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Abstract 

This ar(cle argues, against the widespread and probably dominant view in the literature 
in recent decades, that the steam engine was indispensable to the Industrial Revolu(on in 
Britain. Without the steam engine the enormous increase in coal output over the 
eighteenth and nineteenth centuries would not have been possible. This would have 
stopped the Industrial Revolu(on in its tracks and, if popula(on growth had remained 
unaltered, could have led to a Malthusian crisis. Moreover, the rota(ve steam engine 
enabled the crea(on of the first urban economy in world history. That created 
agglomera(on effects which were likely a key contributor to the first achievement of high 
and sustained rates of economic growth in human history. 

The importance of the steam engine to the Industrial Revolu(on in Britain has been the subject of 
profound scholarly disagreement. Arnold Toynbee, T.S. Ashton, Tony Wrigley and Bob Allen, to name 
but four, all regarded it of central importance. 2  However, other historians including Nick von 
Tunzlemann, Nick CraJs, Greg Clark and David Jacks have argued that during the classic period of the 
Industrial Revolu(on the contribu(on of the steam engine was of only minor significance and that the 
Industrial Revolu(on could have taken place without it.3 Cormac O’ Gráda has argued that the steam 
engine was of liQle importance during the height of the Industrial Revolu(on.4 Phyllis Deane and W.A. 
Cole took an intermediate posi(on arguing that the contribu(on of the steam engine to economic 
growth was modest between 1760 and 1830.5 Thus there is fundamental disagreement about the 
causa(on of the first transi(on to sustained economic growth in history. This paper reviews the 
available evidence, most of it historiographical, and argues that the steam engine played a cri(cally 
important role in the Industrial Revolu(on. Space precludes a proper discussion of the importance of 
the development of railways which were en(rely dependent on steam and coal.6 So the assessment 
provided here, of the importance of the steam engine to the Industrial Revolu(on, does not represent 
a complete account of the economic benefits.7 

 
1 I am very grateful to Yiming Cai, John Kanefsky, Sean Bo;omley and Mar>n Daunton for helpful sugges>ons, 
comments and informa>on. Any remaining errors and all opinions expressed are my own. 
2 Toynbee, Industrial Revolu0on; Ashton, Industrial Revolu0on; Wrigley, Con0nuity; Allen, Industrial Revolu0on; 
Wrigley, Energy; Wrigley, Sustained growth. 
3 Von Tunzlemann, ‘Steam’; CraNs, ‘Steam’; Clark and Jacks, ‘Coal.’ 
4 O’ Grada, ‘Science.’ 
5 Deane and Cole, Bri0sh economic growth, pp. ???  Elsewhere Deane suggested a fundamental role for the 
steam engine: Deane, Industrial Revolu0on, pp. 137-8. She also suggested the stream engine was crucial for the 
development of the iron industry. Ibid, pp.104-5, 109, 111, 118.   
6 However, on the economic effects of railways see: Bogart et al, ‘Railways’; and You et al, ‘Transport 
development.’ 
7 Kander et al, Power, p. 197. 



Early writers on the Industrial Revolu(on aQributed a central causal role to the steam engine. Arnold 
Toynbee, who popularized the term ‘Industrial Revolu(on’ in the English speaking world in a book 
published posthumously in 1884, and ascribed it to the years 1760-1820, famously declared that 
‘industrial life was suddenly broken in pieces by the mighty blows of the steam engine and the power-
loom.’8 T.S. Ashton, who regarded the Industrial Revolu(on as taking place between 1760 and 1830, 
described the steam engine as ‘the pivot on which industry swung into the modern age.’9  

Tony Wrigley, the most insigh^ul thinker about the nature and causes of the Industrial Revolu(on, 
suggested ‘that the development of the steam engine was arguably the single most important 
technical advance of the whole industrial revolu(on period.’10  More generally he argued that the 
fundamental cause of the shiJ from economies capable of only very limited economic growth to 
economies capable of very long run high rates of growth was the shiJ from what he termed an organic 
economy to a mineral-based energy economy.11 In an organic economy the possibili(es for long-run 
economic growth were subject to fundamental limits.12 This was true for three key reasons. First, the 
great bulk of raw materials for industry had to be grown in the soil and their supply was therefore 
limited by the fer(lity of the soil and the share of agricultural land that could be devoted to growing 
raw materials. Second, the vast majority of energy used to do mechanical work in the organic economy 
came from either human or animal muscle power. Both humans and animals had to be fed from the 
products of the soil. That too imposed fundamental limits to the growth of organic economies. Third, 
the thermal energy required for industrial processes had to come overwhelmingly from wood, which 
also had to be grown, and that also imposed fundamental limits to growth. The crucial inven(on in 
rela(on to the second limita(on of the organic economy was, of course, the steam engine which was 
in turn fuelled by coal. The ever-increasing use of coal was the key to escaping the third limita(on.13 
Wrigley stressed the indispensable role of steam pumping engines to the expansion of the coal 
industry.14 

The first successful steam engine was built by Thomas Newcomen in 1710 or 1712.15 The original 
engine was remarkably inefficient and converted only around one half of one percent of the thermal 
energy used into mechanical energy.16 The Newcomen engine was so expensive a way to produce 
mechanical energy that its use was largely confined to pumping water, mostly out of coal mines, where 
waste coal generally provided a free and inexhaus(ble supply of fuel and Cornish (n and copper mines 
where, although coal from South Wales was very expensive, there was no alterna(ve viable 
technology. Thanks to the painstaking work of John Kanefsky and his collaborators over more than four 
decades, we now have a very comprehensive and detailed knowledge of the diffusion of steam engines 
in England and Wales in the eighteenth century.17 A brief discussion of the diffusion of the Newcomen 

 
8 Toynbee, Industrial Revolu0on, p. 58. 
9 Ashton, Industrial Revolu0on, p.19. 
10 Wrigley, Energy, p. 44. 
11 This idea was first fully ar>culated in Wrigley, Con0nuity, though elements of the idea can be found in earlier 
work. The thesis was developed at greater length in Wrigley, Energy and Wrigley, Sustained growth. 
12 Ibid, p. 10. 
13 More recently the centrality of coal has been stressed by Bob Allen: Allen, Industrial Revolu0on. 
14 Ibid, p. 45. 
15 The usual da>ng is 1712 but Nuvolari suggests the actual date is more likely to have been 1710: Nuvolari, 
Making, p. 50.  
16 Singer et al, Technology, p.184. 
17 I am very grateful to John Kanefsky for making this invaluable dataset publicly available. For details, and a full 
list of those who contributed to the crea>on of the dataset, see: h;ps://coalpitheath.org.uk/engines/history 
With colleagues we geo-referenced an earlier version of this dataset: Bogart et al, ‘Kanfesky dataset.‘ It is this 
version of the dataset which is used in this paper. Since then, the publicly available Kanefsky dataset, which lists 

https://coalpitheath.org.uk/engines/history


engine prior to 1781, when the rotary steam engine was patented by James WaQ follows. Of the 655 
known steam engines installed before 1781 whose purpose has been iden(fied 549, or 84 percent of 
the total were used to pump water.18 Of these 427 or 65 percent of the total were used to pump water 
out of coal mines.19 A second reason why Newcomen engines were largely used for pumping water 
was that they were, with some very minor excep(ons, incapable of directly producing rotary mo(on 
and could not be used to power machinery. They were therefore of limited use for anything except 
pumping water. However, Newcomen engines were some(mes used to pump water uphill to secure a 
reliable source of water for water powered mills. In total 192 recircula(ng engines, mostly Newcomen 
engines, were installed in the eighteenth century.20 This is around 10 percent of the engines with a 
known purpose. Sixty-one of these were installed before 1781. The use of recircula(ng engines points 
to problems of water supply for water mills in some loca(ons where power was needed.21 

WaQ’s famous inven(on of the separate condenser in 1769 brought about a major improvement in 
efficiency. In the 1760s two Newcomen engines capable of producing rotary mo(on were built at coal 
mines in Northumberland for winding.22 One further rotary engine was built at a coal mine in 1780.23 
The rota(ve Newcomen engine did not produce power with sufficient regularity to operate tex(le 
machinery.24 It was WaQ’s paten(ng of the sun and the planets mechanism in 1781 that led to the 
widespread diffusion of rotary engines capable of driving machinery. However, ini(ally the rotary 
mo(on was not sufficiently smooth to power machinery and further improvements were required but 
by 1785 the engines were capable of running machinery.25 By 1800 424 of the new engines had been 
installed.26 

The rest of this ar(cle is structured as follows. Sec(on one discusses the economic reasons for the 
adop(on of steam engines before they were generally price compe((ve with water power. Sec(on 
two presents the highly influen(al claim of von Tunzelmann that steam engines were of minor 
importance to the Industrial Revolu(on. Sec(on three introduces the similarly scep(cal work of CraJs. 
Sec(on four discusses problems with data on which CraJs relied. Sec(on five sets out the problems in 
von Tunzelmann’s and CraJs’ use of the social savings methodology. Sec(on six presents evidence for 
the crucial importance of the steam engine in coal mining. Sec(on seven outlines the rela(onship 
between urbanisa(on and modern economic growth. Sec(on eight argues that the rota(ve steam 
engine was crucial to urbanisa(on from the late eighteenth century. Sec(on nine iden(fies the 
importance of steam engines to the iron industry, shipping and agriculture. Sec(on ten considers the 
problems with the arguments of Clark and Jacks. Sec(on eleven consider the difficul(es with the 
arguments of Sec(on twelve concludes. 

I 

The economic reasons for the early installa7on of steam engines 

 
a number of addi>onal engines, has also been georeferenced. The first engine listed in the Kanefsky database is 
dated to 1710: Bogart et al, ‘Kanfesky dataset.‘ 
18 Bogart et al, ‘Kanfesky dataset.‘  
19 Ibid. 
20 Ibid. 
21 Recircula>ng engines may have been more common in the nineteenth century. See: Jonell et al, ‘Limited 
waterpower’, p. 6. 
22 Bogart et al, ‘Kanfesky dataset.‘ 
23 Ibid. 
24 Von Tunzelmannn, Steam, p.142. 
25 Kanefsky, ‘London’, p. 98. 
26 Kanefsky, ‘Wa;’, p. 7. 



Stanley Chapman published an important but under cited ar(cle in Midland History in 1971 on the 
cost of power in the tex(le industry. Chapman began by no(ng that the rela(ve cost of water power 
and steam power will have varied very considerably from one site to another.27 This means that it is 
simply not possible to iden(fy a single date at which the cost of steam power fell below that of water 
power. This is partly because the cost of water power varied from one riparian environment to 
another but more fundamentally because, un(l a late date, the cost of coal varied enormously 
between one part of the country and another. This is discussed at greater length below. However, 
Jeremy Atack, with much beQer data available, suggests that in the United States it was not un(l the 
1850s that steam power became generally cost compe((ve with water power.28 Chapman went on 
to note that ‘the cost of water power on remote country sites should also take account of workers' 
housing, appren(ce housing, markets, schools, roads, and other communal requirements which did 
not have to be provided at urban mills.’29  

Despite this Chapman suggested that in the 1780s ‘steam was more expensive than the costliest 
water power installa(ons.’30 Yet this is the period when steam power began to be applied in the 
tex(le industry. Clearly then  this was not because of general cost advantages and the reasons need 
to be sought elsewhere. The key advantage of the early steam engines for the tex(le industry was 
loca(onal. Steam engines could be erected both at sites with other advantages where water power 
was simply not available, was insufficient, or where, for reasons specific to par(cular sites, the cost 
of water power did exceed the cost of steam power. Chapman argued that the reason that the first 
Boulton and WaQ engine was installed at an Arkwright style mill, at Papplewick in Nojnghamshire in 
1785, was a shortage of water power at the site.31 He went on to note that in:  

Manchester and Leeds, the other urban centres of the late eighteenth-century English co;on industry, 
there is ample evidence that other pioneers of mill spinning faced a comparable problem of rapidly 
rising costs. William Walker's large-scale maps of Manchester (c. 1789-1795) suggest that, as in 
Nojngham and other industrial towns, the eligible local sites were all occupied before the era of 
Arkwright.32  

A further loca(onal advantage of steam engines was that far more power could be generated at a 
single site than was possible with water power.33 Beyond the tex(le industry there is evidence that in 
Birmingham, the leading centre for all kinds of metal goods, all of the available water power was 
being exploited by 1760.34 The reason why specifically urban loca(ons were so aQrac(ve to 
entrepreneurs will be discussed further below. 

Chapman suggested that in Lancashire, where the English coQon industry was overwhelmingly 
located, the steam engine overcame a shortage of available sites for water mills. He cited the Rees 
Cyclopaedia, from around 1815, to the effect that ‘upon most rivers in this country all the falls of 
water are fully occupied, and at every mill there is a weir which pens up the water as high as the mill 
above can suffer it to stand without inconvenience.’35 Edward Baines in 1835 claimed that if 
alterna(ve sources of power had not been found, the expansion of the Lancashire coQon industry 

 
27 Chapman, ‘Cost’, p. 1. 
28 Atack ‘Fact in fic>on’, p. 422. 
29 Chapman, p. 1. 
30 Ibid, p. 13. 
31 Ibid, pp. 4-5. 
32 Ibid, p. 9. 
33 On this point see also: Bo;omley, ‘Steam’, p. 845. 
34 Pelham, ‘Water power’, p. 64. 
35 Chapman, ‘Cost’, p. 19. 



would have ground to halt in the late eighteenth century.36 However, Robert Gordon argued that 
many sites suitable for water powered mills in Lancashire remained unoccupied during the Industrial 
Revolu(on and that less than seven percent of water power poten(al was in fact in use in coQon 
mills in 1838.37 He went on to suggest this undermined the claims of Pelham and Chapman that 
water power was fully u(lised at an early date in the history of mechanisa(on.38 If we accept 
Gordon’s es(mates of the amount of water power available, and this is ques(onable as will be 
discussed below, two major problems remain with his claims. First, by 1838 many water powered 
sites for coQon produc(on had been abandoned in favour of steam, so the amount of water power in 
use in 1838 is an en(rely unreliable guide to the amount in use in 1780 just before WaQ patented his 
rota(ve engine.39 Secondly this does nothing to address the claims made by Pelham and Chapman 
about the shortage of water power in urban areas. Gordon’s sugges(on that the con(nuing use of 
water power in some urban loca(ons undermines the water shortage argument is logically fallacious. 
No-one disputes that some water power remained in use in urban areas aJer the widespread 
adop(on of the steam engine. The key point is that the total amount of water power was insufficient 
to meet demand in many urban loca(ons. Were that not the case there would have been no reason 
to adopt steam power un(l the point, perhaps towards the middle of the nineteenth century when 
steam power became generally cheaper than water power.40 

In the second quarter of the nineteenth century a third non-cost advantage for steam engines in the 
tex(le industry developed. Chapman argues that ‘the perfec(on of Roberts' 'self-ac(ng' mule in the 
1830s encouraged a growth in size [of mills], for one skilled spinner could work 1,600 spindles as 
easily as he previously worked two 300 spindle hand mules, and power looms were increasing 
rapidly in numbers as they became efficient with the finer counts of yarns. The best sites might 
generate 100 h.p., but 10 or 20 h.p. was a typical limit, and there was liQle chance of mee(ng the 
power requirements of the new coQon mills on such slender natural resources.41 

Tara Jonell and her co-authors have recently published the most thoroughgoing assessment to date 
of the role of limited water power availability in the early use of steam engines in the coQon 
industry.42 They began by crea(ng a dataset of water power availability covering the whole of Britain 
from modern water flow data at high spa(al resolu(on.43 One interes(ng finding is that 99 percent of 
watermills were located below the 300m contour line. This is clear evidence of abundant water 
power not being u(lised where loca(onal disadvantages were too strong.44 The new data, which are 
far less dependent on assump(ons, lead to water power availability es(mates between 29 and 44 
per cent of Gordon’s es(mates.45 The data also suggest that by 1838 there was insufficient water 
power to run Manchester’s coQon mills, although Chapman had, of course, already demonstrated 
this for a period more than 40 years earlier without the same technical sophis(ca(on.46 However, 
Jonell and her co-authors go on to suggest this was not the case in most other industrial centres in 

 
36 Gordo, ‘Cost’, p.242. 
37 Gordon, ‘Cost’, passim, p. 258. 
38 Ibid, p. 259. 
39 CraNs and Wolf, ‘Co;on’, p. 1130. The same interpreta>onal error is made by Jonell et al: ‘Limited 
waterpower’, p. 5. 
40 CraNs, ‘Steam’, p. 342. 
41 Chapman, ‘Cost’, p. 19. 
42 Jonell et al, ‘Limited waterpower.’ 
43 Ibid, p. 2. 
44 Ibid, p. 3. 
45 Ibid, p. 4. 
46 Ibid, p. 5. 



Britain.47 Unfortunately, none of these are named so the importance of this doub^ul claim is difficult 
to assess. 

As long ago as 1967 J.R. Harriss argued that: 

the great value of the steam engine was in its mobility to any point where coal could be supplied at 
reasonable prices, its capacity to carry out tasks to which horses could not be applied or which were out 
of the reach of water powered machinery, its removal of bo;lenecks which had held up technical 
development, especially in mining, its influence in concentra>ng hitherto dispersed industrial units and 
processes. The rela>vely high cost of engines down to 1800 meant that they were used where it was 
thought they would solve hitherto intractable problems, enable a breakthrough into high profits, allow 
development on a scale otherwise impossible. 48 

Von Tunzelmann provides some instruc(ve es(mates of the approximate number of steam engines 
installed in various towns at a number of dates: London, 290 in 1825; Manchester, 240 in 1825; Leeds, 
130 in 1825; Bolton, 83 in in 1825; Birmingham, 60 in 1820 and 169 in 1835; Glasgow 242 in 1825; 
Belfast, 50 in 1838; Dublin 29 in 1838.49 In all these urban loca(ons steam power must be been 
genera(ng far more energy than would have been possible from water power. However, von 
Tunzelmann did not draw this obvious conclusion. Kanefsky notes London was very poorly endowed 
with sites suitable for watermills.50 No doubt this explains why, by 1805 there were a minimum of 138 
steam engines installed in London.51 

II 

The work of Nick von Tunzelmann 

Von Tunzelmann undertook a social savings exercise which was intended to establish the cost savings 
aQributable to the steam engine up to the cessa(on of WaQ’s patent in 1800 by comparing the cost 
of steam power to water power.52 He es(mated the social savings aQributable to James WaQ as 
worth a mere 0.11 percent of na(onal income in 1800 and then suggested that this figure was 
‘excessively high.’53 Von Tunzelmann considered, and dismissed the significance of water mills being 
subject to a variable water supply.54 He argued that by 1800 most of the really large tex(le mills were 
s(ll water powered.55 However, he noted the ‘extensive’ use of steam engines in watermills to 
provide power when there was not enough water available.56 In the conclusion he suggested that it is 
‘highly probable that the ra(o of social savings to na(onal income would be higher in 1830’ or 
1850.57 He also suggests that the steam engine allowed expansion to ‘go ahead largely unchecked by 
power limita(ons, at more or less constant costs.’58 This point, which is centrally important, is 
discussed nowhere else in the book and is in tension with the general tenor of von Tunzelmann’s 
argument. It should be also noted that the comparison with water power is only par(ally 
appropriate. Two thirds of steam engines installed by 1780 were pumping water out of mines and 

 
47 Ibid, p. 6.  
48 Harris, ‘Employment’, p. 148. 
49 Ibid, pp. 31-35. 
50 Kanefsky, ‘London’, p. 97. 
51 Ibid, p. 102. 
52 Von Tunzelmann, Steam, p. 116. 
53 Ibid, p. 149. 
54 Ibid, pp. 154, 170-173. 
55 Ibid, p. 159. 
56 Ibid, p. 233. 
57 Ibid p. 287 
58 Ibid, p. 284. 



most of these were probably replacing horse gins rather than water power and horses were probably 
significantly more expensive than steam.59 I will defer the rest of my cri(que of von Tunzelmann’s 
work un(l I have discussed CraJs’ social savings calcula(ons below because they suffer from 
iden(cal problems. 

In a 2013 review of the literature since von Tunzelmann, Kris(ne Bruland and Keith Smith declared that 
‘in our view von Tunzelmann’s conclusions defini(vely break the nexus between steam, 
industrializa(on and capitalist development which, established by Toynbee, had sustained so much of 
Bri(sh economic historiography.’60 They go on to suggest that ‘the main point of this work is that steam 
was not the driving causal factor that has been found in so much economic history.61 In the rest of this 
ar(cle I will argue this is misconceived and that the par(cular econometric approach adopted by von 
Tunzelmann was inappropriate and largely irrelevant and that his interpreta(on of the results led to 
fundamentally misleading conclusions.  

III 

The work of Nick CraJs 

In a 2004 ar(cle in the Economic Journal CraJs argued, based on a social savings methodology, that 
steam power contributed very liQle to economic growth before 1830 and only really realised its 
poten(al aJer 1850 with the widespread diffusion of the high pressure engine.62 CraJs’ scep(cism 
about the role of the steam engine during the Industrial Revolu(on may have been very long-standing. 
His 1985 book Bri7sh economic growth hardly discussed steam engines at all and the index to his 1985 
book contains only three references to the steam engine.63  If CraJs were right, it fundamentally 
undermines a central plank of Tony Wrigley’s arguments about the role of steam engines in escaping 
from Malthusian constraints during the Industrial Revolu(on.64 In what follows I argue that CraJs 
fundamentally underes(mated the cri(cal importance of the steam engine during the Industrial 
Revolu(on.  

Joel Mokyr has also dismissed the impact of the steam engine before 1830: 

It is important to stress, however, that during the classic years of the Industrial Revolu>on the immediate 
impact of steam power on industry and produc>vity was fairly limited. Much of what steam did before 
1830 could have been (and to a large extent was) readily carried out by alterna>ve sources of inanimate 
power, especially water power.65 

Again, I will argue this is en(rely mistaken. 

IV 

The omissions in the Factory Returns 

CraJs adopted the then widely accepted view that, despite some omissions in the Factory Returns, 
John Kanefsky’s work provided a fairly full account of installed sta(onary steam horse-power in the 

 
59 Flinn, Coal, p. 113; Kitsikopoulos, Economic, pp. 55-7. 
60 Bruland and Smith, ‘Assessing’, p. 1722. 
61 Ibid, p.1722. 
62 CraNs, ‘Steam.’ 
63 CraNs, Bri0sh economic growth, p. 193. One of these references is to a discussion which is not present on the 
page on ques>on. The length of the other two discussions is one paragraph and one sentence. 
64 Wrigley, Con0nuity, pp. ;Wrigley, Energy, p. 44. 
65 Mokyr, Enlightened, p. 125.  



nineteenth century.66 As a result of fundamentally important recent work published in the Economic 
History Review by Seam BoQomley we now know this assessment is seriously wide of the mark.67 In a 
case study of Suffolk, based on a wide variety of sources, BoQomley created a ‘census’ of steam engines 
between 1800 and 1870. This showed that the figures derived from the Factory Returns under-counted 
steam power by the remarkable factor of almost two-thirds.68 Whilst this is only data for one county, 
it is clear that the Factory Returns must substan(ally undercount sta(onary steam engines na(onally 
by a very substan(al margin.69 BoQomley es(mates, conserva(vely, that the Factory Returns generate 
es(mates of installed sta(onary steam power in the UK as a whole in 1870 that are only 60 percent of 
the real total. For manufacturing his es(mate is less than 50 percent.70 As BoQomley makes clear it 
was always inevitable that the Factory Returns would understate the installed sta(onary steam horse-
power because the returns did not cover all establishments using steam engines and were never 
intended to. In par(cular prior to 1860 they only covered tex(le mills and the intended coverage, 
though broader, was s(ll incomplete in 1870.71 Moreover, as BoQomley documents for Suffolk, even in 
1870, the Factory Returns failed to report on many establishments they were meant to cover.72 Finally, 
he shows, again with respect to Suffolk, that the Factory Returns were internally inconsistent.73  

CraJs argued that on Kanefsky’s figures, installed sta(onary steam horse-power did not come to equal 
water power un(l 1830. The implica(on of BoQomley’s findings is that this equality was reached 
significantly earlier. Kanefsky himself had noted that it was possible that installed steam power came 
to exceed water at an earlier date.74 

Again, based on Kanefsky’s data, CraJs argued that as late as 1870, ‘almost half of all steam power was 
used in mining and in coQon tex(les while important sectors in the economy including agriculture and 
services (apart from transport) were virtually untouched by steam.’75 As discussed further below, the 
claim about agriculture is at variance with compelling evidence in a long-standing literature. In sharp 
contrast to CraJs, BoQomley es(mates, on the basis of the Suffolk evidence, that there might have 
been as much as 560,000 horse-power in steam engines in agriculture by 1870 including portable 
steam engines used for threshing.76  

V 

CraJs’ use of the social savings methodology and its limita7ons 

As noted above, CraJs used the social savings methodology to measure the importance of the steam 
engine to the Bri(sh economy. CraJs’ paper was the first to aQempt to measure the steam engine’s 

 
66 CraNs, ‘Steam’, p. 341; Kanefsky, ‘Mo>ve power.’ 
67 Bo;omley, ‘Steam.’ 
68 Ibid, p. 836. 
69 One knock on consequence of this is the implica>on that Kanefsky’s es>mates of the growth of sta>onary 
steam power between 1870 and 1907, when the first census of produc>on was undertaken, which Kanefsky 
put at a 3.9 fold growth is almost certainly far too large: Kanefsky, ‘Diffusion’, p.345. Unlike the earlier Factory 
Returns, the 1907 census of produc>on was intended to be a complete census of steam engines employed in 
manufacturing: Ibid, p. 343. Kanefsky himself noted the possibility that the comparison between 1870 and 
1907 might not be accurate: Ibid, p. 343. The returns do not include portable steam engines such as were used 
for threshing machines and more important do not record steam engines installed in trains and ships. 
70 Bo;omley, ‘Steam’, p. 845. 
71 Ibid, p 829. 
72 Ibid, p. 830. 
73 Ibid, pp. 830-831. 
74 Kanefsky, ‘Diffusion’, p. 337. 
75 CraNs, Steam, pp. 341-342. 
76 Bo;omley, ‘Steam’, p. 840. 



contribu(on to economic growth.77 CraJs calculated that the annual contribu(on of steam power to 
labour produc(vity growth was: 0.2 percent for 1760-180,  0.02 percent for 1800-1830, 0.3 percent 
for 1830 to 1850, 1.2 percent for 1850-1870, and 1.8 percent for 1870-1910.78 These figures are the 
basis of CraJs’ claim that the steam engine made only a very minor contribu(on to the Industrial 
Revolu(on. An obvious problem, which neither von Tunzelmann or CraJs addressed, is how to explain, 
on Kanefsky’s figures, the increase in installed sta(onary steam power from 30,000 hp in 1800 to a 
165,000 hp in 1830.79  

Charles Hyde, in a generally favourable review of von Tunzelmann’s book published in the Journal of 
Economic History suggested that the social savings exercise was pointless because it did ‘not take into 
account structural changes that steam power may have produced in the Bri(sh economy in the second 
half of the eighteenth century, like the reloca7on and concentra7on of industry in a few urban centres 
or the rise of the factory system itself.’80 He went on to suggest that if von Tunzelmann were right it 
would be very difficult to explain the irra(onality of Bri(sh entrepreneurs in installing so many steam 
engines before 1800.81 These points are unarguable. 

BoQomley discusses the use of the social savings methodology to quan(fy the importance of the steam 
engine to the economy as a whole. He argues out that the methodology assumes that other sources 
of energy could be subs(tuted for steam power albeit at somewhat higher costs and that it is this 
assump(on that drives the erroneous result that steam engines made only a modest contribu(on to 
the Industrial Revolu(on.82 This is a fair cri(cism of von Tunzelmann, but isn’t quite right for CraJs. 
Whereas von Tunzelmann’s calcula(ons of social savings were made by comparing the es(mated costs 
of water power and steam-power, CraJs’ calcula(ons were based on how much the cost of steam 
power fell in each period.83 It is not clear why CraJs’ proceeded on this basis since it means he was 
not in fact measuring the contribu(on of the steam engine to the economy as he claimed but the 
contribu(on of changes in the efficiency of the steam engine over (me. This is not to suggest that if 
he had used the price of water power as his comparator it would have significantly altered his findings. 

BoQomley concludes the discussion, based on compelling evidence, by sugges(ng that: 

the improvements in urban mortality seen in the second half of the nineteenth century could 
not have been fully realized without steam powered water supply and sanita(on. Similarly, 
industrial concentra(on and the agglomera(on economies this entailed could not have been 
achieved without steam. If this applies to a rela(ve backwater such as Ipswich, then it would 
certainly apply to Manchester or London.84 

This provides a further example of the importance of the steam engine’s loca(onal advantages 
discussed above. This does hit home with both CraJs and von Tunzelmann not least because here 
BoQomley is iden(fying something of crucial importance, which is not captured by TFP, labour 
produc(vity or GDP and which could not have been effected without steam power. Most of the 
evidence on this point provided by BoQomley comes from the period where CraJs argued steam 
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power had finally become economically significant or shortly before that.85 However, there is evidence 
of much earlier usage for water supply. J.R. Harris pointed to the use of steam engines for pumping 
water at water works as early as the 1760s.86 The Kanefsky dataset iden(fies the first such engine as 
early as 1714 and records 34 during the eighteenth century. Twenty-four of these engines, or 71 
percent of the total were urban. As early as 1805 there were ten steam engines installed in waterworks 
in London.87 

One obvious problem with the social savings methodology as applied by both von Tunzelmann and 
by CraJs is that if the logic is accepted then as Hyde suggested, it makes it very difficult to explain 
the widespread diffusion of steam engines before the middle of the nineteenth century and implies 
economic irra(onality on a large scale. The obvious explana(on is that steam engines were adopted 
because of other economic advantages. Harris suggested that ‘the simplest and best guide to the 
importance of steam is how oJen industrialists called for its aid.’ 88 Neither von Tunzelmann nor 
CraJs actually cite any historian sugges(ng that early steam engines were adopted because they 
were cheaper than other forms of power and I have not been able to find any examples of such a 
claim.  

VI 

The crucial importance of steam power in coal mining  

Coal mines tend to fill with water unless measures are taken to remove it.89  In the seventeenth century 
there were four methods of pumping water out of mines.  First, it could be drained directly to the 
surface by means of a sloping tunnel called an adit or sough from the boQom of the mine.90 However, 
this technology could only be deployed where the lowest part of the pit was higher than some nearby 
loca(on on the surface.  It was thus of liQle use in deeper mines or outside hilly parts of the country.  
Second, it could be pumped out by wind power.  But wind power’s availability was erra(c which was 
far from sa(sfactory in this context.91  Third, water power could be used to pump water out of mines.  
This was much more widely used than wind-power.  However, this depended on ‘the availability of an 
adequate flow of water at the requisite eleva(on and sufficiently close to the pit-head to be brought 
in easily by a leet’ and, crucially, this requirement was not sa(sfied ‘in many if, not most mining 
situa(ons.’92  The fourth, and probably the most common method, was to use horses turning gins to 
raise large buckets singly or chains of buckets on ropes.93 As the depth of mines or their horizontal 
extent increased, the weight of buckets full of water would rise in propor(on to the depth eventually 
reach the point where neither horses nor water power were capable of liJing the weight. Mines of 
greater areal extent would also increase the weight to be liJed.94 

Michael Flinn, the leading authority on the eighteenth-century coal industry, suggested that ‘by the 
end of the seventeenth century most frui^ul [surface] outcrops of coal had been discovered and 
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worked into the seam as far as drainage and haulage technology would allow.’95 He concludes his 
summary of the four drainage technologies then available by sta(ng that these were: 

capable of only a very modest contribu>on to the drainage of mines.  If drainage technology were to stand 
s>ll at the point reached at the beginning of the eighteenth century, mining in Britain could scarcely have 
expanded and must probably have begun to show diminishing returns.  At depths of between ninety and 
150 feet the influx of water almost invariably created problems insuperable by the technology of the day, 
so that when seams of lesser depths were exhausted mining must cease.  Most Bri>sh coal-reserves, of 
course, lay at greater depths.  There was a future for [coal] mining in Britain only if some more efficient 
drainage techniques became available.96 

The solu(on to the problem of draining deeper mines, and hence expanding produc(on, was, of 
course, Thomas Newcomen’s development of a successful atmospheric steam engine, the first of 
which, to the best of our knowledge, was probably built at a (n mine in Cornwall in 1710.97  The earlier 
inven(on of a vacuum pump by Thomas Savery, patented in 1698, was of limited prac(cal use for mine 
drainage because it could not pump water to a height of more than 32 feet.98 Seventy-eight Newcomen 
engines had been installed in coalmines by the (me Savery’s patent expired in 1733.99  By 1775, the 
year before the first installa(on of a Boulton and WaQ engine, 321 engines are known to have been 
installed.100  Flinn suggested that by the 1770s steam-pumping was a virtually ubiquitous feature of ‘all 
but the smallest and shallowest of Bri(sh coal mines.101 John Kanefsky and John Robey iden(fied 828 
steam engines installed at coal mines by 1800 and es(mated the true figure at between 950 and 1,000, 
some two-thirds of all steam engines installed in the course of the eighteenth century.102 

By the mid-eighteenth-century coal mines of up to 250 feet deep were present in Scotland, Yorkshire, 
South Wales, Derbyshire, Lancashire and Staffordshire.  In three coalfields: Cumberland, Somerset and 
the North-East mines were much deeper and in 1739 one Whitehaven pit, said to be the deepest in 
England, was reported to be 630 feet deep.  By the early 1800s pits in the North-East were as much as 
800 feet deep and in 1828 the average depth of North-eastern pits of known depth was 543 feet with 
a range from 120 feet to 1,080.103  Flinn concludes that by the early nineteenth century deep mines 
produced the ‘overwhelming propor(on of coal mined.  It is clear that the large-scale adop(on of 
steam engines for pumping water out of mines instead of water during the Industrial was not driven 
primarily by any cost advantage over water. The crucial factor was that the Newcomen engine could 
drain deeper mines. However, costs probably played a role too. Most pre-steam drainage was probably 
undertaken by horses not by water power. 104  Steam engine costs compared favourably with 
horsepower from an early date. Haris Kitsikopoulos cites evidence from a Tyneside steam engine in 
1780 to the effect that the cost of steam per horsepower generated was 75 percent that of horses for 
small engines and only 25-30 percent for large engines.105  
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By the late eighteenth century the great majority of collieries had adopted steam pumping. 106 
Collieries oJen consisted of clusters of pits which where either shaJs or shallow open-cast workings. 
In the late eighteenth century the great majority of collieries, but not pits, had an installed steam 
engine. One engine could drain mul(ple shaJs. Shallow pits may or may not have required steam 
drainage. The dominance of steam pumping is clear on every coal field except the Forest of Dean and 
the southern edge of the Glamorgan coalfield. Collieries and pits were iden(fied from a number of 
sources. The main source was county maps 1770-1800. Further collieries were iden(fied from the 
Na(onal Mines Research Group database and John Farey’s published list of mines from 1810. Steam 
engines were iden(fied from the county maps. For England and Wales this exercise iden(fied a total 
of 550 collieries, 2997 pits and 1,166 steam engines. That the great majority of collieries adopted 
steam drainage suggests there were overwhelming advantages to doing so. 

No-one has done more than Tony Wrigley to document that the massive expansion of coal was 
necessary both for the success of the Industrial Revolu(on and for the escape from Malthusian 
constraints.107 The output of the Bri(sh coal industry rose from an es(mated, 2.6m tons in 1700-09 to 
15m tons in 1800-09 and 74m tons in 1850-9.108 This spectacular growth was very largely dependent 
on the steam engine for which there was no subs(tute. By 1800-09 coal consump(on in Britain was 
22 (mes larger than firewood consump(on and 79 percent of all the energy (including human and 
animal muscle power) came from coal.109 Wrigley es(mates that by 1800 to replace coal with wood in 
England would have required around 11m acres of woodland, something over one-third of the en(re 
surface area of the country. 110  To take so much land out of agricultural produc(on would have 
provoked a Malthusian crisis. Industrial dependence on coal was overwhelming and without the 
expansion of the coal industry during the eighteenth century the Industrial Revolu(on would have 
been stopped in its tracks.111 

VII 

The rela7onship between urbanisa7on and modern economic growth 

Urbanisa(on in nineteenth century Britain was spectacular and the period saw the emergence of the 
first urban society in human history. This involved a radical spa(al restructuring of the economy, not 
least the increasing share of industrial employment int towns. In England and Wales, the percentage 
of the popula(on living in seQlements of 2,500 or more inhabitants increased from 34 per cent to 54 
per cent between 1801 and 1851 and by 1911 had reached 79 percent.112 

Table one shows the urbanisa(on rate of England excluding Monmouthshire from 1700-1851 using a 
higher popula(on threshold of 5,000 to iden(fy urban seQlements in the third column. The fourth 
column indicates the decadal increases. As can be seen urbanisa(on proceeded much more rapidly 
in the early nineteenth century than in the eighteenth century.  
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 It should be noted that this level of urbanisa(on was only possible because of profound improvements 
in urban mortality in the period 1750-1820.113 Astonishingly, the vast secondary literature on towns 
and on urbanisa(on does not contain a single serious aQempt to explain nineteenth century 
urbanisa(on though the importance of anterior rises in labour produc(vity in agriculture has oJen 
been noted as a necessary pre-condi(on.114 

Table 1 

The urbanisa7on rate of England excluding Monmouthshire 1700-1851 using a threshold of 5,000 

 

 

Simon Kuznets, who pioneered na(onal accoun(ng and invented the term modern economic growth, 
by which he meant high rates of GDP per capita growth sustained over long periods of (me, went so 
far as to argue that a decline in mortality was ‘an indispensable prerequisite for modern economic 
growth.’115 It is possible to go further and suggest that the escape from the urban graveyard effect, 
which refers to the situa(on where the number of deaths in urban areas exceeded the number of 
births and which prevailed in even very small urban seQlements in eighteenth century Britain, and 
indeed elsewhere, was a precondi(on for modern economic growth. Without the escape from the 
urban graveyard phenomenon the spectacular urban growth of the nineteenth century would have 
been impossible. 

Town and ci(es are characterised by agglomera(on effects. Alfred Marshall was the first to iden(fy 
agglomera(on effects. He noted three key benefits: knowledge spillovers, specialised labour pools, 
and the presence of suppor(ng industries.116 On knowledge spillovers Marshal argued that ‘great are 
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% %
1700 850,000 17.0
1750 1,125,000 21.0 0.8
1801 2,432,591 29.5 1.7
1811 3,047,215 32.1 2.6
1821 3,835,969 34.2 2.1
1831 4,933,917 38.0 3.7
1841 5,946,865 40.0 2.0
1851 7,302,030 43.6 3.5

Sources: the urban figures for 1700 and 1750 derive from Wrigley, 'Urban 
growth'  p. 681. The urban figures for 1801-1851 derive from Bennet, 
'Urban. The national population figures derive from Shaw-Taylor, 
'Population.'



the advantages which people following the same skilled trade get from near neighbourhood to one 
another. The mysteries of the trade become no mysteries but are as it were, in the air.’117  On pools of 
specialised labour he suggested ‘employers are apt to resort to any place where they are likely to find 
a good choice of workers with the special skill which they require; while men seeking employment 
naturally go to places where there are many employers who need such skill as theirs and where 
therefore it is likely to find a good market.118 On suppor(ng industries he suggested that ‘subsidiary 
trades grow up in the neighbourhood, supplying it with implements and materials, and organizing its 
traffic, and in many ways conducing to the economy of its material.’119 There can be liQle doubt that 
these three agglomera(on benefits are real and that they existed during the Industrial Revolu(on. It 
is equally clear that none of them were available in rural areas. The modern field of economic 
geography derives from Marshall’s ini(al insights. Paul Krugman, in an address to the Associa(on of 
American Geographers in 2010, made the point that without agglomera(on effects there would be no 
urban areas.120 There is historiographical evidence of urban agglomera(on effects by the early sixteen 
century. 121  Urban agglomera(on effects must have been present even in the Middle Ages or, as 
Krugman observes, towns would not have existed.  

In a 2021 paper in the Economic Journal, Liam Brunt and Ceclilia Garcıa-Penalosa argue ‘that 
agglomera(on can cause economic growth through its impact on technological change.’122 There is 
direct evidence on this point. During the Industrial Revolu(on the vast majority of patentees were 
urban.123 Chris(ne Macleod found that London’s share of na(onal patents in the eighteenth century 
was twice its share of the na(onal popula(on and that provincial patents were overwhelmingly 
urban.124 She went on to suggest that urbanisa(on was partly responsible for the increasing number 
of patents over the eighteenth century.125 Not all towns were equally prone to paten(ng and paten(ng 
was dominated by manufacturing towns plus Bristol and Liverpool.126  Whilst not all inven(ons were 
patented, and not all patents were for inven(ons of any importance, we can safely infer that inven(on 
was overwhelmingly urban.  

Brunt and Garcıa-Penalosa observe that urbanisa(on rates in Europe and in Britain in par(cular before 
the Industrial Revolu(on were unusually high and far higher than they were in China.127 They go on to 
develop a model ‘consistent with the idea that urbanisa(on precedes industrialisa(on.’128 They note 
that there is a very large literature in economic geography which suggests that urbanisa(on is crucial 
for modern economic growth.129 Vernon Henderson in the Handbook of Economic Growth, provides a 
survey of the rela(onship between urbanisa(on and economic growth.130 At the beginning of the 
survey Henderson notes that ‘in growth theory, endogenous growth is based on knowledge spillovers 
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and sharing, and evidence suggests that much of that interac(on must occur at the level of individual 
ci(es.’131 Henderson’s view is that urbanisa(on is a necessary but not sufficient condi(on for growth.132  

As is well known as a result of pioneering work by CraJs and Knick Harley in the 1980s it is now 
generally accepted that Britain achieved the world’s first transi(on to modern economic growth in the 
second quarter of the nineteenth century. 133  This occurred during a period of historically 
unprecedented urbanisa(on which entailed a very large-scale reloca(on of industry from the 
countryside to the towns. I will now turn to consider the role of the steam engine in driving 
urbanisa(on during the Industrial Revolu(on. 

IIX 

The rota7ve steam engine as a driver of urbanisa7on 

Much of the tex(le industry had been in rural areas since the late medieval period. The extent to which 
this was driven by the need for water power for fulling mills has been a subject of dispute.134 Prior to 
the development of rota(ve steam engines, patented in 1781 by James WaQ, virtually all tex(le mills 
were essen(ally water powered.135 In the great majority of cases this necessitated a rural, and not 
infrequently, remote loca(on.136 Agglomera(on benefits would not have been available. In par(cular, 
this posed problems for labour supply. 137  Katriona Honeyman argued that it was this loca(onal 
drawback which was largely responsible for the widespread use of child pauper appren(ces, mostly 
recruited from urban areas, in early tex(le mills.138 The first steam powered mill was a coQon mill at 
Papplewick, a village, near Nojngham, built in 1785.139 There is a very long-standing claim in the 
literature that the rota(ve engine allowed the tex(le industry to shiJ over (me from rural loca(ons, 
where it was located by the need for water power for mills, to a predominantly urban loca(on.140 This 
is a testable proposi(on. To iden(fy which of the sta(onary engines in the Kanefsky dataset were urban 
and which rural it was necessary to combine a GIS (Geographical Informa(on System) version of the 
Kanefsky dataset with a GIS of actual urban areas. The urban areas were derived from cartographic 
sources created or published between 1790 and 1830. 141  That means there may be some 
misiden(fica(on of urban engines especially earlier in the eighteenth century when the towns may 
have been smaller. However, any such misiden(fied engines would have been on the fringes of an 
urban area. The Kanefsky dataset includes 781 sta(onary steam engines installed before 1781. Of 
these 526, or 67 per cent of the total were rural (defined as more than two hundred meters from one 
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of the urban areas). Of these early rural engines 442 or 84 percent of the total were pumping engines, 
nearly all of which were pumping water out of mines. Only 32 per cent of the pre 1781 engines were 
urban. The dataset contains 489 rota(ve engines installed between 1781 and the end of the eighteenth 
century.142 Of these 270, 56 percent of the total, were in urban areas or within 200 metres of the urban 
footprint dataset, i.e. on the edge of an urban area.  

There were 169 rota(ve steam engines installed from 1781-1800 in tex(le works of one kind or 
another. This is 34 percent of the total rota(ve steam engines installed and 109 of the tex(le engines, 
66 percent of the total were installed in an urban area or on their outskirts. The online notes describing 
the Kanefsky dataset note that ‘the biggest gap in all these informa(on points is the huge number of 
small engines erected in tex(le and other factories from the late 1780s onwards.’143 Since two-thirds 
of the tex(le engines we know about were urban in 1800 it is likely that most of the missing engines 
were urban too. It follows from this that the overall propor(on of eighteenth century rota(ve engines 
that were installed in urban areas may have been considerably higher than the 56 percent suggested 
above. 

A.E. Musson in a 1976 ar(cle that was generally concerned to stress the ongoing importance of 
animals, wind mills and water mills for mo(ve power in industry in the early nineteenth century, 
reported that ‘in the Manchester area, for example, there were only two spinning-mills in the early 
1780s, but there were 52 by 1802, 64 by I809, and 99 by 1830, nearly all of them driven by steam 
engines’ and that there ‘were very few water powered factories in towns such as Manchester, 
Salford, and Bolton by the 1830's.144 This is clear evidence of the crucial role of steam engines in the 
urbanisa(on of tex(le mills. Musson went on to cite the 1838 factory returns to the effect that  in the 
tex(le industry there were 3,053 steam engines with a total of 74,084 horse-power in U.K. tex(le 
factories, mostly for spinning; but there were s(ll 2,230 water-wheels, with a total of 27,989 h.p.’145 
So, by the 1830s, well before steam power had become generally compe((ve on cost per 
horsepower generated, steam was supplying three-quarters of all mo(ve power in the tex(le 
industry and the average steam engine employed was supplying twice as much energy as the average 
water mill. This clearly implies that at this date the loca(onal advantages of steam engines in the 
tex(le industry were overwhelming. The loca(onal advantages can only have been the 
agglomera(on effects. 

The rota(ve steam engines were not restricted to the tex(le industry. There were 67 rota(ve steam 
engines installed in the metal industries, predominantly iron works, in the period, some 14 percent of 
the total. Of these 49 or 73 percent of the total were either in urban areas or on their outskirts. Thirty-
one rota(ve steam engines, some six percent of the total, were installed for milling grain in this period. 
Of these 20 or 60 percent of the total were in urban areas or their outskirts. Thus, the steam-driven 
urbanisa(on of industry was not restricted to the tex(le industry.  

The rota(ve steam engine was clearly driving a shiJ of industry into urban areas from 1785. Over the 
course of the nineteenth century the share of steam engines that were urban must have increased 
massively. A strong claim can be made that the sta(onary rota(ve steam engine was a centrally 
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important causal factor in urbanisa(on in the nineteenth century and possibly as early as the mid-
1780s. This claim is not new but has never been more than a passing sugges(on and has not been 
subject to any rigorous empirical tes(ng.146 However, no-one has ever argued against this claim, or 
proposed another reason for industry to become increasingly urban and it is reasonable to accept the 
proposi(on even though we cannot yet quan(fy it.147  The hypothesis advanced here is that the 
diffusion of the rota(ve steam engine was the primary reason why the speed of urbanisa(on in the 
nineteenth century was so much higher than in the eighteenth century.  

Moreover, it is clear from recent work that steam powered railways also played a very major role in 
nineteenth century urbanisa(on in the second half of the nineteenth century and they may well have 
played a significant role in the 1830s and 1840s.148 It is likely that the main channels through which 
railways effected urbanisa(on was by lowering the price of coal at loca(ons distant from the coalfields 
leading to major increases in the use of steam power in these loca(ons. Railways were discussed by 
CraJs in a single paragraph with no aQempt to es(mate their contribu(on to the growth of GDP.149 
This is surprising given the rapid spread of railways in the second half of the nineteenth century, was 
temporally coincident with the ini(al achievement of modern economic growth by CraJs and Harley. 

Alan Rosevear and the present writer have shown that the rota(ve steam engine played a cri(cal role 
in the explosive growth of Manchester from around 1795 as the coQon spinning industry shiJed from 
rural areas into Manchester.150 The only explana(on for this shiJ is that entrepreneurs shiJed into 
Manchester because of the perceived agglomera(on affects. 

The steam engine thus appears to be a crucial determinant of urbanisa(on during the Industrial 
Revolu(on and there are reasons for suspec(ng that this role dates back to the mid-1780s. Since there 
are grounds for thinking that urbanisa(on contributed directly to economic growth a strong claim can 
be made for the proposi(on that the emergence of modern economic growth in the second quarter 
of the nineteenth century was heavily dependent on the rota(ve steam engine.  

 

X 

The importance of steam engines in iron manufacturing, shipping and agriculture 

Neither CraJs nor von Tunzelmann discussed the use of steam engines in the iron industry. The use of 
steam engines to power bellows in blast furnaces producing iron in the late eighteenth century allowed 
a stronger blast which led to a reduc(on in the cost of iron and allowed an increase in the scale of 
produc(on. Firstly, steam engines reduced down(mes which could previously last for months and 
result in keeping expensive capital equal idle. Second, steam engines provided a stronger blast which 
produced a higher annual output. Third, by freeing blast furnaces from the loca(onal constraints of 
riparian loca(ons, steam power allowed blast furnaces to be sited where there were deposits of both 
coal and iron. This reduced transport costs.151  
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CraJs suggested that the triumph of steam shipping over sailing ships was not achieved un(l the 
1880s. It is true that the registered tonnage of steam ships did not come to exceed sailing ships un(l 
1883.152 However, this neglects a number of important earlier developments. First, steam tugs became 
important as early as the 1820s, for gejng sailing ships out of harbour. Before that sailing ships oJen 
had to wait for days and some(mes weeks to get out of harbours. As a result of the spread of steam 
tugs the number of journeys a sailing ship could make in a year increased. Faster journeys reduced 
labour costs per voyage. The amount of dock labour required was also reduced.153 Second, steam ships 
came to exceed sailing ships in speed in the 1850s and 1860s. Hence steam ships could make more 
journeys in a year than sailing ships. It therefore follows that the amount of freight moved by steam 
ships probably came to exceed that moved by sail some (me significantly before 1883 and that the 
produc(vity of shipping increased at an earlier date than CraJs suggested. CraJs cites von Tunzelmann 
to argue that the price of steam power did not fall between 1800 and 1830.154  

CraJs argued that as late as 1870 steam power had virtually no impact on agriculture. 155  Early 
threshing machines were mostly powered by horses, but some were powered by water.156 Some farms 
con(nued to use water powered threshing machines aJer the development of steam powered 
threshing machines. However, on the great majority of farms there would have been no available 
source of water. Thus, the only available power source for mechanized threshing was steam. While the 
first steam powered threshing machine in England was installed in Northumberland in 1783, the more 
general diffusion of the machines began in the 1840s following the inven(on of the portable steam 
powered threshing machine.157 Ransomes, the famous agricultural engineering company, built the first 
portable steam threshing machine in 1841 and by 1849 there were at least 12 manufacturers of 
portable steam powered threshing machines.158 By 1880 steam powered threshing had almost en(rely 
replaced hand threshing in lowland Britain.159 According to Ted Collins at this date, ‘steam power 
predominated in southern, midland and eastern England, south Wales and the large-farm districts of 
south-east Scotland and north-west England.160  By 1850 horse-operated threshing machines were 
associated with a five-fold increase in labour produc(vity.161 The produc(vity gain for steam powered 
machines must have been considerably larger or they would not have been adopted on such a large 
scale given the significantly higher capital costs involved.162  Threshing machines also yielded ten 
percent more grain than threshing by hand which means they made a significant contribu(on to the 
produc(vity of arable agriculture.163 Portable threshing machines also allowed threshing in the fields 
thus saving the labour and expense entailed in car(ng the stalks and husks to the barn.164 So, not only 
was steam threshing very widespread on farms by the third quarter of the nineteenth century but it 
made a significant contribu(on to raising both land and labour produc(vity in agriculture. Most farms 
would have had no source of running water so the general diffusion of steam powered threshing 
machines from the 1840s was very largely dependent on the use of steam power.  
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Another important contribu(on of the steam engine to agriculture was the drainage of the fens and 
the consequent large-scale conversion to arable. The fens covered 3,900 square miles, about three 
percent of England but, once drained, a much higher percentage of arable land. There were also other 
extensive wetlands to which the same considera(ons apply. Overton suggests that fen drainage may 
have increased arable land in England by as much as ten percent.165 The drainage of the fens had begun 
in earnest in the seventeenth century. Windmills were used to pump water out of the fens. However, 
this was only par(ally successful and much of the fens remained vulnerable to flooding. It is not 
possible to grow grain crops on land that floods seasonally because standing water kills the grain. Thus, 
the fens remained predominantly pastoral un(l the nineteenth century despite having some of the 
best soils in the country for arable agriculture. Steam drainage was introduced between the 1820s and 
1870s. This defini(vely solved the drainage problem. In consequence, there was a wholesale switch 
from pastoral to arable agriculture.166 

CraJs’ claim that in 1870 that agriculture was ‘scarcely touched’ by steam is, as BoQomley argued, 
clearly mistaken.167 If steam drainage made the major contribu(on to increasing the arable acreage by 
perhaps as much as 10 percent and steam threshing increased yields by around ten percent then it is 
possible that by 1870 steam power had raised arable output by perhaps fiJeen percent or more. 

X 

The argument of Clark and Jacks 

Clark and Jacks published an ar(cle in The European Review of Economic History in 2007 in which 
they argue that both steam engines and coal were unnecessary for the Industrial Revolu(on.168 
Curiously they discuss neither the arguments of von Tunzelmann nor of CraJs though they do make 
use of data from the former.  

Clark and Jacks assert that ‘there was no technological barrier to using horse-powered gins for 
drainage. The advantage of steam power was purely one of cost.’ They go on to cite a single example 
of a coal mine in 1750 using horse gins for drainage but provide no evidence as to the depth or areal 
extent of this mine so this proves nothing.169 Ignoring the passages from Flinn discussed above, and 
perhaps en(rely unaware of it, Clark and Jacks labour under the misapprehension that the key issue 
was solely one of cost rather than one of technical feasibility. They make comparisons using data 
from von Tunzelmann’s book to suggest that in the early eighteenth-century steam power was only 
very marginally cheaper than horse gins though by the middle of the nineteenth century the cost of 
steam power was one third that of horse gins. This exercise is based on assuming that the steam 
engines used ‘best coal’ throughout the period i.e. the most expensive coal and cos(ng this 
accordingly. This assump(on obviously pushes the calcula(ons in the direc(on of the argument they 
make. However, Newcomen engines used much cheaper coal at pit-head prices.170 In many perhaps 
most mines waste coal that could not be sold was used. In other words the fuel was essen(ally free. 
It follows that Clark and Jacks seriously overes(mate the costs of steam power across the eighteenth 
and early nineteenth centuries.  On this basis, which in any case misses the key benefits of the steam 
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engine before the middle of the nineteenth century, they make the mistaken argument that ‘the 
absence of the new steam technology would not have crippled the industry even late into the 
Industrial Revolu(on.’171 

Clark and Jacks go on to es(mate total factor produc(vity growth in coal mining between 1730 and 
1860 at a mere six percent.172 Leaving aside any issues with the reliability of the calcula(ons, and 
these are significant, this does nothing to undermine the arguments made by Flinn upon which 
Wrigley depended. The key point about Flinn’s argument about that the steam engine is not that it 
raised produc(vity but that allowed an enormous increase in output without prices rising very 
substan(ally. Neither Flinn nor Wrigley claimed that steam engines led to large declines in the price 
of coal. 

CraJs and Jacks then go on to ques(on whether coal was in fact of any importance to the Industrial 
Revolu(on.173 They posit a world in which Britain imported all its coal from elsewhere.174 They build 
this imaginary world on the basis of three very problema(c assump(ons. First, they do not consider 
whether steam engines might have been necessary for drainage for the massive expansion of 
European coal output that would have been necessary, as it almost certainly would have been. 
Second, they assume that the imaginary coal from these European coalfields could have produced 
coal at Newcastle prices, but no evidence is provided. Third, they make the specious assump(on that 
the transport costs of impor(ng coal would have been the same as the transport costs of shipping 
coal from London to Newcastle.175 If this were correct along much of the south-coast of England, all 
coal would have come from European coalfields, since it was obviously more expensive to ship coal 
from Newcastle to the south coast than it was to ship coal from Newcastle to London. This was not 
the case. We can safely assume that the cost of imported coal would have been very much higher 
than Clark and Jacks imagine. 

On the basis of these implausible assump(ons Clark and Jacks es(mate that the extra cost of 
imported coal between 1740 and 1869 would have been only 3.9 percent of GDP. They therefore  
conclude that the absence of coal deposits in Britain would not have fundamentally changed the 
course of the Industrial Revolu(on.176 There is a fourth problem here, common to much 
counterfactual history not least Robert Fogel’s work on the important of railways to nineteenth 
century economic growth.177 It is simply assumed that the output of coal-using industries would have 
con(nued at the same levels in the face of increased costs. This is unrealis(c. The increased costs 
faced by individual producers making heavy use of energy would have been very much larger than 
3.9 percent, even if that were the correct figure for the reduc(on in GDP aQributable to the 
increased cost of fuel, and it is therefore likely that much produc(ve ac(vity would in fact have been 
quite significantly lower and that the counterfactual consequences for GDP would have been very 
substan(ally larger. As is well known virtually all heat-using industries, as well as nearly all industries 
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using steam engines for driving machinery, were located on the coalfields during the Industrial 
Revolu(on, precisely because it was not economic to produce elsewhere. 

In the paragraph succeeding this calcula(on they acknowledge that heat using industries such as 
glass and iron might have been significantly smaller in the absence of coal. However, they then argue 
that ‘even if England had not developed a substan(al iron industry in the Industrial Revolu(on era, 
the produc(vity gains from iron working were again a minor contributor to the Industrial Revolu(on.’ 
This is a surprising claim. It overlooks a number of crucial facts. First, on CraJs’ es(mates, the iron 
industry accounted for just under 7 percent of value added in industry throughout the Industrial 
Revolu(on.178 According to Broadberry et al industry accounted for 32 percent of GDP by 1851. 
Without the growth of the iron industry, GDP could have been two percent lower. Second, the iron 
industry supplied crucial inputs to other industries not least railways, which required many millions 
of tons of iron, and iron beams necessary for building fire-resistant tex(le mills.179 Third, from the 
1740s, as a result of the inven(on of crucible steel by Benjamin Hunstman, Britain was able to 
produce steel of much higher quality than anywhere else in the world.180 This was suitable for watch 
springs … high quality edge tools, dies, hammers and small pairs of rolls.’181 Harris suggests that high 
quality cujng surfaces were ‘essen(al to the growing engineering industry of the late eighteenth 
and early nineteenth century’ and goes on to note that the contribu(on of good quality steel tools to 
the Industrial Revolu(on has been overlooked.182 Fourth, they fail to men(on a whole series of other 
heat using industries: lime-burning, brewing, mal(ng, brick making, (le-making, chemicals, glass, 
poQery, lead, copper, (n, gun-powder, starch, sugar, railways, steam shipping all of which were 
en(rely dependent on coal and all of which would have been much smaller without coal. FiJh, they 
ignore the enormous consump(on of coal used for domes(c hea(ng and the much higher hea(ng 
bills that would have been incurred in its absence, not to men(on much colder homes.183 Sixth, they 
ignore en(rely the agglomera(on effects that resulted from industrial concentra(ons which were in 
turn driven by the need for coal and from the late eighteenth century by the spread of rota(ve steam 
engines. Both Daniel Defoe and Adam Smith iden(fied coal as a crucial loca(onal factor in the 
concentra(on of the tex(le industry in the north-west of England.184 

Clark and Jacks go on to suggest that because fuel was only a minor cost in the tex(le industry coal 
cannot have been very important.185 It is no doubt true that fuel costs were modest but coQon mills 
were almost universally located on coal fields where fuel was cheap. If the cost of fuel was not 
important it is very puzzling that the industry was almost exclusively located on coal fields by the late 
eighteenth century.186 In contrast CraJs and Niko Wolf concluded, on the basis of a sta(s(cal exercise 
based on empirical data that ‘dear coal apparently put a clear limit on the growth of the [coQon] 
industry.’187 They also found that the disappearance of earlier water powered coQon mills by 1838 was 
strongly corelated with coal being rela(vely expensive in these loca(ons.188 Moreover, Clark and Jacks’ 
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argument neglect the role of coal-fired steam engines in allowing the tex(le industry to urbanise 
during the Industrial Revolu(on and the likely importance of the agglomera(on effects this entailed. 
The secondary literature suggests agglomera(on effects were important in the coQon industry in the 
nineteenth century.189 CraJs and Wolf concluded on the basis of their own econometric analysis that 
agglomera(on effects were an important loca(onal factor for the nineteenth century coQon 
industry.190  

Next Clark and Jacks suggest that the absence of coal in Ireland, the Netherlands and France does not 
explain why these other countries did not industrialise because coal prices there were no higher than 
in southern England.191 As an aside it is well known, there were abundant coal reserves in France. The 
comparison between Ireland, north-eastern France, the Netherlands and southern England is 
misguided because industrializa(on based on coal fueled steam engines did not occur in southern 
England precisely because coal was too expensive there un(l railways reduced the price of coal. 
Industrialisa(on occurred on the coal fields where coal was very much cheaper than in southern 
England. Moreover, when France, the Netherlands, and also Belgium and Germany did industrialise, 
the process was fundamentally dependent on coal and steam engines.192  

Next it is suggested that England could have sourced all of its fuel needs from Bal(c firewood up to 
about 1860 and that coal was not therefore necessary to the Industrial Revolu(on. For no obvious 
reason Scotland and perhaps Wales are ignored here as elsewhere in the ar(cle. More importantly, 
the fundamental historical importance of the Bri(sh Industrial Revolu(on is that it was the world’s 
first transi(on to high and sustained rates of economic growth. It would not have that global-
historical significance if it had ground to halt around 1860 once it had exhausted the supplies of 
Bal(c firewood as is implied by this argument. This implica(on of the paper is not discussed. 
However, the problems with the argument are more fundamental than that and arise from the use of 
simplis(c counterfactual reasoning without thinking though the real-world implica(ons.  

It is claimed that the price of this imported firewood would have been about twice the price of 
coal.193 On this basis it is suggested that GDP in 1860 would only have been six percent lower than it 
actually was. There are a number of problems here. First, Clark and Jacks do not indicate from which 
part of Britain the coal prices they use come from.194 Coal prices in different parts of Britain varied 
enormously during the Industrial Revolu(on although the varia(on declined over (me as a result of 
transport improvements. For instance, in 1700 the price of coal in London was nearly eight (mes that 
in the north-east even though London had the very considerable advantage of being connected to 
the north-eastern coal field by water. A few miles by road from London and the price differen(als 
would have been substan(ally greater. By 1750 the ra(o had declined to a liQle under 5.5.195 In 
1842/3, when there is a parliamentary paper repor(ng coal prices by poor law unions and covering 
the whole of England and Wales, a much fuller and more accurate picture of the spread of prices 
emerges. Prices differed by a factor of ten between the cheapest and most expensive loca(ons.196 By 
1912 the railways had massively reduced the price of coal in most loca(ons distant from the coal 
fields and in a parliamentary paper with cost data for various towns in England and Wales that year 
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the cost of coal in the most expensive loca(on was only 171 percent of the cost in the cheapest 
loca(on.197 Since the coal price data used by Clark and Jacks appear to have originally collected by 
Clark for use in a price index used to deflate farm wages na(onally presumably the data reflect some 
kind of average price for England.198 This is, of course, the wrong comparator, which would be the 
much lower coal prices on the coal fields where industries were in fact concentrated. Second, the 
price of the Bal(c wood they use for all of England is based on Knick Harley’s data which are based 
on the price in London of imports from St Petersburg, which was en(rely reasonable for Harley’s 
work which was looking at ocean freight rates, but does not capture the cost of onward movement 
to other loca(ons in the UK.199 Like coal, wood had a high ra(o of transport costs to ini(al value and 
moving it any distance from navigable water prior to the introduc(on of railways from 1825 was very 
expensive. The average cost of Bal(c firewood in Britain as a whole would have been significantly 
higher than the London price.200 The ra(o of Bal(c wood costs to coal costs would therefore have 
higher than Clark and Jacks suggest.  

There are further problems with the assump(on that produc(on of Bal(c woodland could be scaled 
up without increasing costs. Firstly, virtually all of the Bal(c woodlands were inland, not on navigable 
waterways and in fact mostly in loca(ons far from the sea and nowhere near a road. Given the 
expense it is safe to assume that the wood imported from St Petersburg had not travelled far by land. 
In other words, costs would have increased astronomically if the en(rety of the Bal(c woodland 
areas had been harvested for wood. Second, large parts of con(nental Europe industrialised in the 
nineteenth century on the basis of coal. Presumably, we would need to assume in this counterfactual 
world that some parts of Europe would also have used Bal(c wood rather than coal. If they did the 
en(rety of Bal(c output would not have been available to Britain and costs would have been pushed 
up further. Third, the argument also rests on the fallacy that produc(on of all other goods in the 
economy would have remained the same given a doubling of fuel costs. The cost to enterprises with 
large fuel needs would have been much more than 3.9 percent of turnover. All this implies that the 
fall in GDP would have been significantly larger than is suggested. 

XI 

The arguments of Cormac O’ Gráda 

Cormac O’ Gráda has also argued against the centrality of steam for most of the Industrial 
Revolu(on.201 His first argument is that most tex(le mills con(nued to be dependent on steam un(l 
rela(vely late.202 Exactly when he means is unclear but he probably means before around 1830. He 
depends for this largely on von Tunzelman’s claim that up to the mid 1830s most power for coQon mills 
was provided by water.203 However, this is clearly wrong. As noted in the discussion of Musson’s work 
above, by 1838 steam power provided three (mes as much power to tex(le mills as water wheels. It 
is inconceivable that most power for coQon mills was provided by water in the mid 1830s. Steam must 
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have become more important than water significantly before the 1830s. The second claim is that 
‘steams role at the height of the Industrial Revolu(on, both as a source of energy rela(ve to 
waterpower and in terms of its contribu(on to overall economic growth was dis(nc(vely secondary.’204 
There are three problems with the first claim and one with the second The first of these claims is based 
on data which show that steam only came to equal water power around 1830. First, as discussed 
above, BoQomley has made clear that these data radically undercount the amount of steam power 
which must therefore have come to exceed waterpower some (me before 1830. Secondly, it is 
implicitly assumed here that the share of all power provided by steam is a reliable indicator of its 
importance to the Industrial Revolu(on. However, as we have seen steam power, regardless of how 
much was being used, was crucial to the expansion of the coal industry on which the Industrial 
Revolu(on depended while the freeing up of loca(onal constraints generated significant 
agglomera(on effects which probably drove high excep(onally rapid urbaniza(on and played a major 
role in achieving economic growth regardless of what frac(on of all power this represented. Third, the 
key cumula(ve achievement of the Industrial Revolu(on, the thing that makes it of fundamental global 
importance, was the achievement of high rates of sustained GDP per capita growth in the second 
quarter of the nineteenth century, a period in which steam provided more, probably much more, than 
half of all power. The second part of the claim rests on the work of von Tunzelmann and CraJs which 
has been shown to be unreliable. 

XII 

Conclusion 

The steam engine was essen(al to the Industrial Revolu(on in Britain, the world’s first transi(on to 
modern economic growth. The massive expansion of coal output during the Industrial Revolu(on 
was essen(al to the Industrial Revolu(on and could not have taken place without the steam engine. 
The emergence of the world’s first urban economy was fundamentally dependent on the steam 
engine. The arguments based on the cost of steam power put forward by von Tunzelmann and CraJs 
are largely irrelevant to understanding the importance of the steam engine before the middle of the 
nineteenth century. The key benefits of the steam engine were first that it could be used to do things 
that were otherwise impossible and second that it allowed economic ac(vi(es to be concentrated in 
loca(ons with other advantages and third that it was cheaper than using horses to drain the vast 
majority of mines. Without the steam engine the urban agglomera(on effects achieved would not 
have been possible and it seems likely these made cri(cal contribu(ons to the rate of technological 
change and to the achievement of modern economic growth. The steam engine also made major 
contribu(ons to shipping, the iron industry and even agriculture (though only at the end of the 
Industrial Revolu(on. Finally, without the steam engine there would have been no railways which 
might have been fatal for the achievement of modern economic growth in the second quarter of the 
nineteenth century.  
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