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Pr e faancde nAocvkl edge ment s

A burst of steam is released into the air, as a mist of an idea. If you can
solve the mystery of how to caye that breath of steam (adea), you can
turn it into power.¢ Joshua Bragg

My first encounter with steam power was as a child,iang for a mug of hot chocolate after
coming home from school one rainy day. | needed to mix hot water with the qoowader,

so | filled ourteakettle and put it on the stove with the highest heat possible. My attention
span lasted about thirty secondefore | left the kitchen and turned on the TV to watch a G.1.
Joe cartoon. Finally, when a commercial came, | remembered my task at hand. Returning to
the kitchen, | saw that the lid to the kettle was jumping up and down as if it was ready to
explode. As teached to turn off the heat, | burnt my arm from the steam rushing out from
the loose lid, searing the memory into my mind for use thirty year later.

There is a similar story told of one of the fathers of the Industrial Revolution, James Watt, who
as atwelveyearold boy was scolded by his aunt for staring at the kettle for hourke
differencethoughis stak. Althoughwe bothwere inspired byhe power ofsteam rai;ngthe

lid of a kettle, only James Watt went ¢om build a steam engindn contrast,| chose to write
about it. The topievasmotivatedby a desire to understand economic grovehdwhat made
the West rich. With that cama realization that technological innovation actually generates
most growth. Tis is especially apparenthsn investigaing the impact of thesteam engine
whichended up powering a large part of the Industrial Revolution. Applied tespartiation,
the steam engine locomotivand ship connected the world, allowing for a tightly integrated
global economyWith a huge incrase in energythat wasno longer dependent on wind, water
or muscle powerthe factories and machines that manufactured our weatihltiplied.

Writing this thesis has been one of the most enjoyable endeavors of my life. As | have struggled

to balance algallenging career in the insurance industry with the demands of family life, |

found myself looking forward to thpeacefulmomentswhen | could spend countless hours

studying | savored every moment reading tlever one hundred books and articléisat

spaked the ideas written here. The reason this project has actually kee@yableis that it

is a subject that brings together all the fascinating parts of science, economics, politics and
especially history, combined with a boatloadentthrallingcharactes.

a® TFTANRG RSod A& (2 GKS YINBSft2dza SO2y2YAO K
time with during the past year, includingy favoriteJoel Mokyr, the unconventional Deirdre
McCloskey, the very convincing Robert Allen, the-oonformist Nitolas Craftsthe brilliant

Margaret Jacob, the provocative Gregory Clark, the Francophile Jeff &uirihe steam

engine expert Alessandro Nuvolarhey alsocomprisethe recently departed, who live on in

the knowledge they shared, like the pioneer D@ss North, the genius on technological
changeNathan Rosenbergii KS & Odzf G dzNBE ¢  OK land Libke ngat BrénéhA R [ |
francophobe anglophile Frangois Crouzet

A number of professors at the Norwegian University of Life Sciences Businesdh@&stmeéd
their stimulating instruction that encouragedme to investigae many warious facets of
economicsMy econometricgeachersOlvar Berglandnd Kyrre Rickertsen ironicalhstilled
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in meboth an appreciation and a critical eye towards the field. Robert@i@amparted the

power of international comparisons, which was adopted in this paper. Arild Angaieeiled
O2yaARSNIoO6fS LINIFOGAOIE FTROAOS |yR SyO2dzNY 3S
thesis. Rani Lill Anjum pushed my boundaries by demonsgraitnv philosophy can enlighten

even economic discussisof causation. Rani and her eternal PhD student Fredrik Andersen

were a constant source ofioral support and humor throughout my studies. Many of the most
interesting discussions at the university wesparked by the delightful Mette Witg whom |

am especiallgrateful for her serendipitous introduction t8igurd Rysstadbigurd has proven

G2 0SS GKS LISNFSOG FTROA&A2NI F2N) GKA& al adSND
fascinatinghewresearch tlat has greatly enhanced my ideas institutions, path dependence

and the theories of innovation. | have benefitted immensely from his invaluable advitteeo

structure and readabilitpf the paper.

| also received critical support amdathematicstutoring from fellow NMBU student Nguyen
Nhung Lu and Daumantas Bloznelis. They are both extremely gifteddualsand Ibask in

our friendshipfull of discussions on economics and.liféore gratitudegoes to my former
professor of economic history at the Wersity of Copenhagen, Karl Gunnar Persson, who
started me down this course and continues to provide encouragement, even in retirement.
CKSNBE A& Ifaz2 GKS AYyRAALISyalrofS YSyiG2N gKz2
twenty-one year old mind to starthinking criticallygc James Cravemmy instructor & Clark

College in VancouveMy life is rich with thoughts and ideas because of his unorthodox
teaching.

Special thanks goes to my wife Katherine and daughter Josephine, who put up with an
internationaly 2 @S> LAt Sa 2F o6221a& yR LI LISNES O2dzyif
and a sometimes stressed husband and fattadt for this thesisl promise it can only get

better now.

This thesis is dedicated to my parents, from whbhaveinherited a loveof books, history

and learning. My motheristheonly néghO2 y 2 YA & (i dldgreditin adcidlagyd WHD &
follows my thinking, often providing wonderful insights of her o8he has proofread all my

school papers from the first graden and this ones no exception. Her prodigious editorial
talents and capabilities embody good economical writing. | am eternally grateful for the
intellectual imprint she has left on me. Finally, | owe a great debt to my father, who shared
with me an unforgettablsummerdayin 2014at the Musée des Arts et Métiers in Paridhere

| discovered numerous French contributions technology including the amazing steam
powered vehicle froml770. | will forever treasure the memories of writing this thesis in his
oficcandath & AA RS> 020K 2F dza &g 2 Nl anysndikgtheR | y R
YdzaS o6F O1 (2 KAY a KS gNA(GSa KAa g2y RSNFJA
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GLF SO2y2YA0as FLIWIXASR G2 KAadG2NER: Aa 0
relevance, it should above allselbe able to explain what is arguably the
ANBFGSald SOSyld ogrgtera@ROOB YA O KA AalG2NEE

We arguably live in the best time to be alive since the beginning of humankind. This is a world
in which my standard of living would be unthinkable to my grgandparents and even
G2RIFeQa LI22NJ NBE AYONBRAOGf&@ NROK FyR fAGSNI
minimal fear for our safety and we are in charge of our own politics. Also unthinkable just a
few generations back,waseducated well intany 20s and have the luxury of continuing into

my 30sas well agny parentswho have the potential to live in retirement for 30 to 40 years
past their working careers. Compared to my ancestor, Joseph Bragg, a free white man living
in the British colony oY¥irginia in the earlgighteenth century | am better off economidly

by a factor of over twenty While Joseph was presumably better off than his grandfather,
Thomas, whavas one of the first settlers ilamestown in the earlgeventeenth centurythe
improvement was largely due to the colony getting its feet on the ground as well as the
lucrative tobacco trade. In other words, the livelihood of my early American ancestors was
dependent on precarious and fragile factors, such as the weather, trade anmbufpom
England and peace with the native inhabitants.

What changed to cause the economic transformation, which slowly started increasing real
income in theeighteenth centuryin Northwestern Europe and took off in the Western world

in the nineteenth andtwentieth century? Commonly known as the Industrial Revolution,

many economic historians have correctly classified what happened as an inventive revolution.
Invention was not new, as we can trace advancements in tools, sea travel, agriculture and
warfare from the Paleolithic era to medieval timeldowever,these creative bursts merely

allowed one civilization to conquer another or expanded their population or geography. While
these technological advancements brought more people into the world, human egesteas

best described by Thomas Hobb@651/2003 p. 891 & & &az2f Al NB X LR 2NE VY
AK2NI ®¢ ¢KS {1Seé& G2 oNBIFI{Ay3a GKAa Odz2NBS 41 a
invention. This paradigm shift ended up transforming the world md@ntany religious or

political revolution could dream of, merely by generating a sustained flood of new
technologies.

The Industrial Revolution did not occur out of the blue or randomly in Western Europe. Just

as John the Baptist set the stage for JeskisSNOA a 12 A G 61 &4 LINSOSRSR o8&
DNBI 0 5AOSNBHSYOSé¢d LT S GKAYy]l 2F (0KS g2NIR
Europe was relatively on par with civilizations in China (where gunpowder, the compass and

the printing press were st invented), Japan, India and the Ottoman Empire. Then, as
illustratedin Figure dza Ay 3 (G KS al RRA&2y tNRr2SO0Qa D5t LIS
gradually began to surpass the competing world powers.

11f my ancestomwas by chance American Indian or Black, any comparison would be a cruel reminder of the
racial inequities in American sety.



I The Great Divergence
GDP per person, 1990 constant $
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Source: Maddison Project
Figurel - What was the Great Divergence? (Economist 2013)

The Age of Discovelt5" to the 18" century) led by Christopher Columbufitst gave the
European powers a head start, as they began extensive overseas explofBtiey soon
established colonial empires, whicbnguered, exploited and enslaved native populations in
the Americas, Asia and Africa. The Commercial Revolyti6fi to the 18" century)
exemplified by the Dutch East India Compaalgo contributed to European expansion by
building vast internationaraide networks. Meanwhile, back in Europe, a scientific renaissance
recovered the knowledge of the ancient Greeksl anedieval Islamic science. However, those
ancient ideas werenerely afoundation for the subsequent Scientifie®lution(16" and 17
centuries)that created new, revolutionary concepts in understanding the physical world. The
next European impetusvasthe Enlightenmen{18" century) in which the authority of the
church and stateould bequestioned and ideas centered on reason, suchibastly, progress

and constitutional governmengained legitimacyBy the18" century, China, Japan, India and
the Ottoman Empire had all but dropped out, while the race centered between the Western
European powers

These milestones led up twemendousadvances iruseful knowledge, alminating in the
Industrial Revolutiorwhich beganin one single country, BritairiThis was an event that
dramatically and irreversibly transformed Britaiand later the rest of Western Europ#
forever altered both the economy and culture, including changes inhe methods of
production and work and the way economic transactiégmssocietytook place leading to
better living standards for the whole populatiodt was eloquetly summarized by Harold
Perkin(1969, p. ) as:

I NB@2tdziAz2y Ay YSyQa | 00S&aa (G2 (GKS YSIya:
environment, in their capacity to escape from the tyranny and niggardliness

2F YIFGdzNBEXAG 2LISYSR (GKS NRIR FT2N YSy (2
environment, withotithe inescapable need to exploit each other.



The Industrial Revolution differed from the previous milestones in European history as it
ushered in an era in which technological change and economic growth overpowered
population growth. Previous bouts of gmth were sporadic and fleeting due to institutional
breakdowns, wars or natural disasters. However, the Industrial Revolution was not merely

built on a fleetingexpansion of commerce or peaceful political circumstances. Rather, its
foundation was technolog which is much less reversidadallowed the economy to shake

off the chains that had shackled it untile mideighteenth century That single event has

created asophisticatecandurbanpopulationthat is wealthy beyontl y @ 2y SQa gAf RSa i
two-hundred and fifty years ago.

Research Questions

Given its tremendous consequencese tindustrial Revolutiobegs the questiondVhy there
andwhythen?If the engineof industrywas primed in the countries dorthwestern Europge
given theirrelatively simlar starting points why was the spark first lit in Brit&Only France
stood out as the most realistic competitor. Both Britain and France possessed the intellectual
and social infrastructure necessary for modern growth.

England and France are more léblings when compared to the distant cousins of China or
the Ottoman Empire. They loosely shaesimilar DNA stemming from a common Norman
KSNARGF3IS FTFGSNI GKS . datS 2F 1 FadAy3a Ay wmn
differencesshapedo @ (G KS G| dzy RNB R frequert &ty sqiatbblg and vy R
competition leading tadistinct historical experiences of Britaand the Ancien Régime of
France. While they once shared the same language, religion and monarchy,digtitenth
century the gblings had grown apart, creating distinct political, social and economic
institutions. However, aguick examination of the scorecard between the two nations in the
mid-eighteenth century shows sifar levels of property right®8ritainprotecting herghrough

its parliament and patent system and Frarlemughits strong central government and highly
organized judiciary.The scientific enlightenment reached both countries, through their
respective prophets Francis Bacon and Rene Descartes. On the rectedhablogical
innovation, both countries proved extremely impressive for the time.

LG KIFI&a 0SSy | NHdAzSSR GKFG . NARGFAYQa €SIFIR ¢l a v
of technological progress, where arguments of French inferiority and unigtishBfactors

are merely post hoc ergo propter hoc fallacies. While this may or may not be thetcgsers

I @FfdzZd o6ftS aAaKAFTOG AY GKAY{Ay3 lo2dzi G§KS &L NJ
the question shifts to whether there were factorsgsent in eighteenth century England which

gave it a higher probability to spark the Industrial Revolution. So, no longer presuming that

the probability was higher in England just because it was first, one could also ask whether
there were factors that mael the probability of the Industrial Revolution high in eighteenth

century France.

2 My American education taught that it was Britaitho unequivocallyead the race from 1815 to 1918hen it
reluctantlyhanded the title to its little brotherthe United StatesThis Anglésaxon perspective glosses over

the miraculous developmentted SG KSNBE Ay 2 SEGSNY 9dzNRBL)S |yR (KS 62NIR.
industrialization.



The great economic historian Joel Mokyr (1985, p88Bprovided an apt warning to those
who might attempt such an inquiry:

Examining British economic history in the ped@@0-1830 is a bit like
studying the history of Jewish dissenters between 50 B.C. and A.D. 50. At
first provincial, localized, even bizarre, it was destined to change the life of
every woman and man in the West beyond recognition and to affect deeply
the lives of others.

Why did England dominate steam engine development and not France?

However, if the Industrial Revolution wadechnological revolution, valuable insights can be
gleaned from an intensive investigation and analysis into a case study ofvantion.
Answering why the spark was first lit in Britain and not France can be richly illustrated using
the case study of the invention and development of the steam endihere are numerous
inventions cited as the mother of the revolution, however, désjts slow and modest start,

the steam engine was crucial to the industriatisn of modern civilization.

The steam engine/as born as a powerful mining pump that kept Britain supplied with cheap
coal, whichfosterednumerous synergies, including irondasteel technologies, that would in

turn build better engines. A floodgate of innovation was released in factories as the engine
was adapted t@ower industrial activity. By the turn of the nineteenth centurygénerated

a leap across an energy canypdrastically surpassing the agéd limits imposed by wind,
water and muscle power. The abundance of mechanical energy made dreams of efficient
transport a reality, as the engine was applied to ships and locomotives, providing access to
goods and servicas most of the populationSince the steam engine was arguably the power
source that drove the industrialization of Britain, it provides the best case from which to make
generalizations about the sources of British primacy.

A comparison of the invention b&een Britain and Frances especially thoughprovoking

since thecountries appeared on quite equal footing in scientific knowledge, market size, and
colonial powers at the onset of the eighteenth centuBconomic historians have countless
theories thatwould seem to explain why the invention and development of the steam engine
occurred in Britain. This paper does not subscribe to a single theory, but utilizes several
hypothesesn order to identify viable factors believed tause olincrease the probabty of

the steam engine to be invented and enhanced in Britain. It also contrasts those factors with
the French experience in order to ascertain the probability that it chalek first occurred in
France.

Journey into Great Economic Mysteries

It is already apparent thathe presentation of this thesis differs from most others in the field
of economics. While it opens with a clear and fascinating research queatitypothesis is
not initially stated.This is intentional in order to distance this resdafiom atheoreticalform

3 Energy canyons are the inevitable limits placed on life and humanity at certain milestones of a seemingly
unsurpassable boundary of energy, requiring an exaejolt to push past the frontier and onto the other side of
the canyon.
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of economics thatloesnot reflect historicalevents.Rather than topdown deductive logic

that assumes abstract theori¢g be true, his paper employs inductive reasoning studying

the working of the actual economic systemiking inspiration from the great detective
character Sherlock Holmes, this thesis will gather all the facts available in order to extrapolate
a conclusion about causal factorkist like any mystery author knows, yao not reveal
dawhodunite until the veryend.

Before answering the exciting question of why England and not France invented the steam
engine, this thesis will embark on a journey through the typical sections that exemplify good
researchFirst,relevantbackgroundnto the understanding of ecomoic growth, including the
importance of innovation and human capital accumulation as well as their interdependence.
However, as economic theory alone is unable to explain the cause of the Industrial Revolution,
it becomes apparent that institutions hold ¢hkey to the mystery of economic growth.
Stepping outside the narrow constraints of economics allows a deeper understanding of what
causes invention.

After relevant background information is providedjetterms and theories surrounding
innovation are revdwed and integratedconcludingwith a probabilistic approach rather than

I a-8¥BS FAGA | ¢ settionisrabaeRBudzed GwithSaonpiéteEsivg
literature reviewcomprised ofattempts to answer theeomparabled 2 K& 9 y pukzley RK £
Thesetheories provide the basis (or set of hypotheses) of potential explanatory factors that
grftt 0SS SEIFIYAYSR Ay (KS O2y(SElG nmethodsikS & i S|
analyzing the data and a justification of the chosen methodology are preseRtext.to an
examination of the resultghe paper offersadditional background into the invention ofeh

steam engine and its workingd/ith the stage now set, the comparative analysis of the factors
surrounding the invention igeported in a clear and sictured manner Theresultsare finally
discussedand interpreted for their probability in causing or contributing to the invention
before theguilty (or causal) factor(s) are revealed



Background

Energy Canyons

In the spirit ofbig history | will begnh at the beginning; the origins of life, whictsuddenly
occurredafter billions of years in the midst of an ocean of lifeless chemicals. Somehow, these
elementsproduced a pulsgbut again for two billioryears, life on earth of stayed content as
miniscue and simple singleelled organisms, with no significant change to their basic form.
Then, suddenlyhese microorganismsiade a radical transformation to complex life. We now
take it for granted that there is a multitude of life in our oceans, forestiescand skies, but
there is no rule that biological life will get bigger and more complex. The great and vital
question of biology and our very existengat K2 4 RA R § ranfaifis athbck hofeK ¢
Biochemist Nick Lane (2015) provides one intrigulmgpty that explains how simple cells
overcame the barrier that prevented growth and new forms of life. Complex modern life, with
its DNA andnany moving parts, requires a lot of energfomehow, one of thoseprimitive
single celled organisms was jolted it force that powered it tothe other side ofinenergy
canyon. Thigenerakd a new large and complex type of lits we see today in jellyfish,
orangutans, cherry trees, tarantulas, and college professors.

Another evolutionary theory dealing with erggr explains how the homo genus differentiated
itself from all others. When our ancestors adapted to usingtireook its food, the energy
previously spent on chewing and digesting tough raw food could be used to hunt, forage and
explore As the digestivéract shrank, the brain grew, propeitj humans over another energy
canyon(Wrangham 2009)

The next hurdle to face humanity was economic and took over one hundred thousand years
to overcome. Life, in terms of food, clothing, heat, light, shelter amdeldpectancy, did not

get better from one generation to the next. The Reverend Thomas Robert Malthus
(17981986, p. 6] made the critical insight that any shadrm improvements to income from

a technological advance were inevitably eaten up by populajromvth.

The Sources of Economic Growth

The most significant question economists have spent owerhundredyears attempting to

answer is how some nations escaped the Malthusian ,Tdapstically improing material

conditions from one generationtothénE § @ ¢ KS NBIF &2y F2NJ GKA & (2L
0SOFdzaS AdG Aa Fftaz GKS LINAYINE 202S0O0GA@QS 27
economic growth as a necessito raise the income, webleing and the potentials of their

people and thus its the most crucial social task facing the world today. If one contemplates

the variations in growth in the world since 1700, it is clear that some regions, such as North
America, Europe and Australasia have achieved tremendous prosperity, while oth@msnati

in Africa, South America and Asia struggle to survive.

4 Mitochondria today contain an amazingly strong electrical charge;humelred and fifty million millivolts,
which for their size would be the equivalent to a bolt of lightning.
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Robert Lucas (1988, p. 5) eloquently elaborated this point in his Marshall Lectures on
economic growth:

| do not see how one can look at figures like these without seeing them as representing
possibilities. Is there some action a government of India could take that would lead the
LYRAIFY SO2y2Yeé (G2 3aAINRg fA1S LYR2ySaAl Qa

2 N,

Al o2dzi GKS ayl Gdz2NB 2F LYRALFEé GKlaé YI 1 Sa

involved in questions like these are simply staggering: Once one starts to think about
them, it is hard to think about anything else.

The attempt to identify the key variables or fundamental causes of economic growth occupies
economists because of thextraordinary impact such a discovery would have on the world.
The Industrial Revolution, with its inherent economic growth, transformed parts of Western

9dzNRP LIS YR b2NIK ! YSNAOIF (2 | a20AS0& 6KSNB

is greaterthan the previous and where most individuals have the economic means to reach
their potential. It is arguably the most significant event in human histouy jts cause is not

yet scientifically explained. Finding the cause or precise recipe to sustainaedmic growth

is the holy grail of economics. If there is one universal cause or set of causes, it could be
replicated throughout the developing world and truly eliminate poverty.

The grandfathers of economics, Adam Smith, David Ricardo, Thomas Malthsid Marx
provided the first basic answers to why economies grow by breaking the growth process down
into three building blocks, namely, land, labor and capital. These categories were easy to
understand as they refer to everyday things found in the eron. Land signifies the
productive capacities of the earth itself. Labor is the diverse effect and talent of workers.
Capital is the equipment used by those workers as well as the financial assets throughout the
economy. Economic theory was largely basedrese components, such that they were used

to argue about who should produce what goods and for whom and which responsibilities
properly belonged to the state versus those which were best left to markets.

In the classical theory of economic growth, begemplified by the Harro@®omar model,
technological progress is dependent on capital (both its accumulation and its productivity), so
the fundamental cause of innovation was savings and investment (Solow 2000, p. 52). It is
ironic that the most importanparameter in the Harrodomar model, the savings rate, is
exogenous (its result is not determined by the model). One could argue that savings itself is
dependent on the profit expectations of entrepreneurs. Like any-eglicated toddler, you

shouldcontimizS | a1 Ay3 aoKeé¢ dzyGAf @2dz FAYR (KS NR2i

classical economist what determines the profit expectations, the answer ironically would be
technological progress. This circular argument, that nothing succeeds like sandessthing

fails like failure, is still prevalent today, but does not get us any closer to the fundamental
causes of economic growth.



The Mystery of Economic Growth

The field experienced a resurgence in the 1950s when Robert Solow developadehtha

added a residual factor the original sources of growth. The unexplained residuabathall
variable for technological progress or any other changes that affected the productivity of
inputs, such as technological change and increasing skills amakgrg@nd later became
known as Total Factor Productivity (Solow 2000, p. xxi). Using growth accounting, Solow
decomposed the growth of output into the sum of their inputs, which found that the residual

is the largest contributor to economic growth. IrCfal = { 2t 26 Qa4 omMppT I LIP o
that about severeighths of the increase in output per head in the American economy was
traceable to such productivity increasddeverthelesswithin the theory, the residual was
treated as a question, not an anmsr. It is used to explain the observation of economic growth,
but could not be used to predict it.

| still vividly remember the lecture over fifteen years ago when | first learned about the
dzy a2t SR Ye@auSNE 27F {2f 206 Qa eots2NedChssicallsld 2 NJ t N
classroom dating from 1728 at the University of Copenhagen.

Figure2 - ! y@@SNﬁ)\éé 2F [/ 2L8YyKIFISyQa aSUNRLRtAGlIY {OK22f o6dzAf RAY
hdzNJ [ F R8¢ 0

While the surroundings provided a stunning backdrop, it was the idea that something so
fundamental to our way of living, could be measured, but not yet conclusively explained (like

dark matter). Economists knew that there were other factors involved in tlemewy, but

these were treated as exogenous, which means that they are not part of the theoretical

10



models created. Exogenous factors are to an economist miadérial that will not be included
on the course exarns to the student.

¢ KS 02 dzN& S Qigscrifedl EhigredtISRO@ IdzNBSa Ay NBFAYyAy3I {2 2
include (or endogenize) the role of innovation, knowledge, increasing returns (Romer, 1986)

and human capital accumulation (Lucas, 1988) into a growth model that would explain the
sourcesof the residual. The search to explain these less tangible and previously mysterious
factors brought to light a myriad of insights regarding the creation and impact of human
capital. Theodore Schultz pioneered this resealemd deservedly won a Nobel &) with

KAa 20aSNBIOGA2Yy GKIFGO LIS2L)X SQa aiAirftta yR (Y.
investment decisions (rate of return) as conventional physical capital. He also showed how
investment in human capital, such as spending on education &d b § K~ KI @S f SR
0KS AYLINBaAaaA@S NRaS Ay GKS NBFE SFENyAy3aa LISN

Gary Becker expertly took the torch fronthBltz, his University of Chicago School of
Economics boss, in describing how the application of scientiiwlatge through education

and onthe-job training with a healthy work force leads to a virtuous cycle of economic growth
(Becker 1993, p. 24). The field has had a tremendous impact on governments around the world
who have incorporated education subsidigglgob training programs in their struggle to deal
with labor displacements due to economic globalization.

Endogenous Growth Theory: One Step Forward, Two Steps Back

The fact that knowledge and technological process are key components of economic growth
seems so common sense today, buiviais notuntil 1990 when a thirtysix yearold economist

YIEYSR tlhdz w2YSN)I Omppny Lzt AAKSR | NB@2f dzi A
¢ SOKyYy 2t 23A0Ft [/ KFEy3aSéeés GKIFG GKS kB écénondicF |y 2 4
growth. Endogenous growth theory should be applauded for taking a great leap towards
incorporating all relevant variables into a theory of economic growth, not only by
endogenizing technology creation, but also going a step further by pgsitihat
fundamentally drives technological change. This brilliant addition to economic theory
provided very applicable reavorld conclusions. For example, building on the ideas of Schultz

and Becker, Romer highlighted the importance of human capitalnergéing growth and the

use of trade to stimulate the accumulation of human capital.

New economic growth theory has provided answers to the most pressing questions in the
field, yet the theory struggles with empirical proof. Mangoaomic historians (Craft1995;
Voth 2003) have partly rejected the new growth models as their predictions do not square
with the historical events surrounding the Industrial Revolution in Britain and France. While
we now have a better and larger menu to choose from, many oitémes are still indigestible.

5SKdzf i1 Qa4 NBaSINDOK Ayidz2 KdzYly OF LIAWbHdtWardllGarmanydadeNNB R o0& |
Japan were able to rebuild and grow much faster than the United Kingdom, concluding that their healthy and
highly educated populations contributed to theapid recovery.

11



l'y20KSNJ 3t FNAY3I AaddzS 6AGK GKS GKS2NEB Aa Ada
economies. If countries have access to the same stock of knowledge, one would expect much
more convergence to have taken place.m&rous studies have attempted to explain the
difference in performance, citing various reasons why countries do not make efficient use of

this knowledge. These share a common theme that economic institutions, cultural context,

path dependence and historyeed to be included into analyses of crassintry income
differences.

Wh at Causes I nventi on?

While Endogenous Growth theory incorporates many of the factors which are strongly
correlated with growth, such as investment in human capital or technologicalaes, it fails

to identify how those factors come about. For seekers of fundamental causes, the theory only

offers a weak explanation of technology (knowledge) creation.ciipally, David &ner

(2012 p. 118 posits,a Y y& Ayy 2 @ A 2 y asKéntidy by thdidestie faorS R I €
LINA G GS 3FAyéd | yvTF2 NI dzy Halldet &témpdr tardtram sin€@ @2 dzy 3
Y2RStQa YIAYy SELIXLFYyLFdAz2y 2F GSOKy2t23A0Ff 3
existence of intellectual property rights deenot automatically create new technologies. It

could merely be a necessary condition of an environment that is conducive to innovation.

While economic incentives that stoke the natural human drive of greed and ambition have
remarkable explaining power, &y do so within historical parameters and alone cannot

SELX FAY (GKS LYyRdAzZAGNAIt wS@2fdziazy y2N (KS a2

Determining the origin of technologies to find out how they arise is another one of those
seemly insurmountable challenges that tipiaper takes on. Many different academic fields

KFIogS t2y3 FGGSYLIGSR (G2 SELXIAY ySg GSOKy2f 23
I Otié¢ 2F Ay@SyGAzy A& Ay SadffitionOistoricalexamPlSdly (2
not seem to follow asingle principle of invention, so any fashionable theory can easily be
discounted with a single count@&xample. Despite the infancy of current understanding, a

review of the concepts surrounding technological advancement demonstrates their
explanatory paver when treated as a whole. Nicolas Crafts (12985, p. 124127) provides

a nice classification of the different hypotheses breaking down how they attempt to explain
AYOSYGA2yY MmO (0KS GKSNRAOé | LIINRBI OKTocial v (GKS
RSUSNNYAYyAEUE OASGD

Before the theories are reviewed, it is prudent to follow in the footsteps of the best
mathematicians who precisely define terms to clarify their use throughout this paper:

Invention versus Innovation

GLY DSy UA2yé ingéitislthe didathbibof Speo8ugtibn of process for the first time.

The two great fathers of innovation theory, Abbott Payson Usher and Joseph Schumpeter had
unique conceptual formulations of invention. Usher (1954, pc6® 0 OK I NI} OG SNAT SR
2F AYyaArAdKGé F2Ay3 0Seé2yR GKS SESNODA&AS 2F y2N
dno RSTAYSR AG Fada a0KS OFNNEBAYy3I 2dzi 2F ySg
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images of a lone genius struggling against the odds and has fedothdap notion of the

KSNRAO AYy@SYuz2N®» aGLYYy2@0FA2yeés 2y (GKS 230§KSNJ

process or service. This term is more difficult to pin down as it comes in several forms and
from various sources. Schumpeter commonly used thord innovation to denote an
invention that is developed for commercial use. Robert A(l£883)has coined the term

G402ttt SOGADS Ay@SyiA2yés odzi GKA&E A& | OlGdzd ¢t ¢

stick to the popular definition given ale that emphasizes the application of new concepts
and knowledge on an existing invention.

This distinction has led to a vigorous debate between two prominent economists, Robert
Gordon and Joel Mokyr, at Northwestern University (Aeppel 2014). Gordaveslihat our

0Sai RIFré&a NS 20SNE aAyoOoS a GKS alreAay3a 328
AYOSYGSReéD IS FaaASNIa GKFEG YSNB Ayy20FGA2y 2

of the telephone to the iPhone, will have a limited effect @conomic growth since they are
subject to diminishing returns. As an economic historian, Mokyr has seen many instances

GKSNBE GKS O2Yo0AylLidA2y 2F AYy@SYyiaAz2ya [yR Ayy?2

the way to new inventions in the future. Bwvas certainly the case for the invention of the
steam engine where a virtuous circle was started, with the invention of scientific instruments
that led to the barometer and the discovery of the atmosphere. Indeed, this paper will provide
numerous example where science and technology reinforce each other to foster new
inventions.

Macro vs Micro Invention

Joel Mokyr distinguished between macro and micro inventions, using terms inspired by
biology, to highlight their unique, yet complementary natures. Macrentions are game
changing radical new ideas that have a tremendous societal and economic effect. They are
extremely rare and are unpredictable in their occurrence as they are often the result of
GaliNR{1Sa 2F 3ISyAdzaz f dzO12). Exalpled & MmBciboveitiods G & ¢
include the steam engine and its separate condenser, the light bulb and the semiconductor.
They have a significant impact on economic growth as they provide a fertile ground for
supporting micranventions.

Micro-inventiorda | NB GG KS avyrftf AYyONBYSydGlf &GSLia
existing techniques already in use, reducing costs, improving form and function, increasing

RdzZN} 6 Af AGe> FyR NBRdAzOAY3I SySNHe& |yR NIg YI (°¢

these are the components of the maemoventions. For example, the-&alve improved the
performance of the steam engine as it efficiently controlled the flow of steam. The original

seltl OGAY3 Ot ¥84 dzaSR G(KS Sy3IAyS @eberggangheati SI Y

When one aggregates all of these small improvements, miorentions actually have a
greater impact than the betteknown macreinventions. Micreinventions are also very
responsive to economic incentives and prices. They account for ganss in productivity,

since as learning by doing and other improvements increase economic efficiency. However,
continuous improvements are subject to diminishing returns and would eventually fizzle out
without revolutionary breakthroughs.

13
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generate inventions. They include revolutionary concepts, such as the secular observation of
nature, scientific experiment and measurement, as well as intellectual property aghtare

featured in this study for their role in advancing modern economic growth in the Western

world.

TheHeroicnventor

LY@SyuaArzy a | FilakK 2F Ayarakdz ftA1S WHYSa
has a mass appeal that have turnexen like Thomas Edison and Steve Jobs into heroes. The

great American early economic historian of technology, Abbot Usher (1954, p. 60) described
GKAA I LIINRIFOK sKSNB aGaiKS y20StiASa GKIG O2ya
are(tobe)atth 6 dzi SR (G2 GKS AYALIANI GA2y 2F 3ISyAdzaés
explanation or analysis. While some inventors have been blessed But#tka moments

making spectacular contributions, the reality is much more complex. As another great
ecoromic historian, Carlo Cipolla (1972, p. 46) brilliantly summarized why, despite the

I OKAS@SYSyita 2F ¢K2YlFa 9RA&az2y FyR 2GKSNJ a3N.
innovation does not hold water:

Innovations are to history what mutations are to lbigy. Actually,
innovations show a remarkable tendency to cluster in time and space, and
this incidentally suggests that attention should not be devoted exclusively to
the eccentric individual genius of the innovators, but should also be extended
to the anaymous forces of the environment.

l'Yy20KSNJ LINPOofSY 6AGK GKS GKSNRAO GKS2NRé¢ 27F
The eminent sociologist Robert Merton (1973), famous for developing notable concepts such

da adzyAYyidSYyRSR 02y afSdjdzS oS FESNE yo QIR -fulflling &IRS |
LINR LIKSOe¢s y20A0Sa K2g aAYAfFINI RAaAaO2OSNARSa 2
independently. Most famous was the discovery of calculus by both Isaac Newton and Gottfried
Leibniz, but the experienad Papin, Savery and Newcomen all inventing versions of the steam
engine independently also discredits the idea that one particular individual is necessary in an
invention. The history of many inventions shows that had they not been invented by X, they
would have been made by Y. However, this connection is more difficult in some cases of great
genius. It does not seem likely that had Shakespeare died in infancy, another author would

have inevitably written the same masterpieces. Nevertheless, most inventaose best
understood within the socioeconomic setting that gave birth to the inventor/invention.

Invention as a Response to Stimuli

Many economic and cultural historians subscribe to the theory that certain factors, such as
scientific advances or the quigl of entrepreneurship, affect the ability of inventors to react.
Margaret Jacob (1997) emphasizes the central significance of science and the supply of
scientific knowledge to technology. She also distinguishes the British environment where
engineersan®y § NS LINBSY SdzNBE O2dzf R LINRPFAG FNRY | LILIX @A
(2010)writings that underscore the importance of ideas and ideologies over economic or

politicalinstitutions¥ I £t £ Ay G2 GKAA& OF G§S32NE ® nrdaBenty 2GS a
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which fostered experimentation without fear of theological and political disapproval, feed the

uptake of new techniqueand inventions. Joel Mokyr (200p. 1) reiterated this idea in the
2LISYAYy3 fAySa 2F KAA Y| &peodsldépsndsSMoredh@rOonogt2 Y A O
SO2y2YAaita GKAY1lZ 2y ¢gKIFG LIS2LXS 0StASOSe o |
gAO0K alO/ftz2a18eQa SYLKIFIarAa 2y ARS2ft23& gA0K
Inventions flooded Britain as her aéins and engineers began to apply scientific knowledge

to technology.

¢tKS aNBaLRyasS¢ alOKzz2ft 2F (K2dAKG A& SESYLIX AT
GYFye AYLRNIFYyd OFGS3I2NASa 2F KdzYly glFyida KI
catered for in spite of avell-establishedRS Y yRXF 3INBIF G LRGSYdAlf |
AYLINRGSYSyilia Ay GKS KSFfEAyYy3I FFNJI& 3ISYSNIftfeéx
development of the science of bacteriology in the second half of the nineteentrdeNd ¢ &

While this view provides a powerful explanation for many inventions, it is difficult to verify it

as a causal factor for invention. Economists have struggled with the proposition that invention
flourishes in an environment that promotes technologikabwledge. Some have countered

with numerous examples where there is a clear demand for an invention, but the lack of
1y26ft SR3IAS 2F K2g (2 | OKAS@PS AdzZ YlIe& Sgiios
case study, Robert Allen (200@xamined thee famous inventions to test the cultural
NEalLl2yasS SELXIylLiA2yd IS F2dzyR GKIG G(KS Ay QD
wages and prices rather than her attitudes to innovation, which would imply that at least some
inventive activity is sociallyr economically induced.

Socially Induced / Determined Invention

I Gaz20Alf RSGSNNXAYyAAGE OASG 2F AYyOSyGAz2y LI |
2PSNJ 0KS AYRAQGARdzZIE X 6K2 Aa aYSNBfte |y AyaanN
p.61). The idea of induced innovation wastf proposed in 1932 by Joliticks (1963, p. 124)
FaaSNIAy3 GKIFG aF OKFy3aS Ay GKS NBtFGIADS LINJ
invention, and to invention of a particular kirgddirected to ecammomizing the use of a factor
GKAOK KIFa 0S02YS NBfIGA@EEMe A\ATRAISHARGS A ¢ $d:
scarcitiesi G A Ydzft F SR GSOKYyAOlIf OKIy3aS gl a LIAZ2YSSNE
(1932 p. 170)classic,The Rise of therlish Coal Industly | f a2 SYLIKI aAl SR K3
GAYOSNI aK2NIF3IS Ay (GKS 9ftAT I o6SiKIFYy SNIY SR
O2Ft O68KAOKUO LINPGARSR (GKS olaira F2N GKS AYyR
famous proverb,K I G ay SOSaaAride A&t GKS Y2UKSNI 2F Ay @Sy
LY@SyiaArzy F20dzaSR 2y GKS ySSRa 2N RSaaANBa
marketers who realize the trick to a successful new product is creating what people love
before they know they want it. Thegpproach also makes sense to most entrepreneurs who

would echo the argument that if there is no demand, there will be no payoff. Dersaied

factors can easily be modelled by economists to show how the increased cost of a particular

factor of production shuld induce inventive efforts in order to reduce the use of that input

6¢KS b2NBSIAlLY OSNEAZ2Y 2F GKAA LINPOSND Aada SaLISOALT e
g2YLy (2 6SI @S¢ o



with a new cheaper substitute. Still, countlesgentionshave been created in the absence of
economic incentives.

Expanding the scope of theoretical explanations from neoclassicahoetos to a
multidisciplinary approach of the study of technology is better equipped to clarify the
complexity of how invention occurs. Technological progress occurs in an environment with
numerous contributing factors where it is difficult to isolate eant factors given their
interrelatedness. The first impression of most students of the history of science and
technobgy (useful knowledge) is how inventioocursunder very uncertain conditions where
unintended consequences lead to unknown outcomes.

The steam engine is a perfect example of hamvention is more than an economic
phenomenon. Its original use as a water pump was combined with rotative action to drive
machinery This allowed mills and factories to be located away from their tradatisitesclose

to water or wind power.The steam engine and thessulting factoriest poweredemployed

the numerous familiesincluding childrenwho migrated to the rapidly industrializing cities.
Thisultimately had numerous unforeseeable spillover effects ba environment, huma
health and the social fabri®eter Gaskell1833/1972, p. 33)a ferocious critic of the factory
system protested the transformation of the very fabric of society, writing:

A complete revolution has been affecttt)in the distrbution of property,

the very face of a great country has beemredelled, various classes of its
inhabitants utterly swept away, the habits of all have undergone such vast
alterations, that they resemble a people of a different age and generation.

-

t-
e

A Sythesized Probabilistic Theory of Invention

The biggest problem with such so@oonomic theories of invention is the significant time lag
before their widespread application. This argument leveled by Musson (1972,-§3)22

jdzSadAazya aAFT XNBISEf 6 SARI S@DEK2YRAl f f& WRSH
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inventions have to wait for their time was eloquently summarized in 1945 by Vannevar Bush,

the Director of theUS Office of Scientific Research and Development (cited in Weightman

2015, p. vii):

Leibniz (1644.716) invented a calculating machine which embodied most of
the essential features of recent keyboard devices, but it could not then come
into use. The ecomaics of the situation were against it: the labor involved

in constructing it, before the days of mass production exceeded the labor to
be saved by its use, since all it could accomplish could be duplicated by
sufficient use of pencil and paper. Moreovemould have been subject to
frequent breakdown, so that it could not have been depended upon; for at
that time and long after, complexity and unreliability were
aeyz2yevyzdzaXlFR I tKFENY¥2K 0SSy 3IA@BSYy RSl
automobile, and had henderstood them completely, it would have taxed
the resources of his kingdom to have fashioned the thousands of parts for a
single car, and that car would have broken down on the first trip to Giza.

One of the foremost experts on technology, Nathan Rosegl§1969), noted that all of this

G2y GKS 2yS KIyRXe&Si 2speakdarSbe gustfatBioly difficuiftBgin SO2 vy
R2gys fSIRAY3I (2 GSEGNBYS | Iy 2H0maBs) aryes 2y
readers to embrace the uncertainty amekat technological progress as more of a stochastic
process. This approach can accept both the social and economic variables as well as the efforts
and motivations of individual inventors, by assessing the force and direction these have on

the probability of an invention occurring. A probabilistic theory of invention shows how
inventions can become virtually inevitable after sufficient knowledge is focused and
accumulated in the areas where they are most needed. This paper adopts that methodology,
which can accommodate the deficiencies of a single theory, such as the time lag in the
application of inventions, the existence of nenonomic inducements as well as the
importance of individual inventors.
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Why Engl and?

Many economic historians have asked the §ugA 2y Of 2aSt & NBfFGISR (2
the decisive inventioda G 1S LJ I OS Ay 9313 .fAlrefi®wof thedr&ibugA & Mo
explanations and theories are presented here to give a guide of the critical factors believed to

give England thenitial advantage. Thenost probablefactors will be used in the more specific

study of why the invention and initial development of the steam engine was dominated by

the English.

The brilliant French scholar of English economic history, Francois Croumedeal the initial

systematic comparison of the eighteer®S y & dzNE 9y It A&AK SO2y2Ye | 3
f SFRAY3 O2yGAYySyGlt LIReSNI G GKFEG GAYSX wAY
LISOdzf A NJ 2 9y 3t yRE 6 tahe® oizhiSstudywasamd&rpinndt bym o 0 ¢
its applicability in explaining the Industrial Revolution.

Since the insight that a comparative study could provide important clues, a lively debate broke

out between historians and economists, which highlightedowggicandidates for the prime

Ol dzalf FIFOG2NAR ol Y2y3ald GKS ydzySNedza O2y G NAO
AY AYyYy20F0GA2Yy RdNAYy3I (G(KS SAIKGSSYaGK OSyiddzNE
agrarian structural transformation (Kemp, & LJ» y 0 G2 | F3SyQa Of I A
LISNE2Y I fAdGe NIGKSNI GKIFy OANDdzraidlyoOoSa I NB
(Hagen, 1967, p. 37). This weibrn idea of a unique national character, such as the British

stiff upperlip or holdingthe monarchy accountable (i.e. the Magna Carta and the 1689 Bill of
Rights), has been brought into the twerfiyst century with various modern takes on British
peculiarity.

One of the more radical versions came from the brilliant4onformist DeirdreMcCloskey

who setoutin. 2dzNAHS2A & 5A3dyAley 2Keé 902y2ticideka /I yQ
GKFG aOKFy3aS Ay Glrft1 FYR K2dzAKG Fo62dzi GKS 06
forexplainy 3 (G KS Y2 RSNY 2N RY. Theamdadtion2hatjaSgdage can

effect economic behavior has recently become popularized in some circles through behavioral
SO2y2YAald YSAOGK /KSyQa ownmuHO ¢95 {GFf1 a/ 2d
Y2y SeKé o

The idea that British culture was esgally suited to birth the Industrial Revolution was given

an evolutionary orbiogeneticO2 YLI2 Yy Sy i Ay MARaewe? NRAImg A Brinf] Q&
Economic History of the Wodd | A a4 &42YSgKIF G | dzRFKOA2dza (KSa&.
advantage lay in the ragicultural, and potentially also genetic, diffusion of the values of the
economically successful throughout society intheyears2®n né¢ o/ f I NJ HAnnTZ
SOK2S4a alE 2S86SNNa OASs (GKIG GKS t NRABistil yi

is a difficult claim for economists to accept given their assumptions that all people are alike

and will respond to the same incentives. However, Clark skillfully shows how institutions and
incentives were largely unchanged prior to and during thduktrial Revolution, so the

evolution of middleclass values is, according to him, the best explanatory variable.
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William Rosen asserts in his eloquent story of the invention of the steam engine that the

LI GSyd aeadasSy g1 a aiKS2N2RED TLIND SANFFadzE O 2AyRISNA OAd)
British inventions duringighteenth century He claims that the Industrial Revolution could

2yte KIS aidFNISR Ay (GKS !y3af2LK2yS g2NI R A&
AY@SyliArAz2yé o0& lopeé\pdpiladetd éxylah theiryaludbye lidsids (Rosen,

2010, p. xxiii).

Rosen borrowed heavily on the ideas of Nobel Prize laureate Douglass North, who emphasized

the role of the patent system, but also the broader body of property rights law. As the
grandfather of institutional explanations of the Industrial Revolution, North cited a number of
institutional factors that would cause the rate of innovation to accelerate, but the
developments could be traced to a single causal factor, without which thexdld be no
G§SOKy 2t 23A0If NB@2ftdziAz2yd aLd 6+ a oSaGdSNI aLlsS
LINE RdzOG YIF N] StaxXe¢eKS NBadzZ GFryd AyONBlIaAAYy3I Yl
division of labor, which increased transactional costs. Orgéiniz changes were devised to

reduce these transaction costs and had the consequence of radically lowering the cost of
AYY2@0FGAy3¢é O0b2NIK MpywmI LI mppo® b2NIKI §2:°
from the implication that without the Gloriaai Revolution, the British economy would have

followed a very different path (1989, p. 831).

b2NIKQa 6mMdpdpnd 62N] KAIKEAIKGA GKS GNFyal OGa
that in addition to the regular production costs from inputs swashland, labor and capital,

there are also costs in defining, protecting and enforcing property rights. This is precisely why
informal institutions, such as norms, kinship ties and tradition as well as formal political or
judicial institutions reduce uncérl Aydé o6& LINRPGARAY3I fAFS gAGK |
0KS 3FYSé RNAGS R2gy GNIyalOlAz2y 02adGaz 6KA
Institutions are only as effective as their enforcement mechanisms, which can be self
imposed, threats ofetaliation or a third party sanction by society or the state. Regardless of

which pivotal historical event(s), the institutional changes in eighteenth century Britain
LIN2E A RSR (GKS a32ftRAf2014¢ SO02y2YAO O2yRAGAZ
France whose institutions did not lead to a comparable capital market in order to mobilize
savings and finance business activities. North and Weingast note that both the British and
French governments were in an abysmal fiscal situation in the late 160)5] G o6& wMTcp C
gl a 2y GKS @OSNHS 2F o0l Yy NHzLJioe gKAES 9y3Ifl yR
(North and Weingast 1989, p. 831).

A broad analysis titlednstitutions as a Fundamental Cause of L-8un Growtld attempted

to identify the uindamental causes of growth. Its authors borrow a powerful quote from North

GKFG GaidKS FFEOG2NAR 6S KIFIGS fA&a0SR O0AYyyYy20F G2
accumulation, etc.) are not causes of growth; teeg AINR 6 1 K¢ 6 ¢K2Yl & | yR b
2). Acemoglu, Johnson and Robinson (2005, p. 8&®%er argue that:

Economic institutions are important because they influence the structure of
economic incentives in society. Without property rights, individuals will not
have the incentive to invest in phgal or human capital or adopt more
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efficient technologies. Economic institutions are also important because
they help to allocate resources to their most efficient uses, they determine
who gets profits, revenues and residual rights of control.

Theauthoda dzaS GKS NAAS 2F . NAGFAYyQa O2yadAiddziaz,
LI26SNI AY RSGUSNN¥AYAYT SO2y2YAO0O AyauAaldziazyad o
G2 GKS LYRdAZAGNAIf wS@2f dzi A 2 y Zernméat3edl tosecurdf & A dz
property rights, a favorable investment climate and had rapid multiplier effects on other
SO2y2YAO AyaldAaddziaAzyas LI NGAOdz I NI & FAYLFYyOAL
p. 453).

Robert Allen (2009) has put forth a vergmpelling argument that Britain succeeded due to

her unique economic conditions on the eve of the Industrial revolution. Wages were high,
GKAES OFLWAGEHEE YR SYySNHeé ¢gSNBE OKSIF LI 9y3fl yR
for manufactured produts encouraged investment in new technologies, such as the spinning
jenny in England, but not in France due to its relatively low labor costs. However, Allen makes
an unrealistic assumption that new investments are only spurred by theirredsicing
potential. The reality is that investments decisions are based on their rate of return. Evidence
suggests that while the spinning jenny was not as profitable in France as in England, it was still
profitable (Horn 2012, p. 167). There are also many instances véiatively high wages do

not spur investments in labesaving technologies, such as the American experience during
the Industrial Revolution period.

5SaLIAGS GKSANI AAYLIX AOAGeT 2G4KSNJ SO2y2YAO0 KA
multiplicity of factors ¢ technological, social, economic, political, and cult@athich came

together in the mideighteenth century to provide the stimulus of industrial advance. In all

these factors, Britain had a slight advantage over France. But the advantageialdatiye

NF §KSNJ GKFyY ljdzZt yGAGF GABSE O0YNIYTOoSNH mopcTI L

A broader view provided by Milward and Saul comparing Western European countries showed

the weaknesses of singling out Britain as the uniquely suited location to be the birthplace of
theindusi NA I £ NB @2t dziA2y Ay fA3IKI 2F GKS RAODSNBA
history in the eighteenth century is considered, the greater appears the difficulty of finding a
single factor in the British economy not present in some continerile?ey’ 2 YA Sa ¢ oaAf 4|
Saul 1973, p. 333). Proponents of the distinctive British conditions case could argue that it

was the unique mix of factors in Britain that did the trigkerefore while France had a few
ingredients and Holland others, only Englehad all an in the right quantities to bring about

the industrial revolution. Unfortunately, this approach is tautological as it is true that Britain

was indeed the instigator of the industrial revolution, so restating all the conditions present is
commiting a causal fallacy. It is also dangerous to use a British yardstick to measure the
development of the continental economies, especially as they later instigated a unique
technological revolution from a very different set of conditions.

Included inTheEconomics of the IndustriBkevolution edited by Joel Mokyr, Professor Sydney
Pollard provides a useful reminder that not all regions (within a nation) are created equal
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(1985, p. 1658L76). He demonstrated that while Britain contained a number of regioimsed

for industrialization, the continent also included such economies in parts of Belgium (Liege
and East Flanders), France (northern and Alsace), Germany (Rhineland), Switzerland and the
United States (eastern).

In the same volume, a different type bINB dzY Sy & Ay GKS a2 Keé . NAGE Ay
by Nicolas Craftsl@771985), where he questions the very question. If Britain and France

both had equal probabilities to initiate the industrial revolution, but it occurred in Britain by

random chancethen the question is inappropriate. Crafted(7 71985, p. 127) makes a strong

I NBdzYSyid GKIFIGd GRSOAAAODS Ayy20FGA2ya &aKz2dzZ R
a020KFaGAO LINPOS&aaé¢d LT GKA&Aa Ad GKS OHyasSsz 2y
England beat France to the invention party.

This argument may cause any other researcher to give up on answering the original question
YR aKAFG G2 | ait20KFadAO Fylrfeara 2F GKS Ay
from the longstading inability of economists to build credible models, let alone garner
consensus, on the causes of the Industrial Revolution. Even if Britain just got lucky, it is worth
identifying the systematic forces that caused her initial primacy.

Met hodol ogy

Owercoming Causality Issues

The Dangers of Econometrics

Determining proper causation has been the primary challenge of economic theory, especially
as econometric tools merely identify significant correlations and not the true direction of
causation. This waunfortunately exemplified in the aftermath of the 2008 Financial Crisis,
when a paper called "Growth in a Time of Debt" influenced austerity movement politicians to
justify harsh beltightening programs despite deep, widespread economic pain in theabdS.
Europe. The study was based on a data set from 44 countries spanning two centuries. Its
authors, Kenneth Rogoff and Carmen Reinhart (2010) argued that countries with a debt to
Gross Domestic Product (GDP) ratio that exceeded 90% experience a fdliam growth of

1%. This clearut conclusion was taken as fact and austerity measures were put in place in
both the U.S. and Germany in order to bring the ratio below the magic 90% threshold.

In the spring of 2013, three years after the paper was writtergraduate student, Thomas
Herndon, attempted to replicate the results as an assignment for his econometrics class.
Shockingly, he found glaring data omissions and a goofy Excel spreadsheet mistake, which
when corrected, led to the opposite conclusiohat debt can actually spur economic growth
(Herndon, Ash, Pollia013) The implications of getting the direction of causation wrong in a
scientific study used by government public policy makers have been tragic, especially for the
unemployed in countriesvho have not been able to live up to the 90% G@ddt threshold
(Spain, Greece, Italy) and had lost their international investment opportunities.
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On closer examination of the data, it was clear that not all debt is created equal. The sluggish
postwar ecaomic growth in the U.S. from 1945 to 1947 was actually due to dismantling the
war machine from decreased military spending and women leaving the paid workforce to
return to their housework, which is not counted as GDP. The years following the initial
contraction generated the strongest economic growth of the century. In fact, economists at
the International Monetary Fund could not replicate the Reinhart and Rogoff findings after
excluding anomalous periods, such as World War Il (Pescatori, Sandri and28iddn

The authors have since issued a response to the criticism of their paper. One statement was
Aff£dzZaGNT GAGS 2F GKS LINROEfSY 2F SO2y2YSONRKOA
LI LISNE G2 &aLISIF]1 27F Wl &az2 OA [IReiahary2013) ThiRsuptie G WOl
clarification speaks to the dilemma in determining causality in economics. By merely reversing

the causality, slow growth then becomes tloause of high debt levels. This opposite
conclusion can also be supported using the \&ame data, by merely adjusting the timing of

the effects. This raises serious concerns about the reliability of economic analysis, even when
LJzo f AAKSR Ay (KS FASEIRQA Yz2aid LINBPadGAIA2dza 22

Econometricians, led by Edward Leamer (1983) and his celedrabéi A Ot S G A Gt SR a
2y 2dzi 2F SO2y2YSUNROaA¢I dzyRSNRG22R UGKIFG Ay
Ol dzal GA2y s GKS@& Ydzad FTANBRG a2t @S GKS 0O2ydzyRN
Y GARSYUGATFAOI (A 2igs tobdiR auf whefhier astitiStisabpatgeryi & trullyNJ
caused by what we think. David Hen@r§980)LJ LJS NJ Htdndnfet8cB® Alchemy or

Science? vividly illuminated the challenge by demonstrating that rainfall caused inflation
according to the starard methods of the time. New econometric techniques were developed

2NJ NEFAYSR G2 NBLI AN 0KS FNI OUdzNER SYy@ANRYYS
FylFrfeasSa aSNA2dzateéd O6[SIYSNI mMpyos LI oT0d 2K
is usually the case in economics, the preferred method for dealing with correlation between

GKS SELXIYylIG2NE GFINAIFIO6fSa FyR GKS SNNBNI (S
instruments are basically an outside force that partly mimics the effect obrdralled

experiment. As long as the instruments are related to the explanatory variables, but are
uncorrelated with the error term (exogenous), the economist can better control the variables.

This is much easier said than done, since there must be dtdaasvalid instrument for every

variable of interest and the criteria for validity is strenuous.

Instrumental variables can be found in quirks of public policy or history, such as the random
nature of the US/ietnam War draft (Angrist 1990). History ibuadant with factors
determined long ago that presumably could not be caused by events happening today.
Unfortunately, the econometric approach still struggles in finding appropriate instrumental
variables, and even when they are available, using thenstionate causal parameters is like
OK22aAy3a G2 €SO ftAIKG aFlrtf gKSNB Al YlI&z Iy
GKIFEG ¢S 6SNB t221Ay3 F2NI Lt Ff2y3e 65StH a2y

Randomized controlled experiments are the gold standard in s@ienéisearch, yet among
economists, only the subliscipline of behavioral economics uses subjects to find regularities
in human behavior. Macroeconomists have not yet been able to convince an electorate to be
used as a laboratory to test unproven theoriefy the best they can do is use natural
experiments. For exampleAndrew Godley (2001 studied the different levels of
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entrepreneurship of Eastern European Jews who moved to London versus moving to New York

at the turn of the twentieth century. As long asving to one city over the other was random,

this is a great natural experiment that would demonstrate how institutional environments

I FFSOU SYOGNBLINBYSdZNAKALID LYy GKA& AyadlyoSsz i
Ay (KS RA T mudatidlyysah fiukesbin Hisyoiy &hen identical groups are subject to
RAFTFSNAYI aGGNBFrGYSyGaeg sKAOK NARaAaS RdzsS G2 L
subject to subtle initial differences between the groups.

A preferred instrumental variableYaz y 3 RS @St 2LIJYSyd SO2y2YAraida .
history. As long as colonies were claimed randomly throughout the world, it would qualify as

an exogenous factor and would be suited as an instrumental varibloi@ever this kind of

analysis breaks dowihBritain and France intentionally calculated where they would colonize

based on certain needs or proclivities. Without a good understanding of the historical context,

an economist could paint a false picture of causation due to araodom initial diference

between the research subjects.

The use of econometrics, especially using older historical data that has been prone to errors,
also ledsto weak instruments. A highly celebrated book on why nations fail (Acemoglu and
Johnson 2012) used mortality et of the initial colonial settlers as an instrumental variable
for their propensity to establish good institutions, i.e. those that protect property rights and
minimize rent seeking The authors claimed that favorable institutions were in greater
demand n locations where settlers survive, thus if settlement was random, their mortality
would qualify as exogenous. The accuracy of the historic mortality rates was called into
question, jeopardizing the value tife instruments used (Abouy 2012

The Strength of Economic History

While economists pursue simple models that reveal underlying causal principles, historians
allow for ample detail and context including evidence that cannot be mathematically
modelled. Historical methods emphasize the chronologicatlytof events linked to their

outcomes. This often illuminates economic processes that do not lead to a stéatdy
equilibrium. This is exemplified in the concept of path dependence, which is the idea that
ultimate outcomes are largely directed by hist@l starting points and any chance shocks

along the way. Paul David (2000. 17, an early proponent of this evolutionary concept,
NEYAYRa SO2y2YAada GKFIG KAaAG2NRAOIE OFasS addz
done it typically manages botlo tprovide entertainment and to satisfy particular points of
OdzNA2aAdeed ¢KAA LI LISNI I (G S Y Liisioricalgathsortliet 2 g G K
English and French economies as welthasstories of their fascinating inventors and the
uniqueinstitutional environments in which they lived.

Economists critical of the overuse of econometrics, such as the 2015 recipient of the Nobel

Prize in Economics, Angus Deaton, hit the nail on the head in the debate over striking a balance
between accuracynd importance of the issue. Deaton (2009, p. 14) fears that economists
gAfft 2yfte GFrO1tS AaadzsSa FT2N 6KAOK AyaidNHzySyli
K2¢g YR gKe (GKAy3Ia ¢2N]éd ¢KS YSiK2R2f 238 2
wide-ranging issues since it recognizes that there are many ways of establishing causality. As
GKS aleéAay3a F2SAaY GO2NNBt I GA2Y A& y2(0p.4INR2TF 2
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Historical methods including the use of contextual detastsidying the recollections and
motives of key individuals and weighing the plausibility of compétympthesesnay provide
enough data to determine circumstantial causation. A rigorous study should also perform an
external check whether its explanatiornsr fhistorical events actually fit the facts of the real
world and not a theoretical construct.

This study seeks to emulate the best economic history has to offer by providing a detailed
narrative which connects the dots of relevant events with causal.libkertainly overcomes

the rigid view ofhomo economicushat implies all humans are consistently rational self
interested agents who optimally pursue their utility, in ththe study leaves ample room for
free will among its protagonists. Their biogrégd and even firshand correspondence
illustrate the thought processes and motivations of these great individuals.

Comparative Economic History

Comparisons are the foundation of economic inquiry, and for that matter all the social
sciences. Thisisilliél G SR o6& &a2YS 2F (KS 1Seé ljdsSaaAzya
I NBE 42YS O02dzyiNASA NRAROKIZ gKAT S -guddatSaids onJ2 2 NXK ¢
6SaG aO0O2NBXaKé a! NS RSY2ON)} OASa tSaa tA1Sfte
comparative historical analysis is especially useful in answering causal questions, such as
which factors increased the probability of the Industrial Revolution first occurring in Britain
versus France. Charles Ragin (1987, p. 70) highlights the value ofbined comparative

analysis, which allows for the role of human agency, but also the structural factors, which both
reflect actual historical processes.

¢tKS FASER 2F SO2y2YAO KAal2NRB IINRP&AS FNRY (K¢
richZ. Economic history applies knowledge of economic processes to historical eusitig

a unique combination of fielddMhile the study of history usually focuses on a case study,
economics examines patterns within different events to determine whether they sugport
particular theory or model. Historians will typically answer a question in the form of a
narrative. Economists, with their belief that everything can be reduced to a theory or at least

a mechanical model, struggle with accepting any phenomena that cdrsmotpeatedly and
guantitatively demonstrated empirically. While this paper will explain the importance of
deductive and experimental science for its revolutionary role in advancing technology, it is
realized that such a hypgrositivist methodology is appropriate when studying humans and

their internal decisiormaking processes. Before compiling and interpreting statistical results,

a true and detailed understanding of the research subject is needed. This was widely
understood in the wake of the globfihancial crisis of 2008, when many scholars and policy
makers felt that a better understanding of economic history would have helped to call
FdaSyadAazy (G2 az2yS 2F GKS SO2y2YASaQ (GNRdzmf S

bSs SO2y2YAO KA&(2NER ®RMitage® inAappyisigi tN&\ énpidical | £ & 2
methodologies of economic modelling and quantification to such old historical questions, as

the economic effects of slavery (Fogel and Engerman 1974) or the importance of steam engine
technology on economic growth. Hewer, cliometrics suffers from the same difficulties of
establishing causation as its parent field of econometrics. It inherited the assumptions of
economic laws that do not always fit with human activity, thus missing important insights from
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the humanities (Boldizzoni 2011). There is a large intellectual gap between the cliometric
approach and the contexich, indepth, historical, smalN case study. Cliometricians will
often disparage broader historical comparisons using three accusations: 1) using a
determinigic approach versus probabilist 2) assuming there are no errors in primary data

or secondary evidence; and 3) neglecting interaction effects. Rigorous historical comparisons
can overcome such criticisms by providing a historical context thatigigs the limits of the
approach, the critical and transparent use of sources, and testing the theoretical model
(Osinsky and Eloranta 2015, p)17

A multidisciplinary approach in the style of Karl Marx or Thorstein Veblen, who used
complementary qualdtive and quantitative methods in analyzing comparative historical
cases, has a number of benefits. The comparative approach is a superior strategy for
establishing causation, as one can easier isolate counterfactuals within the contrasts. John
Stuart Millfirst formulated the method of identifying commonalities of similar nations in order

to investigate the underlying causes of a diverge(@sinsky and Eloranta 2015, p.)1bhe
literature review section highlights a number of comparative studies of tidudtrial
Revolution between England and France. However, the application of a particular case within
the broader historical context provides further insight. For example, the steam engine was
much more dependent on scientific knowledge than many of thieeotinventions of the
eighteenth century. Therefore, this thesis delves deeper into how scientific knowledge was
generated, disseminated and eventually employed in both Britain and France, than other
general studies of the Industrial Revolution.

Using Ecapmetrics as an Inspiration

Historical case studies are often criticized by quantitative researchers for their reliance on
secondary evidence, such as texts written by other historians. They argue that differing
inferences stem from the various interpretatis of that evidence and it is unclear why one
historical explanation is more favored than another. This can easily be overcome, even in a
qualitative study, by utilizing a probabilistic approach (rather than deterministic), assuming

there will exist measement errors, and recognizing that there are often more than one cause

which frequently generate interaction effects. In contrast to quantitative research, Savolainen
notesthatacase2 NA SY 1 SR O2YLJI NR a2y ff26a aR®iast Af SR
Ol dzal £ O2y FA 3dzNI (A Aojfedl in IOgINBKky Anyl BldBakth ZDASAER M G S NI & €

In order to avoid thepost hoc ergo propter hofallacy, which is common among the
explanations of the British Industrial Revolution, it is important to asghssrelative
YIAyAddzZRSa 2F GKS LRGSYyGArf OFdzalt FTFOG2NARQ
the difficulties in invokingeteris paribusn a historical setting, Nicolas Crafi®{ 71985, p.

122MH N0 LINRPY2U0SR (KA & | péniMdizations byldodking ferlefhpicah y R dzO
2a20AF0A2ya 0S06SSYy O NAR2dza FSIF ddzNBa 2F SO:
One could envision a multivariate regression where each independent variable has a
corresponding partial8 F S O (i YiXiX BX #e. The dependent variab¥s the location

of the invention of the steam engine, thés are the proposed causal factors and theare

their effects, whilee represents an error term.

7 Similar to flipping a coin and then explaining why it landed on heads.
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It is important to remember thatthe parA  f RSNA @ GABS& 61 av Ol y 068
depending on the contributing or hindering effects. The interpretation of the error term is
RSLISYRSYyG 2y 2ySQa y2GA2y 2F GKS NR{tS 2F OKI
the factorslost to history or are impossible to be included in the regression. This is the
common understanding among economic historians who feel confident that they have
ARSYGATFASR FIFO0G2NR ONARGAOFE (G2 . NROGFAYyQa LI
Revolution. The danger of this approach is that it is prone to the same logical fallacy we are
attempting to avoid. The favored interpretation of Crafts who emphasizes the similarities
between England anBrances that the error term is purely a stochasgior. In other words,

if history was to replay itself, a twist of fate could cause the invention to occur in France.

While this exercise provides a useful framework in evaludtiegvariables involved in the
invention of the steam engineit would be inpractical to perform a regression using
guantitativedata on the causal factors in France versus England. However, such a calculation
could determine whether a set of institutions increased the likelihood of the invention
occurring in one country over artwr or if it was a genuine stochasteent, whichif given a
different combination of personalities would alter the originating country. This paper seeks to
perform that task using the methods of economic history, but taking inspiration from such a
regresion.
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The Case: ThelS3teega m YE NS

French Beginnings, English Domination

The idea that you could use steam when it condensed to produce a vacuum, allowing you to
adz01 6SFHfOK 2dzi 2F (GKS 3INRdzyRXI glndentgdzhe y Sg d
a0SIFY SyaArAySKé AyOAaAGSa GNBYSyR2dza K2aldAf Adec
who designed a pump using steam power in 1606, while the French identify Salomon de Caus,

who actually built a steam powered fountair
described in 165 (Arago 1839, p. 32) Finally, the

el
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British mention Edward Somersg663/1778) Lord ;,
al NJjdzAa 27F 22NDSaidSNE {' ro GSNJI
O2YYIlI yYRAY3 Sy3aiaySész adz : ' NJ 2

a4 AY@SyiAz2y ydzYoSNI cy I YLKE S
/| Sy (dzNE 2 F \Worcesiehdy al the2vgry
least inspired by Solomon de Caus, whom he n
have met at a Paris insane asylum, dukivigrceste@

exile in Franceluring the English Civil Wa(Stuart

1831, p. 10) It is surprising that Worcester failed i .
his attempts to start a puild company that would
GRNI AY YAYySa |yR YI N&F
background and royal appointment as an inventor.

.

Another Englishman named Sir Samuel Morelr;lFigures_V\/orcester,S Steam Fountain (Somers

made some sort of firglriven water pump while he177g)

worked as an engineer for Charles Il,gkof England. Moreland took a different route with

0KS AYy@SyiuAaz2y o0& aSYRSIF@2NAyYy3a (2 2060l Ay GKS
A0KSYS gKAOK KS OflFAYa a4 KA& 2¢6y3I 182N NI A &
21). Moreland was liksl prevented from doing anything with his idea in England since
Worchester was granted a monopoly patenerely basedi 2y KA & &aAYLX S F FFA
KFE@Ay3a YIRS K S8R a2 vails ineRZpageusingas pt@posal to the

King of Franewas unsuccessful, Moreland describes with mechanical accuracy the calculation

of the volume of steanfStuart 1831, p. 22)As steam condenses back into water in a sealed
container, the vacuum it leaves behind takes about two thousand times the cubicofrea

water.

A

Denis Papin

While the science necessary for the steam engine stemmed from & pespean intellectual
enlightenment, the invention itself is almost exclusively a British affair. The exception is the
French born Denis Papin, who built a modeihaf first piston steam engine. Papin worked as

I ASONBGEFNE F2N) GKS /dzNF G2NJ 2F 9ELISNAYSyGa |
Académie des Scienceshich was actually an organ of the government. The curator,
Christiaan Huygens happened to @éeVersailles in order to repair a windmill that powered

GKS LI fFOSQa F2dzyililAyad ¢KS G2 62NJ SR 2y |}
dream of a gunpowdepowered piston did not materialize (and while it is said to be the first
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internal combusibn engine, thankfully it did not blowp the two) their work provided the
F2dzy RFGA2Yy F2NJt | LAY Q& (Belld2008pNBY) SELISNA YSy Ga oA

hy tIFLAYQE 22dzNySe G2 GKS g2NIRaQ FANRG aidsSt
replacing Hoke as hisissistant Y R £ F G SNJ 6 SOl YS w20SNI |1 221S5SQa
he invented the pressure cooker. In his demonstration to the Royal Society in 1679, he
RSAONAOGSR AG a | &Yl (Pekin ¥681) IfFfeaNifedaa? trilliaBty A y 3 6
innovative safety valvthat automatically released excess pressure. It remains the forerunner

2F (2RI 2Qa LINBaadzaNS 0221SNAR dzaSR 060& OKS¥F¥a |y
By 1685, Papin became a religious exile as a Huguenot when I'guisvdked the Edict of

Nantes, which previously granted them religious freedom. He travelled to Venice, where he

was the director of experiments at the failed Accademia publicca di scienze, whose lack of
FAYLFYOAIFf &dzLJLI2 NI LINSIRSwWiIB&iety AU FNRY 0S0O2YAy3

Papin later joined fellow Huguenot exiles as a
professor at the University of Marburg in
Germany. It was there that he invented a
pneumatic bed, a rotary pump and fan, a
portable grenaddauncher, a submarine
prototype and the first atnospheric steam
engine. Published in 1690 in theéActa
Eruditorum he wroteto the chagrin of his former
mentor Christian Huygens$t Y OKAy Sa O2 dz
constructed wherein water, by the help of no
very intense heat, and at little cost, could
produce that perfet vacuum which could by no
means be obtained bydgy LJ2 ¢ ReeNn
Dickinson 1932011, p. 1611). The engine was
a bit primitive compared to what would come,
but it worked as steam in a tube pushed a piston
up until it was grabbed by a fastener at ttap,
creating a vacuum under the piston. Then, when
the steam condensed, atmospheric pressure

z : pushed the piston back down. Strictly speaking,
IS T the device was a vacuum engine rather than a
Figure4--D_eni§ P‘;p.)in s.'[-atd-e”;':t‘theAL‘(;uvr: N steam engine. Nonetheless, Papin Is

memorialized at the Louvre, holty his

O2YUNI LIIAZ2Y OGKFG LINPOSR (2 0SS 2yS 2F KAal;
imagination.

Papin envisioned a ship powered by the motion of a row of pistons to paddle wheels, but he
could not find financing for the project. He did find a patrtme Landgrave of Hesd¢assel
(Germany) in 1696, who wanted an engine that could lift water to be released into an elevated
garden or fountain. Unfortunately, his prototype leaked from its joints and valves and the
financing stoppedWinston 2010, p. 287)
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t LAYy Qa Yz2ald FlyY2dza O2ttF02NFX 2N ¢ga GKS YI 3
philosopher, Gottfried Wilhelm Leibniz, whom he met through Christian Huygens. In 1705,
Leibniz sent Papin a sketch of a machine designed by Thomas Savery, whethaigeulvater

using steam power. This inspired him to revisit his own engine, which he worked furiously to
improve and hoped to prove its superiority in a comparative trial of the two. Papin was
ideologically opposed to patenting his inventions. He preférto share his knowledge
throughout the scientific community and wrotiéhe New Art of Pumping Water by using Steam

in 1707 in both French and Latin. His notion of a stesven paddleboatwas also revived

and hebuilt a smallmechanicabaddleboat he wuld ride to London, where he thought he

could convince the Royal Society to equip it with a steam engine. Together with his family,

t LAY &aSé 2dzi FNRBY GKS NAGSNI Cdz R Ay DSNXI
him a letter of recommendatioto the Royal Society. Unfortunately, lacking a permit, the local

guild of boatmen smashed up his means of transportation afraid of compe{8aomth 1999,

p. 139147)

t LAYy Qa oFR fdzO01 O2yiGAydzSR S@Sy | Fi&me KS TA
Royal Society, Sir Isaac Newton, disregarded all his ambitious proposals. This could be because

of the financial difficulties the Society faced at that time, but it could have also been another
example of Newton abusing his position during his dispwith Leibniz over the invention of

calculu® t I LAY Qa FI Af dzNB U 2tenspSuird stivendildsom th& Royal | y 2 C
Society could also have been due to his foreigner sté¢Bmith 1999, p. 143)From our

modern eyes, he shows great businessvety for not securing a patent or commercially
developing his idea.

t FLIAYQa RAFTFAOMzZ G fAFS Af f dz&d G NI (9a8 well @&sihg § K S
challenges making a living as a seventeerghtury inventor if they were not supptad by
A2OSNYYSyYy Gkt 2N IFNAREAG2ONI GAO LI GNRYI3IS 2N |
adzYYFNAT SR a aS@Syfteé RAOGARSR 0S06SSy 3ISYySN
pleas for pensions, the latter wearing out his welcome iaaoSy O2dzy i NA S,a¢ o w?2
p. 22).

Thomas Savery

The sketch of the steam pump that inspired Papin to continue his innovations was actually a
design of the first commercial steam engine developed by an English military engineer turned
inventor named ThomaSavery. The typical story told in the development of the steam engine
is how Savergaw an opportunity to use the recent scientific discoveries on steam as well as
vacuum and atmospheric pressure to be applied to the problem of pumping water out of
mines.The engine created a vacuum by first pumping steam into a cylinder and then cooling
it down. The atmospheric pressure would draw the water up to another cylinder where the
pressure of steam itself pushed the water out. While he does deserve credit faldtary

8 Newton appointed an «impartialsomnmittee at the Royal Society, which found in his favor, tainting British
2LIAYA2Y 2F [SAO0YyAT ® ¢2RIFe&x Al Aa 6ARSte | O0O0SLISR (K
notation prevailed.

% Despite the end of major religious wars in Europe, peusion of scientists based on ethnicity or sexual

orientation continued even into the twentieth century with A y 8 G SAy Qa RSLJI NI deBe TNRY b
tragic suicide of Alan Turing in England.
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which was really a suction pump rather than a true steam endiad, many limitations that

ultimately prevented more than a handful being built. Why an engirveas able to develop

the steam engine and make loads of money as a result, while a scientist with a superior design

lived and died in poverty is a fascinating story that provides the first subtle contrast between

Britain and France.

Savery is a great exgole of being in the right place at the right time. He seems to confirm the

idea of startup entrepreneur Bill Gross (2015) through his analysis of 60eomhpanies, that
GAYAYy3a A& GKS aAay3aftsS o0A33ISAaG NBI astvhewh&nd adl N
the raw material for charcoal, which was the preferred fuel for heating, was consumed faster

than it could be produced. Pit coal was initially a cheap alternative, as long as you did not have

to dig deep enough that water needed to be drainednps driven by waterwheels worked

well to raise the water out of the ground, but most mines were not conveniently located by a

river.

Savery had not only access to the science behind steam pressure and vacuum, but he also had
the hindsight that his predmessors did not. He was also free from dependency on a wealthy
aristocrat as he performed his experiments at a government facility called the Royal Office of
Ordnance, whose sole purpose was to improve the technology of war. One location, Vauxhall,

was de® NA 6 SR o6& w20SNI 1221S Fa al XLWoer§S 27
experiments and trials of profitable inventions sioR 6 S OF NNA SR, p239ét 62 | £ §
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invented (Rosen, 201(®. 24). The strategic interest of mining brought the steam pump into

the realm of Vauxhall, which is precisely where Savery likely foundM¥adr y RQa y23GSa |
as the critical calculation, without which, would make a working steam engine quite difficult.

Savery was also fortunate that enough time (about thirty years) had passed since the
LJdzo f AOF GA2y 2F 2 2NOKSaildSNRa Ay Greng vearpafentLd Y LIK f
LY MyHnX w20SNU {ddzZ NI omyomI LIy obtestBami KS | ¢
SY AAngt&é RdzNA Yy 3 {UADSNEIOES faAlFNGlj dzA & 2 F 2 2 NOSad SN
0SSy YSyiGaA2ySRéd LG asSSyYya Yl 1 Ayearpakntin { @S
1698 without any mention of the similar Worcester patent.

The Royal Society also provided somewhat of an understated recommendation after he
RSY2Yy&aGN)X GSR | avylftt Y2RStf 2F KAa Sy3araySs

I O0O2NRAY3I (2 SELISOGlIGAZ2YS FyR (2 GKSAMN &l GAA&
move, Savery (1702, p-4 namedrops both the King and the Royal Society, hinting of their
SYR2NESYSyGaz Ay GUKS AYyiNRRdAzZOGA2Y 2F KA&a 02
Water by Fire. The book also contained a fictional conversation betiweeand a concerned

miner where Savery refutes any objections made against the machine.
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His engine did not quite live up to hi
inflated claimsand even contemporaries
OF f f SR &&l taA S A& SEF
1994 p. 2) Instead of a piston, like
tFLIAYQa RSaAIyzT A
meant that it could only pump water. I
had no moving parts, except for it
valves, which had to be camstly

opened and closed by a frantic operato
The boiler had to be refilled at least onc
per minute and the fire needed constan
stoking. In fact, the water being pumpe:
also needed to be boiled, wasting a lot (
heat in the process. In addition, th
machine was subject to the same lim|
that aggravated mining engineers an
scientists alike; water can only be lifted
about thirty feet using atmospheric
pressure. In practice, this meant the
{I OSNEQ&a Sy3aAyS ¢z
more than about twentyfive feet from

the bottom of amineshaft(Arago 1839,
p. 41-44). The worst part was that the
a2f RSNJ K2f RAy3a {K!
a melting temperature dangerously clos
to the highpressure steam. In fact, ar
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explosion of the boiler in 1705 cause Exvarve

. . e “Witking in a
Savery to discontinue building any more IR ol Lo e
engines(Rolt and Allen 197, p. 27. Figure5 - Miner's Friend (Savery 1702) ‘

Thomas Newcomen

Another Englistartisanwho saw the promise of steam technology to assist in draining mines
was Thomas Newcomen. Newcomen was an ironmonger who grew up around taedtin
copper mines of Southwest England, where he sold his iron tools. He experienced how slow
and inefficient the human, animal or even wind powered pumps were in raising water out of
the flooded mines. Newcomen together with his plumber colleague, JoheyCabncurrently

had the same idea as Savery, but without most of its drawbacks. Firstly, Newcomen used
copper boilers (the same expensive ones used by brewers), which could withstand high heat
and pressure. Secondly, the engine would only rely on atmarsplair pressure, which was
much safer than using highINB & a dzZNS &G SFY® [ adGtex dzytAlsS
was reliable, albeit quite sloHowever its dependability came at a cost.
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The machine was a stationary leviathan
3 — with a gigantic pvroted beam that would
<] ﬁ"’;;’ff: seesawback and forth housed in a brick
g‘ S . o building built next to the mine it was

draining. It was the rocking beam that was
= ; _ the key to the whole thing. It was
3;::3;; 0 || T : \;,«v..i;; connected by chain to a piston encased in
“;‘;;'m e o ;:;3« a cylinder. Steam filled the cytler, which
2 dew ke drove out most of the air. The cylinder was
then chilled with cold watéf, which

stroke |
-penatend of o created a partial vacuum that forced the

;;ﬁo TE_% 1 T,;:szi : pi.sto.n down, dragging the beam down
P M) ew | (gamke, 22 With it. The other end of the beam worked
i ES (RN m=— QP the pump that lifted the water out. The
_ WS EEE=—=""0""" weight on that side would bring it down as
ol e PR steam was filled into the cylinder again,
| I A causing the piston to rise again.
R i T rzv ot Newcomen also figured out how to device
PRI 0KS SyairAyKSOoizyas abBbf dzi:

Figure6 ¢ illustration byJ.FHorrabin Hogben1938, p. 555, fig. without th_e need to 0_pe_n a_nd close valves
247) for releasing stam or injecting wate(Rolt
and Allen 1997, p. 404).

9pSYy (K2dzZK bSg02YSy tA]1Ste RSOSE2LISR KAa Sy
it was Savery who had a cateli patent which forced Newcomen to sign a partnership
agreement giving himJ- NI 2F (GKS LINPOSSRA FTNRY bSs02YSy(
Newcomen to swallow considering the superiority of his design, as it could raise the same
qguantity of water using considerably less fuel and labor as two Savery engines working in
tandem (Rolt and Allen 1997, p.88) LG A& GStfftAy3 (GKIG bSs02YSy
not in his native Devon, but rather at Dudley Castle in-dohl Staffordshire. A cautious study

identified about 300 engines as inaubetween 1712 and 1781 (Harfi867, p. 147). While

the engine was a success given its low construction costs and long life expectancy, it was
almostexclusively used to drain caaines or pump water to cities.

James \aftt

Newcomen steam engines were workingcatlminesall over England for about fifty years,

but they still could not solve the Cornish mineners problem of flooded mines, given the
enormous cost of transporting coal there. A new and more economicairstgayine would

have to wait forimprovedcast N2y YSGK2R&a | a ¢Sttt Fa I adNR]
life makes it seem like he is predestined to innovate the steam engine. He was working as an

10 An accident actually spurred an ingenious innovation to the machine, which probably brought its efficiency
to the point that it could actually be economically feasible. Originally, the cylinder was cooled with a jacket of
cold water, but when a leak causeld water to go straight into the cylinder at the precise moment it was full

of steam, it condensed instantaneously, causing a powerful vacuum to push the piston through the bottom of
the cylinder and ended up in the boiler. He then realized that injgctiold water directly into the cylinder was
much more effective producing 12 to 14 strokes per minute instead of 3 to 4 (Ferguson 1967a103).02
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instrumentmaker andechnicianat Glasgow Universityn 1763 when he was asked to repair
a model of a Newcomen engine used for demonstratigvisirhead 1858, p83).

Figure7 - James Watt and the Steam Engine: the Dawn of the Nineteenth Century (Lauder 1855)

Spending years tinkierg with the device, he realized that its inefficiency was inherent in the
repeated cooling of the hot cylinder with a jet of cold water. An efficient engine needed to do
two jobs at once. It needed a cylinder boiling hot enough not to condense too eatlgjso
become cold enough to actually condense the steam at the right time. It seems so obvious
now, but it took the inspiration of a Scotsman in his twenties to produce a separate condenser.
Watt actually describes that eureka moment as an epiphany dg while taking a Sunday
walk in the Glasgow GredParkin 1765(cited inSmilesl874, p. 36)

L ¢la GKAY(l{AYy3d dzZll2y GKS Sy3aiayS |ad GKS (A
mind, that as steam was an elastic body it would rush into a vacuum, and if
a communicatiorwas made between the cylinder and an exhausted vessel,
it would rush into it, and might be there condensed without cooling the
OBt AYRSNXL KIFIR y2i0 ghodsquwheéhthg whd® KSNJ G KIy
thing was arranged in my mind.

While Watt did keep the S#lath day holy restraining himself from work, he had already

turned his vision into reality just a few days lafBickinson 1936, p. 64ilowever, it still took

ten exciting years of dealing with patents, altering business partners and getting the [rts ju
NAIKG 0SF2NBE GKS FANRG O2YYSNOALFE YIFIOKAYS 4l
the steam engine from a powerful water pump that wasginally only economical at

coalmines to its extensive uses that had much wider significance aaiBrand the world

(Landes 196%. 102).
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A Comparative Anal ysi s
Causes Surr cwrediompgnetnh e
St eam [oRPrgpih (@ B600s) to Watt (late 1700s)

The literatire review of explanations why England industrialized first provided eraos
potential causes and drivers of her supremacy in invention. Many of those hypotheses are
relevant to the investigation of the steam engine and will be used as the independent variables
in this study. The first factas the most foreign to economistbut nonetheless the advance

of scientific knowledg@ FFSN& | O2YLISttAy3a SELXLIylLiAz2y 27
invention. The next potential causal facisithe set ofesource endowmenfresent in Britain

and Franceincluding the presence a@ial, a mining sector and the supplyaritical inputs.
Then,economic institutionsuch as the financing and patent systems are investigiatetheir

role in incentivizing inventiarFinally, various neeconomic institutions like theocial classes

and their level of human capitgbolitical structuresand their influence on property rightand
religious influencesare all examined for their potential causality or contribution in the
invention of the steam engine.

Science

The steam engine has done rhumore for science than science has done
for the steam engine Lord Kelvin

YSt @AYy Qa IRFAIS Aa (GNHS Ay (GKFG GKS a0ASyOS 2
first steam engines and that later investigation led to the formulation of the laivs
thermodynamics pioneered by CarnotStill, it is too simplistic as it disregards the key
discovery of the vacuum, without which the steam engine would be inconceivable. The role

of science in the invention of the steam engine can be seen as aversion of the larger

debate whether the Scientific Revolution of tlseventeenth centuryled to the Industrial

Revolution of theeighteenth century

Historians explored this link exhaustively in the 1960s and 70s, surprisingly concluding that
scientific disovery did not lead to the technologies of the industrial revolution. A. R. Hall
SmMpTtny AY AlAy3d a2KFEG 5AR (KS LYRdAzZAUONRLFE wS
inventions, such as the steam engine used very little scientific knowledge. dehgséred

F NBdzYSyd GKFG 2FG§0Qa aSLINIFGS O2yRSyasSN] RAR
Y GKSYFGAO&a dzaSR Ay GUKS Sy3aAySSNAy3a 2F (KS
history of the Industrial Revolution in Britain shows amply how reéhdytechnical innovators

were to work out new ideas empirically when, as was then often the case, science had little
3dzA Rl YOSHallRpR2FFS NEY B2 Nl dzy I 6 Stex 1 IfftQa Fylfe
timing, using only the period of 1760 throud830. His blunder is easiigrgiven,as it is not

always cleacut when drawing a straigHine from a scientific discovery in one century to an

applied technology in subsequent centuries. But, as this paper will soon establish, the
scientific knowledgeracial for the steam engine was discovered prioeighteenth century
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and Eric Robinson (1969), who documentediétail, a connection from the new science of

Rdbert Boyle and Isaac Newton to its application by the early industrial inveartgineers.

While they do not claim that science was the most important factor of the Industrial
Revolution, they emphasized the neglected link between pure and applied sojehosh

eventually leads to technology). A more recent example of this approach is found in the
writings of Margaret C. Jacob. She defends the position through sophisticated inference that

the growing audience for science occurring at the same time asagi@ication of that
knowledgedemonstrates how scientific investigation was instrumental in the technological
development of the time. She coined a clever metaphor to explain the interrelatedness of the
sciencel SOKy 2f 23& NXBft I (A 2 yahtkids | Horihtd & familyTpartic#aBlyy & F NJ
eager for profits and improvement: they have different personae, different looks, but are still

LINE F2dzy Rt @ NBtFGSRé OWFEO206 MPphPTI LIP o P

When limiting the debate to the invention of the steam engitiere isa clea and direct link

from seventeenth century science to Papin and subsequent steam engines. The upcoming
story outlining the discovery of steam and vacuum power underscores the fact that virtually
all the responsible scientists were Western European, beggnmith Italian and German,
while the later critical breakthroughs were largely Anglench.

The Science of Steam and Vacuum: a short history

| SNEQ&a 9y3IAyYyS

The knowledge that water expands when heated enough has been with humanity for
thousands of yeardn fact, the very first invention associated with the steam engine was made
in the Egyptian city of Alexandria almost 2,000 years ago by the Greek mathematician Heron.
It was called theaeolipileor a Hero engine, which used steam exhaust from ventausea
sphere to rotate. The name is a combination of Geeeks 2 NR <  Latinyidtd pila, to

mean "the ball ofAeolus”, who was th&reek godf the air and wind.

Figure8 - Hero d Alexandria (Terry 2013)
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title, whichwas critical in the creation of the first steam engine. An example ftbildhood

best illustrates the idea that not only moving @uyt alsothe absence of air exerts pressure.

As a child places their finger on top of a straw filled with liquid, they are inadvertently creating

a vacuum by sucking the air out of the straw.

In a sad twist of fate, this idea contradicted the theory of Aristotle (the very tutor of

I £t SEFYRNAI Q&8 F2dzy RSNL G(KI G GKSNB Aa y2 &dzO0K
lost for fifty generations. Europe can thank Islamic science, for avéng least preserving

ancient knowledge, such @neumatika which was eventually translated from an Arabic
translation to Latin inthe thirteenth century (Roser201Q p. 8). Before we leave the
captivating world of Heron, it ithought provokingto note that the aeolipile, like many
inventions prior to the Industrial Revolution, inspired no further invention and was merely

used to entertain the rich and powerful. In fact, for most of human history, successful
inventors were either wealthy enough by birtin were dependent on patronage provided by
entertaining or glorifying their benefactors.

Torricelli and Atmospheric Pressure

2 KATS GKS I1S2tALAES 2yteé RSLSYRSR 2y GKS SEL
ingredient of thevacuumwas not revebed to Europe until the spring of 1644 at the ground

zero for both the Renaissance and the Scientific Revolution, Florence. It was there Galileo
Galilei chose to live under house arrest for his heretical opinions that the earth revolves
around the sun. Ifiact, Galileo spent his final three months alive discussing physics together
GAUK | @2dzy3 FRYANBNI yIYSR 9@Fy3aStAaadalt ¢2 N
glimpse into the world of medieval scientists. He was born into a very poor familyydsit

talented enough to be taught by his uncle, a mafklater studied under a Benedictine monk

who worked on hydraulic experiments and undertakings, funded by the Pope Urban VIIi
(JervisSmith 1908 p.9). In exchange for his tuition, Torricelli workasl a secretary and later

as a substitute teacher for the monk.

Torricelli eventually succeeded Galileo as the court
mathematician to the Grand Duke Ferdinando Il of Tuscany,
which was like professor of mathematics at the Florentine
Il OF RSYe o D Wotutohafy 2 GatlitudesNRowards
experimentation and his ability to ignore established
authorities, especially Aristotelianism, must have rubbed off on
Torricelli. It was at the behest of the Grand Duke, whose
engineers struggled with breaking theine-meter limit of
suction pumping water, that Torricelli resurrected the idea of
the vacuum through his experiments using mercury in the same
way the child sealed the top of the tube/straw. Unlike Coca Cola
in a straw, Torricelli noted that the mercury sunk a leigving a
space at the top. He then observed that the amount of space

)

e

CNTYEE M1

R HERIRY ‘u‘ﬂ'l"x {

Figure9 - Torricelli's experiment
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varied at different times of the day and month, accidently inventing the first barometer. He
NEBlIa2ySR GKIFIGO GKS @FNRAIFYyOS Ydzad o0S OF dza SR
sometimes B GASNI I YR RSyYyaSNJ I yR || {(ciedikJerdsnith YSa
1908, p. B). Torricelli was not as brave a Galileo and quickly shifted his study to geometry

when the religious authorities became hostile, smelling the threat to their dtasan
worldview.Neverthelesswhile vacuum would keep the mercury in the tube, the idea leaked

out to scientists across Europe.

al 3RS0 dzNH KSYAALIKSNBAQ I Odzdzy

The enormous power of the atmosphere was amazingly demonstrated in the aftermath of the
Thirty Years War in the famous Magdeburg hemispheres. Their inventor, Otto Gericke, was
born in Magdeburg in 1602 (which would have been like my fellow NMBU student Mohamed
Abdisalam, who was born in Somalia in the early 1980s). Magdeburg was sacked in 1631 by
Caholic imperials for its Protestant resistance, killing more than twenty thousand. Otto
KAYaStT NBOIrffa GKIFIG 6KSYy OAGAtAlIYyAa NYy 2dz
FTNRAIKGISYS YR GKNBIFGSY (2 aHégech 2009ap) DYBYNE K|y
the time the Peace of Westphalia came about seventeen years later, less than 50@argr

survivors lived in the city, which once was one of the largest in Germany. Otto returned home
from his studies to help rebuild the city usihg military engineering experience.

Figurel0- Magdeburg Hemisphere, 1672 (Granger 2012)
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In a spectacle that likely resembled the excitement of Steve Jobs unveiling the iPhone, Gericke
dramatically demonstrated the vacuum purmpth two hemispheres whose air was sucked

out and sealed, only to be held firmly together by the air pressure of the surrounding
atmosphere. In fact, the vacuum was so strong that reportedly thirty horses, in two teams of
fifteen, could not break the vacum seal of the hemispheres. It is a mystery as to why the
gimmick actually worked, as the vacuum force generated would have been an impressive
4,400 Ibs., which could easily have been broken by thirty horses. The risk or showmanship paid
off as he became faous enough to be knighted by the Emperor Leodadshd featured in
another bookwith the infamous title Mechanicahydraulicgneumatica written by the
German mathematician Gaspar Sch@bnlon 2011, p. 7)

Machina Boyleana

The story of the scientificdiO2 GSNAR Sa  SFRAyYy 3 dzLJ 2 GKS &dSth Y
book from Continental Europe to a wealthy British aristocrat, named Robert Boyle, who was
educated at Eton College and devoted his life to scholarship. He pioneered the experimental
scientiic method while delving into alchemy and subsequently becoming the founder of
modern chemistryFortunatelyF 2 NJ 6 KA&a ad2NBsX KS o0SOFYS ¥FI ao’
and hired an equally brilliant, but considerably less wealthy student, Robert Hooke]do

him improve the pump. To assist in understanding the properties and characteristics of the

@ OdzdzYz 1 221S O0dzXEOKAEKS Inaahd, BHosf blasSdase allowed

them to investigate and manipulate what was happening within the vacabhember. The

two performed various types of experiments, including depriving a bird of air in the pump, as
depicted in the painting below, composed over one hundred years later.

Figurell- An Experiment on a Bird in the Air RulVright 1768)
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Their findings were published few Experiments Physiddechanical, Touching the Spring of

the Airand lts Effecs g KA OK R2 OdzY Sy (i SR thatvéuld Biterde usdd by> | R
James Watt in improving the efficiency of the steangiae. The law states that if you double

the volume of gas, the pressure of the gas is cut in laWi(= RV-, for the symbolically

inclined). In other words, if you allow the gas more room, the pressure goes down and if you
squeeze it into lesspace,the pressure goes up. They also found that increasing the
temperature of a gas would also increase pressure, providing the final bit of scientific
knowledge needed to invent the first steam engi@hapin and Schaffer 2011, 6-27).

The Industrial Enligahment

It is clear that scientific concepts essential to the steam engine, such as the vacuum, were just

Fa F@FLAflLofS Ay CNIyOS a Ay . NRGFAYyD |1 25SPS
YFEGOGSNReE RSoFGS A& GF 1Sy ®Rculidd Sahdryhan ner€ a4 OA S
knowledge, differences between the two countries become apparent. In the widely Aead

History of the SciencBs { (0 SLIKSy al a2y cBriehibdfIsclentific kmowlddget & G G |
did not have much influence upon the developmaritindustry up to 1850, thenethod of
da0ASyO0S RAR¢ oOomMdpcHX LI pnouv O6AGFfAOA | RRSR
Scientific Revolution were largely scientific instruments themselves (i.e. telescopes, clocks,
@2y DdAzSNRA O] SQa SREY V& IOKANLE & OKA¥E yR G2 I O
instruments) and not necessarily practical devices. If the steam engine was one of few
exceptions of a direct science to technology link during ¢ighteenth century it seems
preposterous to compi@ St @8 RAaYAaAadaa aOASyOSQa NeRtS Ay
theoretical science was its only precursor, why was it not invented fifty years prior, when the
necessary scientific principles were first discovered?

The preeminent economic historian ofglndustrial RevolutionJoel Mokyr (208), provides

I O2YLStftAYy3d FYyasSNI AYy KA& ARSI 2F | o6NRARR3AS
YR AG&a AYRAZAUONRFIE Ayy20FG§2NARZ OFffSR (KS alL
fits the Engbkh experience, it refers to both the primarily French intellectual Enlightenment

YR GKS RSOARSRf& . NAGAAK LYRdzZAOUNAIE wS@2ft dzi
and economic growth could be achieved through increasing human knowledgatwfal
phenomena and making this knowledge accessible to those who could make use of it in
LINE RdzOG A2y ¢ o0az21@8NE HangZ LI nnvod ¢KS LyRdzd
can be traced from three interrelated phenomena, which Mokyr céesncidental spillover

effects from the scientific endeavor of gaining knowledge: scientifithod mentality and

culture

Scientific Method: the Dethroning of Aristotle and the Church

While the science of the eighteenth century could not theoretioakylain how the first steam
engines actually worked, it did provide a new and powerful way of asking questions. Scientific
inquiry was essentiallgyllogistic,as thinkers would contemplate opposing ideas within the
church sanctioned framework. The SciéntRevolution gets its revolution from the dramatic
changefrom studying the word of Gddto utilizing empiricism as the most reliable path to
truth. However,the transformation did not start out searching fenuth; rather it started

11 At leastas conveyed by the Roman Catholic Church
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looking for mistakes As long as scientists unconditionally accepted church sanctioned
1y26f SRIST &4dzOK | a ! NRaAG2Gt SQa OASg 2y LIKEAaA
science would be stuck in the middle ages. Galileo is the most famous revolutionary for his
writings against the Aristotelian geocentric view that the earth was the center of the universe

from which all the stars and planets revolve around. Gregory Q&d7, p. 145¢loquently

OFfta KAa KSNBae GNRIFE | yR ODsiftibivaidpiejudicg ol y
GKFG o6Fa NBaLRyaiaot S T2 NkidbwnhSbutfequslidrevallitionarK dza A Iy
refutation of Aristotle was provided by thitalian biologist and poet Francesco Redi, referred

G2 & GKS 6aF2dzyRSNEZ2THRELIOKA YEBYRAS RO X KS2 3.8
spontaneous generation with his experiments which showed maggots come from the eggs of

flies (Bernstein and Bernstein 1982, p.-19).

The massive shift in which scientists trusted their own observations oveetaothorized by

the church led to an early experimental method that was at the heart of the Scientific
wSg2tdziAzyd ¢KS RAAGNHAG SEGSYRSR |taz G2 02
motto nulliusinverba a2y y2 2y SQa lashiNdRuédbereglicAtédiyioroutd O2 y O
not really trust it. Another epistemological transformation was that knowledge was no longer
absolute. In other words, theories could be replaced by new and better ones, and not through

logic alone, but through experiemtation.

Scientific Mentality: the Taming of the Natural World

Another remarkable paradigm shift was thewfoundfaith in the orderliness, rationality and
predictabilty of natural phenomena (Park&B84, pp. 2728). This meant that scientists could

discover the formal rules that govern nature, which they did by breaking the world down into

its component parts and thinking of the world like a machine. The use of mathematics comes
Ayha2 LIXFre Fa | LR2gSNFdA G22f Aifalde Sper@dihed A y 3 |
door to the idea that technology can manipulate the physical environment. This view, that
nature andmanufacturedtechnology were subject to the same laws, was famously written by

Newton inPrincipia

While most of these revolutionary ientists professed a thoughtful belief in a divine creator,
they sought to separate scientific ideas from religious ones. While the church of the time
claimed to know everything worth knowing about nature with its wholehearted adherence to
the Aristotelianview, these norconformists challenged this tradition with an open mind and
willingness to experiment. Their scientific mentality allowed them to abandon the
conventional supernatural doctrine when systematic experimentation and investigation
provided a dfferent explanation.

Scientists exerted considerable intellectual energy on describing phenomenaab&y not

yet understand using the three Cs of scientific observatiooounting, classifying and
cataloging. Carl Linnaeus exemplified this spirit infgrening minute descriptions and
measurements of nature. The title of his first book says itSylktema naturse per regna tria
naturse, secundum classes, ordines, genera, species, cum characteribus, differentiis,
synonymis, locigor System of nature thragh the three kingdoms of nature, according to
classes, orders, genera and species, with characters, differences, synonyms, plaess)olt

the measuring that made a difference, but the emphasis on accuracy, thoroughness and
reliability of those measuments (Heilbron, 1990).
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The scientific mentality also had a profound impact on the engineers and technological
innovators of the time. Shortly after the first Newcomen steam engine was installed, Henry
Beighton, the editor of thd I RA S #2Qpubishdda\tBble listing the horsepower of the

various engines given the diameters of their cylinders. Again, the title illustrates this new
approach? /£ Odzf  GA2y 2F GKS t26SN) 2F (GKS CANB
of the Cylinder, for Steam of tliump that is Capable of Raising any Quantity of Water, from

48 to 440 Hogsheads an Hours; 15 to 100 Yabae of the first studies of the steam engine

was written by Desaguliers, a British natural philosopher and engineer of French Huguenot
origin,whosd SR | a4 Lall O bSga2yQa Faaradlryd a4 GK
wrote in the widely read applied scien@urse of Experimental Philosopfiya NX» . SA 3K { 2
GFrofS INBSR 6AGK Fff ((RBagdierdI3Mvel, §.938)aNotyt RS S
only could the measurements be reproducdujt alsothey can be used to improve the

efficiency of the machine, even when the science behind it was not fully understood. In fact,
James Watt extensively studied that same book later stating tathtt { y2 6t SR3IS 41 &
LINR Y OA LI £ f @ TRUSBeW2054Spa13A dzf A SNBE 0O
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The Industrial Enlightenment gets its industry from the Baconian belief that research should

be directed to thepractical problems of the time, such as medicine, manufacturing and
VIE@GAILFGA2Y YR (GKFG AG aK2dzZ R 06S YIRS I @FAftl
understood that science only becomes powerful when it becomes a social enterprise with free

flow of information among its investigators. He advocated state support of empirical science
(discoveries and techniques) to nurture its practice and dissemination, since it was the state

that benefited most from innovation.

In the posthumously publishe@heNew Atlantis Bacon vividly describes what today would

be considered a governmeftdzy RSR NB &SI NOK FyR RS@St2LIYSyli
home to hundreds of investigators, with Miners who performed experiments and
oBenefactors who looked for appliations for the new discoveries. Interestingly,
oBenefactors were not artisans or craftsmen, since they sought innovations that would
provide the highest value to the state. In fact, Bacon did not believe inventors should be
granted patents or any propertyghts that would enrich them.

In honor of Francis Bacon and inspired by his Salomon House and the French Montmor
Academy, Robert Hooke and other natural philosophers received a royal charter from the king,
establishing theRoyal Society of London for theprovement of Natural Knowledge 1663.

In contrast to the FrencAcadémie des Sciencdise Royal Society was not a state orgaual

regularly accepted many who were not professional scientiststs early years, it provided

research and practical BfNXY' | 0 A2y GAGK2dzi I2OSNYYSyd &dzLii2 N
the Royal Society is to improve the knowledge of natural things, and all useful Arts,

al ydzFI OGdzZNBaz aSOKIFyAO|l LINFOGAOSaxz 9y3aAaySax
1944, p. 41)In contrast to the image of the arrogant theoretical astrophysicist depicted in the

brilliant modern adaptation o€osmog w20 SNI |1 221S gl & | OlGdz £fe&

2gr2 2 Y} Yy Q& | vihieH wAd a@dndon periodiddIS & A 3y SR F2NJ G KS FIF AN aSEE 6§
puzzles dealing with Newtonian infinitesimal calcujwsfar cry from the tabloids of today.
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salaried scientist in Britain as the curator of experiments. He was merhoBaR | & & i K
greatesta SOK I yA O]l (KA A& RI &EdsChapniakusi Kent2005 Rf). ¢ OA G SR

N & at

The Lunar Society of Birmingham

The inventions of the Industrial Revolution may owe a debt to the Royal Society, but it was
the provincial areas that estabhed more practical scientific academigst provided the
perfect meeting place¥ 2 NJ . NR { | A yh@ &unak FogietyZbF Birmihgham, named as
0KS afdzyGAOE YSYOSNB YSU AyTF2NXNIsdthey hady (GKS
enough light to ridehome. The societyvas comprised o& spectrum from industrialists to
engineers to actual scientist§ames Watt and most of his innovative contemporaviese
members including his business partner Matthew Boulton, his chief steam engine engineer
William Murdoch and his iron supplier John WilkinsdMost members were not university
educated and most were Nonconformists, putting them outside the Establishment. They echo
a theme we will see again when examining religious institutions; that apparent disadesn

can actually become an inadvertent strength. They were free from the constraints of the
stuffier formal institutions and their deference to traditiotunlike the Parisian salons or
English coffeehouses, they did not discuss religion or politics\ilLRHO2 p. v).

This influetial network ofthe first leaders of the Industrial Revolution actuaiacked up
numerous scientific achievements, despite menot practicingd LINR LISNE & OA Sy O
exemplified the Industrial Enlightenment as they applied ddiemprinciples to tebnological
innovation.Jenny Ulgow2002, p. 210¢loquently described theras:

'daYy

pioneers of the turnpikes and canals and of the new factory system. They

were the group who brouglS T FAOASY G adGSIY LR6SNI G2 GK
0 K S Y XeédIthedf b&lief in experiment and their optimism about progress

G2 LISNBR2YLFf fAFTS FYyR (2 GKS ylrLiaAazyrft A1
that knowledge was provisional, but they also understood that it brought

power, and believed that this power shoukeldng to us all.

The Society should not be seen asignificantcontributor to the Industrial Revolution, but it

was anotherarena where its brilliant heroes could meet and disseminate knowledge.
Potential inventors could also use the numerous provinara schoolibraries thatstarted

sprouting up in the miekighteenth century There were also informal venues, such as
O2FFSSK2dzaSas 6KAOK gSNB LINRPY2USR AY wMchpdp 08
man, that aims at good learning, may get manean evening than he shall by books in a
Y2YGKeé OOAGSR o0& /26ty HnnpX LI ppoOd al 2y A (
for public lectures on technology or lay science. This paper has already mentioned the
contributions of John Desaguliers, wbonducted lectures across the country paid for by the

Royal SocietyHe was not a pioneer himself, but as a founding member of the British
Freemasons, he wasstrumentalin diffusing ideas, such as the advantages of overshot water

mills (Hills 1970, p.&. He embodied the Industrial Enlightenment in that he made useful
1y26ftSR3IS GFAfLFofS (G2 . NAGFAYQA AYyy20 (2NAO
WEYSa 21 G6Qa RSol G2 aoOAaSyoSs

An improbable amount of events Y WI Y S & 2 I { (irféntiof &f h&semmlate (1 2 K A
condenser steam engine ses predestined or perfectly placed to prepare him for that
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achievementFirst,he had both acadaics and mechanics in his blgaalith this grandfather

a mathematicsinstructor; KA 4 RAA&AGAY3IdzZA aKSR Y20 KSNRDa &ARS
University and hs fatherwasa jackof-all-trades. Raised a Presbyteriare followed in the

footsteps of other nonconformist young men, informally educated with a focus on
mathematicsHis run in with thd.ondon craft guildwho barred him from an approved seven

year apprenticeship,taught him the silliness of treating knowledge as a z&um game. He

gl a f1GSN) 60f201SR o6& GKS TFSINB2YS &d2dzyRAY 3
setting up a shop in Glasgow.

At the age of twenty, the gods smiled dWatt again as a &ttish merchant/scientist,
Alexander Macfarlane, who lived on Jamaidsequeathed his sizeable astronomical
instrument collection to his alma matter, Glasgow University. During the several week trip
from the Caribbean to Scotland, the telescopes and qaatdr were damaged from the salt

FAN) FYR NRdzZAIK KFyRfAy3Id ¢KNRdAzZAK 21 4GGQa Y24K
professor of natural philosophy at the university, who would be responsible forséze
damagedMacfarlane collectionWatt was offered gob to repair the instruments anpined

the great minds of the University of Glasgow faculty as their mathematical instrument maker
which provided him a workshople was originally seen as just another skilled craftsatan

the university but he quicklyshowed there was more to him than that

John Robison who later became a distinguished scié#tiscribed when he first met Watt

asl dzy AGSNRAGE &dGdzRSYyld Ay w™MTpy Yc¢batwasSHurpised 2 2 NJ
G2 FAYR | LKA 2oéf@dlaiSdNgMr. Watt shldnutiKndy Sapafibfcited in
Burton and Tann 2012, p.87).S | f a2 NBOIfft SR K2g AGaSOSNRBOKAY
KFyRaAaXKS fSIENYSR (GKS DSNXYIFyYy I yJoeatd®mdn Ay 2
Mechanicunk S @S NB vy S g camieKirftoyh handé lbécame a subject of serious and
a2adSYFGAOKE addzRez YR GSNXYAYIFIGSR Ay az2ySsS o
1969, p. 25). Robison gave an example of when the local Masonic lodge needed an organ and
Watt learned the stug of harmonics and vibration order tobuild a perfectorgan (Robinson

and Musson 1969, p. 28).

The next inadvertent preparation for James Watt illustrates his background as a radisian

without the means to support a lifetime in the passionate putrsd scientific discovery. In

the winter of 1763, Watt is given the most providential job of his career, when he is asked to

repair a model of a Newcomen engine. The model would stop working after only two or three
strokes Watt loved a puzzle and quigkiound that the problem wasirinsh O G2 (KS Y2 R
size. Just as model designs can easily fail after being built-siddef the supports cannot

bear the true weight, a miniaturized model can also fail when scaled down.didatiot stop

there thoudh as he sought to explain why the model used much more steam than could be
accounted for.

Watt foundamentod y t NP FSAaa2N) W2aSLIK . 101 GKS dzyAc¢
established the principle of latent heat. While the principle may seecarge and unrelated

to technology, it had a profound impact on the evolution of the steam engine. Black was
fascinated with how water reacted from the transition of one property to another (liguid

13 perhaps more famous today for his-ttfie-wall theory about the French Revolution being caused by a Masonic
conspiracy.
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solid¢ gas). Questions such as why ice did not compjetetlt immediately when heated or

why boiling water does not increase in temperature no matter how hot the fire underneath.
Simpleexperiments into these phenomenadeto his theory that latent heat igained or lost

between the changes from gas to liqudsolid to liquidJacob 2014, p. 239).

¢CKSNBE NS FASNODS RSolFdSa 20SN) g6KSUKSNI 200 ¢
theory in his steam engine, but a cursory read into the letters between the two demonstrates

what a great scientist Watt vgin his own right\Watt and Black1969).1t is not generally

known, but Watt actually assisted Black iestablishing the theory through his own
experiments(Burton and Tann 2012, p. 8%att did take advantage of Bla@ka |y 26 f SR 3 S
but far from a scienfic theory, it was actually the insigkthhat measurements are far more

powerful than intuition. Hedid not just need to recognize the existence of heat loss, but

rather, its magnitude.

While the benchmark for steam is obviously 100 degrees centigraderméer of variables

such as the material containing the liquid, will affect the boiling point. This was key in his
understanding that water would actually boil at a lower temperature in a vacuum, but the
NBadzZ GAy3 adadSFY g2dzZ R K S$ynoteB®BI3 NiteRiffled Witk I G O |
measurements as he tried to determine the volume of steam compared to water, how much

steam was used on a single stroke of the engine, how much water was needed to then
condense that steam, and so on. He actually came up wiryaaccurate calculation of the
NEBfFGA2yaKALl 60SG6SSy fAljdZAR YR az2f AR @2f dzvy
calculation of 14,000 (Hills 198p. 93) Watt himself then describe his true debt to science

(cited in Fleming 1952, p.:4)

I mertioned it to my friend Dr. Black, who then explained to me his doctrine

2F fF0Syd KSFOX L (Kdza &addzvof SR dzll2y 2y S
0SkdziAFdA GKS2NB Ad &adzLILR2NISRX ! f iK2daK !
not suggest my improvements/o 40 KS ad Sy Sy3aiaySX G§KS O2N
reasoning, and of making experiments of which he set me the example,

certainly conduced very much to facilitate the progress of my inventions.

What this theory meant for the steam engine is that after boiling a tofawvater, the resulting

aidSrY gAftf GF1S dzLJ mXyndp GAYSa GKS aLl OS AdG |
some water into its sealed cylinder in order to create a vacuum from the condensed steam.

After a year of exhaustive experimentationcameasurement, Watt quantified the precise

amount of water needed to condense the steaithese test showed why the Newcomen

engine was so inefficient, since it was caught between fundamentally incompatible goals of
using minimal water to condense the staabut maximum water to ensure condensation. In
otherwoNRa X (GKS OefAYyRSNI KIR G2 0SS 1SLW Fd mnnx
I 2AR GFLRNRT FGA2yd Ly | GSadrkySyd dlater. NRGI A
half of the eighteenth century, Watt spent many years struggling withrsgphhis paradox. He

finally came up witlnis epiphanyf a separate condensgwvhere steam would flow and could

be cooled without cooling the main cylindet.K A & A & G KS Odradingyas G A 2y
actually building the separate condenser requireds hskilled hands honed by his
apprenticeship irconstructingbrass compasses amgiadrants
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Baconian (English) versus Cartesian (French) science

The two great philosophers who ushered in modern science in the savnteenth century

are often seen as pxiesor prophetsfor the views of sciencand its role in serving social
progressin their native countriesFrancisBacorf genglish) vision was of scientists travelling
the world collecting facts, until their accumulation reveals how nature works hyctiah. In

the world ofReneDescartes, th€Cartesiankcientists shouldtay home and deduce the laws

of nature by pure and rational logic and thought. While many English scientists, such as
Faraday and Darwin were Baconians and many French, like Rastalaplace were
Cartesians, the national distinction does not haldvaysup. In fact, the best science was a
crossfertilization of the two contrasting cultures. Even the president of the Royal Society,
Isaac Newton was a Cartesian at heart, using itthods and mathematics in some of his
theories.

' y20KSN) aGSNB2GeLIS LX I OSR 2y GKS G662 0O2dzyi N
a0ASYy 0S¢ Aa (KFG 9y3IAfFyR ¢l & dzyAljdzS Ay Ada
primarily geared towards commeal means. Whereas Cartesian France was stuck in an
abstract and theoretical program that was governmeiniven with no aspirations for

F LILJXE AOF A2y (G2 GSOKy2ft238d ¢KAA GASe y-20 2yt
sponsored science instition, but also his aversion to exploiting innovations for personal and

not public gain. Furthermore, while most of its first members subscribed to Cartesian
precepts, the French Acadéndes Sciences was never officially Cartesian rejecting doctrinal
dogmadiAayY YR Ada YSYOSNHE Ffaz2 Ay@21SR .l 02yQa
p. 31). Lastly, while the Royal Society was far more Baconian than the French Académie, its
fellows were all heavily influenced by a sort of Cartesian mechanical philosophtg(H989

p. 70.

[ SI@AYy3 GKS . O02yAly ©@SNBRdza /I NISaAly RSol
O2yOSLIi 2F (GKS LYyRdzAGNAIET 9yfAIKISYYSyYyilzI 4K
judged by its intrinsic value, not by the nationality of2tfNA IA Yy € O az21 eéNE HANNHZ
the science was better or more practical in one country or the otheliditnot really matter

as Western European scientists and engineers studied and copied each other. While the switch

from Latin to vernacular langges provided access to technical and scientific writing to those

without a classical education, it created a manageable obstacle for foreign exchange. Smeaton
taught himself French in order to read the French theories on hydraulics. Watt also learned
FrerOKX LGFTfALY YR DSNXYIY Ay 2NRSNJ NBIFIR &O0OA:!
GNBFGAEAS 2y t | Lidif Gbhalwdyy EkeyfcSearn b foréighyainghidgé to get

access to overseas knowledge, since scientific and practical tracts weneti@fteslated. The

French chemists were superior to their more practical British counterparts, prompting an

9y It AaK (NI yaft Al bi2DJeing(Reyser 3990ipK 229. (Teie Qviére also
YydzYSNRdza LISNER2Yylf O2yidl O & condnumtdsS ¢s EigksE O 2 dz
scientists often visited France to pay homage and confer with their fellow experimental
philosophersBrocklissL992, p. 79). Lastly, as described in the section on industrial espionage,

the English Channel did not isolate usefumowledge and either spies or government
diplomats would regularly acquire foreign technological information.
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Resource Endowments

Demand for Energy

Alternative Energies: water and wind power

Energy is the lifeblood of civilization and those who maxiniizg performing their tasks most
efficiently are the most successful. Energy is used to do work, produce things, heat buildings,
cook, and transport. For millennia, caloric energy fueled human muscle power that allowed
us to hunt, gather and eventually woiin the fields. Humans are a bit more efficient than
animals at converting calories into work, utilizing roughly 18 percent compared to only 10
percent for a horse or ox. This is one of the reasons slavery or conscription was so prevalent
in human historyHowever if animals generally ate foods inedible for humans, their efficiency
could be greater so that they could do the heavy lifting. Unfortunately, humans produce a
pitiful amount of power, best illustrated at the local science museum by the bicydiarat

driven ergometer that barely illuminates a connected light bidbaddition when poorly fed

(and motivated) laborers are forced to perform work, they are even more inefficient, only
producing half of what free laborers performing the same workrand Williams 1960, p.
243).

Harnessing nature using water and wind technology is much

more recent, but Egyptians were using waterwheels for
irrigation and milling over 3,500 years ago. The Chinese had

built waterwheels to operaté&on-smeltingbellowsin the first
OSylGdz2NBEd ! NPdzyR GKS &alFYS GAYS:
engineer Vitruvius (whose writings on geometry and the

human body insNBE R 51  + Ay OA Qawrote that & NHzDA |
GKS YIOKAySa NS GNINBfte SYLX ze
explanation that cheap slave labor was so prevalent in the

Roman Empirécited in Gies and Gies 1994, p. 35).

Wind power came to Europe likely during the eleventh century, but its use was limited by
geography. In northern Europe, where rivers may freeze during théevg and the land is

flat, they offered a comparative advantage, and were thus more common. It is important to
note that although this connection between the physical environment and wind technology
seems straightforward, geography does not always hgidas the causal factor in new
technologies. For example, England was littered with water mills (the Domesday survey
recorded over five thousand as early as 1086, or roughly one for every fifty households), while
the similar climate of Ireland did not emlmathe technology (Landes, 1998, p. 45).

Windmills and waterwheels provide a useful illustration of the gradual transition in the

L2 Lddzf F GA2y GKFEG G221 LIEFOS RdNAYy3I 9dzNRLISQaA
replaced hand mills in grinding gramto flour, but only when the population became dense
enough to justify its high fixed cost. A builder neededhot onlyconstruct the mill, but also

invest in diverting rivers and regulating the flow of water. Industries with such high fixed costs
and eonomies of scale often exploit their market power and landlords in charge of watermills
were no exception. Peasants often complained about the high tolls charged for their use.
Watermills were later used for other purposes, such as pumping water, sawing aid
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operating bellows to melt ore. Both wind and waterpower typically produced between 5 and
Man K2NBESLR2GGSNI 61tuvs FfdK2daAK GKS O2ft2aalft ay
HP, with a potential capacity of 124 HP (Forbes 1958, p. 148).

Limtations of Wind and Waterpower

Wind and water powered mills suffered from two fundamental shortcomings. First, they are
site-specific and not necessarily in the same location where the work was needed. Secondly,
the fixed cost nature of the technologiasiited the incentives to improve them. Imagine your
own motivation to drive economically if you were provided free gas. Water and wind
technology saw gradual learniiry-doing advancements, which made them more powerful,
but their operating expense largelgmained the same.

In hindsight, it is clear that steam power liberated humanity from the vagaries of nature. In
fact, almost one hundred years into the steam revolution, John C{KEO, p. 111jrote a
paper in 1795 to the Royal Irish Academy stating:

Water is seldom convenient; wind is a feeble and precarious agent; and
muscular force is very expensive and very limited; but steam is free from each
of these imperfections, and is superior to all in strength and duration.

Neverthelessin the context othe origin and early development of the steam engine, the
limitations of other power sources, especially waterpower, did not play a significant role in
most industries. In fact, ivas notuntil after 1830 that steam power accounted for more
than water andwind in Great BritairfAllen 2009, p. 173 he United States took even longer
to substitute waterwheels and turbines with steam engines. Thergag notuntil 1880

when the balance shifted in favor of steam (Forbes 1958, p.. 148)

So, in analyzing theffect that demand for energy had on the development of the steam
engine in Britain and France, the industry where the technology was first applied sheuld b
primarily considered. While thisould be considered cheating since history has already given
its account of how steam power would be appliatljs precisely why economic history can
provide more insights than pure economic theory or skerm statistical analysis. While
steam power was later used to power mills, factories, boats and finally trddagdttern of
adoption is closely tied with the efficiency of the machines. The first steam engines only
reached about 5 HP, which was about the same force produced by a waterwheel. Since there
are no productivity differences between the two, the steam imegwould only be purchased

if it was more coseffective than water or animal power. Desaguligras the first to stress

the economic case for steam power in reducing labor costs (Jacob 1997, p. 113). His own
writing eloquently described the economics thle early steam enginéDesagulierd 744, p.
464-465):

But where there is no water (for power) to be had, and coals are cheap, the
9y IAYSI V2 gEngihefof tiEFENgin&t&raise WHtE by Fire, is the
best and most effectual. But it is espegiaf immense Service (so as to be
now of general use) in the Ceéalorks, where the Power of the Fire is made
from the Refuse of the Coals, which would not otherwise be sold.
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Coal

For most of human history, wood was the fuel of choidewever,its use wadimited to

cooking food and heating living quarters. Then, almost nine thousand years ago, in the Near
East, fire was used to liberate copper from its ore or minbedring rock. Once the
connection was made between heat and releasing the metals from mokancestors began

mining copper and working it to make tools. Other metals, such as tin and lead were
discovered and eventually copper was mixed with tin to make bronze. This discovery ushered

in the Bronze Age, when ancient civilizations built theip@es on the production of relatively

strong weapons and agricultural tools (not quite beating their swords into plowshares). As
f2y3 a ¢622R Aa NBflIGA@Ste FodzyRIyd FyR Of 2
homes, cooking and even metallurdyyick and glass making, pottery and brewing. But while
G22R A& GKS 2NRIAYIET aNBYySolof Sé Maramefjust A G O
as a moderrday energy crisis would spur a search for alternative energy sources, Europe
soughtanew fueRdzZNAy 3 AdGa ag22R ONRA&AA&AE AYy GKS 1 G
many of its forests for construction and to open up enough farmland for the burgeoning
population.

This was very apparent in London, where the price of firewood in London rpiskyratarting

in the twelfth century. By 1230, England was forced to import most of its timber from
Scandinavia, but thadid not stop prices from increasing. In Surrey England, the price of a
FANBG22R FI 3320 NR&AS aoe az2Y8KPpnwmbISNBSYyo6DbHS
Keene and Murphy, 1996, p. 449). The city and its industries turned their sights to coal. For
spaceK S Ay 3> YSRASGIt 9y3IftyR YIRS dzaS 2F aas
sulfuric impurities found in easy to reach seaabsng the River Tyne to the North Sea. The

noxious rotten egg smelling smoke actually caused King Edward | to ban its useasadt

pure enough to generate enough heat to be used for working iron or glassmaking.

There is a debate between economiistorians over whether the increases in wood prices

were due to a timber shortage or from increased demand as the city of London grew. While

that debate is inconsequential for this analysis, in an attempt to settle it, Robert Allen
generated a dataset thalluminates the demand for coal in England. Hisgriah2 g a G KS & NJ
LINA OS&¢ OLINAOS RAGARSR o0& | 3ISYSNIf LINAOS Ay
to 1800.Clearly something happened to the price of wood from Ib&nd one explanation is

GKS SELX 2RAYy3 LRLMzAZ I GA2Y S6AGK GKSANI O2NNBAI
population jumped from about 55,000 in 1520 to 200,000 in 1600, which was the same
timeframe in which the price of wood exploded. Things just gotse and by 1650, the gap

between coal and charcoal prices was so great that despite its foul smell and undesirable
qualities for cooking, coatasA y SEGSyaA @S dzasS o6& GKIG LRAY(GID
the coal trade was the result of the growtifithe capitacy 2 4G 2F I 3ISYSNI f &aK2!
Similar to the transition from water to steam power, the increased price of wood made
investments in coal mining profitable. Indeed, coal production rosefedhin Britain from

227,000 tons in 1560 t®,640,000 tons ineighteenth century mostly from mines in
Northumberland and Durham where the bullas shipped to London (Hatch&893, p. 68).

The demand for coal energy preceded the steam engine and can be seen as aidgector
its invention (Alen 201). Given the English domination of the coal industry indiaeenteenth
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and eighteenth centuriest seems obvious that the steam engine would be invented there.
Some would attribute this as a geographic accident, since Britain was naturallgdbiegh

an abundance of coal. But the transition from charcoal to coal is not easy and requires a
considerable amount of modifying existing technologies in order to use it. We will soon see
that many industries had to adapt to this new fuel, such as homéding, brewing,
glassmaking and iron smelting. The tremendous investments made in altering methods and
uses, which became profitable only in Britain in light of the cost of wood, essentially locked it
into a fortuitous path dependence on coal based siolus.

A geology professor, Richard Cowen (2016) at the University of California, Davis, has
painstakingly described the process of coal mining during the middle Agesal production
ramped up, its extraction became more cumbersome and hazardousqliresl digging,
usually into a hilltop, by rotating a large bore auger using men or tethered mules walking in
circles. Then, miners would use picks to carve the coal from seams and cart it up to the
SYGiNIyOS® aAySNE 0SSOl YS &cdpd, wlich Rerehmbre dakigbié A y 3 ¢
for their transport and burning quality. As the caalnes went deeper, they faced new
challenges, such as how to support the structure and roof of the galleries to preveninsave
Thicker pillars meant more safety, busgeprofit. On the other hand, if the roof collapses,
there was a total loss, so miners were supported in an economic sense. Another issue was
ventilation since methane gas can pool in sealed areas of mines, which can kill unsuspecting
minerseither by asplxiation or by arexplosion as they used fire for illumination. In addition,

the deeper the mine, the more likelihood that the mine will flood with water.

By the lateseventeenth centurythe deepcoalminesn the Northeast were in crisis due to all

the flooding. Theeverincreasingdemand for coal in Britain was putting increasing pressure

on contemporary technologies. The Engligtre either unaware of ounsuccessfully tried to
usethe German flatrod engine $tangenkungtto drain the mines, but it waslso dependent

on some sort of external poweAnimal power was the preferred method of pumping, but
that was becoming painfully expensive ¢oal masterqHarris 1992, p.-%). It was in this
FdY2aLKSNE GKIFG ¢K2YlFa { I @S seidedNdthSas sSnaterkK A a
pump and a method of ventilation. In fact, thregiarters of patents granted in England prior

to 1700 weremining innovations (Wallace 198@. 33).

The mere presence of coal is not sufficient to initiate a coal mining industance had an
expansive coalfield in the north (crossing into Belgium), as well as its central Loire coal mining
basin. While the reserves of these areas paled in comparison to Northeastern Britain, their
existence shows that something more than just ttegural resource needs to be present. The
population in Paris experienced a significant boom after the losses from the Wars of Religion,
doubling from 210,000 in 1594 to 420,000 in 1634, after the spectacular recovery under the
converted KingHenry IVafkdA & 9 RAOU 2F bl ydSaed {K2dzZ RyQi 1l
also spurred increased wood/charcoal prices that would lead France to devetoalitsine®
The answer brings us back to natural resources and prices.

Paris did face an increase in thager of firewood during the 1600s, but not nearly to the
degree that_ondon experiencedal prices in Paris were ntitoroughlyrecorded until 1840
neverthelessRobert Allen (2009, p. 101) diligently compiled average real enatiggs in
Europe. The dat quality can be confirmed by comparing coal prices in Paris with Antwerp.
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Antwerp serves as a decent proxy given its supply sources (Northeast England and Liege)
would make transportation costyuite similar toParis. The price difference between charcoal

and coal in Antwerp was similar to London (charcoal priced at least double of coal), which was
enough to induce consumers to buy coal, with its noxious smoke. In Paris, charcoal was
actually cheaper than coal well into the late 1700s, long after the imwerof the steam
engine(Allen 2009, p. 98)

Tablel - Energy prices in Europe (1600 to 18@0len (2009)

London, coal 263 356 393 396 3.84
London, charcoal 5.08 10.21 11.12 10.08
Northeast UKcoal 0.60 0.48 0.54 0.75
Paris, coal 550 539 6.95 6.65
Antwerp, coal 492 641 761 6.60 551
Antwerp, charcoal 9.96 10.49 12.61 13.94 12.31

The great coabent historian of the Industrial Revolution, John Nef (1932, p-222 quoted

a Frenchmamamed Ticquet who sent a letter from England to Paris in ¥@8ng,a O2 I f A &
one of the great sources of richness and abundance in England; | regard it as the soul of the
9y 3f AAaK YI WhkrBri@id dzsBlassed with an abundance of coal, Franee wa
equally blessed with forests, which kept the price of firewood relatively stable, despite the
population increase. This inhibited the need for a coal mining industry in France until the
immense industrial demand using cqmwered steam engines well intthe industrial
revolution in the midl800s(Lamb 1977, p. 255FEven then, with tariffs on Belgian coal to
provide a buffer for domestic producers, and a vast network of canals and rails, French coal
was double the price of Belgiamwal at the pit head (Mward andSaull973, p. 333

Figurel2-"A Newcomen Engine ca. 1700" (Tobey 1961)
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The fates of Britain and France diverged in #eventeenth centurydue their differing
abundance in coal versus timber. While the demand for heat energy was similar given their
parallel population booms, the relative suppdf the energy sources determined their vastly
RAFTFSNEBY (G LINAROSAE Ay GKS (g2 O2dzyiNASaod LG o
mining industry in the north and west peripheries of England. Even though the Northeastern
mines were relativelglose to the water, the transportation costs of getting piles of coal at

the pitheadto the harbor were extreme. Wains, which are large carts that could carry close

to a ton, were used to transport coal to the water. Remember that one trip only cariied, a

so thousands of tons would require that many return trips. Imagine the demands on the road,

the pastures and care needed for the horses and oxen. The great mines around the Tyne
YSSRSR (42 t2FR AGa O2Ff FANAG thenyndetled olld& OA | f €
rowed to the sea before the coal was loaded onto larger ships bound for London or Europe.
Finally, once their destination harbor was reached, the process started all over again to get

the coal to its buyeréWright 2016, p. 1)Waggonwag (the predecessor to railway) and canals

eased the transportation burden, but not until well after the invention of the steam engine.

The high transportation costmeant thatcoalwasextremely cheap at its pithead, which is
LINSOA &St & ¢ K atstén® éngideYasyised to drdinNdEoalmine in Dudley in 1712,
The machines were terribly inefficient, using only one percent of the heat generated by the
tremendous amounts of fuel they burrfThurston 1878p. 464470) They were only cost
effective whenthe fuel was practically free, like at a coal mine where the bits that could not
be sold could nonetheless be burned. The operation of the engine, which worked in a
reciprocating motion, was especially suited to pumping mines. There was no other feasible
application of those first steam engines. But this was by design, as the object of the machine
was to drain minesTherefore the steam engine solved a uniquely British problem using a
uniquely British resource. In the absence of the steam engine to pusibgrwut of mines, the

cost of coal surely would have increased. Not only was animal feed costly, but horses were
not as effective in powering the water pumps. A study was made in 1752 comparing the cost
of horses versus a steam engine in pumping watemfra 72 meters deegoalminein
northeast England. Horses worked two at a time in thAnear shifts lifting about 300,000
liters of water per day for 24 shillings. The steam engine handily beat the horses only costing
20 shillings a day and pumpifgur timesas much water (Pacey, 1992, p. 159).

Market Size: Mining

L¥ 6S F3FAYy fAYAG 2dzNJ 40215 (2 GKS adSlry Sy
engine in 1706 to the first commercial Watt engine in 1773, it would be miraculous if it was
invented anywnere outside of Britain. The diffusion of engines during this time is hotly
debated as the commonly used Kanefskey database contains omissions and discrepancies
when compared to secondary literatu(@anefskey and Robey 198CQomplicating matters,

many emines fell into disuse or were moved from one location to another. Harry Kitsikopoulos
(2008) uses a novel approach in dealing the shortcomings of merely counting engines by
calculating the diffusion of horsepower in use during this period. The databasédps a
number of insights, including the growth in the horsepower during the almost seventy years
of gradual improvements.
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Mean horsepower per steam engine

30,00 26,66 27,36

25,00 23,66
20,00
15,00
15,00 13,50
10,00
5,66
5’0 I

1706-19 1720-29 1730-39 1740-49 1750-59 1760-73

o

Using this dataset to distinguish the diffusion by sector shows that about 9 out of 10 engines

were used in the mining industrifhe rest of the engines went to ironworks or waterworks

and mostly after the average horsepower exceeded 20. The regional diffusion within England
Ffaz2 NBFEtSOGa GKS Ay@SyiAz2yQad R2YAYFGS dzasS A

Table2 - Newcomen steamrggine diffusion in British counties

Durham 24.9 Northumberland 297.8 Northumberland 2,254.5
(21%) (13.5%) (17.3%)
Staffordshire 18.2 Warwickshire 289.6 Durham 1,542.3
(15.3%) (13.1%) (11.8%)
Cornwall 16.9 Durham 256.1 Cornwall 1,473.5
(14.2%) (11.6%) (11.3%)

la KFEF 2F .NRGIAYQa O21f gFa YAYSR Ay b2NIK
two counties played a leading role in adopting the steam engine. Cornwall, according to both
Savery and Newcomen, was to be their largeatket as it was there the mining industry was

in crisis and desperately needed a solution to its flooding problems. Cornwall, on the
southwestern tip of England, is filled with copper and tin deposiwever,its geography

made those minerals, which wein high demand by 1700, extremely difficult to mine. Cornish

miners had to dig individual shafts downwards (in contrast to the horizontal tunnels in
coalmine$, which were the deepest holes in Britain. Their daily commute to work included
travelling up ad down as much as 800 feet, eitherladder or a mule powered rogéeifchild

1968, p. 139142).
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Because Cornwall is on the sea, the shafts would
continually flood, making pumping or drainage

tunnels an absolute necessity to keep the mines
running. Awomantraveler by the name of Celia

Fiennes wrote of the mines during her tour of the

2S3G /2dzyGNB AY mMchpY a¢KS
day to keep the mines drainegl one thousand

men and boys working on drainage of twenty
YAYySa¢eéd {KS |faz2 I BBYIIN] SR
hundred mines, some of which were at work,

others that were lost by waters overwhelming
GKSY¢ 0. dz2NJ S MpTyZ LD MT ML
proved to be a false hope for both the mining

industry and Newcomen, given the high cost of

coal in Cornwall (botdue to a duty on se&orne

coal as well as the tremendous shipping costs of

mule carriage from the Cornish ports to the

mines). By 1727, there were only five Newcomen

engines working in Cornwall and the technology

was not attempted again until critical éfency

gains in the 1770@ eifchild 1968, p. 183)

As the diffusion of the first steam engines was determined by the locatiacoamines one

would expect to find them installed in France and Belgium. Indeed, there were a few
Newcomen engines in Frandaut their use was not widespregBallot 1978, p. 38887) This

is apparent since the French secret agent, Jars, provided his government with a very careful
description of a Mwcomen pump in 176%Szostak 1991, p. 162)he French did use one
machine istalled by two Englishmen to pump water from the Seine to the city of Paris. A
similar scheme was also introduced on the Thames in London.

The more efficient Watt engine was introduced to Franneli’r76 byJacquesConstantin
Périer, who had acquired theight to assemble them to work in the Parisian waterworks. He
prospered in the 1780s as his machine shop near Paris built numerous steam engines for the
Anzin coal mine, ironworks at Le Creusot and various watenybuksts adoption was slow
andthe busiress struggled in the 1790s (Payen 1969, p1®8) By 1810Périerestimated

about 200 steam engines in France, almost exclusivelgaimines compared to 5,000atal

in England (Henderson 196p. 45).Harris (1992, p. 211) presumes th@érier included
Belgium in those numbers as he was only able to count 70 engines byB\&80long after
British industry began using the steam engine to drive machinery, there were only 15 French
factories that had steam engines (Fohlen, 1970 p. 142). Again, this i® the excessive cost

of coal inthe industrial areas of France.

While engines developed after Watt made tremendous fuel economy improvements, the cost
of coal remained 45% of the total costs (with capital another 45% and labor 208tgam
engine itséf was extremely difficult to transport, costing almost 10% of the price of the
machine (Price, 1981, pg. 19).Commission of Inquiry reported that the lack of canals and
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roads, which made coal transport so expensive, was the principal reason the stegmme en
was not used in France (Fohlen, 1970, pg. 1Whjile reliable coal prices prior to 1800 are
unavailable, in 181, a bundle mined at the pithead Rlive de Gie(in the Loire coal mining
basin)cost just 15 francsyjet 53 francs at Mulhouge C NJlegdidgtéxile center just 400
kilometers away in Alsad@rice 1981p. 119)Steam engines were almost exclusively limited

to mining areas in France, until transportation improvements, such as canals or railways,
eased the cost of coal. One such examipléhe Alsace cotton industry, which only adopted
steam technology after the 1833 Rhofhine canal was built, which allowed easy access to
the coal of the Loire (Fohlen, 1970, p. 144).

The early industries in Britain and France were not located in aeppiosition close to the

coalmines England saw the rise of its cities, which set the stage for a-targe factory
a2a0GSYdP CNIyOSQa AYRdAZAUONRARLFE O2yOSYyuNF GAz2y 3N
promise of steam technology was that factoriesittl be located anywhere, preferably close

to coal, transportation, labor and markets. France was at an extreme disadvantage in this
regard, since it had labor, transportation and markets built up around water technologies.
Building roads and canals andethatural development of cities inevitably entails significant

sunk costs. Even if the state determined that the potential opportunities were great enough

to justify abandoning existing industries and cities, it would be fpaes$sed to convince its

inhabtants to relocate merely to get closerto OK S| LISNJ & 2 dzZNOS 2F O2 1 f
historical geography by Hugh Clout (197%Y. 475) found that the location of its coalfields

G SNBE AdzNLINRAAYy3IE e dzyl GONF OG0 A GSI yFRR NY S|iS-&f  AdyNEH
Another observer reasoned that a better transportation network for coal was not developed
SFNIASNI 6SOlIdzaS GCNIyOS ySAGKSNI YySSRSR y2NJ ¥
(Dunham 1955, p. 85).

Steam adoption in French indmg did not occur until the efficiency of the machines made
them costeffective or the transportation network was improved, decreasing the cost of coal

in the industrial centers. In the meantime, the French showed their ingenuity in water
technology, as ke as 1844, getting 21,710 horsepower from hydraulic engines, over the 5,982
horsepower that would have been realized by a steam engine. The first steam engines used in
French manufacturing were actually to supplement existing water technology, since the
streams wereso crowded there was no room for another waterwheel (Landes, 1973, p. 182).

Britain had the first mover advantage since its northeaslfieldwas the chief supplier of

household coal. Even into the 1840s, British homes were consuminthivds of British coal

2dzi LJdzd FyR F akK2O01Ay3 n2010.49599)0I6 tiai endrdnménkof & 2 NI
intense consumer demand, mine owners and industrial speculators began financing
investments in transportation that would ease the burden of gejtcoal from the mines to

GKS OAGASad 'y SEFYLXS A& GKS OFylt odaAftid o8
ANRgAY3I 26y 2F al YyOKSAaUSNIAY mtcecm®d LG 61 a NJ
the price of coal in Manchester was dathalf At the dawn of the railway age, Britain had
successfully linked most of its coalfields, industrial centers and ports with over four thousand

miles of navigable waterwe, rivers and canals (Bagwell dndh2002,p. 8-9).

It should be noted that a early lead in technology can sometimes be a disadvantage, since
followers can avoid the tedious route and can easily follow a more direct and optimal path. In
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fact, when France did widely adopt steangine technology starting in the 1820s, it was the
more fuel efficient and cuttinggdge Woolf design that became the standard. In fact, it is in
this era when French engineers declared independence from the British design standards as
they began to successfully adapt a design that was favorable to locaitiomsdin France.
Britain put up with their coaguzzling Boulton and Watt lopressure engines for many
decades after theiréchnology was outdated. It was thontil the 1840s that English factories
invested in thehigh-pressureengines of the time (vonuhzelmann 1978, p. 281).

Supply of Inputs

Without cheap coal, the steam engine would have remained a theoretical experiment with no
practical application. Does that mean given access to cheap coal, the steam engine would have
had an equal chance being imted in France? When we examine the parts and the metal
working skills, whichwere used in the first iterations of the steam engine, we again find the
British exceptionally fortunate. As Landes (1969, p. 182) notes:

In the eighteenth century, almost allthie continental stearengines came
from England: if it was hard for British metabrkers to achieve the
precision required, it was almost impossible for French or German craftsmen.
Not only did they lack the manipulative skills, but their materials were
inadequate to the task to soft or brittle and uneven in quality.

Coke and Cast Iron

It is one thing to build a prototype or model of a steam engine, but get the same precision and

LI NI a ySOSaalNE F2N) aYl aaé LINE RNe@éomenyfirstA & |
experienced the headache of finding a metal cheaper than brass to make the critical part of
GKS SyaaySs AGa OetAYyRSNW 9ELX IAYAY3I GKS &2f
slight detour, but one which provides additional insightthe differences between the

inventive capacities in England versus France.

Going back to the population and property boom in London during theckhitury with its

timber crisis. Woodvas notonly being used to build and heat houses, glass makers agso

rapidly cutting down the forests to make charcoal for their furnaces. Glass windows were the
fashion of the day, first among the rich and eventually common in most homes by the 17
century. This is dramatically exemplified in Hardwick Hall, &aid6 S & Y2 NB 3t aa
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England was desperate for alternative raw materials to make glass. -

scheme to satisfy the demand was to build glass factoriethemew “’::;‘i*‘*(\)l‘:ﬂw
continent(Americg. Indeed, together with my ancestor on the boatt .. c v.sesverox
Jamestown Virgiia in 1607, were eight German and Polis#issmakers  §57 5 -
(as there were few skilled English craftsmen), who had vast forests
sand essentially free at hand. But, the realities of building an indu
which required travel in a leaky boat for 4,000 milesanharsh

landscape surrounded by sometimes hostile natives, was too much
the idea died by 1610, along with 80% of the original settlers
(Harrington 1972)The craziness of the scheme shows how desper._.._

the English actually were.

Another scheme wadevised in 1612 by Sir Edward Zouche, a crafty courtier with an eye for

a fast buck, convinced King James | (after paying him 1,000 pounds) to grant him and his
partners a monopoly on their newly invented coal furnace. The reverberatory furnace,
originally described by an Italian Renaissance metallurgist, attempted to prevent the impure

coal soot from contaminating the glass by using underground pipes to draw in fresh air. One

2F %2dzOKSQa 02t f S 3dzSasx { AN w20 S Nllammestoyid St £ 0
operation and not coincidentally an owner of a few coalmines), bought the whole stake in the

coal furnace monopoly. Even though the quality and price ofaMé&nf f Q& 3If | da 61 a
his competitors Mansell was able to convince the king (dstirumors of bribery) to outlaw

all fuels but coal in glassmaking. The monopoly was a constant subject of controversy and by
1622, Mansell was taken to court by his competitors. On the jury was another enterprising
fellow, Viscount Grandison, who afterheNA y3 | 62dzi al yaStfQa oSt af
coal furnace business usiitgo smelt lead near BristgBurke 1978, p. 168).

This minor historical detour not only sets the stage for the next hero of British industry, but
also illustrates how therkst patents or monopolies in England were abused by the Royalty and
the rich merchants (more to come on that topic). It is also important to note that these
monopolies were eventually expired or were cancelled after the English Revolution, when
merchantslost much of their influence oveuolicymaking Parliament started encouraging
capitalist entrepreneurship in exploiting human and natural resources. The Mines Royal Act
of 1689 ended the monopoly on brass making and the English port town of Bristol was
egpecially suited to produce brass. Brass was made by combining Calamine (zinc) with copper,
both of which were abundantly available close to Brigtaéntle and Field 1975, p. 2% was

in this environment that an ambitious young Quakaramed Abraham Day showed up.

Abraham Darby

When a twentyone yearold Darby arrived Bristol, he had already been educated as an

I LILINBYGAOS aYIfGSNE 2F 0SSN FYR gKAa1Se F2NJ
small, but tight knit group oindustrially mindedQuakers, who welcomed him as one of the
principals of the Bristol Brass Works Company. The firm attempted to produce household
utensils, like brass cups and spoons, but the Netherlands held a near monopoly in the industry

14This explains why there are no painting made of the man.
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with their secret lowcost methodfor casting them. Darby travelled across the channel and
used espionage to learn the industrial techniques of Dutch casting. Casting in clay made the
process painstakingly timeonsuming, but the Dutch secret he discovered was to cast in sand,
which allowel for standardized, repeat production. He recruited a number of skilled Catholic
workers, who were guaranteed freedom of worship in Bristol, and taught the Darby how to
beat the cold brass into shapes using watemvered hammers. He quickly patented his

pr2 0S&aazx 6KAOK YIRS (G4KS OFLadAy3a 2F 61 NS aOKSI
(Smiles 1864, p. 110).

Darby realizd that his new method might also work for the far cheaper material of iron. While

he worked on casting iron in sand molds with aofelQuaker, John Thomas, their experiments
were carried out in the utmost secrecy, where even the key holes to the building were covered
to prevent the same espionage Darby himself had used in the Netherlands. Darby and the
20 KSNBQ SELIS N S$yYn®dSompligated shapésipyodided itNdluable as they
synthesized those techniques with those of iron founders to make iron pots that were about
a third lighter than their competitoréTrinder 1974, p. 14)

2 KAfTS 51 NbéQa SELISNR VYiedlarge capifaliifvesténts,ithe \Biass A N2 Y
Company refused to advance more money and he movétbmbrookdalen 1709, where he
fSFASR |y dzydzZaSR ANRY FdzNy I OS IyR F2NHS&a® 5|
advantage and patent allowed him tasceed beyond expectations. In fahts success even
exceededthe capacity of the local forests to supply him with enough charcoal to keep the
furnaces goingKing 2011, p. 133)

Similar to glass making and heating homes, a charcoal shortage was no¢wnig Britain

YR 2FGSYy RAA&NHzZII SR ANRY LINBcRME & Baoyi Dudleyy (i S NS &
used an existing patent and in 1619, took out his own patent for making iron with pit coal. His

life would be a hit reality television series tgdafter a strategic marriage at the age of 14, he
struggled his whole life with paying off debts inherited from his father and supporting his

official family of five children as well as his illegitimate family of 12 children from his longtime
mistress(Chrk and Dudley 1881, p..4)

. FNRYy 5dzRf SeQa YSGK2R F2NJ YSEdAy3a ANBY gAGK
VEYSR AffSAAGAYIFIGS a2y 5dzR 5dzRf S& AYyKSNARGSR
in their ironworks. Later in life, after suwng the English Civil War when he escaped capture

as a Royalist officer, and his subsequent life as a fugitive playing a doctor, he wrote a self
aggrandizing memoir called Dud Dudlxiletallum Martis(1665) It was somewhat of an
investment prospectusn which he bragged about how much highality iron he produced

with little or no charcoal. He likely never did succeed though, since chemical analysis later
showed that the coal he used was not suitable as a raw material for(@atdon 1951 p. xi

xii). Despite conspiracy theories claiming that Darby inherited the Dudley knowledge of
aYStOGAY3 ANRY GAGK LIAG O2ltxX (0KS GNMzK A& (K
just what was needed to crack the cofi€ing 2001, p. 41)

We should be coO N} GAYy3 5FNbeQa F2NldzyS i GKA& LIRA
problem ofmassproducingthe steam engine as well as providing the iron and eventual steel
backbone of the industrial revolutiooalbrookdaleas the name suggests, is in one afdé
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areas in England rich in pit coal. As Dudley likely experienced, using coal to smelt iron left it
ONAGGES YR AY TS Nbdnyhixednsth theanoliekidn. 1&v2as thafsamea dzt T d:
sulfur that caused roasting barley malt with coal to mdleer that tasted like rotten eggs.

Just as Darby learned as an apprentice malter, one could use coke to minimize the problem of
contamination.

Coke is basically coal baked at high temperatures without air contact, which burns off the
sulfur and leaves eleaner fuelHowever it takes a special kind of bituminous coal to create
OF1Sa GKFd OFly adzO0SaafdzZte avyStid ANBYyd 2 KA
coincidence for Darby, Coalbrookdale coal was unusually low in sulfur and was esfiecially

for the job(Ferguson 1947, p.265) The coke was not only much cheaper than charcoal, but

it produced significantly more heat, which is needed to cast iron (pouring molten iron into
molds rather than hammering a cooler iron into shape). His cheapnative to brass arrived

just in time for Thomas Newcomen to become his first major customer, ordering a large
number of cast iron cylinders and boilers for his steam engdiAsekton 1951p. 41)

Réaumur

Another figure in the story of cast iron, servesimtroduce the comparison with France, and
deserves special mention. René Antoine de Réaumur was a brilliant gentleman scientist who

was educated at finest schools in France and became one of the first members of the French
Académie at age 24. His Wikipadcentry makes him seem like the A.D.D. poster child of
scientists conducting research in metallurgy, egg incubation, temperature measurement,
insect behavior and motion, lost limb regeneration and much n{®&é Antoine Ferchault

De Réaumur 2016He se@SR YAy 3 [2dzAi&a - L+ Ay O2YLWAfAy3
NE&2dzNOSa |yR AYyRddzZAGNER® 1S adGNRy3Ife& &dzLdi2 NI
Fdzy RAy3d A0ASYyOS 02N GdzaS¥dzA (y2¢fSR3ISE Fa (K
off many tmes over, while he himself declined the huge pension granted for his discoveries.
Ironworkersstruggled with matching the different grades of iron ore to their unique process
accommodations. Smelting iron is a lot like cooking where basic ingredientagagreatly

in quality. Prior to moderfday chemical analysis, they roughly categorized the iron by color.

For example, gray iron contains graphite carbon (the same stuff as in pencils) which is well
suited as a casting material, while white iron is corelimvith sulfur and other elements that

make it a brittle substanc@berle 2013, p.15158) Réaumur brought a scientific view to the

Of FaaAFTAOFIGAZ2Y |0 OGKS alkyYS GAYS GKIF{G 5FNbeQ:
classify various forms of iranto ten grades, which is still used today to choose dp&mal

raw material (Usher 195%. 374). Réaumur also performed experimental research inventing

the cupola furnace and developing malleable i(Bané Antoine Ferchault De Réaumur 2016)

Réaumurcontrasted with Darbys a perfect exaple ofthe very different natures of science

and entrepreneurship in France and Britain. He was devoted to science and pure knowledge
in the service of his nation. Britain also had scientists like this (think Rotwde)Bwho cared
mostly about scientific glory, but she also had thousands of entrepreneurs like Darby, who
sought to commercialize on their practical discoveries. Both the pure and applied knowledge
approaches ended up with similar breakthroughs, but stinmg was missing in France that
prevent it from exploiting the technology. Even by 1780, when a new more efficient coke blast
furnace was introduced, the French still did not use it.
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as an example to question the quality of French entrepreneurship under admginonachy

system (Crouzet 1990, p. 28arris 192, p.9). This is where it is easy to confuse causation

with correlation by equating all the factors the British model as causal simply because
England gave birth to the Industrial Revolution. While English society was more capitalist with

I F20dza 2y GKS LlzNBE dzAdi2 RWIA A YRVIGMRIZ A B MY &I
costs, whichbest explain why the French were so slow in adopting the new technology. In
1780, when coal was still quite expensive in Francectiepoweredblast furnace was not
profitable. However,by 1850the tipping point when British engineers had improved the
technology to the point where coke smelting was cheaper than using charcoal, France quickly
jumped on the latest blast furnace technolo@andes 1969, p. 221)

Robert Allen(2009, p. 14%notes,a Al A& ANRYAO GKIFG GK&H &dzO00S
perfecingd K & (GSOKy 2t 238 RSAGNRPE&SR &TFKSisPracoslyi NE Qa
why sometimes lagging behind can be an advantage. Britain expended tremendous resources

in the invention and development of steam technology, while the continent was table
GYSNBte¢ SydZ S GK2aS GSOKy2f23ASa 2y0S | ff¢
gap between Britain and her continental competitors (France, Belgium and Germany)
essentially closeth the late nineteenth centurygnce those techniques bame profitable to

adopt outside of Britain.

W2 Ky -adlLRNR 2 Af {AYyazy

James Watt and Matthew Boulton were like the Steve Jobs and Steve Wozniak of their day as
they combined their unique talents and capabilities to create a relentless partnership. While
Baulton was working on securing a strong patent, Watt worked furiously on a flagship engine,
which would be used to advertise the machine in a public demonstration. The engine not only

had to be powerful and economical, but downright reliable. And while Weatttked with

.2dzA G2y Qa GSIY 2F ON}FhavySy G2 ONBFGS GKS ¥
2dzi AaARS SELISNIAAS F2N GKS 1 NBS ANRYy OéfAyRS
KA&a FT2NXSNI LI NIy SN w2 S o dzQlisdppointddNathy/tideRoNdity = 0 dzi
OFftAy3 {KSHWR aldzyial2tdisien ded1pt 63.3He found himself stuffing

soaked rags in the gaps between the pistons and cylinders to prevent steam from leaking out.

The pistons needed a perfect fit to addriction or wobbling around and leaking air. While
bSs02YSyQa rhassproducyhis 2igines at a reasonable cost required the
concurrent innovation of smelting and casting iron, Watt faced a bigger problemdIéi et

find someone who could ¢ahe bore of a cylinder in the precise shape of its pistorwbeld

not be able to produce any reliable machines, regardless of cost.

This is where we meet another religious nonconformist innovator, John Wilkinson, whose
father was a master ironworker véh I Olj dZA NBR 2yS 2F (KS 5 Nb& FI
pacifist Quaker Darbys rejected military contracts, the Presbyterian Wilkinsons became an

ideal supplier to the Office of Ordnance. John devoted his life to iron, earning his nickname as

he built amost everything around him from iron, including an iron pulpit for his church and

even several iron coffins for his burial. Twice married into wealth, he bsegivesCtowries

and inheritance money to establish and later outright purchase his own wibik$yew Willey
CompanyDawson 2011, p.-2).
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exploding cannons. While the shape of a cannon was quite simple, casting an iron tube often

left invisibleimperfections thatcould nottake the stress when gunpowder was ignited to

target the iron ball at the enemy. The common solution was to cast a solid cylinder of iron and

then bore a hole into it, but traditional drillindid notmake a perfect hole. His genius gist

was to drill a pilot hole into a spinning cannon, but then he used a stationary drill that could
advance the drill with extreme accuraf®urke 1978, p. 175While his patented innovation

was intended to be used for military purposes, similar to raganicillin, and the internet, it

was repurposed into something that benefited all of humanity.

It was a skilled job working this machine “The drill' - a boring bar with

Roedd gweithio'r peiriant hwn Tt
waith medrus e 2 ‘Y dril"- bar tyliu & chyllyll

Turn the wheel to move the boring
bar in and outof the cannon

Trowch yr olwyn i symud y bar
tyllu i mewn ac allan o't canon

The cannon turned not the ‘drill’
Y canon sy'n trol, nid y ‘dril’

The cannon was held securely in place
Dallwyd y canon yn ei le'n gadarn

Everything had to be perfectly level
Roedd raid i bob dim fod yn hollol wastad

This was the invention that James Watt had waited twelve long yearsaarearly perfect

cylinder. Immediately, Boulton and Watt successfully used Wakifi0a Oef AYRSNJ Ay
commercial engine and he was given an exclusive contract. Again, we see the development of

the steam engine halted due to inadequate parts, only to be solved by other uniquely British
innovations, which also sprungupduetacEn I Y RQa &agA G OK G2 O21 f FdzS
LYy GKS cnb @SFENBR FTNRBY bSg02YSyQa adSkyYy Sy3Ary
AGa STFFTAOASYyOesz GUKSNB 6SNBE y2 NBtSgryid ao
unquestionable, it was likelthe advancements made in iron technology that explain the

timing of his innovation.

Wilkinson was also a strong believer in steam technology and realized that as it grew, so did
the market in symmetrically bored cylinder®r which he possessed a monoppltent. He
ONRdAZAKG 2FGd0d SyaiaySa Ayda2 KAa 26y ANBY 62NJ
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stamping hammers and presses. He urged Boulton and Watt to expand their horizons from
mining to the larger market of driving machinery in ironworks usiotary engines.

2 AT 1AYaA2YyQF 2Nl a4k 0Qa very HealyiySads heYnivaRi&d inkirldiYstries
where he saw innovations paying off, such as copper mines in Cornwall that could now use
the morefuel-efficient Watt enginegDawson 2011, p. 16424).

Although this is not the last timaeve will hear about
Wilkinson and his business, it is an ideal juncture to note
that the last feat in his life was to take up with one of his
servant girls at the age of 77, with whom he had his sole
three children. Een though he declared them legitimate,
they lost his wealth after his passing as his iron empire fell
apart due to a nasty legal dispute over his will (Crouzet
1985, p. 134). While he predicted he would reappear at his
famous ironworks seven years afteistdeath and several
thousand people actually gathered there ready to witness
GKS aS0O2yR O2YAy3 2F AGLNRBY alF
was beyond his abiliti@Veightman 2007, p. 36)

Lag time in innovation

The80-yearinterval between the invention of theteam engine and its first major innovation

by James Watt highlights the concepts of economic feasibility versus technical feasibility. It
also explains the lag time between the first conceptual drawings of a steam engine and its
invention. This section ds highlighted that first steam engines were only economically
feasible where the price of fuel was cheap enough to warrant their use in draining mines. It
also emphasizes the limits to further innovation that would improve efficiency until air and
watertight parts could be created which were tough enough to withstand the steam pressure.
This obstacle was not overcome until developments in iron technology could be applied to
producing immensely strong boilers and cylinders. John Enos (1962,-8229%asstudied

other case histories to identify factors involved in the rate of innovation. A common thread is
the reliance on other major breakthroughs. Developments in the long history of the steam
engine were continually preceded by advances in metaking tehniques that could make
high-quality boilers and cylinders a reality.

An eloquent historical materialiSt explanation for the timing and location of the steam
SYyaraySQa Ay @Sy A awvds proyided b$ KaNXarx (185941 & 1 1818) any
hisintroduction to A Contribution to the&ritique of Political Economy

Mankind thus inevitably sets itself only such tasks as it is able to solve, since closer
examination will always show that the problem itself arises only when the material
conditions foiits solution are already present or at least in the course of formation.

The economic explanation that a change in the relative factor prices will spur invention that is
directed at minimizing the use of the relatively expensive factor is powerful icah&ext of
the development of the advanced economies. However, it suffers in its inability to explain why

15 Historical materialism will appear agaivhen investigating the role of science in directing invention as well
as the cultural and political institutions in Britain and France.
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underdeveloped economies, with abundant labor supplies but scarce capital, do not develop
capitatsaving technologié8 One possible answer comestighe renowned expert on the

economic history of technology, Nathan Rosenberg (1976, p. 148), who posits that there is a
sequence starting with labesaving innovations which are followed by a cap#aVing
GONBHMYEYAINROS&aa (KI @ dAAN] & y2 dINPRKDIE2NI & Nd S|
scale. He also emphasizes the feedback effects within economies noting that if
underdeveloped countries lack a capital goods sector, they do not have the opportunity to
develop technical skills and knowledge essary for generating capitalving technique. This
underscores the precondition that a country has the required technical skills prior to a
technological change.

Economic Institutions

Financing and Capital

Transforming a great idea into a marketable gwot can take many years and a lot of money,

y2i 2yfe G2 adadliy (KS Ay@Syidi2NNna A0St AK2?2
research and development. An examiner in the U.S. Rd&diice, Joseph RossmalBR], p.

54) surveyed more thai@00 patentees in order to better understand their motivations. The
0KNBES o0A3I3ASad Y20AQ1G2NBR 6A0GK Sljdzaf ¢SAIKG L
AYLINR@PSE YR aFAYFYOAlLfT 3JFLAYyEéd ¢KS adzNBSe | f
overcome was the lack of capital. While investdcs not always need inventors, inventors

need investors. Indeed, financing was another cruel reality in a long list of headaches suffered

by the steam engine pioneers. This was perfectly illustrated in Janmesi 1 Qa 22 dzNy S& 7
first model funded from £1,000 borrowed from university friend, Joseph Black, to starting a
company that manufactured steam engines.

Raising capital in Britain in 1765 was extremely difficult as it was still reeling from the
aftermath of the South Sea Bubble of 1720. The South Seas Company was one of the first Ponzi
a0KSYSasx Fta GKS O2YLIl yeQa 2yfe NBIf aaSa ol
price grew tenrfold in less than a year as it promoted its own prosperity tHredriches to be

made through lavish parties and luxurious offices in LondoneO#uch swindles were
numerous,A Y Of dzZRAY 3 GKS Ay 3IASYyA2dza budnobolyNdikngwi y 3 2 1
g Kl G (Eddnomisi 2008)The Company capitalized on the unfioked exuberance by

lobbying Parliament to prevent competition. The Bubble Act (172Qyired either a royal

charter or an Act of Parliament to set up a corporation with stqékeris 1994, p. 61612).

This meant that James Watt needed to find a ventcapitalist, who would put up their own

cash to fund the new technology in return for part of the profits. On paper, it seemed like John
Roebuck and James Watt would be a great match. Roebuck, who was university educated in
medicine and chemistry, made Hising exploiting technological innovation in his various
business, which included a successful iron works, a sulphuric acid plant and a coal mine that
d0NHzZ3I3f SR gAGK FE22RAYy3 GKIG | bSgO02YSy Sy3;
scientistands I & ljdzA O1f & a2t R 2y 21 00Qa RA&AO2QOSNE (K

BThg Lidzl 1€ S Oy 0SS FRRSR (2 YeadSNE 2F (GKS aftlGS¢ Ay@s
an appearance until thousands of years after the wheel and at least another thousand years to reach Europe
after its first use in China.

62



Y2NB STFFAOASY(H GKIFIY Ay FANX |I'S F3INBSR (2 LI ¢
return for two-thirds of future profits. Their partnership wore thin ¥gatt grewincreasingly

frustrated with the quality of Roebuck) amiths who could not produce gerfectly round

cylinder. In a testament to his confidence in his idea, Watt worked as a surveyor of canals on
GKS aARS (2 &adzLJLl2 NI KA & ticlodé d stlaryDigkingo® 36w 2 S 6 dzC
p. 4244).

¢ KSANJ LI NIy S NE K AchalminSirvestthént wasiliteraly/ Gndetn@terCRbebuck

pleaded bankruptcy and testified that the steam engine had already eaten £3,000 and would
require another £10,000 tanake it commercially viable. Matthew Boulton, who was already
FNASYRA 6AGK WFHYSa 21402 atrg GKS RAFY2YR AY
steam engine. This would turn out to be a match made in heaven as Boulton, in a letter to
Wattin 1769, N2 FSdaSR KAa af20S 2F3E8Q0Z2AYyBYRYRSHA A tiz
(cited in Dickinson 1936, p. 5Z3howing the advantage of this type of partnership, Boulton

would provide useful suggestions for improving the engine based on his manufacturing
SELISNASYOST | Y2RSNY 62N)] akKz2LIE |yR Yz2ad Ol fc
2 2 NI.RX¢

A James Watt equivalent in France likely would not have sought private venture chpttal

rather support from the mercantilist stateFrance also expemced strict government

NEJdz F GA2y 2y ol y{l{Ay3a | FGUGSNI GKS O2tftlFDasS 27
¢tKS CNBYOK RANARIAAGS Y2RSt gl & €I AMapstzi o6&
Colbert, who sought to enrich France throughmmerce(Jacob 2006, p. 56) he government

played a role in establishing new industries, subsidizing inventors and protecting successful
industries. French financiers or merchants of the time were chiefly occupied with their own
enterprises and would sebm expand outside their own realritherefore an innovator in

eighteenth century France would likely turn to the government for a loan or subsidy, as long

as they could prove their worth to the French econorfigere were manyrivileges granted

by the stae on entrepreneursa Y2 a4 2 F 0 Sy ( KS & -fréeBoalds fordhmiifigsth SR Ay
LI Iy 2NJ S@Sy 3IAQBSY $2N] aKz2LAzI 2N GKS O2yal
p. 301). Royal subsidies were often granted to entrepreneurs, even fomsigméo had

knowledge that could modernize existing manufacturing. From the English Milne family who
earned considerable wealth for introducing spinning technology to France, to the joint venture

with the Wilkinsons at Le Creusot, the crown sought to slibsiand reward those who could

imitate superior British method@Veightman 2007, p. 1Q1).

While James Watt required capital, it was oddly not a complicated affair iritjffgeenth

centuryas it is today for tech statips. Boulton onceemarked,& | hefgreat manufacturers

GKFG L KFE@S S@OSN (y26y KI @S 06S3dzy GKS 62NIR
18091967> LJP HTMO® LYRSSR / NRdZ SiQa ompyps LI ™
that over 70 percent of the 226 founders of largeluistrial undertakings had middidass

fathers dealing with commerce. Also, about half of them were involved in manufacturing
themselves, as craftsmen or managers. Often, the capital needs for small artisan enterprises
could be funded by their own earningas they would start small and plow profits back into

the firm for expansion. The frugality of these industrial pioneers can be traced to the
overrepresentation of nonconformist religions that emphasized hard work and thrift, even
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after they had amassed ealth (Crouzet 1990, p. 188Enterprises in France also largely
operated with their own capital or a local loan badky a mortgage (Palmade 1972 62).
This was fortunate given the relatively rudimentary busgssuctures that abouned in the
unlimited liability environmens of England and France

Because the inventors of theighteenth centuryrarely had access to financial institutions
(there were some country banks that would lend), they would usually just raise the small
amount of venture capitafrom informal networks of relatives or friends (Crouzet 1990, p.
191). Many mentioned in this study either married well or took in partners to raise capital.
The case of Watt, although it had a happy ending, highlights the risk of partnerships given
conflict or financial troubles of a partner. But then again, as Boulton and Watt illustrate, they
can also serve as an advantage given the correct division of labor.

Comparing the disparate ways of mobilizing funds in stitminated France versus the
informal institutions in Britain shows their similarity. Both relied on personal connections and
an exclusive network. Numerous studies have searched for a change in banking and interest
NI §Sa F F3G§SNJ . NA G A68]) aftenDeited] M\ tRedbirth tw&rlB@dntdzy A 2y 6
ascendancynd individual property rights. According to a number of economists, this is the
turning point in British historywhen a favorable investment environmenwas created,
fostering the Industrial Reviotion (North and Weingast 198%cenvoglu, Johnson and
Robinson 2005Greif 2006)However Clark (1996) and Epstein (2000) were unable to find any
structural improvement in investment conditions. In the end, a lack of capital was not a likely
factor in preventing the invention of the sden engine in France. Barring private investment,

the state would probably see the value of a steam engine in the mining industry, had factor
endowments in France been similar to Britain.

Property Rights and Patents

Intellectual property rights can providbe necessary incentive for a potential inventor to deal
with the inevitable sacrifices that accompany the brave act of invention, by allowing
temporary monopoly profits from the sale of the creation. Many economists believe that
profit opportunities and @émand for innovation is the fundamental trigger of innovation
(Acemoglu 2008p. 416). John Stuart Mill (1848/1996. 41) was an early proponent of this
view when he wrote the following in Principles of Political Economy:

The labor of Watt in contrivindghe steam enginevas as essential a part of
production as that of the mechanics who build or the engineers who work
the instrument; and was undergone, no less than theirs, in the prospect of a
remuneration from the producers.

While property rights in geneftdnave been shown to provide the necessary environment for
Y2RSNY SO02y2YAO0 AINRSGKI W2St az2{1&NJ oHnngps Ll
that incentivize technological progress differ from those that support the growth of markets

by protectird LINP LISNIié NAIKGa¢é¢d ! ydzYoSNI 2F RATFTFSNEB
would-be inventors and investors, but it was the patent institution that emerged as the
dominant method for national governments. Douglass North (1981, p-6894osited that
Bf3ftlyRQa LI GSyd aeaidsSy ¢l a SEIFQGfe 6KIG o1 &
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(1989, p. 42452) supported this view by noting that the number otgmas filed in England

started rising in the 1750s, which coincides with the traditional start of the Industrial
Revolution. Going back to Francis Bacon and othefrraatiopolists, as well as more recently,

others have questioned the evidence linking pagemo economic growth, despite their
purpose of promoting invention and inmation (Levine and Boldrin 2008jokyr 2009).

Before evaluating the use of patents in the development of the steam engine and whether it
may have had implications for the Englaretsus France question, a brief overview of the

patent systems at the time in those countries is provided.

English vs French systems

Proponents of the view that patents triggered the industrial revolution applaud Britain for
establishing the first patent syem in the world (Dutton 1984). This is a bit of a misnomer,

since the original meaning of patents were not to protect the rights of an inventor, but rather

as a way for the monarch to grant a monopoly. As the British royalty was constrained by
parliamentin its ability to tax, patents became a powerful tool in rewarding friends and
promoting commerce. ltwas inthe lastf@llS1 NJ 2 F v dzSSy 9ft Al I o0SiKQa
schemes would be put to the test, oddly in a case on the monopoly of playing Eaidard

Coke (pronounced Cook) was the Attorney General of England representing the monopoly
holder, Edward Darcy, a wegarding courtier of the Queen. This was a peculiar pairing since

Coke had often spoken out against monopolies due to their suppigssi@ ¥ . NA G Ay Qa
(Fisher 2011, p. 79). Defending Damogant,ad / 2 1S 6l a GNF LJIJSR o06SisSSy
profession, and he twisted himself into a pretzel tryiggt NS O2y OAf S (KP. Go2¢
70). Despite his strained arguments and sytel his relief, Coke lost the case as the justice

Nbz SR GKI G 51 ND& aK26SR y2 AYLNROGSYSyil Ay @K
patent barred others from doing so. This idea, that you actually had to earn patent protection

by demonstrating aovel improvement, was the foundation of subsequent patent law. In fact,

it was Coke himself who twenty years later drafted the first patent law protecting inventors,

called the Statute on Monopolies.

Christine MacLeod (1988, p. 17) literally wrote the bam the early English patent system

YR y20SR GKIFIG GKS wmcHn adlGdziS F2NbI RS | ff
Ay @Sy i 2 NE ofive, yBais lateS Phdnfas Savery was granted patent number 356,
implying less than six patents were aw&r® | yy dzl t t 8 C2NJ [t 2F /[ 21
CNRGAAKOWIGRNY AVROAAlyas GKS . NAGAAK aeadasSy ¢
against those with modest resources or incremental innovators. It was a widespread view
amongst the elites ofhe time that invention was the business of the wealthy and educated,
therefore, there was no reason to make patent applications easy or affordable. Kahn and
Sokoloff (2004, p396-398) have documented the defects of the British system prior to its
reformin 1852. For example, patent fees were five to ten time annual per capita income and

most applicants needed the help of a patent agent to overcome the bureaucracy of the
London offices. For a patent to be granted, the invention had to be novel, whicdiffiaslt

to determine given the difficulty in access patent specificatidnsadditiors & A ¥ LJ NI 2
AYOSYyGA2y A& F2dzyR (G2 06S YSNRG2NR2dzA FyR LI
definition of useful or meritorious was made by rerpet judges or juries (Kah2005,p. 35).
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France was also eager to promote invention via state policies, but despite the differences with
GKS 9y3tAaK aeaidasSyz gla y2 o0SGGSNI G NBgF NR
obtaining a patent was cheapénan in Britain, it was still quite high relative to the average

income of the time However an inventor in France could choose between applying for a

patent or a state granted title or pension in the form of a lump sum grant, intdrestloan,

production subsidy, tax exemption or exclusive monopoly grants of a region or the whole
1AY3IAR2YD 'a | LRAOGSYGAFf AYLINROSYSYyd 2y . NR(
examine award applications by a qualified committee that would evaluate based on the
beneits to the public (Kahn 2005, p. 40). For all its promise, this-spseific evaluation of

new technologies fared just @®orlyas the British patent system. Rewards could be arbitrary

and sometimes based on noneconomic criteria where some applicaetse not even

inventors, but rather had court connections (McCloy, 1952, p.171). The evaluations of
GRSASNDAY I Ay@SyilAazya O2dd R 68 OSNEB SELISyaA
not necessarily qualified to assess commerciflea@r public benefifKahn 2005p. 4641).

The scientific community charged with judging inventions could have vested interests to
LINPGSOG® 1 I NNAE OmMdppy S LD pcHO RSEAONAROGSE dal
AYOSYG2NAEXgK2 0St ASQJSReriduslyafiectédhySiiedtetiGary bigsedi & K |
AYLINF OGAOFE ! OF RSYAOAlLyaé¢ o6& GUKS (GAYS 2F (K¢
Académiean 1793.

As with most things associated with the French Revolution, the new patent law appeared
modern on pa@er, but was quite different in reality. For example, the decree of 1790 stated
GSOSNE RAAO2OSNE 2NJ AYy@SyuAazys Ay SOSNE Ge&LS
therefore guarantees him its full and entire enjoyment. Yet the cost forgfibnpatent

remained exorbitant, and didot necessaity guarantee intellectual property right protection.

Also, in classic mercantilist fashion, a patent holder lost privileges if they applied for an
overseas patent for the same inventigkahn and Sokolgf2004, p.39Y). Access to patents

for inventors without political connections or financial resources remained elusive both

before and after the Revolution.

The two foremost experts in eighteenttentury patents, Christine MacLeod (1988) and Liliane
Hilare-Perez (2000), have written complementatydies thatsuggest that both the French

and the British patent systems provided about the same incentive to would be inventors
during the century. Both countries shared the Enlightenment view that institutgild
encourage technological innovation by awarding exclusive rights to its inventors. France did
this through a formal stateun committee of scientists, while Britain left the assessment of
GKS Ay @SyiAz2yQa ¢g2NIK (2 OS NBFNI S INRAAGIH AR QEK ¢
limited itself to protecting property rights, while French inventors would be seen as civil
servants by the state (Hilakleerez 2000, p. 72). Harkening back to the divergent scientific
traditions, this would put typically Cad&n France squarely in a Baconian world where
invention was to benefit the public over the inventor. In practice however, both countries
suffered from the shortcomings inherent to their respective programs.
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Early Steam Engine Patents

An examination of ta patents and their effects on early steam engine development in Britain

is actually illustrative of the mixed results that a patent system can have on inventive activity.
As noted earlier, pure scientists objected to the idea of patenting their ideasleWhi
speculating is always a futile exercise, especially regarding an event occurring over three
hundred years ago, one cannot help to think what would be different had Denis Papin
patented his first steam engine design in the 1690. Would it have blockeddh8avery from
developing his ideas and building the first commercial version?

{I SNEQa wmMcdoy LI GSyi

We do know that Edward Somerset, Lord Marquis of Worcester, had been granted a ninety

nine year monopoly by Parliament in 1663, just a few months befergublished the idea in

Century of Inventio’s o6dzi GKIF G RARY QO &ad2L) { Ihitpwds FNRY
later (Muirhead 1858p. 115116). The first historians of the steam engibesagulier$1744,

p. 464465) and John Farey (1827, p. 114) disagree as to whether Savery plagiarized the

al NJjdAaQ gNARGAYy3Iad LG Aa Ffaz dzyOf SFNI K2g { |
I LI GSyd Ay fA3IKG 2F GKS . NAGAAK NBIdzZ | GA2Y
AYyOSyluz2Ni@l i a#@3LIB0dzyRIyite ¢SItiKe al NJjdz aQ
either unaware or uninterested in pursuing a dispute over one of the hundreds inventions
concocted by his father. He clearly had other things on his mind since just a few mouwths pri

G2 {F@SNERQa LI GSyd FLIWXAOFGAZ2YZ (KS 5dz1 SQa K
himself passé two years later (Seccombe 189¥.245).

bSgO02YSyQa wmtnanp ! ANBSYSyid 6AGK { I OSNE

The first example of a steam engine patent actually havingrggact came when Thomas
bS602YSYy aINBSR Ay wmtnp (G2 o0dAfR KAa Sy3IAayS:
original14-yearpatent was extended to 21 years in 1699 by an Act of Parliament called the
GCANB 9y3aAYyS | OG¢ d ¢ KSthat diged wiket by fir€) 1EEE &R |  f
GKFG S@Sy (K2daAK bSg02YSyQa Sy3arAyS ¢l a YdzOK
was forced tocollaborateg A G K { I GSNE® { I OSNEQa LI} GSyid oSOl
managed the licensing of Newcomen engingsarging as much as £420 per year to merely

operate the engine (Oldroyd 2007, p. 14). While the proprietorthefcompany established

F FGSNI { I SNEQ&a RSIFGK YIRS I F2NIldzyS:z bSg02YS
eighty shares. Ina1722lawdzA 6= bS402YSy RSAaONAOGSR KAa AydsS
his engines or partoftheth y 12 O a K¢ 0 O K.(65.RVhike Yididnativ&Igng H n m N
enough to exploit the expiration of the Fire Engine Act in 1733, the former ironmonger and

lay Baptist preacher fulfilled his dream, at least in part from a portion of the proceeds.

WEYSa 2F00Qa mMTcd t {EdgBe/Attofly7B { dzo a SljdzSyd CANB
James Watt exemplifies both the struggles of protecting ones patent as well as abusing its
monopoly toprevent innovative competition. Watt was a perfectionist and did not have a love

of business, oncadmitting,a L ¢2dzf R NI} 6§ KSNJ FI1 O0S F 21 RSR Ol
YI 1S | @itedNildSchlerngrél85¢. 173). Even though he felt his design wsiil quie

beta (till undergoing extensive testingt productionready for another 7 years), his original

business partner, John Roebuck, was anxious to start making money. He insisted that Watt
apply for a patent, which he was awarded afté-month process in 1769. The patent number

oMo 06SOIFYS 2yS 2F GKS Y2ad FlyY2dza Ay KAAG2NR
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