large	 enough	 to	 set	 the	 price.	 The
market's	discipline	is	real:	when	ammonia	spiked	past	a	thousand
dollars	 in	 2022,	 the	 response	 was	 not	 quota	 management	 but	 a
frenzy	 of	 restarts,	 imports	 and	 capacity	 announcements,	 and	 the
price	 fell	 back	 within	 two	 years.	 What	 substitutes	 for	 cartel
discipline	 is	 the	 cost	 curve	 itself:	 the	 highest-cost	 producers	 -
Europe's	gas-hungry	plants	 -	 idle	 in	unison	when	gas	 spikes,	 and
the	 industry's	 effective	 supply	 contracts	 as	 if	 coordinated,
producing	windfall	margins	for	everyone	still	running.	The	politics
of	2022	 followed	exactly	 that	shape:	producers	 like	CF	Industries
reported	 record	 results	 (net	 earnings	 of	 1.22	 billion	 dollars	 in
2024,	on	the	far	side	of	the	spike)	while	farmers'	organizations	and
governments	 on	 three	 continents	 accused	 the	 industry	 of
profiteering,	and	the	industry	answered,	truthfully,	that	no	one	had
colluded	 -	 the	gas	did	 it.	A	competitive	 industry	can	 still	 transfer
enormous	 rents	 when	 the	 world	 shortens,	 which	 is	 why	 every
importing	 country's	 fertilizer	 file	 ends	 up	 in	 the	 same	 place:	 not
antitrust,	but	security	of	supply.	S8,	S16

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Eleven.
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C H A P T E R 	 T W E L V E

The	Other	Half
PART 	 F IVE 	 · 	 THE 	COST

Of	all	the	nitrogen	the	industry	fixes,	roughly	half	never	enters	a	crop.
That	other	half	-	volatilized,	leached,	denitrified,	washed	to	sea	-	is	the
environmental	 ledger	 of	 synthetic	 fertilizer,	 and	 it	 is	 large	 enough	 to
show	 up	 in	 the	 planet's	 own	 bookkeeping.	 This	 chapter	 is	 the
accounting,	 and	 it	 is	 written	 without	 flinching,	 because	 a	 research
series	that	skips	the	cost	is	marketing.

Engraved	plate	of	a	river	delta	with	algal	bloom	patterns	offshore

Plate	VII	·	The	other	half	arriving	at	the	sea:	nutrient-rich	river	water	blooming	offshore.
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Where	the	nitrogen	goes

Nitrogen	use	efficiency	-	the	share	of	applied	nitrogen	that	ends	up
in	the	harvested	crop	-	averages	about	fifty	percent	worldwide,	and
the	 global	 average	 has	 been	 getting	 worse,	 not	 better:	 a	 2021
review	of	global	datasets	found	efficiency	had	declined	22	percent
since	1961,	 even	as	 leading	producers	 improved.	The	 losses	 take
three	 main	 paths.	 Volatilization	 sends	 ammonia	 gas	 back	 to	 the
atmosphere	from	urea	and	manures.	Leaching	washes	nitrate	-	the
form	soil	cannot	hold	-	down	through	the	profile	into	groundwater
and	 streams.	 Denitrification	 lets	 soil	 bacteria	 finish	 the	 job,
returning	 nitrogen	 to	 the	 air	 as	N2,	with	 a	 small	 but	 climatically
crucial	 fraction	 as	 nitrous	 oxide,	 N2O:	 a	 greenhouse	 gas	 about
three	 hundred	 times	 more	 potent	 than	 carbon	 dioxide	 per
molecule,	and	now	the	most	significant	ozone-depleting	emission	of
the	 twenty-first	 century.	 Agronomists'	 rule,	 that	 farmers
understandably	 insure	 against	 too	 little	 rather	 than	 too	 much,
hardens	the	pattern:	at	the	margin,	the	last	kilogram	applied	is	the
most	likely	to	leak.	S21,	S22

The	carbon	ledger

The	climate	bill	comes	 in	 two	parts,	and	both	are	now	measured.
The	 production	 part	 is	 the	 factory:	 the	 IEA	 counts	 about	 450
million	tonnes	of	direct	CO2	 from	ammonia	plants	each	year,	plus
roughly	170	million	 tonnes	 indirect,	 including	the	CO2	chemically
released	when	urea	hydrolyzes	in	soil	-	every	tonne	of	urea	carries
within	it	the	carbon	dioxide	it	was	condensed	from.	The	use	part	is
the	field:	soil	N2O,	which	the	IEA	estimates	at	upwards	of	seventy
percent	 of	 the	 full	 life-cycle	 emissions	 of	 nitrogen	 fertilizer.	 The
most	complete	single	accounting,	a	2022	Scientific	Reports	 study
by	 Menacho	 and	 colleagues,	 put	 the	 whole	 synthetic	 nitrogen
supply	chain	-	manufacture,	transport,	field	-	at	1.13	gigatonnes	of
CO2-equivalent	 in	 2018:	 2.1	 percent	 of	 all	 human	 greenhouse
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emissions,	10.6	percent	of	agriculture's	total,	with	field	emissions
contributing	 58.6	 percent,	 production	 38.8,	 transport	 2.6.	 Four
economies	 -	 China,	 India,	 the	 United	 States	 and	 the	 European
Union	 -	 accounted	 for	 62	percent	 of	 it.	 Set	 beside	 chapter	 nine's
arithmetic,	 the	 ledger	 is	 uncomfortably	 symmetric:	 the	 same
industry	 feeds	half	 of	humanity	and	emits	a	 fiftieth	of	humanity's
greenhouse	gases.	S6,	S20

The	water	ledger

The	 best-documented	 casualty	 is	 the	 Gulf	 of	 Mexico.	 The
Mississippi-Atchafalaya	 basin	 drains	 forty	 percent	 of	 the
continental	United	States,	including	the	corn	belt's	fertilized	fields,
and	 every	 spring	 its	 nitrate	 pulse	 feeds	 an	 algal	 bloom	 offshore;
the	 bloom	 dies,	 sinks,	 rots,	 and	 the	 decomposition	 strips	 oxygen
from	the	bottom	water	until	fish	and	anything	that	can	swim	leave
and	anything	that	cannot	dies.	The	hypoxic	zone	-	the	dead	zone	-
has	been	measured	annually	since	1985	and	runs	to	thousands	of
square	miles	 in	 a	 typical	 summer.	High-resolution	 studies	 tie	 the
nitrate	to	specific	landscape	sources:	satellite	work	on	eight	years
of	 Midwestern	 fields	 found	 the	 losses	 concentrated	 in	 particular
low-yield	 zones,	 and	 isotope	 analysis	 of	 2024	 confirmed
preferential	 transport	of	 fertilizer	nitrogen	 into	 the	northern	Gulf
during	 high	 discharge.	 The	Gulf	 is	 the	 poster,	 not	 the	 exception:
the	 same	 chemistry	 drives	 eutrophication	 from	 the	 Baltic	 to	 the
Bohai	 Sea,	 nitrate	 contamination	 of	 drinking-water	 aquifers,	 and
ammonia-driven	 particulate	 smog.	 The	 planetary-boundaries
framework,	which	 tries	 to	 draw	Earth's	 operating	 limits,	 sets	 the
safe	boundary	for	intentionally	fixed	nitrogen	at	62	million	tonnes
a	 year.	 The	 2023	 assessment	 counts	 current	 industrial	 nitrogen
fertilizer	application	at	112	million	tonnes	-	plus	another	30	to	70
million	from	cultivated	biological	fixation	-	for	a	total	of	190:	three
times	the	boundary,	and	the	most	overshot	boundary	of	the	nine.

The	 honest	 summary	 has	 three	 clauses.	 The	 losses	 are	 real,
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measured,	 and	 large.	 They	 are	 also	 not	 an	 argument	 against	 the
industry's	 existence	 -	 the	 counterfactual	 of	 feeding	 eight	 billion
people	 without	 synthetic	 nitrogen	 would	 require	 plowing	 under
much	 of	 the	 world's	 remaining	 forest	 and	 grassland,	 an
environmental	cost	dwarfs	the	ledger	above.	They	are,	instead,	the
design	 brief:	 hold	 the	 yield,	 halve	 the	 loss.	 The	 Colombo
Declaration	 of	 2019,	 championed	 by	 Sri	 Lanka	 and	 the	 UN
Environment	 Programme,	 set	 exactly	 that	 target	 -	 halve	 nitrogen
waste	 by	 2030	 -	 and	 the	 technologies	 that	 might	 get	 the	 world
there	fill	the	last	two	chapters	of	this	book.	S22,	S46

Nitrous	oxide:	the	small	leak	with	the	long	shadow

Of	 the	 three	 loss	pathways,	denitrification	 is	 the	 least	visible	and
the	 most	 consequential	 per	 molecule.	 Soil	 bacteria,	 working
waterlogged	or	compacted	ground	where	oxygen	runs	short,	strip
nitrate	back	toward	N2,	and	a	small	fraction	-	typically	a	percent	or
two	 of	 applied	 nitrogen	 -	 escapes	 as	 nitrous	 oxide.	 A	 percent
sounds	 trivial	 until	 the	 potency	 is	 priced	 in:	 N2O	 warms	 about
three	 hundred	 times	 more	 strongly	 than	 carbon	 dioxide	 over	 a
century,	 persists	 in	 the	 stratosphere,	 and	 there	 does	 the	 ozone
layer's	chemistry	no	favors.	It	is	now	the	dominant	ozone-depleting
emission	of	the	century,	a	distinction	it	inherited	from	the	banned
CFCs,	and	agriculture	 is	 its	 largest	human	source.	The	 IEA's	 life-
cycle	 accounting	 for	 fertilizer	 puts	 these	 field	 emissions	 at
upwards	 of	 seventy	 percent	 of	 the	 product's	 total	 climate	 cost	 -
which	 is	 why	 the	 industry's	 decarbonization	 debate,	 chapter
fourteen,	 cannot	 stop	 at	 the	 factory	 gate.	 A	 perfectly	 green
ammonia	plant	still	sells	a	product	whose	use	emits	N2O.	The	only
fix	 at	 the	 field	 end	 is	 efficiency:	 less	 surplus	 nitrogen	 in	 the	 soil
means	 less	 for	 the	 bacteria	 to	 denitrify,	 which	 returns	 the
argument,	 as	 every	 argument	 in	 this	part	 of	 the	book	 returns,	 to
the	other	half.	S20,	S22
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The	policy	response

Governments	 have	 not	 ignored	 the	 ledger;	 they	 have	 circled	 it
warily,	because	the	pollutant	is	also	the	food	supply.	The	European
Union's	 Nitrates	 Directive,	 in	 force	 since	 1991,	 designates
vulnerable	 zones	 and	 caps	 manure	 and	 fertilizer	 timing	 -	 a
framework	that	has	measurably	 improved	European	water	quality
while	touching	off	farmer	protests	whenever	enforcement	tightens,
most	 explosively	 in	 the	 Netherlands,	 where	 buyout	 schemes	 for
high-emission	farms	brought	tractors	to	the	capital	and	a	farmers'
party	to	the	Senate.	The	Colombo	Declaration	of	2019,	championed
by	Sri	Lanka	and	adopted	under	the	UN	Environment	Programme,
set	the	global	ambition:	halve	nitrogen	waste	by	2030.	The	science-
policy	 machinery	 is	 catching	 up	 too	 -	 international	 nitrogen-flow
assessments	now	give	the	cycle	the	kind	of	planetary	bookkeeping
that	 carbon	 has	 had	 for	 decades,	 and	 the	 planetary-boundaries
work	 quantifies	 the	 verdict:	 intentional	 nitrogen	 fixation	 at	 190
million	tonnes	a	year	against	a	proposed	safe	boundary	of	62.	The
political	difficulty	 is	symmetrical	with	 the	chemistry.	The	benefits
of	 fertilizer	 are	 immediate,	 private,	 and	 life-sustaining;	 the	 costs
are	delayed,	diffuse,	and	borne	by	rivers	and	skies	that	do	not	vote.
Every	 successful	 policy	 so	 far	 -	 4R	 stewardship,	 neem	 coating,
nutrient	 trading	 -	 works	 by	 making	 the	 efficient	 choice	 the
profitable	 one,	 because	 no	 government	 on	 Earth	 will	 choose
hunger	as	an	environmental	strategy.	S21,	S22

The	Baltic,	the	Bohai,	and	the	pattern

The	Gulf	of	Mexico	is	the	measured	case;	the	pattern	is	planetary.
The	Baltic	Sea,	ringed	by	intensive	agriculture	and	flushed	slowly
through	narrow	Danish	straits,	has	hosted	some	of	the	largest	dead
zones	 ever	 recorded,	 with	 bottom-water	 anoxia	 expanding	 and
contracting	with	the	nutrient	loads	of	its	nine	bordering	states.	The
Bohai	Sea	and	the	Yangtze	mouth	carry	China's	version:	decades	of
the	 world's	 heaviest	 fertilizer	 use	 loading	 coastal	 waters	 until
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harmful	 algal	 blooms	 and	 hypoxia	 became	 routine	 management
problems.	 Inland,	 the	 same	 chemistry	 works	 quietly	 in
groundwater:	 nitrate,	 mobile	 and	 persistent,	 accumulates	 in
aquifers	beneath	intensively	farmed	regions	from	the	Punjab	to	the
Po	 Valley	 to	 California's	 Central	 Valley,	 where	 drinking-water
standards	 force	 treatment	 or	 abandonment	 of	 wells.	 And	 the
ammonia	that	volatilizes	from	fields	and	feedlots	does	not	vanish	-
it	 reacts	 downwind	with	 industrial	 and	 vehicle	 emissions	 to	 form
fine	 particulate	 matter,	 the	 air	 pollutant	 with	 the	 largest	 global
health	toll.	The	other	half,	in	other	words,	is	not	one	problem	but	a
family:	 climate,	 ozone,	 water,	 air	 and	 soil,	 each	 with	 its	 own
chemistry,	 geography	 and	 politics,	 all	 downstream	 of	 the	 same
decision	to	apply	more	nitrogen	than	the	crop	can	hold.	S21,	S46

Dead	zone	summer

The	 Gulf	 of	 Mexico's	 hypoxic	 zone	 has	 been	 measured	 every
summer	since	1985,	and	the	measurement	program	itself	is	part	of
the	 story:	 an	 annual	 research	 cruise	 mapping	 the	 bottom-water
oxygen	 from	 the	 Mississippi's	 mouth	 westward	 along	 the
Louisiana-Texas	 shelf,	 producing	 one	 of	 environmental	 science's
longest	 consistent	 time	 series.	 The	 mechanics	 repeat	 each	 year
with	the	seasons.	Spring	rains	and	snowmelt	 flush	the	corn	belt's
nitrate	down	 the	Mississippi-Atchafalaya	system	 -	 the	drainage	of
forty	 percent	 of	 the	 continental	United	States;	 the	nutrient	 pulse
hits	 the	 stratified	 summer	 Gulf;	 phytoplankton	 bloom	 on	 it;	 the
bloom	 dies,	 sinks	 and	 decomposes;	 and	 the	 decomposition
consumes	the	bottom	water's	oxygen	faster	than	the	stratification
can	 replace	 it.	 What	 remains	 is	 water	 that	 cannot	 support	 most
marine	life	-	hence	the	migration	of	shrimp	and	fish,	and	the	stress
on	 the	 Gulf's	 fisheries,	 whose	 landings	 underpin	 a	 regional
economy.	 The	 zone's	 size	 varies	with	 the	 year's	 flow	 and	 storms,
running	 in	 typical	 years	 to	 thousands	 of	 square	 miles;	 the	 long-
term	average	has	not	shrunk	despite	decades	of	stated	goals	and	a
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federal-state	hypoxia	task	force,	because	the	driver	-	fertilizer	and
manure	nitrogen	across	the	basin's	farm	states	-	is	governed	by	the
same	economics	of	 insurance-over-application	that	chapter	 fifteen
must	 now	 undo.	 Isotope	 work	 in	 2024	 confirmed	 what	 the
circumstantial	evidence	long	showed:	the	nitrogen	in	the	northern
Gulf's	summer	pulse	 is	preferentially	 fertilizer	nitrogen,	delivered
by	high	discharge.	The	dead	zone	is	not	an	accident	of	the	system.
It	is	the	system,	measured.	S46

The	atmosphere's	bookkeeping
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The	 third	 ledger	 is	 the	 sky	 itself,	 and	 it	balances	differently	 than
the	 others.	 Volatilized	 ammonia	 is	 short-lived	 aloft	 but
consequential:	 downwind	 of	 fields	 and	 feedlots	 it	 reacts	with	 the
acidic	 products	 of	 combustion	 -	 sulfuric	 and	 nitric	 acids,
themselves	the	legacy	of	coal	and	the	engine	-	to	form	ammonium
sulfate	 and	 ammonium	 nitrate	 aerosols,	 a	measurable	 fraction	 of
the	 fine	 particulate	 haze	 that	 public	 health	 ranks	 among	 the
largest	 environmental	 killers	 on	 Earth.	 The	 same	 ammonia,
deposited	back	to	land	and	water	as	rain	and	dry	fallout,	fertilizes
ecosystems	nobody	intended	to	fertilize:	grasslands	lose	their	slow
species	 to	 fast	 nitrophilous	 ones,	 heathlands	 convert,	 forest	 floor
chemistry	shifts,	and	the	biodiversity	ledger	of	entire	regions	tilts	-
one	 of	 the	 pathways	 by	 which	 the	 nitrogen	 boundary	 of	 the
planetary-boundaries	framework	is	breached	in	practice,	not	just	in
accounting.	There	is	even	a	closing	irony	for	the	industry's	climate
ledger:	a	fraction	of	the	nitrogen	deposited	on	forests	and	oceans
stimulates	 growth	 that	 draws	 down	 carbon,	 a	 small	 inadvertent
offset	 against	 the	 1.13	 gigatonnes	 -	 small	 enough	 that	 no	 honest
accounting	 leans	 on	 it,	 real	 enough	 that	 the	 atmosphere's
bookkeeping	 has	 no	 clean	 columns.	 The	 other	 half	 does	 not
disappear.	 It	 relocates	 -	 into	 the	 sky,	 the	 haze,	 the	 rain,	 and	 the
slow	chemistry	of	places	far	from	any	field.	S20,	S21

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Twelve.
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C H A P T E R 	 T H I R T E E N

When	Fertilizer	Becomes	a	Bomb
PART 	 F IVE 	 · 	 THE 	COST

Three	times	in	a	century,	the	industry's	own	product	has	destroyed	the
places	that	made	or	stored	it.	Oppau,	Texas	City,	Beirut:	the	dates	span
ninety-nine	 years,	 and	 the	 chemistry	 is	 the	 same.	No	 honest	 book	 on
this	 item	 can	 skip	 them,	 and	 the	 industry	 itself	 does	 not	 try	 to	 -	 the
disasters	built	its	safety	code.

Plate	VIII	·	Silo	Op	110,	Oppau,	September	1921:	more	than	five	hundred	dead	in	the	industry's
founding	catastrophe.
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Oppau,	1921

At	7:32	on	the	morning	of	21	September	1921,	workers	at	BASF's
Oppau	plant	were	preparing	a	 routine	operation:	blasting	 loose	a
tower	 silo	 of	 caked	 fertilizer.	 The	 material	 in	 silo	 Op	 110	 was
ammonium	sulfate	nitrate,	a	50:50	double	salt,	about	4,500	tonnes
of	 it,	 which	 tended	 to	 set	 like	 rock	 in	 storage;	 the	 company	 had
loosened	 such	 stockpiles	 with	 small	 charges	 more	 than	 twenty
thousand	 times	 without	 incident,	 and	 tests	 had	 seemed	 to	 prove
the	procedure	safe.	That	morning	 it	was	not.	The	explosion	 left	a
crater	96	meters	wide,	165	 long	and	18.5	deep,	killed	more	 than
500	 people,	 injured	 around	 2,000,	 and	 broke	 windows	 80
kilometers	 away;	 seismographs	 in	 Munich,	 300	 kilometers	 off,
registered	 the	 ground's	 shudder.	 BASF's	 own	 centenary	 history
does	 not	 look	 away:	 it	 publishes	 the	 company	 newspaper's
eyewitness	account	-	two	blasts,	a	ball	of	fire,	then	darkness	-	and
the	finding	that	the	mixture's	behavior	had	changed	after	a	process
modification	 earlier	 that	 year,	 when	 spray-drying	 replaced	 screw
crystallization	and	subtly	altered	the	salt.	The	 lesson	the	 industry
drew,	 at	 terrible	 tuition:	 ammonium	 nitrate	 content,	 particle
structure	 and	 contamination	 decide	 whether	 a	 fertilizer	 is	 a
nutrient	 or	 an	 explosive,	 and	 the	margin	 between	 them	must	 be
engineered,	certified	and	policed	-	never	assumed	from	yesterday's
luck.	S24

Texas	City,	1947

On	 the	 morning	 of	 16	 April	 1947,	 the	 French	 Liberty	 ship
Grandcamp	 lay	at	a	pier	 in	Texas	City,	Texas,	 loading	ammonium
nitrate	 fertilizer	 -	 made	 in	 Nebraska	 and	 Iowa,	 bound	 for	 the
shattered	 farms	 of	 postwar	 Europe.	 A	 fire,	 probably	 a	 cigarette,
started	 in	 the	 hold	 among	 the	 paper-bagged	 cargo;	 the	 crew
battened	the	hatches	to	smother	it,	and	the	heat	did	the	chemistry
instead.	 Just	 after	 nine	 the	 cargo	 -	 about	 2,300	 short	 tons	 -
detonated.	The	blast	leveled	the	dockside,	set	refineries	afire,	and
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the	 burning	 ship's	 neighbor,	 the	 High	 Flyer,	 with	 its	 own
ammonium	nitrate	aboard,	detonated	sixteen	hours	 later.	At	 least
581	people	 died,	 including	 all	 but	 one	member	 of	 the	Texas	City
volunteer	 fire	 department.	 It	 remains	 the	 deadliest	 industrial
accident	 in	 American	 history.	 The	 regulatory	 response	 -	 rules	 on
ammonium	 nitrate's	 packaging,	 storage,	 transport	 and
contamination	-	is	the	direct	ancestor	of	the	codes	under	which	the
industry	stores	its	product	today.	S25

Beirut,	2020

On	4	August	2020,	in	Hangar	12	of	the	Port	of	Beirut,	about	2,750
tonnes	of	ammonium	nitrate	-	impounded	from	a	Moldovan-flagged
cargo	ship	in	2013	and	left	in	poor	storage	for	seven	years	-	caught
fire	 from	 an	 adjacent	 warehouse	 and	 detonated.	 The	 review
literature	 records	 the	 toll:	 220	 dead,	 more	 than	 6,500	 injured,
300,000	 homeless,	 a	 140-meter	 crater,	 a	 magnitude-3.3	 seismic
signal,	 the	 blast	 heard	 in	 Cyprus	 125	miles	 away,	 nine	 hospitals
damaged.	 Beirut	 was	 not	 a	 process	 accident	 but	 a	 governance
accident:	 the	 chemistry	 of	 confinement	 and	 time,	 known	 since
Oppau,	 ignored	 at	 a	 port	 run	 by	 overlapping	 authorities.	 Since
1916	the	review	counts	more	than	thirty	major	ammonium	nitrate
events	 worldwide,	 and	 the	 pattern	 of	 the	 last	 decade	 -	 Toulouse
2001,	 West,	 Texas	 2013,	 Tianjin	 2015,	 Beirut	 2020	 -	 is	 why	 the
industry's	 safety	 organizations	 treat	 AN	 stewardship	 as	 a	 living
discipline	rather	than	settled	law.	The	fertilizer	that	feeds	half	the
world	 demands,	 forever,	 the	 one	 thing	 it	 could	 not	 get	 in	 a
Lebanese	warehouse:	respect	for	what	it	is.	S23

The	chemistry	of	the	catastrophe

Ammonium	 nitrate's	 danger	 is	 written	 in	 its	 formula:	 NH4NO3
carries	 both	 fuel	 and	 oxidizer	 in	 one	 crystal,	 the	 ammonium	 ion
eager	 to	 be	 oxidized,	 the	 nitrate	 eager	 to	 do	 the	 oxidizing.	 Left
pure,	cool	and	dry,	it	is	stable	enough	to	be	one	of	the	world's	most
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traded	 fertilizers	 -	 that	 stability	 is	 the	 trap.	Heat	 it	 past	 roughly
190	to	210	degrees	and	 it	begins	 to	decompose;	confine	 it	so	 the
decomposition	 heat	 cannot	 escape,	 and	 the	 reaction	 accelerates
into	 thermal	 runaway;	 contaminate	 it	 with	 chlorides,	 oils	 or
organic	matter,	and	the	thresholds	 fall.	Mass	matters	as	much	as
chemistry:	 a	 small	 pile	 vents	 its	 heat	 and	 smolders,	 a	 thousand-
tonne	stack	insulates	itself	and	detonates.	Oppau's	lesson	was	that
even	 a	 mixed	 salt,	 proven	 safe	 in	 twenty	 thousand	 prior	 blasts,
could	 turn	 when	 a	 process	 change	 altered	 its	 crystal	 structure.
Texas	 City's	 lesson	 was	 that	 fire	 plus	 confinement	 -	 hatches
battened	 to	 smother	 a	 hold	 fire	 -	 converts	 a	 cargo	 into	 a	 bomb.
Beirut's	lesson	was	that	time	is	a	contaminant	too:	seven	years	of
poor	storage	 in	a	hot	hangar	degraded	2,750	tonnes	 into	a	single
awaiting	event.	Each	generation	of	investigators	rewrote	the	same
conclusion	in	stricter	ink.	S23,	S24

The	safety	code	built	from	ruins

The	 modern	 regime	 that	 governs	 ammonium	 nitrate	 is,	 quite
literally,	 written	 in	 these	 three	 craters.	 Its	 pillars:	 composition
limits	capping	how	much	AN	a	fertilizer	grade	may	contain	before
it	is	regulated	as	an	explosive;	detonation-resistance	testing	that	a
grade	must	pass	to	be	sold	as	fertilizer	at	all;	storage	rules	on	pile
size,	 ventilation,	 segregation	 from	 fuels	 and	 combustibles,	 and
drainage;	fire	codes	built	on	the	knowledge	that	water	is	the	only
real	 remedy	and	must	arrive	 in	overwhelming	quantity	early;	and
siting	and	inventory	disclosure	rules,	sharpened	after	West,	Texas,
so	that	firefighters	never	again	walk	toward	an	unknown	pile.	The
industry's	 associations	 run	 stewardship	 programs	 and	 audits;
regulators	from	Washington	to	Brussels	to	New	Delhi	maintain	AN-
specific	rules;	and	the	port	authorities	of	the	world	read	the	Beirut
report.	 The	 system	 works	 -	 the	 last	 two	 decades'	 incidents	 are
failures	 of	 governance	 and	 storage,	 not	 of	 the	 code's	 science	 -
which	 is	 precisely	 the	 remaining	 risk.	 The	 chemistry	 has	 not
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changed	since	1921.	Only	 the	discipline	has,	and	discipline	 is	 the
one	input	that	decays	on	its	own.	S23,	S25

West,	Texas,	and	the	pattern

Between	Texas	City	and	Beirut	sits	the	event	that	updated	the	code
for	the	twenty-first	century's	regulatory	style:	West,	Texas,	17	April
2013.	A	fire	of	undetermined	cause	at	a	small	retail	fertilizer	plant
reached	 stored	 ammonium	 nitrate;	 the	 detonation	 killed	 fifteen
people,	most	of	them	firefighters	and	residents	near	the	fence	line,
injured	 hundreds,	 and	 gutted	 a	 school	 and	 an	 apartment	 block
across	 the	 tracks.	 West's	 lessons	 were	 different	 in	 kind	 from
Oppau's.	The	chemistry	was	fully	understood;	what	failed	was	the
interface	-	a	small	facility	storing	large	inventory	at	the	edge	of	a
growing	 town,	volunteer	 firefighters	unaware	of	what	 they	 faced,
disclosure	 rules	 that	 existed	 on	 paper	 but	 not	 in	 practice.	 The
American	 response	 rewrote	 that	 interface:	 emergency-planning
disclosure	 was	 tightened,	 the	 federal	 safety	 board's
recommendations	 pushed	 the	 industry	 toward	 inherently	 safer
grades	and	better	segregation,	and	insurers	began	enforcing	what
regulators	could	not.	Read	the	four	events	together	-	Oppau,	Texas
City,	West,	Beirut	-	and	a	progression	appears:	first	the	chemistry
was	 learned,	 then	 the	 engineering,	 then	 the	 regulation,	 and	 now
the	governance.	Each	layer	is	only	as	strong	as	the	one	beneath	it,
and	the	product	has	not	forgiven	a	single	lapse	in	a	hundred	years.
S23

The	investigators'	craft
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After	 each	 catastrophe	 comes	 the	 quieter	 work	 that	 actually
changes	 practice,	 and	 it	 deserves	 a	 note	 of	 respect.	 Ammonium
nitrate	 forensics	 is	 a	mature	 discipline:	 investigators	 reconstruct
the	thermal	history	of	a	stack	 from	debris	 fields,	crater	geometry
and	 seismic	 records;	 they	 test	 the	 contaminated	 and	 caked
residues	 for	 the	 impurities	 that	 lowered	 the	 decomposition
threshold;	they	interview	the	logbooks.	From	these	reconstructions
came	the	concrete	provisions	of	the	modern	code	-	the	segregation
distances,	 the	 pile-height	 limits,	 the	 prohibition	 of	 combustible
storage	 nearby,	 the	 requirement	 that	 AN	 fertilizers	 pass	 a
detonation-resistance	 test	 before	 they	 may	 be	 sold	 as	 fertilizer
rather	 than	 licensed	 as	 explosive.	 The	 review	 literature	 counts
more	than	thirty	major	ammonium	nitrate	events	since	1916,	and
reads	 each	 as	 an	 entry	 in	 a	 single	 ledger:	 Oppau	 taught	 that
composition	 and	 crystal	 structure	matter;	 Texas	 City	 taught	 that
fire	 plus	 confinement	 equals	 detonation;	 West	 taught	 that
inventory	 disclosure	 is	 worthless	 unless	 the	 firefighters	 actually
hold	it;	Beirut	taught	that	governance	decay	is	a	chemical	hazard.
The	 industry's	 safety	 record,	 when	 the	 code	 is	 followed,	 is
genuinely	good	 -	millions	of	 tonnes	stored	and	shipped	each	year
without	incident.	The	code's	enemy	is	not	ignorance.	It	is	the	slow
normalization	of	the	unenforced	exception,	 in	a	hangar,	at	a	port,
over	seven	years.

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Thirteen.
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C H A P T E R 	 F O U R T E E N

The	Next	Molecule
PART 	 S I X 	 · 	 THE 	FUTURE

Every	fix	in	this	chapter	keeps	the	molecule	and	changes	the	machine.
Ammonia	is	ammonia	-	NH3,	made	by	hydrogen	meeting	nitrogen	over
a	 hot	 catalyst,	 the	 recipe	 of	 1909.	 What	 can	 change	 is	 where	 the
hydrogen	 comes	 from,	 where	 the	 carbon	 goes,	 and	 what	 else	 the
molecule	is	asked	to	do.	Three	futures	are	now	competing	to	supply	the
same	180-million-tonne	molecule:	blue,	green,	and	bio.
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Plate	IX	·	The	green	ammonia	hall:	electrolyzers	replace	the	reformer,	and	the	grid	replaces	the
gas	field.

Blue:	the	same	plant,	the	carbon	buried

The	fastest	decarbonization	is	the	one	that	changes	least:	keep	the
steam	reformer,	capture	the	CO2	it	vents,	and	pipe	it	underground.
The	 IEA's	 roadmap	 calls	 capture-and-storage	 the	 cheapest
abatement	 route	 at	 existing	 plants	 -	 around	 20	 to	 40	 dollars	 per
tonne	 of	 CO2	 -	 and	 new	 blue	 capacity	 is	 arriving	 at	 scale.	 The
flagship	is	Blue	Point	Number	One	on	the	Mississippi	at	Ascension
Parish,	Louisiana:	a	CF	Industries,	JERA	and	Mitsui	 joint	venture,
about	 4	 billion	 dollars,	 the	 world's	 first	 new-build	 autothermal-
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reforming	 ammonia	 plant	with	CCS,	 sanctioned	 in	April	 2025	 for
1.4	million	 tonnes	of	ammonia	a	year	 from	2029,	with	2.3	million
tonnes	of	CO2	a	year	captured	and	stored	-	about	95	percent	of	its
emissions	-	by	ExxonMobil.	The	ammonia	is	pre-sold	to	the	energy-
hungry	 importers:	 JERA	 for	 Japan's	 coal-cofiring	 trials,	Mitsui	 for
Asian	low-carbon	demand,	CF	for	the	fertilizer	market.	Blue	Point
is	 the	bridge	 in	physical	 form:	 twentieth-century	process,	 twenty-
first-century	carbon	accounting.	S11,	S12,	S19

Green:	electricity	instead	of	methane

Split	 water	 with	 renewable	 electricity,	 feed	 the	 hydrogen	 to	 the
same	Haber-Bosch	loop,	and	the	reformer's	whole	carbon	problem
evaporates	-	at	the	price	of	the	electrolyzer	and	the	power	behind
it.	The	pathfinder	is	Yara's	24-megawatt	plant	at	Herøya,	Norway,
opened	 in	 2024:	 3,500	 tonnes	 of	 green	 hydrogen	 a	 year	 feeding
20,500	tonnes	of	green	ammonia,	avoiding	41,000	tonnes	of	CO2,
with	the	first	green	ammonia	fertilizer	already	shipped	into	Yara's
European	 portfolio.	 The	 pipeline	 behind	 it	 is	 large:	 the	 Ammonia
Energy	Association's	LEAD	dashboard	counted	516	announced	low-
emission	projects	totaling	457.7	million	tonnes	a	year	of	potential
capacity,	against	2030	demand	estimates	of	234	million	-	a	pipeline
that,	 if	 built,	would	more	 than	 cover	 the	 need.	 The	 gap	 between
announcement	 and	 steel	 is	 the	 story	 of	 the	 decade:	 electrolyzer
cost,	 power	 price,	 and	 offtake	 contracts	 decide	 how	much	 of	 the
457	 million	 tonnes	 gets	 built.	 The	 IEA's	 verdict	 is	 sober	 and
specific	 -	 in	 the	 near	 term,	 CCS	 is	 the	 cheapest	 fix	 for	 existing
plants;	 the	 long-term,	 near-zero-emission	 option	 is	 renewable
electrolysis	-	and	both	bets	are	now	being	placed	with	real	money.
S12,	S13,	S19

The	molecule	beyond	the	farm

The	reason	the	project	pipeline	is	measured	in	hundreds	of	millions
of	tonnes	 is	 that	ammonia	has	acquired	a	second	career.	 It	 is	 the
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leading	 candidate	 to	 decarbonize	 deep-sea	 shipping:	 DNV's
alternative-fuels	 outlook	 projects	 shipping	 consuming	 26	 to	 42
percent	 of	 global	 energy	 ammonia	 production	 by	 2030,	 with	 39
ammonia-capable	 vessels	 on	 order	 and	 engine	 makers	 preparing
dual-fuel	 and	 full-ammonia	 designs,	 while	 the	 International
Maritime	 Organization's	 framework	 turns	 ammonia's	 zero-carbon
combustion	 into	 regulatory	 advantage.	 Japan's	 utilities	 are	 co-
firing	 it	 in	 coal	 plants	 -	 JERA's	Hekinan	 unit	 has	 run	 20-percent-
ammonia	 trials,	 the	offtake	 that	underwrites	Blue	Point.	And	as	a
liquid	 at	 modest	 pressure	 carrying	 17.6	 percent	 hydrogen	 by
weight,	 it	 is	 a	 plausible	 carrier	 for	 moving	 renewable	 energy
across	oceans.	Every	one	of	these	uses	feeds	back	on	the	fertilizer
business:	 the	 same	 tankers,	 terminals	 and	 plants	 serve	 both
markets,	and	a	fertilizer	company	that	builds	low-carbon	ammonia
capacity	sells	into	whichever	pays	more.	S12,	S14

Bio:	the	organism	that	never	retired

Chapter	four's	competitor	has	not	gone	away.	Rhizobium	still	fixes
nitrogen	 at	 room	 temperature	 with	 a	 specificity	 no	 factory
matches;	 the	 question	 is	 whether	 biology	 can	 be	 extended	 from
legumes	 to	 cereals.	 Pivot	 Bio,	 the	 leader	 in	 engineered	 nitrogen-
fixing	microbes	for	corn,	wheat	and	sorghum,	reports	its	microbes
replaced	synthetic	nitrogen	on	5	percent	of	U.S.	corn	acres	in	2024
-	up	from	3	percent	the	year	before	-	with	farmers	replacing	about
25	 pounds	 of	 synthetic	 nitrogen	 per	 acre,	 at	 more	 consistent
performance	 than	 the	 fertilizer	 it	 displaces,	 and	 the	 company
expects	 a	 fivefold	 increase	 in	 displaced	 fertilizer	 in	 2025.	 Five
percent	is	a	toehold,	not	a	revolution;	the	company's	own	framing
is	 replacement	 of	 a	 fraction,	 not	 the	 whole.	 But	 it	 marks	 the
frontier's	 direction:	 the	 century-old	 industrial	monopoly	 on	 fixing
nitrogen	 is,	 for	 the	 first	 time,	 genuinely	 contested	 -	 by	 buried
carbon,	by	electricity,	and	by	the	organism	that	taught	Fritz	Haber
what	his	machines	were	imitating.	S37,	S44
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The	economics	of	the	switch

The	honest	obstacle	to	the	green	and	blue	futures	is	a	number:	the
IEA	 estimates	 near-zero-emission	 production	 routes	 carry	 cost
premiums	 of	 ten	 to	 one	 hundred	 percent	 over	 the	 unabated
baseline,	and	fertilizer	is	a	commodity	business	where	the	buyer	-	a
farmer	-	cannot	pay	a	green	premium	and	will	not.	Someone	must
bridge	 the	 gap,	 and	 the	 industry	 is	 watching	 three	 bridging
mechanisms	fight	it	out.	Policy	bridges:	carbon	pricing	that	makes
the	grey	tonne	pay	its	2.4	tonnes	of	CO2,	subsidies	and	contracts-
for-difference	like	those	underwriting	American	CCS	and	European
electrolysis,	 and	 border	 adjustments	 that	 keep	 a	 decarbonizing
region's	 plants	 from	 being	 undercut	 by	 high-carbon	 imports.
Market	 bridges:	 buyers	 who	 will	 pay	 more	 -	 the	 shipping	 lines
needing	 green	 fuel	 to	meet	 the	 IMO's	 staircase,	 the	 food	 brands
wanting	 low-carbon	 grain	 in	 their	 Scope	 3	 accounts,	 the
governments	 procuring	 strategic	 reserves.	 And	 portfolio	 bridges:
incumbents	 like	 CF	 and	 Yara	 building	 low-carbon	 capacity	 with
offtake	 pre-sold	 to	 energy	 buyers,	 so	 the	 fertilizer	 market	 never
has	to	carry	the	premium	alone.	Blue	Point	is	the	portfolio	bridge
in	 its	 purest	 form:	 a	 fertilizer	 company's	 plant,	 an	 oil	 company's
carbon	 storage,	 a	 Japanese	 utility's	 fuel	 contract.	 The	 molecule
pays	for	its	own	cleanup	by	acquiring	a	second	customer.	S6,	S12

The	century-scale	bet

Step	 back	 and	 the	 scale	 of	 what	 is	 being	 attempted	 becomes
visible.	 The	 Ammonia	 Energy	 Association's	 LEAD	 count	 -	 516
announced	 low-emission	 projects,	 457.7	 million	 tonnes	 a	 year	 of
nameplate	 ambition	 -	 would,	 if	 built,	 nearly	 triple	 today's	 entire
ammonia	industry,	in	a	sector	whose	total	investment	under	deep-
decarbonization	scenarios	the	IEA	pegs	at	some	14	billion	dollars	a
year	through	mid-century,	including	110	gigawatts	of	electrolyzers
and	90	million	 tonnes	a	 year	of	CO2	 transport	 and	 storage.	Most
announced	 projects	will	 not	 be	 built;	 that	 is	 how	 pipelines	work.
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The	 sober	mid-case	 in	 the	 same	dashboard	 is	 still	 striking:	 about
46.6	million	tonnes	could	plausibly	operate	by	2030,	of	which	only
4.1	million	is	running	today	-	a	ten-fold	build-out	in	five	years,	split
between	25.8	million	 tonnes	of	gas	 reformation	with	 capture	and
17.9	of	electrolysis.	Whether	or	not	those	exact	numbers	land,	the
direction	 is	settled	and	the	clock	 is	 long:	 the	 fleet	being	 financed
now	 will	 still	 be	 running	 in	 2070.	 The	 ammonia	 industry	 is
choosing,	 this	decade,	 the	 carbon	 signature	of	 the	 second	half	 of
the	century.	 It	 is	 the	 largest	 industrial	 re-tooling	bet	most	people
have	 never	 heard	 of	 -	 which	 is,	 of	 course,	 the	 item's	 signature
move.	S6,	S12,	S14

Japan's	cofiring	bet

The	 strangest	 of	 the	 new	 demand	 streams	 deserves	 its	 own
paragraph,	 because	 it	 inverts	 the	 industry's	 history:	 Japan
proposes	 to	 burn	 ammonia	 for	 power.	 With	 almost	 no	 domestic
fossil	 resources	 and	 a	 post-Fukushima	 allergy	 to	 dependence,
Japan's	 utilities	 -	 led	 by	 JERA	 -	 have	 trialed	 co-firing	 twenty
percent	 ammonia	 with	 coal	 at	 the	 Hekinan	 plant,	 substituting	 a
carbon-free	fuel	made	from	air	and	water	for	a	fifth	of	the	coal.	The
chemistry	 is	 awkward	 (ammonia	 burns	 cooler	 and	 can	 make	 its
own	nitrogen	oxides),	the	economics	depend	entirely	on	cheap	low-
carbon	supply,	and	the	climate	value	is	contested	by	analysts	who
note	that	extending	coal	plants	is	an	odd	decarbonization	strategy.
But	 the	 demand	 signal	 is	 real	 and	 bankable:	 Japan's	 cofiring
targets	 are	 precisely	 the	 offtake	 that	 underwrote	 Blue	 Point
Number	One's	 four	 billion	 dollars.	 A	 century	 after	Germany	built
the	 industry	 to	 escape	 a	 British	 blockade,	 an	 island	 nation	 is
building	 a	 second	 ammonia	 economy	 to	 escape	 fuel	 imports.	 The
molecule's	geopolitics	never	really	change;	only	the	flag	does.	S11

The	electrolyzer	stack

Green	 ammonia's	 plant	 floor	 looks	 nothing	 like	 Oppau's:	 no
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reformer,	 no	 furnace,	 no	 flame	 -	 instead,	 racks	 of	 electrolyzer
stacks	doing	 the	one	 job	 the	methane	used	 to	do,	 splitting	water
into	 hydrogen	 and	 oxygen,	 with	 the	 nitrogen	 arriving	 through	 a
humble	air-separation	unit.	The	technology	menu	is	narrower	than
the	 publicity	 suggests.	 Of	 the	 operational	 renewable-ammonia
capacity	 tracked	 by	 the	 Ammonia	 Energy	 Association	 -	 which
crossed	one	gigawatt	of	installed	electrolyzers	in	2025	-	more	than
eighty-five	 percent	 is	 alkaline	 electrolysis,	 the	 ninety-year-old
workhorse,	 not	 the	 newer	 membrane	 designs.	 The	 projects
themselves	 sketch	 the	 learning	 curve:	 ATOME's	 Villeta	 plant	 in
Paraguay,	 about	 a	 hundred	 thousand	 tonnes	 a	 year	 from
hydropower-fed	 electrolysis,	 is	 the	 template	 for	 stranded-
renewables	 conversion;	 Yara's	 Herøya	 line	 is	 the	 template	 for
retrofitting	an	existing	complex	one	electrolyzer	hall	at	a	time.	The
balance	of	plant,	meanwhile,	is	being	built	in	parallel:	the	Northern
Lights	CO2	storage	expanded	its	final	investment	decision	from	1.5
to	 5	 million	 tonnes	 a	 year,	 and	 Yara's	 Sluiskil	 will	 ship	 800,000
tonnes	 of	 CO2	 annually	 into	 it	 from	 2026	 under	 the	world's	 first
operational	 cross-border	 carbon	 transport	 agreement.	 The	 next
molecule,	 in	 short,	 is	 arriving	 as	 an	 industrial	 system	 -	 power,
storage,	ships	and	standards	-	not	as	a	single	gadget.	S13

The	ship's	engine

Ammonia's	second	career	will	be	decided	in	the	engine	room,	and
the	engineering	there	is	further	along	than	the	headlines	suggest.
DNV's	 2025	 assessment	 counts	 39	 ammonia-capable	 vessels	 on
order	 -	 bulk	 carriers,	 tankers,	 container	 ships	 -	 with	 engine
manufacturers	offering	dual-fuel	designs	 that	can	switch	between
fuel	 oil	 and	 ammonia,	 because	 no	 owner	will	 bet	 a	 two-hundred-
million-dollar	hull	on	a	fuel	whose	supply	chain	does	not	yet	exist.
Bunkering	trials	have	begun	at	Singapore	and	Rotterdam,	the	two
hubs	where	 any	marine	 fuel	must	 prove	 itself.	 The	 obstacles	 are
real	and	specific:	ammonia	is	toxic	to	crew	at	low	concentrations,
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requires	 larger	 tanks	 than	 fuel	 oil	 for	 the	 same	 energy,	 and	 its
combustion	must	be	managed	to	avoid	nitrogen-oxide	and	nitrous-
oxide	 slip	 -	 the	 molecule	 carrying	 its	 own	 pollution	 risk	 into	 its
clean-fuel	 career.	 The	 demand	 logic,	 though,	 is	 compelling:
shipping	cannot	electrify	across	oceans,	and	the	IMO's	staircase	of
targets	 -	 at	 least	 twenty	 percent	 below	 2008	 emissions	 by	 2030,
seventy	by	2040,	net	zero	around	2050	-	makes	every	conventional
tonnage	plan	progressively	more	expensive.	DNV	projects	 that	by
2030	shipping	could	absorb	between	a	quarter	and	two-fifths	of	the
energy	 ammonia	 produced	 -	 a	 demand	 stream	 larger	 than	 many
national	fertilizer	markets,	arriving	in	an	industry	built	for	exactly
this	kind	of	bulk	handling.	The	fertilizer	tanker	and	the	ammonia-
fueled	 bulk	 carrier	may	 soon	 share	 the	 same	 terminal,	 the	 same
cargo	and,	increasingly,	the	same	owners.	S14

The	standard-setters
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A	 low-carbon	molecule	 is	a	claim,	and	claims	need	bookkeepers	 -
so	alongside	the	plants,	an	institutions	layer	is	being	built,	and	its
decisions	 will	 shape	 the	 market	 as	 much	 as	 any	 reactor.	 What
counts	 as	 green	 or	 blue	 ammonia:	 the	 full	 life-cycle	 carbon
intensity,	from	well	to	gate,	which	forces	argument	about	methane
leakage	 upstream	 of	 the	 reformer,	 the	 capture	 rate	 actually
achieved	at	the	plant,	the	provenance	of	the	electricity	behind	the
electrolyzer,	and	the	fate	of	the	stored	CO2.	Certification	schemes
and	 mass-balance	 accounting	 let	 a	 producer	 sell	 the	 green
attribute	of	a	clean	tonne	blended	into	a	conventional	stream	-	the
approach	behind	Yara's	Climate	Choice	portfolio,	which	moves	low-
carbon	fertilizer	into	food	brands'	supply	chains	without	dedicating
whole	 plants	 to	 single	 customers.	 The	 controversies	 are
predictable	 and	 already	 live:	 how	 much	 credit	 blue	 ammonia
deserves	 when	 its	 capture	 rate	 is	 ninety-five	 percent	 but	 its	 gas
supply	leaks;	whether	grid	electricity	can	ever	be	green	enough	at
the	margins;	who	audits	the	auditors	across	borders.	The	fertilizer
buyer	at	the	end	of	the	chain	will	never	scan	a	certificate,	but	the
food	company,	the	shipping	line	and	the	ministry	will	-	and	through
their	 procurement,	 the	 bookkeeping	 becomes	 a	 price.	 The
molecule	 is	 the	 same	 as	 1909's;	 the	 paperwork	 is	 new,	 and	 it	 is
now	part	of	the	product.	S14,	S19

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Fourteen.
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C H A P T E R 	 F I F T E E N

Closing	the	Loop
PART 	 S I X 	 · 	 THE 	FUTURE

Between	the	two	grand	strategies	-	cleaner	factories	and	rival	biology	-
sits	a	third:	keep	the	twentieth-century	molecule	but	stop	wasting	half
of	 it.	 Enhanced-efficiency	 fertilizers,	 precision	 placement	 and	 the
recovery	of	nitrogen	from	waste	streams	attack	chapter	twelve's	ledger
directly,	and	they	scale	without	waiting	for	an	electrolyzer	or	a	gene.

The	efficiency	arsenal

The	 industry's	 own	 answer	 to	 the	 other	 half	 is	 a	 family	 of
chemistries	 that	 slow	 the	 nitrogen	 down.	 Inhibitors	 block	 the
enzymes	that	convert	urea	to	gaseous	ammonia	(urease	inhibitors)
or	ammonium	to	leachable	nitrate	(nitrification	inhibitors);	polymer
coatings	 meter	 the	 release	 over	 weeks;	 stabilized	 blends	 hold
nitrogen	 in	 the	 forms	 roots	 prefer.	 The	 4R	 framework	 -	 right
source,	 right	 rate,	 right	 time,	 right	 place	 -	 gives	 agronomy	 its
operating	 discipline:	 fertilizer	 tuned	 to	 the	 crop's	 demand	 curve
rather	than	to	the	calendar	or	the	habit.	Precision	agriculture	adds
the	 instruments:	 satellite	 and	 drone	 imagery,	 variable-rate
spreaders,	 soil	 testing,	 and	 increasingly	 AI-driven
recommendations	that	tell	a	machine	where	the	field	is	hungry	and
where	it	is	already	full.	The	stakes	are	quantified	by	the	problem:
global	 nitrogen	 use	 efficiency	 hovers	 near	 fifty	 percent	 and	 has
been	declining,	so	every	point	recovered	is	a	point	not	volatilized,
not	leached,	and	not	paid	for.	On	the	research	frontier,	the	catalyst
itself	 is	 being	 re-engineered	 -	 new	 materials	 and	 non-thermal
approaches	aim	to	 lower	the	400-plus-degree,	200-plus-bar	recipe
of	 1909	 -	 though	 every	 candidate	 remains,	 for	 now,	 a	 laboratory
promise	measured	against	a	century	of	optimization.	S22,	S47

The	circular	ledger
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The	final	piece	treats	nitrogen	not	as	a	product	to	be	made	but	as	a
stock	to	be	recovered.	Municipal	and	industrial	wastewater	carries
the	 nitrogen	 humanity	 has	 already	 used;	 recovery	 technologies	 -
ammonia	stripping,	membrane	concentration,	struvite	precipitation
-	can	return	it	as	fertilizer	rather	than	vent	it	as	pollution.	Manure
digesters,	 food-waste	 streams	 and	 recovered-phosphate	 systems
follow	 the	 same	 logic.	 The	 scale	 is	 still	 small	 next	 to	 180	million
tonnes	of	synthetic	ammonia,	and	the	economics	are	still	marginal
against	cheap	natural	gas;	but	 the	direction	matters,	because	the
circular	plant	turns	chapter	twelve's	pollution	problem	into	chapter
one's	 feedstock.	 Sri	 Lanka's	 Colombo	 Declaration	 target	 -	 halve
nitrogen	 waste	 by	 2030	 -	 is	 the	 political	 form	 of	 the	 same
arithmetic,	 and	 the	 industry's	 research	 associations	 have	 begun
publishing	global	nitrogen-flow	balances	precisely	so	the	loop	can
be	managed	rather	than	guessed	at.	S21,	S22

India,	once	more

For	India,	the	efficiency	agenda	carries	particular	weight.	Chapter
eleven	 ended	 with	 the	 subsidy	 question:	 urea	 at	 ₹268	 a	 bag	 for
thirty	 years,	 sold	 at	 a	 fraction	of	 its	 cost,	 encourages	exactly	 the
overuse	the	other	half	describes	-	India's	nitrogen	use	efficiency	is
among	 the	world's	 lowest.	 The	 policy	 instruments	 now	 gathering
around	 that	 problem	 -	 neem	 coating	 to	 slow	 urea	 and	 deter
diversion,	 nano-urea	 and	 nano-DAP	 liquids	 aimed	 at	 cutting	 bag
demand,	soil	health	cards,	the	revived	balanced-fertilization	push	-
are	the	Indian	face	of	the	same	global	design	brief:	hold	the	yield,
cut	 the	 loss,	and	shrink	 the	 fiscal	and	environmental	bill	at	once.
Whether	they	succeed	is	the	largest	open	experiment	in	the	item's
future,	run	on	the	world's	second-largest	nitrogen	market.	S43,	S47

The	4R	farm

What	does	the	efficiency	agenda	look	like	at	field	scale?	Picture	a
modern	corn	operation	 in	 the	American	Midwest	 running	 the	 full
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stack.	 Its	 fields	are	grid-sampled	and	soil-tested,	so	rates	vary	by
zone	rather	than	by	habit.	Its	nitrogen	goes	on	in	split	doses	-	some
at	 planting,	 the	 rest	 side-dressed	when	 the	 crop's	 demand	 curve
steepens	 -	 instead	 of	 one	 autumn	 blanket	 application	 that	 sits
exposed	 to	 winter	 leaching.	 Its	 urea	 is	 treated	 with	 a	 urease
inhibitor	where	it	lies	on	the	surface,	and	its	ammonium	carries	a
nitrification	 inhibitor	 where	 spring	 soils	 run	 warm	 and	 wet.	 Its
spreader	 is	 a	 variable-rate	 machine	 steered	 by	 satellite	 imagery
and,	 increasingly,	 by	 algorithms	 that	 read	 last	 week's	 growth
against	 this	week's	weather.	None	of	 this	 is	exotic;	all	of	 it	 is	 for
sale	 today;	 and	 the	 constraint	 is	 less	 technology	 than	 economics
and	habit.	Each	practice	costs	money	or	attention,	and	the	payoff
is	 probabilistic	 -	 a	 saved	 leaching	 event	 that	 may	 not	 have
happened	 this	 year.	 Which	 is	 why	 the	 stewardship	 frame,	 right
source,	 right	 rate,	 right	 time,	 right	 place,	 exists	 at	 all:	 it	 turns	 a
planetary	problem	into	a	checklist	a	farm	can	run,	and	it	gives	the
industry	 a	 way	 to	 sell	 less	 nitrogen	 as	 a	 service	 rather	 than	 a
defeat.	S47

Nitrogen	as	a	managed	stock

The	circular	technologies	extend	the	same	logic	past	the	farm	gate.
Wastewater	 plants	 that	 once	 vented	 ammonia	 now	 strip	 it	 into
saleable	 sulfate	 or	 concentrate	 it	 through	 membranes;	 struvite
crystallizers	 recover	 phosphorus	 and	 nitrogen	 together	 from
sludge	 liquors;	 manure	 digesters	 capture	 both	 energy	 and
nutrients	from	livestock	waste.	The	recovered	volumes	are	small	-
a	 few	 percent	 of	 synthetic	 flows	 at	 best	 -	 and	 the	 economics
depend	on	local	disposal	costs	more	than	on	global	fertilizer	prices.
But	 the	 strategic	meaning	 is	 larger	 than	 the	 tonnage.	A	 city	 that
recovers	its	nitrogen	is	rehearsing	the	post-scarcity	version	of	the
industry:	 one	 in	 which	 the	 converter's	 job	 shrinks	 from	 creating
every	 tonne	 to	 topping	 up	 a	 managed	 cycle.	 Smil's	 ceiling
arithmetic	 from	 chapter	 one	 is	 the	 caution	 here	 -	 the	 cycle	 can
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never	 be	 closed,	 because	 every	 harvested	 field	 exports	 nitrogen
and	every	 leak	 is	 final.	 The	 realistic	 endpoint	 is	 not	 a	 loop	but	 a
long	equilibrium:	synthetic	fixation	continuing	at	a	slowly	declining
intensity,	efficiency	technologies	clawing	back	the	other	half,	and
recovery	 streams	 growing	 from	 rounding	 error	 to	 meaningful
share.	The	item's	second	century	will	be	quieter	than	its	first.	That
is	what	success	looks	like.	S21,	S22

The	research	frontier

Behind	the	deployable	technologies	sits	a	laboratory	frontier	aimed
at	 the	 process	 itself.	 The	 iron	 catalyst	 of	 1909	 -	 magnetite
promoted	 with	 potassium,	 alumina	 and	 calcium,	 found	 by
Mittasch's	 team	 after	 testing	 some	 twenty	 thousand	 candidates	 -
still	runs	the	world's	converters,	but	it	has	challengers.	Ruthenium
catalysts,	 commercialized	 in	 KBR's	 KAAP	 process	 since	 1992,
operate	 at	 lower	 pressures	where	 the	 economics	 allow;	 electride
catalysts	 such	 as	 Hosono's	 C12A7,	 reported	 in	 2012,	 attack	 the
reaction's	kinetic	bottleneck	 from	a	new	electronic	angle;	 and	an
entire	 field	 of	 electrochemical	 and	 photochemical	 nitrogen
reduction	 pursues	 the	 dream	 of	 fixing	 nitrogen	 at	 ambient
conditions,	 the	way	 rhizobium	does.	Skepticism	 is	warranted	 and
historical:	 a	 century	 of	 catalyst	 announcements	 has	 produced
exactly	two	commercial	steps	forward,	and	the	thermodynamics	of
the	triple	bond	do	not	negotiate.	The	realistic	near-term	gains	are
less	 romantic	 but	 bankable	 -	 better	 heat	 integration,	 smaller
modular	plants	matched	 to	 renewable	power,	 revamps	 that	bring
the	41-gigajoule	average	fleet	toward	the	28-gigajoule	frontier.	In
this	 industry,	 a	 gigajoule	 saved	 per	 tonne,	 multiplied	 by	 two
hundred	million	tonnes,	is	a	climate	policy	all	by	itself.	S27,	S44

The	microbe's	ledger

The	biological	challenge	deserves	a	sober	scorecard,	because	it	is
simultaneously	 the	 oldest	 technology	 in	 this	 book	 and	 the	 least
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proven	 at	 scale.	 What	 the	 microbes	 offer	 is	 genuinely	 different
from	 every	 industrial	 fix:	 nitrogen	 fixed	 at	 the	 root,	 at	 ambient
temperature,	in	gram	quantities	exactly	where	the	plant	can	use	it,
with	 no	 factory,	 no	 gas	 field,	 no	 bag	 and	 no	 subsidy.	 Pivot	 Bio's
commercial	 products	 for	 corn,	wheat	 and	 sorghum	 -	 its	 PROVEN
line	now	rated	to	replace	up	to	forty	pounds	of	synthetic	nitrogen
per	acre	-	have	moved	from	novelty	to	measurable	presence:	about
five	percent	of	the	2024	US	corn	crop,	by	the	company's	account,
with	displaced	synthetic	nitrogen	expected	to	multiply	several-fold
in	2025.	The	honest	caveats	are	structural.	Forty	pounds	per	acre
is	 a	 fraction	 of	 the	 corn	 belt's	 typical	 application,	 not	 a
replacement	of	 it;	microbe	performance	varies	with	soil,	moisture
and	 the	 synthetic	 nitrogen	 already	 present,	 because	 a	 microbe
bathed	in	nitrate	sensibly	stops	fixing;	and	no	biological	system	yet
fixes	nitrogen	 for	a	wheat	 field	at	 the	rate	a	converter	does	 -	 the
legume	 symbioses	 that	 do	 it	 best	 serve	 the	 legumes	 themselves.
The	realistic	reading	of	the	ledger:	biology	will	shave	the	margin	of
synthetic	 demand	 before	 it	 threatens	 the	 core,	 and	 its	 largest
contribution	may	be	forcing	the	efficiency	agenda	of	this	chapter	to
hurry.	 The	 organism	 that	 never	 retired	 is	 back	 at	 work	 -	 as	 a
competitor	at	the	edge,	not	yet	at	the	center.	S44

The	inhibitor's	chemistry

The	 enhanced-efficiency	 toolbox	 is	 small,	 specific	 and	 genuinely
chemical,	 and	 it	 deserves	 more	 than	 a	 name-check.	 Urease
inhibitors	 -	 the	 best	 known	 is	NBPT	 -	 block	 the	 soil	 enzyme	 that
hydrolyzes	urea	to	ammonium	and	carbon	dioxide,	the	step	whose
speed	on	a	warm,	moist	 surface	 is	what	 lets	a	 third	of	a	 surface-
spread	 urea	 dressing	 escape	 as	 ammonia	 gas;	 slowing	 that
conversion	 by	 days	 lets	 rain	 or	 incorporation	 carry	 the	 nitrogen
into	 the	 soil	 instead.	Nitrification	 inhibitors	 -	DCD	and	nitrapyrin
are	the	standards	-	block	the	first	bacterial	step	from	ammonium	to
nitrate,	keeping	nitrogen	in	the	positively	charged	ammonium	form
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that	 clay	 and	 humus	 can	 hold,	 out	 of	 reach	 of	 both	 the	 leaching
rain	 and	 the	 denitrifying	 bacteria	 that	 make	 N2O.	 Polymer	 and
sulfur	 coatings	 take	 the	 physical	 route:	 a	 membrane	 whose
permeability,	 tuned	 by	 thickness	 and	 temperature,	 meters	 the
nutrient's	 release	 over	weeks	 to	match	 the	 crop's	 demand	 curve.
None	 of	 this	 is	 new	 -	 the	 chemistries	 date	 from	 the	 1960s	 and
1970s	-	and	none	of	it	is	universal:	treated	products	cost	more	per
tonne,	 and	 their	 payoff	 depends	 on	 weather	 the	 farmer	 cannot
know	 at	 spreading	 time.	 Which	 is	 exactly	 why	 adoption	 tracks
regulation	and	price:	when	nitrogen	 is	expensive	or	 its	 losses	are
charged,	the	inhibitors	pay;	when	the	bag	is	cheap	and	the	losses
are	 free,	 they	 sit	 on	 the	 shelf.	 The	4R	 framework's	 fourth	word	 -
right	 place	 -	 is	 where	 the	 economics	 and	 the	 chemistry	 finally
meet.	S22,	S47

The	satellite	over	the	field

Precision	agriculture's	contribution	to	the	nitrogen	problem	is	not
a	gadget	but	a	resolution:	the	ability	to	see	a	field	at	the	scale	at
which	 nitrogen	 actually	 varies.	 The	 satellite	 studies	 of	 the
Midwestern	 corn	 belt	 that	 underlie	 chapter	 twelve's	 accounting
found	something	every	farmer	knows	and	no	blanket	rate	respects:
the	nitrogen	losses	concentrate	 in	particular	 low-yield	zones	 -	 the
wet	hollow,	the	sandy	ridge,	the	compacted	headland	-	where	the
crop	cannot	use	what	a	uniform	application	delivers.	Variable-rate
application	 follows	 directly:	 the	 spreader	 changes	 its	 dose	 as	 it
crosses	 the	 field,	guided	by	 soil	maps,	 yield	history	and	 imagery,
putting	 the	 insurance	 rate	only	where	 the	yield	potential	 justifies
it.	 The	 same	 resolution	 now	 arrives	 weekly	 from	 orbit,	 and	 the
newest	 layer	 -	 machine-learned	 recommendations	 that	 fuse
imagery,	 weather	 and	 soil	 tests	 -	 is	 turning	 the	 agronomist's	 art
into	 an	 advisory	 service	 any	 operator	 can	 subscribe	 to.	 The
constraints	are	no	longer	technical;	they	are	the	capital	cost	of	the
machinery,	the	connectivity	of	the	countryside,	and	the	economics
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of	 the	 saved	 tonne,	which	pays	 only	when	nitrogen	 is	 dear	 or	 its
losses	are	priced.	The	satellite	sees	the	other	half	plainly.	Whether
the	 system	acts	on	what	 it	 sees	 remains	a	question	of	policy	and
price	-	the	two	forces	this	book	has	found	behind	every	gram	since
1909.	S22,	S47

The	soil	health	card	decade

India's	 efficiency	 push	 is	 the	 largest	 field	 experiment	 in	 this
chapter's	 arsenal,	 and	 its	 instruments	 are	 now	 a	 decade	 into
deployment.	The	Soil	Health	Card	scheme	set	out	to	test	hundreds
of	millions	of	farm	plots	on	a	two-year	cycle	and	hand	each	farmer
a	 printed	 nutrient	 prescription	 -	 the	 state's	 answer	 to	 blanket
habit,	delivered	plot	by	plot.	Neem	coating,	mandatory	since	2015,
slows	urea's	dissolution	enough	to	shave	volatilization	 losses	and,
at	 least	 as	 important	 to	 Delhi,	 makes	 the	 subsidized	 granule
useless	 to	 the	 dye	 and	 plywood	 industries	 that	 used	 to	 divert	 it.
Nano-urea,	the	liquid	follow-on,	aims	to	replace	sacks	with	bottles;
its	maker's	claims	are	contested	by	independent	agronomists,	and
the	honest	position	is	that	the	field	evidence	is	still	accumulating.
The	early	scorecard	is	mixed	in	the	instructive	way:	soil	testing	has
demonstrably	 shifted	 recommendations,	 neem	 coating	 has
demonstrably	 cut	 diversion,	 and	 yet	 national	 nitrogen	 use
efficiency	 has	 barely	 moved	 -	 because	 the	 master	 variable,	 the
₹268	bag,	still	tells	every	farmer	that	more	urea	is	nearly	free.	The
lesson	 generalizes:	 efficiency	 technologies	 do	 not	 fail;	 they	 are
outbid.	Every	government	running	the	4R	playbook	discovers	that
its	 fourth	 R	 -	 right	 economics	 -	 is	 the	 one	 the	 playbook	 cannot
supply.	S43

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Fifteen.

122



C H A P T E R 	 S I X T E E N

The	Long	Equilibrium
PART 	 S I X 	 · 	 THE 	FUTURE

Synthetic	nitrogen	fertilizer	is	the	rare	item	that	can	be	summarized	in
one	 sentence	 and	 no	 sentence	 at	 all:	 the	 reaction	 that	 feeds	 half	 the
world,	built	by	two	men	on	opposite	sides	of	a	moral	ledger,	priced	by
methane,	 weaponized	 by	 its	 own	 chemistry,	 and	 now	 being	 rebuilt
molecule	by	molecule	to	carry	the	next	century.	What	it	becomes	is	the
question	the	industry	is	spending	billions	to	answer.

What	the	story	teaches	about	items

The	first	lesson	is	that	the	deepest	supply	chains	are	invisible	until
they	 fail.	 Nitrogen	 is	 everywhere	 and	 nowhere:	 in	 every	 loaf	 of
bread,	 no	 shelf	 label.	 Its	 bottlenecks	 are	 a	 handful	 of	 methane
fields	and	a	map	of	strait-crossing	tankers;	its	price	is	a	gas	price
in	 disguise;	 its	 scarcity	 events	 -	 1921,	 1973,	 2022	 -	 arrive	 as
energy	 news,	 not	 farm	 news.	 The	 second	 lesson	 is	 that	 a
commodity	can	carry	a	civilization's	demography.	The	 four	billion
extra	mouths	 of	 the	 twentieth	 century	were,	 in	measurable	 part,
this	molecule;	 the	 Ehrlich	wager	 and	 the	Green	 Revolution	were
arguments	 about	 it.	 The	 third	 is	 that	 the	 cost	 ledger	 and	 the
benefit	 ledger	must	be	read	 together	or	not	at	all:	2.1	percent	of
emissions	 against	 half	 of	 protein;	 a	 tripled	 planetary	 boundary
against	four	billion	people.	Any	account	that	reads	only	one	side	is
propaganda,	of	one	party	or	the	other.	S4,	S20,	S21,	S24,	S34

The	equilibrium	ahead

The	 forecasts	belong	 in	print	only	as	 labeled	estimates,	 and	here
they	are:	the	IEA's	scenarios	see	global	ammonia	demand	roughly
flat	or	modestly	declining	through	mid-century	in	a	decarbonizing
world,	 with	 fertilizer's	 share	 shrinking	 as	 fuel	 uses	 grow;	 DNV
expects	shipping	to	take	a	quarter	or	more	of	energy	ammonia	by
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2030;	 the	 project	 pipeline	 of	 457	 million	 tonnes	 against	 234	 of
demand	says	capital	believes	in	the	molecule	beyond	the	farm.	The
fertilizer	market	itself,	on	the	industry's	own	outlook,	grows	slowly
-	 nutrient	 demand	 following	 population	 and	 diet,	 at	 a	 pace	 of	 a
percent	or	two	a	year,	with	the	center	of	gravity	already	shifted	to
Asia.	 The	 structure	 that	 emerges	 is	 a	 long	 equilibrium:	 the
twentieth-century	plant	fleet,	amortized	and	gas-fed,	competing	for
decades	against	blue	and	green	newcomers,	with	biology	nibbling
at	the	margin	and	policy	pushing	from	every	side.	The	winner,	as
in	1909,	will	be	decided	by	the	cost	of	a	unit	of	hydrogen.	S6,	 S8,	 S12,
S14

For	the	reader	of	economies

Watch	 five	 dials.	 Natural	 gas:	 the	 feedstock	 price	 that	 sets	 the
marginal	 tonne.	 China's	 export	 policy:	 the	 valve	 on	 the	 world's
largest	 producer.	 The	 subsidy	 regimes	 -	 India	 above	 all	 -	 that
decide	who	actually	pays.	The	project	pipeline:	how	much	of	457
announced	 million	 tonnes	 reaches	 financial	 close.	 And	 the
efficiency	 curve:	whether	 the	other	half	 shrinks.	Those	 five	dials,
more	than	any	headline,	will	tell	you	where	the	most	consequential
invisible	industry	on	Earth	is	going.	It	began	with	a	chemist	boiling
bird	droppings	and	a	nation	fearing	famine.	It	ends	-	for	now	-	with
the	 same	 reaction,	 run	 cleaner,	 feeding	 the	 same	 expanding
species,	under	 the	same	sky	 full	of	nitrogen	 it	 learned,	at	 last,	 to
bring	down.	S6,	S42

The	item,	read	whole

It	 began	 with	 a	 ceiling	 nobody	 could	 see	 and	 everybody	 lived
under:	five	people	per	hectare,	ten	thousand	years	of	it.	It	passed
through	guano	islands	worked	by	indentured	laborers	and	a	desert
that	 made	 Chile	 rich	 and	 started	 a	 war;	 through	 a	 dinner	 in
Christiania,	an	electric	arc	in	a	Norwegian	gorge,	a	cyanamide	kiln
at	Odda;	through	a	Karlsruhe	laboratory	in	1909	where	a	reaction
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everyone	 respected	 said	 no,	 and	 one	 stubborn	 thermodynamicist
made	 it	 say	 yes;	 through	 Oppau's	 miracle	 and	 Oppau's	 crater;
through	 Ypres	 and	 the	 Nobel	 that	 half	 the	 scientific	 world
protested;	through	the	Green	Revolution	that	made	the	pessimists
wrong	 and	 the	 dependence	 permanent;	 through	 the	 2022	winter
when	 a	 gas	war	 in	 Europe	 shut	 half	 its	 ammonia	 plants	 and	 the
world's	 breadbaskets	 held	 their	 breath.	 And	 it	 arrives,	 now,	 at	 a
Louisiana	 riverbank	where	 a	 four-billion-dollar	 plant	will	 bury	 its
carbon,	a	Norwegian	fjord	where	electrolyzers	hum	in	the	old	arc
kingdom,	a	corn	field	where	engineered	microbes	fix	a	few	pounds
of	nitrogen	the	factory	did	not	have	to	make.	The	reaction	has	not
changed	 since	 1909.	 Everything	 around	 it	 has	 changed,	 is
changing,	will	 change.	That	 is	 the	 long	equilibrium:	 the	molecule
constant,	 the	 civilization	around	 it	 in	 continuous	negotiation	with
its	own	success.	An	item,	read	whole,	turns	out	to	be	a	history	of
what	we	needed,	what	it	cost,	and	what	we	are	willing	to	pay	next.
Nitrogen	 is	 the	 purest	 example	 the	 economy	 offers,	 because	 the
need	is	hunger	itself.	S4,	S5

What	to	watch,	in	closing

The	five	dials	of	the	previous	section	deserve	one	last	calibration,
because	each	has	a	bias	that	catches	newcomers.	Gas	prices	move
first	 and	 fastest	 -	 but	 fertilizer	 prices	 overshoot	 them	 in	 both
directions,	 because	 plants	 take	months	 to	 curtail	 and	 restart,	 so
the	margin	between	the	two	is	where	fortunes	are	made	and	where
2022's	windfalls	hid.	China's	export	valve	is	political,	not	economic
-	 it	 closes	 on	 food-security	 anxiety,	 not	 price,	 so	 watch	 Beijing's
harvest	 reports,	 not	 its	 cost	 curve.	 India's	 subsidy	 is	 the	world's
largest	 distortion	 -	 but	 it	 is	 also	 the	world's	 largest	 food-security
insurance	policy,	and	any	forecast	that	assumes	reform	must	price
two	 hundred	 million	 votes.	 The	 project	 pipeline	 overstates	 by
design	-	discount	announced	capacity	by	the	historical	conversion
rate	of	perhaps	a	 tenth	 -	but	even	the	discounted	build-out	 is	 the
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largest	since	the	1960s.	And	the	efficiency	curve	moves	slowest	of
all,	 agronomy	 being	 a	 craft	 practiced	 by	 five	 hundred	 million
farmers;	yet	it	is	the	only	dial	that	relieves	every	other	pressure	at
once.	The	industry	that	taught	humanity	to	fish	nitrogen	from	the
sky	 is	 now	 learning,	 slowly	 and	 expensively,	 to	waste	 less	 of	 the
catch.	 The	 next	 edition	 of	 this	 book	will	 report	 how	 the	 learning
went.	S8,	S12,	S13,	S14

The	item's	family

No	 item	 stands	 alone,	 and	 this	 one	 stands	 in	 a	 particularly
instructive	 family.	 Nitrogen's	 sibling	 nutrients	 -	 phosphate	 and
potash	-	share	its	agronomy	but	not	its	chemistry:	they	are	mined
from	 finite	 deposits,	 concentrated	 in	 Morocco,	 China,	 Canada,
Belarus	and	Russia,	and	their	geopolitics	is	the	geology	of	scarcity
rather	than	the	economics	of	energy.	Its	parent,	natural	gas,	links
it	to	the	entire	energy	transition;	its	twin	product,	nitric	acid,	links
it	 to	 explosives	 and	 thus	 to	 every	 state's	 security	 file;	 its	 future
rival,	 the	microbe,	 links	 it	 to	 the	biotechnology	revolution.	Within
the	 Industries	 of	 India	 series,	 synthetic	 nitrogen	 is	 the	 template
case	of	an	energy-conversion	industry:	an	item	whose	raw	material
is	effectively	free	-	the	air	itself	-	and	whose	entire	cost	structure	is
the	price	of	the	energy	and	ingenuity	needed	to	transform	it.	The
reader	 who	 has	 followed	 this	 book's	 method	 can	 apply	 it
immediately:	 ask	 of	 any	 material	 where	 its	 bottleneck	 sits,	 what
energy	 it	 embodies,	who	 controls	 its	 chokepoints,	what	 it	 quietly
feeds,	 and	 what	 its	 other	 half	 is	 doing	 to	 the	 world.	 Nitrogen
answers	 those	 questions	 more	 completely,	 and	 more
consequentially,	than	any	item	yet	studied.	S26,	S27

Scenarios,	labeled	as	such

The	 forward	 numbers	 in	 this	 chapter	 are	 estimates	 and	 scenario
outputs,	 not	 predictions,	 and	 the	 book's	 companion	 tags	 them	 as
such	-	but	three	of	them	frame	the	strategic	choice	sharply	enough
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to	 repeat.	 First,	 the	 transformation	 bill:	 the	 International	 Energy
Agency's	 net-zero-consistent	 scenario	 for	 the	 ammonia	 sector
implies	 investment	on	 the	order	of	 fourteen	billion	dollars	 a	 year
through	 mid-century,	 including	 some	 110	 gigawatts	 of
electrolyzers	and	ninety	million	tonnes	a	year	of	CO2	transport	and
storage	by	2050	-	 large,	but	a	fraction	of	what	the	energy	system
already	spends	annually	on	far	less	consequential	kit.	Second,	the
near-term	 reality	 check:	 near-zero-emission	 projects	 operating	 or
under	 construction	 amount	 to	 roughly	 eight	 million	 tonnes	 by
2030,	about	three	percent	of	2020	production	capacity,	and	near-
zero	 routes	 carry	 cost	 premiums	 anywhere	 from	 ten	 to	 one
hundred	percent	 -	so	the	decade's	battle	 is	 for	policy	bridges	and
lead	 customers,	 not	 yet	 for	 cost	 parity.	 Third,	 the	 demand	 side:
population	 growth	 is	 slowing	 where	 fertilizer	 use	 is	 highest	 and
fastest	 where	 it	 is	 lowest,	 diets	 are	 transitioning	 unevenly,	 and
every	scenario	the	industry	publishes	now	shows	nutrient	demand
growth	of	a	percent	or	two	a	year,	not	the	postwar	compounding	-
which	 is	why	 the	producers	 themselves	speak	 less	about	 tonnage
and	 more	 about	 value:	 premium	 products,	 low-carbon	 grades,
services.	 The	 long	 equilibrium,	 quantified,	 is	 a	 large	 industry
growing	 slowly,	 decarbonizing	 expensively,	 and	 diversifying	 into
energy	 -	 while	 the	molecule	 at	 its	 heart	 remains,	 as	 it	 has	 been
since	1909,	exactly	the	same.	S6,	S12,	S42

The	item	in	one	day
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End	where	the	book	began:	with	the	reader's	own	day.	The	bread
at	breakfast	carries	nitrogen	pulled	from	the	sky	over	a	Gulf	Coast
converter;	 the	 milk	 and	 eggs	 multiply	 that	 nitrogen	 through	 an
animal's	 inefficiency;	 the	 cotton	 shirt	 and	 the	 nylon	 jacket	 both
trace	 to	 the	 same	 synthesis	 by	 different	 branches.	 The	 commute
burns	 diesel	 scrubbed	 by	 urea	 in	 the	 exhaust;	 the	 office's
particleboard	desk	 is	 glued	with	urea	 resin;	 the	building's	 chiller
may	run	on	ammonia	itself.	Lunch's	salad	came	chilled	through	an
ammonia	cold	chain;	the	evening's	news	carries	a	gas	price	that	is,
unknowingly	to	the	anchor,	a	bread	price	in	disguise;	and	the	river
on	the	drive	home	is	quietly	receiving	its	daily	toll	from	the	other
half.	 No	 reader	 consented	 to	 this	 intimacy	 and	 none	 can	 resign
from	 it:	 the	 item	 is	 inside	 the	 day's	 food,	 clothes,	 buildings,
vehicles	and	air,	purchased	 invisibly	with	every	meal.	That	 is	 the
final	 answer	 to	 the	 question	 the	 series	 asks	 of	 every	 item	 -	 why
study	this	one?	Because	a	civilization	is	the	list	of	things	it	cannot
do	without,	and	this	one	sits,	unexamined,	near	the	top	of	ours.	S7,
S49

Sources	for	this	chapter's	figures	and	claims	are	listed	in	the	companion	volume	under
Chapter	Sixteen.
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A N N E X E S

The	Reference	Shelf
REFERENCE

Annex	A	·	A	Gazetteer	of	the	Industry

The	nitrogen	industry	is	unusually	place-bound:	its	great	plants	sit
where	 cheap	 gas,	 deep	 water	 and	 hungry	 farmland	 intersect.	 A
tour	of	the	map,	using	this	book's	sources.

The	 Louisiana	 corridor,	 United	 States.	 The	 densest	 ammonia
landscape	 on	 Earth:	 more	 than	 half	 of	 US	 capacity	 sits	 in
Louisiana,	 Oklahoma	 and	 Texas,	 with	 the	 Mississippi	 corridor
hosting	CF	Industries'	flagship	complexes	at	Donaldsonville	-	 long
the	 largest	 single	 ammonia	 site	 in	North	 America	 -	 and	 the	 new
Blue	Point	Number	One	project	at	Ascension	Parish,	the	industry's
first	 world-scale	 low-carbon	 new-build.	 Cheap	 Henry	 Hub	 gas
(averaging	 near	 $2.10/MMBtu	 in	 2024),	 pipeline	 density,	 river
export	terminals	and	the	corn	belt	upriver	make	the	Gulf	Coast	the
industry's	price-setting	margin:	the	USGS	Gulf	Coast	price	series	is
the	tape	the	world	watches.

Ras	Laffan	and	Mesaieed,	Qatar.	QAFCO's	complex,	founded	in
1969,	 produces	 3.8	 million	 tonnes	 of	 ammonia	 and	 5.6	 million
tonnes	 of	 urea	 a	 year	 -	 the	 largest	 single-site	 ammonia-urea
operation	on	Earth,	with	four	granular	urea	trains	rated	at	12,900
tonnes	a	day.	Qatar's	gas	makes	it	the	archetypal	export	machine:
nearly	everything	it	makes	sails.

Kingisepp,	 Russia.	 EuroChem's	 Northwest	 complex	 runs
Europe's	largest	single-train	ammonia	plant	at	one	million	tonnes	a
year,	a	billion-dollar	KBR	Purifier	installation,	with	a	second	phase
adding	1.4	million	tonnes	of	urea	and	a	further	million	of	ammonia.
The	 site	 embodies	 Russia's	 structural	 position:	 vast	 gas,	 limited
domestic	 absorption,	 and	 exports	 that	 now	 navigate	 the	wartime
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maze	-	Russian	ammonia	exports	in	2024	ran	some	eighty	percent
below	2021	levels	while	its	urea	exports	grew	sixteen	percent.

Sluiskil,	 Netherlands,	 and	 Herøya,	 Norway.	 Yara's	 European
twin	poles.	Sluiskil,	one	of	Europe's	largest	nitrogen	complexes,	is
the	CCS	pioneer:	from	2026,	800,000	tonnes	of	its	CO2	a	year	sail
to	the	Northern	Lights	storage	under	the	world's	first	operational
cross-border	 CO2	 transport	 agreement.	 Herøya,	 in	 the	 old	 arc-
kingdom	 of	 Telemark,	 hosts	 the	 24-megawatt	 electrolyzer	 that
made	 the	 first	 commercial	green-ammonia	 fertilizer	 in	2024	 -	 the
industry's	past	and	future	in	one	fjord.

The	 coal	 belt,	 China.	 China's	 nitrogen	 industry	 -	 about	 thirty
percent	of	world	ammonia	output,	three-quarters	of	it	coal-based	-
clusters	 not	 at	 ports	 but	 in	 the	 coal	 provinces:	 Shanxi,	 Inner
Mongolia,	 Xinjiang.	 Its	 plants	 average	 twelve	 years	 old	 against
Europe's	 forty,	and	 its	export	policy	 is	 the	world	market's	 largest
single	uncertainty.

Trinidad,	 Saudi	 Arabia,	 Egypt,	 Iran.	 The	 gas-rich	 export	 tier:
Trinidad	 and	 Tobago	 (3.2	 million	 tonnes	 N),	 Saudi	 Arabia	 (5.4),
Egypt	(5.0)	and	Iran	(4.2)	round	out	the	USGS's	top	ten	for	2024,
each	monetizing	stranded	gas	through	the	world's	most	exportable
molecule.	S7,	S8,	S11,	S12,	S14,	S15,	S16,	S19,	S23,	S24,	S25,	S26,	S28,	S45

Annex	B	·	Timeline	S1,	S26,	S28,	S30,	S39

1828 Wöhler	synthesizes	urea	from	inorganic	precursors;	vitalism
cracks.

1840s Liebig	founds	agricultural	chemistry;	guano	imports	begin
transforming	European	farming.

1820s-1860s Chincha	Islands	guano	boom;	some	12.5	million	tonnes	exported
and	the	best	deposits	exhausted.

1879-1884 War	of	the	Pacific;	Chile	wins	the	Atacama	nitrate	fields	and	a
near-monopoly	on	mined	nitrogen.
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1898 Crookes	warns	the	British	Association	that	wheat	civilization	will
starve	without	new	nitrogen.

1895-1905 Frank	and	Caro	develop	calcium	cyanamide;	first	factories	1905;
Odda	becomes	the	largest	works	by	1909.

1903-1905 Birkeland	and	Eyde	marry	the	arc	to	the	waterfall;	Norsk	Hydro
founded	2	December	1905.

1909 March-July:	Haber's	laboratory	ammonia	synthesis	demonstrated
at	Karlsruhe;	Bosch	commits	BASF:	"I	think	it	can	work."

1913 September	9:	Oppau	starts	-	the	first	Haber-Bosch	plant;	30
tonnes	of	ammonia	a	day.

1914-1918 Blockade	converts	the	industry	to	munitions;	Leuna	built;	Haber
directs	gas	warfare;	Clara	Immerwahr's	suicide,	1915.

1918 Haber's	Nobel;	cyanamide	at	its	interwar	spread	-	35	sites,
325,000	tonnes	N	a	year.

1921 September	21:	Oppau	explosion;	more	than	500	dead.

1922 Bosch-Meiser	urea	process	patented;	ammonia's	carbon	finds	its
twin.

1931 Bosch's	Nobel	for	high-pressure	chemistry.

1945 Calcium	cyanamide	peaks	near	1.5	million	tonnes	a	year.

1947 April	16:	Texas	City;	581	dead,	the	worst	industrial	accident	in	US
history.

Early	1960s Kellogg's	single-train	revolution;	1963:	the	first	600-tonne-a-day
American	plant.

1965-1970 Green	Revolution:	India's	wheat	harvest	climbs	from	12	to	more
than	20	million	tonnes.

1992 Ruthenium	catalysts	commercialized	in	the	KAAP	process.

2013 April	17:	West,	Texas;	15	dead;	disclosure	and	siting	rules
rewritten.

2019 Colombo	Declaration:	nations	commit	to	halving	nitrogen	waste	by
2030.

2020 August	4:	Beirut;	2,750	tonnes	of	impounded	ammonium	nitrate
detonate;	220	dead.
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2022 Gas	war:	Gulf	Coast	ammonia	averages	$1,070	a	short	ton;
European	plants	idle	toward	half	of	capacity.

2024 Yara	opens	Herøya's	24	MW	green	hydrogen	plant;	world
production	about	150	million	tonnes	N.

2025 Blue	Point	Number	One	reaches	FID:	1.4	Mt	ammonia	with	95%
CO2	capture;	announced	low-emission	pipeline	reaches	457.7	Mt.

Annex	C	·	The	Numbers

Headline	 figures,	 drawn	 from	 this	book's	 sources;	 the	 companion
volume	tags	each	to	its	origin.	S6,	S7,	S8,	S20,	S21,	S42

World	ammonia	production,	2024 ~150	Mt	nitrogen	content
(~190.5	Mt	ammonia	gross)

Largest	producers,	2024	(Mt	N) China	47;	India	15;	Russia	14;
United	States	14

World	urea	output,	2024 ~201	Mt

Share	of	ammonia	to	fertilizer ~70%	(88%	in	the	US)

Energy	share ~2%	of	world	final	energy;
~20%	of	industrial	natural	gas

Direct	CO2	from	ammonia	plants ~450	Mt/yr;	~2.4	t	per	tonne
of	ammonia

Full	supply-chain	footprint,	2018 1.13	Gt	CO2e	=	2.1%	of	global
emissions

Gulf	Coast	ammonia	price $213	(2020)	→	$1,070	(2022)	→
$440	(2024)	per	short	ton

Population	fed	by	synthetic	nitrogen roughly	half	of	humanity

Nitrogen	use	efficiency ~50%,	declining	22%	since
1961

Planetary	boundary	for	N 62	Tg/yr	proposed;	190	Tg/yr
current	intentional	fixation

India's	urea	retail	price ₹268	per	50	kg	bag,	statutorily
fixed
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Announced	low-emission	pipeline,	May	2025 516	projects;	457.7	Mt/yr
nameplate

Annex	D	·	Glossary

Ammonia	 (NH3)	 -	 the	 industry's	 hub	 molecule:	 one	 nitrogen,
three	 hydrogens,	 made	 by	 Haber-Bosch	 and	 converted	 to	 nearly
everything	else.

Ammonium	 nitrate	 (AN)	 -	 NH4NO3;	 33-34%	 N	 fertilizer	 and,
with	fuel	oil,	the	ANFO	blasting	agent;	regulated	for	its	detonation
potential.

Blue	ammonia	 -	 conventional	 gas-based	 ammonia	whose	CO2	 is
captured	and	stored	rather	than	vented.

Denitrification	-	bacterial	return	of	soil	nitrate	to	atmospheric	N2,
with	a	potent	N2O	fraction.

Enhanced-efficiency	fertilizer	(EEF)	-	products	using	inhibitors
or	coatings	to	slow	nitrogen	release	and	cut	losses.

Green	 ammonia	 -	 ammonia	 synthesized	 from	 electrolytic
hydrogen	and	renewable	power,	with	no	fossil	feedstock.

Haber-Bosch	process	 -	 the	 catalytic	 synthesis	 of	 ammonia	 from
N2	and	H2	at	150-250	bar	and	400-500°C	over	promoted	iron.

Nitrogen	 use	 efficiency	 (NUE)	 -	 the	 share	 of	 applied	 nitrogen
recovered	in	the	harvested	crop.

Prill	/	granule	-	the	two	solid	forms	of	finished	urea:	tower-frozen
droplets	versus	hardened,	spreader-grade	particles.

SMR	 -	 steam	methane	reforming,	 the	dominant	hydrogen	source:
CH4	+	H2O	→	CO	+	3H2.

UAN	-	urea-ammonium	nitrate	solution,	32%	N;	the	standard	liquid
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fertilizer	of	North	America.

Urea	 -	 CO(NH2)2;	 46%	 N,	 the	 world's	 dominant	 solid	 nitrogen
fertilizer,	made	from	ammonia	and	its	own	captured	CO2.	S27,	S30

Sources	for	every	figure	in	these	annexes	are	listed	in	the	companion	volume	under	Annexes.
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About	Industries	of	India

Industries	of	India	(IOI)	is	a	research	effort	to	map	all	industries	in	India	and	the
world,	 approached	 through	 study	and	 theory.	GICS	 is	 the	map;	 every	 item	 is	 its
own	industry.	Synthetic	Nitrogen	Fertilizer	is	an	Industries	of	India	industry	study:
it	begins	with	a	single	product	and	 follows	 it	 through	geology,	science,	 industry,
money	and	daily	life,	before	reading	any	one	country's	layer	of	the	story.

Every	section	of	this	book	that	rests	on	outside	sources	ends	with	a	small	source
mark	 -	 a	 superscript	 such	 as	 S6,	 S27.	 Each	 mark	 resolves	 one-to-one	 in	 the
companion	 volume,	Synthetic	Nitrogen	Fertilizer:	 The	Source	Companion,	which
records	what	each	source	 is,	 the	specific	claims	this	book	drew	from	it,	 its	URL,
and	how	fully	it	was	read.
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