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			How to Downsize a Transport Network: The Chinese Wheelbarrow

			For being such a seemingly ordinary vehicle, the wheelbarrow has a surprisingly exciting history. This is especially true in the East, where it became a universal means of transportation for both passengers and goods, even over long distances.

			December 2011

			The Chinese wheelbarrow – which was driven by human labour, beasts of burden and wind power – was of a different design than its European counterpart. By placing a large wheel in the middle of the vehicle instead of a smaller wheel in front, one could carry three to six times as much weight than if using a European wheelbarrow.

			The one-wheeled vehicle appeared around the time the extensive Ancient Chinese road infrastructure began to disintegrate. Instead of holding on to carts, wagons and wide paved roads, the Chinese turned their focus to a much more easily maintainable network of narrow paths designed for wheelbarrows. The Europeans, faced with similar problems at the time, did not adapt and subsequently lost the option of smooth land transportation for almost one thousand years.

			Transport Options over Land

			Before the arrival of the steam engine, people have always preferred to move cargo over water instead of over land, because it takes much less effort to do so. But whenever this was not possible, there remained essentially three options for transporting goods: carrying them (using aids like a yoke, or none at all), tying them to pack animals (donkeys, mules, horses, camels, goats), or loading them onto a wheeled cart or wagon (which could be pulled by humans or animals).

			Carrying stuff was the easiest way to go; there was no need to build roads or vehicles, nor to feed animals. But humans can carry no more than twenty-five to forty kg over long distances, which made this a labour-intensive method if many goods had to be transported. Pack animals can take about 50 to 150 kg, but they have to be fed, are slightly more demanding than people in terms of terrain, and they can be stubborn. Pack animals also require one or more people to guide them.

			When carrying goods – whether by person or by pack animals – the load is not only moved in the desired direction but it also undergoes an up and down movement with every step. This is a significant waste of energy, especially when transporting heavy goods over long distances. Dragging stuff does not have this drawback, but in that case you have friction to fight. Pulling a wheeled vehicle is therefore the most energy-efficient choice, because the cargo only undergoes a horizontal motion and friction is largely overcome by the wheels. Wheeled carts and wagons, whether powered by animals or people, can take more weight for the same energy input, but this advantage comes at a price; you need to build fairly smooth and level roads, and you need to build a vehicle. If the vehicle is drawn by an animal, the animal needs to be fed.

			When all these factors are taken into consideration, the wheelbarrow could be considered the most efficient transport option over land, prior to the Industrial Revolution. It could take a load similar to that of a pack animal, yet it was powered by human labour and not prone to disobedience. Compared to a two-wheeled cart or a four-wheeled wagon, a wheelbarrow was much cheaper to build because wheel construction was a labour-intensive job. Although the wheelbarrow required a road, a very narrow path (about as wide as the wheel) sufficed, and it could be bumpy. The two handles gave an intimacy of control that made the wheelbarrow very manoeuvrable.

			East and West: a Very Different Story

			The wheelbarrow tells a very distinct history in both the Western and the Eastern world. Although to this date its origins remain obscure, it is clear that the vehicle played a much larger role in the East than in the West. While in recent years there has surfaced some evidence that the wheelbarrow might have been used on construction sites by the Ancient Greeks at the end of the fifth century BC, there is no mention at all of wheelbarrows in Ancient Rome (although that does not exclude the possibility that they in fact did use them).

			The first sound evidence of the wheelbarrow in the Western world only emerged in the early thirteenth century AD. In China, their use is documented extensively from the second century AD onwards – more than a thousand years earlier. It is interesting to note that the wheelbarrow appeared at least 2,000 years later than two-wheeled carts and four-wheeled wagons.

			Handbarrow

			When the wheelbarrow finally caught on in Europe, it was used for short distance cargo transport only, notably in construction, mining and agriculture. It was not a road vehicle. In the East, however, the wheelbarrow was also applied to medium and long distance travel, carrying both cargo and passengers. This use – which had no Western counterpart – was only possible because of a difference in the design of the Chinese vehicle. The Western wheelbarrow was very ill-adapted to carry heavy weights over longer distances, whereas the Chinese design excelled at it.

			On the European wheelbarrow the wheel was (and is) invariably placed at the furthest forward end of the barrow, so that the weight of the burden is equally distributed between the wheel and the man pushing it. In fact, the wheel substitutes for the front man of the handbarrow or stretcher, the carrying tool that was replaced by the wheelbarrow.

			Superior Chinese Design

			In the characteristic Chinese design a much larger wheel was (and is) placed in the middle of the wheelbarrow, so that it takes the full weight of the burden with the human operator only guiding the vehicle. In fact, in this design the wheel substitutes for a pack animal. In other words, when the load is one hundred kg, the operator of a European wheelbarrow carries a load of fifty kg while the operator of a Chinese wheelbarrow carries nothing. He (or she) only has to push or pull, and steer.

			The result was an extremely powerful and agile vehicle. In 1176 AD, the Chinese writer Tsêng Min-Hsing noted enthusiastically:

			The device is so efficient that it can take the place of three men; moreover, it is safe and steady when passing along dangerous places (cliff paths, etcetera). Ways which are as winding as the bowels of a sheep will not defeat it.

			The Chinese wheelbarrow – which was also widely in use in present-day Cambodia, Vietnam and Laos – originally appeared in two basic variants. One was originally termed the “wooden ox” (mu niu), which had the shafts projecting in front (so that it was pulled), while the other was termed the “gliding horse” (liu ma), which has the shafts projecting behind (so that it was pushed). A combination of both types was also used, being pulled and pushed by two men. From these two basic types, many variations evolved. Later, the Chinese also used western-style wheelbarrows alongside their own design.

			Western Praise

			The characteristic vehicle stupefied Western foreigners who visited China during the early modern period. In Science and civilization in China, Joseph Needham quotes the Dutch-American merchant Andreas Everardus van Braam Houckgeest, who visited the country in 1797 and gives an excellent description of the contraption:

			Among the carriages employed in this country is a wheelbarrow, singularly constructed, and employed alike for the conveyance of persons and goods. According as it is more or less heavy loaded, it is directed by one or two persons, the one dragging it after him, while the other pushes it forward by the shafts. The wheel, which is very large in proportion to the barrow, is placed in the centre of the part on which the load is laid, so that the whole weight bears upon the axle, and the barrow men support no part of it, but serve merely to move it forward, and keep it in equilibrum.

			The wheel is as it were cased up in a frame made of laths, and covered over with a thin plank, four or five inches wide. On each side of the barrow is a projection, on which the goods are put, or which serves as a seat for the passengers. A Chinese traveller sits on one side, and thus serves to counter-balance his baggage, which is placed on the other. If his bagage is heavier than himself, it is balanced equally on the two sides, and he seats himself on the board over the wheel, the barrow being purposely contrived to suit such occasions.

			The sight of this wheelbarrow thus loaded, was entirely new to me. I could not help remarking its singularity, at the same time that I admired the simplicity of the invention. I even think, that in many cases such a barrow would be found much superior to ours.

			Wheelbarrow Trains

			The American soil scientist F.H. King shows himself equally impressed in his 1911 publication Farmers of Forty Centuries:

			We had observed long processions of wheelbarrow men moving from the canals through the streets carrying large loads of [crops] in bundles a foot long and five inches in diameter. These had come from the country on boats each carrying tons of the succulent leaves and stems. We had counted as many as fifty wheelbarrow men passing a given point on the street in quick succession, each carrying 300 to 500 pounds of [crops] and moving so rapidly that it was not easy to keep pace with them, as we learned in following one of the trains during twenty minutes to its destination. During this time not a man in the train haltened or slackened his pace. This same type of vehicle, too, is one of the common means of transporting people, especially Chinese women, and four, six and even eight may be seen riding together, propelled by a single wheelbarrow man.

			Rudolf Hommel, in his 1937 book China at work (based on a 1921 travel through the country), seems to be most intrigued by the ingenuity of the low-tech design, going into technical details:

			While there are many kinds of wheelbarrows, is typical of them all; the principle always being the same, i.e. one large wheel surrounded by a framework, guarding the upper part of the wheel from contact with merchandise or persons transported. The two long shafts, held at a proper distance from each other by two crosspieces, terminate in the handlebars, and form the basis of the whole vehicle. Into them is mortised the lattice work which surrounds the wheel. On each side a carrying frame is formed by curved bars attached to the main shafts by crosspieces.

			The wheel, about 3 feet in diameter, is made entirely of wood and has two iron bands around the hub, and an iron tire. The axle is made of some very strong wood. From the frame of the wheelbarrow two pieces extend downward with the bearing holes for the axle. This looks rather precarious, and yet these pieces stand up splendidly under the heavy strain of immense loads and the considerable bumping over the miserable roads. These wheelbarrows are masterpieces of joinery and special care is bestowed on the selection of the best grades of hard wood for all parts. This description would not be complete without mentioning the squeaking of the unoiled axle, a nightmare to foreigners, which does not bother the Chinese in the least.

			Just as other Western observers, Hommel watched the vehicles pass by in admiration:

			Besides transporting goods with these wheelbarrows, the Chinese use them also for passengers. I have seen as many as six people on them, three sitting on each side with their feet dangling down. If only one person is conveyed the driver balances the wheelbarrow skilfully with the wheel tilted at a considerable angle from the vertical. If a peasant wants to take a pig to the market, he saves himself all the trouble of guiding the recalcitrant beast, by tying it upon the wheelbarrow and wheeling it to the market.

			Mobile Forts

			As so many other innovative technologies, the Chinese wheelbarrow was orginally developed for military purposes. The first records mention its use for supplying food to the army. The wheelbarrow gave the Chinese armies such an advantage in moving goods that it was kept secret – early Chinese writings talk about wheelbarrows in code. True to its origin, the wheelbarrow remained in use for military operations, though not only to supply food to soldiers. In 1176, Tsêng Min-Hsing alluded to the military use of the wheelbarrow in forming protective layers. His words are quoted by Joseph Needham:

			Not only is it useful for transporting army rations, but at need it can be employed as a defensive obstruction against cavalry. Since the digging of trenches and moats, and the building of forts, take time, the wheelbarrows can be deployed round the perimeter so that the enemy’s horses cannot easily pass over. This kind of vehicle can readily go forward and withdraw, and can be used for any purpose. It might well be called a ‘mobile fort’.

			According to Needham, it was the Chinese with their wheelbarrows who pioneered the use of ‘laagers’ or ‘mobile forts’ as a defence against the onslaught of cavalry, a tactical system that remained in use during later times using two-wheeled carts.

			Animal Traction

			A remarkable feature of the Chinese wheelbarrow was the combined use of human and animal traction, which became common from an early date on. This practice can be seen in a 1126 painting by Chang Tsê-Tuan, which is described by Joseph Needham:

			The painting depicts the popular life of the capital Khaifêng at the time of the spring festival. Many wheelbarrows are moving or stationary in the streets of the city. All but one have the large central wheel and some are very heavily laden. During the loading and unloading the wheelbarrows rest on the side-legs. One is being pushed by a single man, and in all cases the porter steadies the vehicle by the shafts behind, while traction is effected either by one man in shafts and one mule or donkey with collar-harness and traces, or by two animals side by side similarly attached.

			The latter configuration is shown again in a picture in the Thien Kung Khai Wu (1637), where in the text we read:

			The northern one-wheeled barrow (tu yuan chhê) is pushed by one man from behind, with (one or more) donkeys pulling it from the front; it is hired by those who dislike riding (on horseback). The travellers sit on opposite sides to balance it, and a mat roof shields them from sun and wind. This kind of conveyance goes as far north as Chhang-an and Chi-ning, and also comes to the capital. When not carrying passengers these barrows will take as much as four or five tan of goods about six cwt or three hundred kg. The one-wheeled barrow (tu lun thui chhe) of the south is also pushed by one man (but without animal aid), and carries only 2 tan. When it meets pot-holes (in the road) it has to stop; in any case it seldom goes more than one hundred li (50 km).

			Wind Powered Wheelbarrows

			An even more surprising method to augment human power in moving the wheelbarrow was the use of sails. The date of the introduction of the sailing wheelbarrow is unknown, but Joseph Needham notes that this contraption (the chia fan chhê) was still widely used in China at the time of writing (1965), notably in Honan and in the coastal provinces such as Shantung. Rudolf Hommel and F.H. King also spotted and described the vehicles. While some sails were very simple pieces of cloth, others were perfect miniatures of the ones used on a junk (a Chinese sailboat), easily adjustable by the driver.

			The use of auxiliary power from animals and wind (the two were sometimes combined) made it possible to design larger wheelbarrows that could take more cargo. Again, it is worthy to quote Andreas Everardus van Braam Houckgeest, writing in 1797:

			Near the southern border of Shantung one finds a kind of wheelbarrow much larger than that which I have been describing, and drawn by a horse or a mule. But judge of my surprise when today I saw a whole fleet of wheelbarrows of the same size. I say, with deliberation, a fleet, for each of them had a sail, mounted on a small mast exactly fixed in a socket arranged at the forward end of the barrow.

			The sail, made of matting, or more often of cloth, is five or six feet (1.5 to 2 m) high, and three or four feet broad, with stays, sheets, and halyards, just as on a Chinese ship. The sheets join the shafts of the wheelbarrow and can thus be manipulated by the man in charge.

			One had to grant the apparatus was not a freak, but an arrangement by which, with a favourable wind, the wheelbarrow porters could be greatly assisted. Otherwise such a complicated thing would have been only a bizarre curiosity. I could not help admiring the combination, and was filled with sincere pleasure in seeing twenty or so of these sailing-wheelbarrows setting their course one behind the other.

			Wheelbarrows on Rails

			The Chinese wheelbarrow kept evolving even after the arrival of the Industrial Revolution, adapting modern materials and wheels. Another noteworthy example of this is the so-called piepkar, which showed up on the island of Billiton at the coast of Sumatra at the turn of the twentieth century. There, a Dutch tin mining company was faced with very bad roads. The solution? A great example of combining Eastern and Western knowledge; wheelbarrows equipped with very narrow wheels, guided by iron rails. The technology – which was in use from the 1880s to around 1920 – reminds of the horse-drawn rail cars that became popular in Western cities at the time.

			The Decay of the Chinese Road Infrastructure

			The importance of the Chinese wheelbarrow can only be understood in the context of the Chinese transportation network. Prior to the third century AD, China had an extensive and well-maintained road network suited for animal powered carts and wagons. It was only surpassed in length by the Ancient Roman road network. The Chinese road infrastructure attained a total length of about 25,000 miles (40,000 km), compared to almost 50,000 miles (80,000 km) for the Roman system.

			The Chinese and Roman road systems were built (independently) over the course of five centuries during the same period in history. Curiously, due to (unrelated) political reasons, both systems also started to disintegrate side by side from the third century AD onwards, and herein lies the explanation for the success of the Chinese wheelbarrow. As we have seen, the one-wheeled vehicle appeared during this period, and this is no coincidence. Increasingly, it was the only vehicle that could be operated on the deteriorating road network. As F.H. King observed: “For adaptability to the worst road conditions no vehicle equals the wheelbarrow, progressing by one wheel and two feet”.

			In 1937, Rudolf Hommel goes on complaining about the Chinese roads:

			In olden times, excellent wide roads were in existence in China, suitable for chariots, coaches, and wagons of many descriptions. Present-day conditions show a different picture, especially in Southern and Central China where the two-wheeled cart is not known. The splendid roads are gone, and in their place, we find only narrow paths, scarcely wide enough for foot passengers and wheelbarrows. The two-wheeled cart survived only in North China under the sway of the court of Peking, where the important business of victualizing the capital was sufficient urge to keep up the roads.

			The Chinese peasant, ever intent to gain more ground for the cultivation of his crops, has gradually reduced the width of former highways, unhampered by a watchful government. In fact, the greedy officials winked at such encroachments, as long as they have been thereby enabled to exact increased contributions in taxes from the hardworking peasants. It is only within the last five years that an extensive program of road building has been carried out.

			Pathways Designed for Wheelbarrows

			However, it seems that Rudolf Hommel got it wrong, and was looking at the Chinese roads with a Western bias. Joseph Needham tells a more positive story, noting that the network of wide roads was gradually replaced by an informal, low-tech infrastructure that was not less ingenious than the wheelbarrows that operated on it. The Chinese answer to a decaying road infrastructure went much further than the adaptation of their vehicles:

			In many periods the government was interested primarily, and sometimes exclusively, in those roads and water-ways which were significant for tax-grain transportation and the conveyance of official messages. The upkeep of a multitude of local roads and paved pathways devolved, therefore, upon the people themselves, acting in their co-operative capacity under village elders and small-town worthies. In this context, religious associations, such as the Taoists Yellow Turbans about 180 AD, later so politically important, or the Buddhist fraternities afterwards, played a significant part. Making good roads was nothing less than a pious duty.

			Thus in the course of time, quite apart from the Ancient and medieval imperial highways, China’s landscape became shot through with millions of miles of well-paved paths, suitable chiefly for pedestrians, porters with carrying poles, pushers of wheelbarrows, and men carrying litters. Rough unpaved cart-tracks predominated only in the Eastern plains. Those who, like the author, have followed these paved ways past woods and rice fields for many a mile cannot think of them without intense nostalgia. There was a long tradition of such privately initiated roads going back to the Han or even earlier, and their total mileage far outstripped that of the government main roads as the ages passed.

			Interestingly, the modern, twentieth-century road network that appeared in China, and that Hommel was alluding to in 1937, did not immediately gave way to the automobile, but to another low-tech vehicle that is a worthy competitor for the wheelbarrow: the bicycle, a product of the Industrial Revolution that is even more efficient. It will probably take us (and the 21st-century Chinese) another few decades before we realise how smart the Chinese transport infrastructure was.

			The Decay of the Western Road Infrastructure

			The use of wheelbarrows in combination with specially designed narrow pathways made land transportation in China considerably more efficient than in Europe for a period of almost 1,500 years. Today, critcism on the omnipresent automobile is often ridiculed by saying that we cannot go back to horses and carts, without realizing that the combination of horses and carts is far from evident and not as low-tech as it seems. History clearly shows that an extensive road infrastructure is a very vulnerable thing.

			Europe was also left with a deteriorating road network after the demise of the Roman Empire, though the Europeans could buy some time. Because it was sturdier (using piles of stone and concrete rather than the early form of asphalt applied by the Chinese), the Roman road infrastructure remained relatively useful until about the eleventh century AD, after which it was largely abandoned. But even before that time, the destruction of bridges and road facilities by the barbarians – or by the locals in order to defend themselves against the barbarians – gradually dimished its usefulness. Lack of maintenance and the plundering of paving stone did the rest. Moreover, the appearance of new towns and capitals (such as Paris) required new routes that did not always coincide with the existing Roman roads.

			Contrary to the Chinese, the Europeans did not develop a new vehicle and appropriate infrastructure of paths to make up for the loss of the Ancient highways. New roads appeared during the economic revival of the late Middle Ages, but these were not paved or hardened in any other way. This made them at best inefficient in good weather and nearly impassable when (and after) it rained. Furthermore, because of the absence of foundations, soil erosion caused by heavy rains could wash entire roads away. As a result, the use of carts and wagons all but disappeared in medieval Europe, while nothing else came in place. For people, the options of land transportation again became limited to walking or – only for the rich – horseback riding.

			Cargo was most often transported by pack animals (mostly donkeys and mules, sometimes horses), or simply by carrying it. With the exception of England, where wheeled traffic resurged from as early as the 14th century in some places, and France, where some sturdier roads (unpaved but with foundations) appeared in some regions during the late 16th century, smooth operating wheeled traffic only made a comeback in Europe during the nineteenth century – at the same time as the first railroads appeared.

			Ox Drawn Carts

			Carts and wagons drawn by oxen remained in use throughout the centuries in Europe, for heavy or large-sized loads that could not be transported by rivers or by sea. However, road conditions often required large spans of oxen, which made wheeled transportation of heavy loads ridiculously expensive and limited to very short distances. Because of friction, the nature of a road surface greatly determines how efficient wheeled transport will be. In Energy in world history, Vaclac Smil writes:

			On a smooth, hard, dry road, a force of only about thirty kg is needed to wheel a one tonne load. A loose, gravelly surface may easily call for five times as much draft. On sandy or muddy roads the multiple can be seven to ten times higher.

			This had important consequences. Many countries could not capitalize on most of their energy resources, be it wood or peat or coal, because transporting them over land took more time and energy (in terms of animal feed) than they could afford. If they would have been aware of the Chinese wheelbarrow, the Europeans could have followed a similar strategy as the Chinese, using their limited resources to construct and maintain smooth but narrow pathways (and bridges) while downsizing their vehicles. As was noted in several of the historical sources mentioned above, the Chinese wheelbarrow, aided by a second man, an animal, or wind power, could transport up to three hundred kg of cargo. This was almost as much as the maximum allowed cargo for horse and ox drawn carts in Ancient Rome (326 kg and 490 kg respectively).

			Lessons for the Future

			Of course, it was not only the wheelbarrow that kept Chinese communication running after the second century AD. At least as important was the impressive network of artificial canals that complemented it. This infrastructure became ever more important after the detoriation of road network. For example, the Grand Canal, which ran from Hangzhou to Bejing over a distance of 1800 km, was completed in 1327 after seven hundred years of digging.

			In Europe, the first (relatively modest) canals were only built during the sixteenth century, and most of them only appeared in the eighteenth and nineteenth centuries. The Chinese wheelbarrow alone could not have given Europe an equally effective transport infrastructure as the Chinese, but there is no doubt that it could have made life in medieval Europe a great deal easier.

			The story of the Chinese wheelbarrow also teaches us an obvious lesson for the future. While many of us today are not even prepared to change their limousine for a small car, let alone their automobile for a bicycle, we forget that neither one of these vehicles can function without suited roads. Building and maintaining roads is very hard work, and history shows that it is far from evident to keep up with it.

			In this regard, it is important to keep in mind that we won’t be as lucky as the medieval Europeans who inherited one of the best and most durable road networks in the world. Our road infrastructure – mostly based on asphalt – is more similar to that of the Ancient Chinese and will disintegrate at a much faster rate if we lose our ability to maintain it. The Chinese wheelbarrow might one day come in very handy again. 
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					A Chinese wheelbarrow in Shanghai, 1910. Institut d’Asie Orientale / Lyon Institute of East Asian Studies.
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					“Honey Wagon” for the transport of human waste. China, Beijing, 1917-1919. (Photo by Sidney David Gamble).
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					The Chinese wheelbarrow was used to transport people and cargo. Image from 1880. Institut d’Asie Orientale / Lyon Institute of East Asian Studies.
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					Urban transportation by wheelbarrow, 1907. University of Bristol - Historical Photographs of China, reference number: Bk05-02. From the book ‘Shanghai’ (published by Max Nössler, c.1907).

				

			

		

		
			
				
					[image: ]
				

				
					Wheelbarrow with pig and smoking passenger, on their way to the market, Shanghai, 1897. Edward Bangs Drew.
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					Wheelbarrows with sails in China. Казанин М.И. Очерк экономической географии Китая./М. ОГИЗ.Соцэкгиз, 1935 – С.106.
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					Wheelbarrows with sails, near Xi’an, China, c.1905. John Shields.

				

			

		

		
			
				
					[image: ]
				

				
					Sail wheelbarrow in Shandong province, 1928. National Archives and Record Administration (NARA).
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					A Chinese wheelbarrow equipped with sails. Public domain.
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					A Chinese wheelbarrow, pushed by a man and pulled by a donkey. Old Postcard.
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					Application of wheelbarrows during flood control projects, Shandong, before 1973. Jinian Mao zhuxi ‘Yiding yao genzhi Haihe’ tici shi zhou nian yingji 1963-1973 : 60/61, 118. Translation: “Collection of Photos from 1963 to 1973 in Commemoration of the Tenth Anniversary of Mao Zedong’s Slogan ‘We Must Control the Rivers and Seas’.”
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			The Citroën 2CV: Cleantech from the 1940s

			In spite of all the high-tech that has been squeezed into cars, the 2CV from 1949 is still more energy efficient than the smallest Citroën today.

			June 2008

			If you sometimes wonder why more energy efficient technology does not bring about more energy efficient cars, you should take a look at some vintage Citroën brochures of the legendary French hippie car 2CV or Deux Chevaux (known as the duck or the goat in several European countries). In spite of all the high-tech that has been squeezed into cars since then, the 2CV from 1949 is still more energy efficient than the smallest model of the French car designer today. Why?

			The 2CV was produced from 1949 until 1990 and sold almost exclusively in Europe. At the time of its introduction the car had an engine capacity of 375cc, a maximum power output of eight horsepower (DIN-HP) and a top speed of 65 kilometres an hour (40 mph). In 1954 the power was tuned up to ten HP, which brought the top speed at 80 kilometres an hour (50 mph). In 1974 the power output rose to 24 HP, with a top speed of 102 kilometres an hour (63 mph). Later models had an engine capacity of 602cc, a maximum power output of 30 HP and a top speed of 120 kilometres an hour (75 mph).

			500 Kilograms

			In spite of the much higher performance (an almost doubling of engine capacity, four times as much power output and a top speed almost twice as high) the weight of the hippie car remained the same at about 500 kilograms. Today, there is not one car which comes even close to these figures. The smallest model of Citroën now on the market, the C1, weighs 810 kilograms (despite the use of lighter materials). The Citroën C1 has an engine capacity of 998cc and a maximum power output of 68 HP, and it does 157 kilometres an hour (98 mph).

			Compared to the first 2CV models, the weight of the smallest Citroën today has almost doubled, while the top speed more than doubled and the maximum power output rose by a factor of eight. Surprisingly, the fuel consumption remained more or less the same. The C1 consumes 4.6 litres per 100 kilometres (61 miles per gallon), the 2CV consumed on average 4.4 litres. It’s obvious that the engine of the C1 is more energy efficient than the engine of the 2CV, since the latter needed the same amount of fuel to power a much lighter and much slower vehicle.

			In other words: if we would apply this modern technology in a car that is as light and slow as a 2CV from the fifties, we would now drive cars that scarcely burn any gasoline. Unfortunately, all technological progress was devoured by more weight, more power, more speed, more comfort and more electronics.

			Safety Belts

			Part of the extra weight is the consequence of safety measures. Car manufacturers always hammer at this and of course more safety is a good thing. But, because at the same time the speed of the vehicles has raised substantially, and higher speeds mean more serious accidents, part of this progress is negated – just like the higher energy efficiency is negated by the higher performance. Moreover, safety belts are still the most important reason why traffic deaths plummeted since the seventies, and the weight of that mechanism is limited.

			Comfort

			Another reason for the higher weight and energy consumption is the advancement of comfort and electronics. The first 2CVs hardly had a dashboard that was worthy of the name. The vehicles had no heating or air-conditioning – there was not even a fuel gauge. If you wanted to know how much gasoline you had left, you had to stop and poke a dipstick into the fuel tank. Until the sixties, the windscreen wipers were driven by the wheels – and therefore did not work when the car was not moving. The windows of the 2CV could not even be opened mechanically, let alone by electricity: they were pushed open with your elbow. In today’s cars all these applications (and dozens of new applications) are run by their own electric motor.

			These electronics push up energy consumption because they raise the weight of the car and because they consume energy themselves (electricity which is delivered by the combustion engine). If we really want more energy efficient cars, the 2CV shows us that we need not more, but less technology. 
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					A 2CV. Image by Rudolf Stricker (CC BY-SA 3.0).
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					A 1975 2CV cornering. Image by Andrew Bone (CC BY 2-0).
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					All 2CVs had flap-up windows. Image by Robert Jaarsema (CC BY 2.5).
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					Interior of a 2CV from 1951. Image by Berthold Werner (CC BY-SA 3.0).
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			The Status Quo of Electric Cars: Better Batteries, Same Range

			We don’t need better batteries, we need better cars.

			May 2010

			Electric motors and batteries have improved substantially over the past one hundred years, but today’s much hyped electric cars have a range that is – at best – comparable to that of their predecessors at the beginning of the 20th century. Weight, comfort, speed and performance have eaten up any real progress. We don’t need better batteries, we need better cars.

			The Forgotten History of the Electric Vehicle

			From about 1895 to the mid-1920s, and following the bicycle craze of the 1890s, electric cars shared the road with petrol and steam powered cars. Electric vehicles (EV’s) were comparatively slow, heavy, and had a smaller range than their alternatives. During the very early years, however, electric automobiles were the most popular option for a short time, mainly because of two reasons. Firstly, they were easy to start, while a gasoline car had to be cranked up and a steam powered car required a long firing-up time. Secondly, there were few paved roads outside the city at the turn of the 20th century, which made the limited range of EV’s not that problematic. The production peaked in 1912: during that time there were 30,000 EV’s on the road in the United States, two-thirds of these were used as private passenger cars. Europe had around 4,000 electric vehicles.

			By 1912, the gasoline car had already taken over the largest share of the automobile sales (more than 90 percent). They were faster and could drive longer distances – not only because of their better range but also because of a more elaborate refuelling infrastructure. The rapidly expanding paved road network worked in their favour, too. Internal combustion engines became much cheaper than electrics. In 1908, Ford introduced its mass-produced (and gasoline powered) Model-T, which initially sold for $ 850 – two to three times less than the price of a similar electric vehicle. In 1912, the price of the Model-T came down to $ 650. That same year, the electrical starter for gasoline vehicles appeared, and took away one of the last selling points of EV’s. Last but not least, gasoline had become much cheaper than it had been at the end of the 19th century.

			The only advantage left was the (relative) cleanliness and noiselessness of electric vehicles, the reason we want them back today. In 1914, Henry Ford announced the marketing of a cheap mass-produced electric vehicle, but this automobile was never produced. In Europe, electric passenger cars were gone in 1920, in the US they survived for a decade longer. Electric trucks, outside the scope of this article, remained successful for a longer period. The manufacturers of early electric cars made several strategic mistakes. For instance, it took them until 1910 to develop a standard for the charging of the batteries. But, at the heart of the failure of the early electric car lay the limited capacity of the storage battery.

			Then and Now: 100 Miles

			If today’s supporters of EV’s would dig into the specifications and the sales brochures of early 20th century electric horseless carriages, their enthusiasm would quickly disappear. Fast-charged batteries (to 80% capacity in 10 minutes), automated battery swapping stations, public charging poles, load balancing, in-wheel motors, regenerative braking: it was all there in the late 1800s or the early 1900s. It did not help. Most surprisingly, however, is the seemingly non-existent progress of battery technology.

			The Nissan Leaf and the Mitsubishi i-MiEV, two electric cars to be introduced on the market in 2010, have exactly the same range as the 1908 Fritchle Model A Victoria: 100 miles (160 kilometres) on a single charge. The 100-mile Fritchle was a progressive engineering feat for its time, but it was not the only early electric that boasted a 100 mile range. I have only chosen it because its specifications are most complete, and because its range was certified.

			The first electric cars (1894-1900) had a range of 20 to 40 miles (32 to 64 kilometres), still better than the 20 km “range” of a horse. The average second generation EV (1901-1910) already boasted a mileage of 50 to 80 miles (80 to 130 km). The third generation of early electric cars (1911-1920), including larger vehicles that could seat 5 people comfortably, could travel 75 to more than 100 miles (120 to more than 160 km) on a single charge – and this is still the range of electric cars today.

			100 Miles = Upper Limit

			In fact, the range of the Nissan Leaf or the Mitsubishi i-MiEV may be far worse than that of the 1908 Fritchle. The range of the latter was (officially) recorded during an 1800 mile (2,900 km) race over a period of 21 driving days in the winter of 1908. The stock vehicle was driven in varied weather, terrain and road conditions (often bad and muddy roads). The average range on a single charge was 90 miles, the maximum range recorded was 108 miles. [1][2]

			The range of the Mitsibushi i-MiEV and the Nissan Leaf was tested in a very different manner. On rollers instead of on actual roads, and in a protected environment, but that’s not all. Both manufacturers advertise the US EPA city range, a test that supposes a 22 minutes drive cycle at an average speed of 19.59 mph (31.5 km/h), including one acceleration to 40 mph (64 km/h) during no more than 100 seconds.

			Critics blame today’s manufacturers for not displaying the EPA combined cycle range, which also includes trips on the motorway (the EPA highway cycle). Contrary to vehicles with an internal combustion engine, electric cars are more fuel efficient in cities than at steady speed on a highway – an electric motor uses no energy when it is idling, and regenerative braking works best in city traffic. Darryl Siry, former CMO of Tesla, estimates that the correct range of the Nissan (and other modern electric cars) will be around 70% of the advertised range. That would bring the range of today’s electrics to the same level as the 1901 Krieger Electrolette (68 miles).

			Even the EPA combined cycle figures should be considered as an upper limit. Firstly, with an average speed of 48 mph (77 km/h) the highway tests are outdated. Secondly, the range of a car is also affected by other factors: not only excessive speeding and fast accelerations, but also the use of headlights at night, the use of heating or air-conditioning, the use of other options onboard, driving over hilly roads or in headwinds – or all of these factors combined (the EPA has added new test cycles in 2008 to address these points, but the results are not yet available for the EV’s we are talking about).

			Some of these factors not only concern today’s electrics, but also those of yesteryear. However, the Fritchle’s range was tested on varied terrain and in varied weather conditions, which was not the case for the Nissan or the Mitsubishi. Moreover, early electrics had no air-conditioning and few had heating systems – drivers and passengers dressed warm in winter. Mitsubishi warns its clients that the use of the heater might cut the range in half. All in all, the range of a 2010 electric vehicle will be closer to 50 miles (80 km) than to 100 miles (160 km). And that’s to be expected from a battery at the beginning of its life – after 5 years, the capacity will be at least 20 percent less.

			Better Batteries

			In spite of this, the 2010 vehicle has a much better battery under the hood than the 1908 vehicle. The Fritchle Electric had lead-acid batteries, like all its contemporaries, with an energy density between 20 and 40 Wh/kg (early 1900 batteries had energy densities of only 10 to 15 Wh/kg). The Nissan and the Mitsubishi have a more powerful lithium-ion battery with an energy density of around 140 Wh/kg.

			The Nissan’s battery can thus store 3.5 to 7 times more energy for a given weight than an average early electric from about 1910. This could have resulted in a vehicle with a 3.5 to 7 times better range (350 to 700 miles or 560 to 1,130 km), but this is not the case. The technological improvements could also have been translated into a 3.5 to 7 times lighter (and smaller) battery, and consequently a lighter and more fuel efficient vehicle, but this is not the case either.

			The battery of the Nissan Leaf is only 1.6 times lighter than the battery of the Fritchle: 220 kg (480 pounds) versus 360 kg (800 pounds). The Nissan vehicle (including the battery) weighs more than the Fritchle: 1,271 kg (2,800 pounds) versus 950 kg (2,100 pounds).

			Motor Output, Speed & Acceleration

			The most obvious difference between the specifications of the old and new cars is the power of their motors. The 1908 car had a 10 HP motor, the 2010 car has a 110 HP motor. In other words, the Nissan Leaf has the motor output of 11 electric Fritchles. The smaller and lighter Mitsubishi i-MiEV (1,080 kg or 2,400 pounds) has the motor power of 6.5 electric Fritchles.

			The maximum speed of the Fritchle was 40 km/h (25 mph), the Nissan does 140 km/h (87 mph) and the i-MiEV is not far behind (130 km/h or 81 mph). Acceleration data cannot be compared, but there is no doubt that the 2010 cars will accelerate many times faster (and can climb hills much more easily) than their early 1900 cousins. Today, fast acceleration times are one of the selling points of EV’s. The risks of more powerful electric motors were already recognized in the early 1900s. The Hawkins Electrical guide (1914) states:

			Very quick acceleration is an objectionable feature in electric vehicle design, because a vehicle constructed with this feature puts a heavy overdraft on the battery.

			A few years earlier, members of the Electric Vehicle Association of America tried to impose a standard maximum speed of 32 km/h (20 mph) for electric vehicles, because power requirements increased rapidly above that limit. They feared that higher speeds would threaten the all-important range of the automobiles. They did not succeed. Too many manufacturers tried to compete with gasoline cars (and with each other) by designing faster electric vehicles.

			Fuel use increases faster than speed, so it seems clear that velocity is the reason why the range of today’s electric cars did not improve in spite of better batteries. However, it’s more complicated than that. The EPA city range that the modern EV’s advertise, is based on an average speed of 20 mph or 31 km/h – below the 25 mph top speed of the Fritchle, and almost exactly the same as the speed at which the vehicle could drive 100 miles on one charge. While high speeds are definitely a significant factor when considering the real world range of today’s electric cars, it cannot explain the disappointing “official” range. Faster acceleration might play a role, but the EPA-tests described above do not consider aggressive driving either so there must be other factors at play.

			Oversized Cars & Motors

			The first is weight. While the battery of the Nissan is lighter than the battery of the Fritchle, the Nissan vehicle including the battery is 321 kg (706 pounds) heavier. Without the battery, the Nissan weighs almost twice as much as the Fritchle: 1,051 kg (2,310 pounds) versus 590 kg (1,300 pounds). So while batteries became more than 3 times lighter in 100 years time, the weight of the vehicle itself (without battery) doubled. The extra weight of the Nissan already nullifies a significant portion of the progress: a 35 percent higher mass can lead to a 28 percent reduction in range. [3] [4]

			The second factor is directly related to the massive increase in horse power. Electric motors are (generally) most efficient around 75 percent of their rated load. Their efficiency drops dramatically below 25 percent. The Fritchle was most efficient at a speed of around 20 mph. The much more powerful motor of the Nissan Leaf, however, is most efficient at a speed of around 105 km/h, far above the average speed in the tests. Today’s EV’s consume less energy at low speeds than at high speeds because of other factors, but compared to early electrics with their much less powerful motor they are probably less efficient at speeds of around 20 mph. [5]

			Computers on Wheels

			The third factor is the electronics. Modern cars have, depending on the model, 30 to 100 microprocessor-based electronic control units onboard. [6] These computers add weight but also consume energy in a direct way. Part of this direct energy consumption is not included in the EPA-tests – electronically adjustable windows and mirrors, for example.

			However, many other electronics are activated whenever the vehicle is driving. Examples are power brakes, active suspension, safety sensors, dashboard instrumentation and the management of the battery itself (not required for a lead-acid battery but critical for lithium-ion storage technology). All this electrical energy has to be supplied by the battery.

			While a higher performance cannot explain the relatively low official range of today’s EV’s, all factors described above are at least partially a consequence of it. Lower speeds would make most safety-related electronics unnecessary and they would do away with the need for larger motors and batteries which, just like the electronics, add more weight.

			Tesla Roadster

			Some of you might wonder why I don’t compare the 1908 Fritchle to the 2008 Tesla Roadster. This car has a range of 244 miles (393 kilometres), 2.44 times better than the old timer and the modern Japanese cars – and this according to the EPA combined cycle, not the EPA city figures (Although the EPA-combined range advertised by Tesla is of course as much suited for a sports car as the EPA-city range is suited for a family vehicle like the Nissan Leaf).

			The Tesla Roadster is less progressive than it seems, though. The battery of the sports car weighs twice as much (450 kg) as the battery of the Nissan (220 kg). Since both batteries have a similar energy density, you don’t have to be a rocket scientist to calculate that the heavier battery has about twice the capacity: 53 kWh to be exact, compared to 24 kWh for the Nissan’s battery (and 16 kWh for the i-MiEV). Considering the fact that both cars have a similar weight, a 2.5 better range for a battery with more than double (2.2 times) the capacity is far from a revolutionary engineering feat.

			Embodied Energy of EV Batteries

			Doubling battery capacity is one way to increase the range of an electric vehicle (see also the Mini E, which sacrifices its rear seat for a larger battery and gets 104 miles), but this option is far from sustainable since it also doubles the amount of energy needed to manufacture the battery. It also doubles the costs, of course. The battery of the $ 109,000 Tesla Roadster sells for $ 30,000, as much as an entire Nissan or Mitsubishi vehicle.

			Nobody has investigated how much energy it takes to produce a Tesla Roadster battery, or any other EV battery for that matter, but you can get an idea of it using an online tool from Carnegie Mellon University. Corresponding to these data, $ 30,000 of economic activity in the storage battery sector (including the production of li-ion batteries) equals an energy consumption of 23,222 kWh – that’s almost 6 years of electricity consumption by an average British household. The battery has to be replaced after a maximum of 7 years.

			These figures suggest that the embodied energy of the battery – not considered in any research paper that investigates the ecological advantages of electric cars – makes up for a substantial amount of the total energy cost of an electric automobile. At the advertised energy use of 21 kWh per 100 miles, 23,222 kWh would take the Tesla 109,938 miles (176,929 km) far. That’s almost 30,000 km (18,600 miles) per year, or 80 km (51 miles) per day. The low “fuel” costs are only half the story if the “fuel tank” itself is that energy-intensive.

			Miracle Battery

			Today, just like 100 years ago, EV proponents are divided on the question of how to market electric vehicles. Some keep emphasizing the fact that most people never drive further than 30 miles per day – therefore the current batteries are well suited to perform their task. Most cars will be charged overnight, battery-swapping stations and fast-charging will do the rest.

			Others, however, keep hoping for a revolutionary storage technology that will eventually give EV’s a similar range to that of gasoline cars. This belief is supported by press releases like this: “Nanowire battery can hold 10 times the charge of lithium-ion”. It is interesting to note that the arrival of such a miracle battery has been “just around the corner” for over 100 years now. The following quotes are from 1901:

			A large number of people interested in stored power are looking forward to a revolution in the generating power of storage batteries, and it is the opinion of many that the long-looked-for, light weight, high capacity battery will soon be discovered [7].

			The demand for a proper automobile storage battery is so crying that it soon must result in the appearance of the desired accumulator. Everywhere in the history of industrial progress, invention has followed close in the wake of necessity [8].

			Edison himself promised a radical improvement to the lead-acid battery at the turn of the 20th century. It took almost a decade before the Edison battery appeared on the market, and even though it had some advantages over the others, it was very expensive (the price of a gasoline powered Ford Model-T) and far from revolutionary. The promise of a miracle storage technology reared its head again in the 1960s and 1970s, when electric cars went through a short revival:

			The consensus among EV proponents and major battery manufacturers is that a high-energy, high power-density battery – a true breakthrough in electrochemistry – could be accomplished in just 5 years [9].

			The range of most electric (concept) cars in the 1960s and 1970s was considerably lower than that of early 1900 electrics. This was because they were still making use of similar lead-acid batteries, while the cars themselves were already much heavier and more powerful.

			Realistic Electric Vehicles, Scenario 1

			The miracle battery might one day arrive, but history teaches us not to count on it. What would definitely yield results, on the other hand, is to use existing technology and downsize the car. There are two ways to do this, as was briefly noted above. The first is to go back to early 20th century electric vehicles and equip them with modern batteries. This would extend their range spectacularly, as much as a (not yet existing) nanowire battery could.

			If you were to put the lithium-ion battery of the Nissan Leaf in the 1908 Fritchle, the vehicle would have a range of about 644 km (400 miles). If you put a lithium-ion battery with the same weight of the Fritchle-battery inside, you get about 700 miles (1,127 km) range. Add to this the fact that we now also have lighter and more efficient motors (and other vehicle parts) and the range will become even greater.

			Even with the headlights and the heating on, driving home over windy hills and muddy roads, such a car would give a safe and comfortable range, similar to that of today’s gasoline vehicles. Moreover, it would consume less energy: the Fritchle used around 7 kWh/100 km, the Nissan Leaf at least 15 kWh/100 km.

			A better range is much more than a convenience for the driver. It would also mean that we need fewer charging and battery swapping stations, which would greatly lower the costs and the embodied energy of the required infrastructure. In short, slower vehicles would make EV’s a whole lot more likely. Interestingly, we don’t even have to streamline them. Early electrics had style, and at low speeds aerodynamics is not an important factor in energy consumption.

			Realistic Electric Vehicles, Scenario 2

			Of course, slow vehicles with the appearance of a horse carriage will not appeal to everybody. But there is another way. We could also downsize the electric car by designing much lighter and fuel efficient vehicles. This is shown by a concept EV like the Trev. This vehicle’s performance is comparable to that of the Nissan Leaf or the Mitsubishi i-MiEV: it has a top speed of 120 km/h (74.5 mph) and it accelerates from 0 to 100 km/h (60 mph) in less than 10 seconds.

			However, its battery is almost five times lighter (45 kg or 99 pounds) and the vehicle itself (including the battery) weighs only 300 kg (660 pounds). In spite of its higher performance, it consumes as much energy as the Fritchle: 6.2 kWh/100 km, half the fuel consumption of the Nissan. Yet, the range of the Trev is similar to that of the Nissan or the Fritchle: 150 km or 93 miles. The reason is of course that if you design a much lighter vehicle, it will also have a much smaller battery that consequently holds less energy. With gasoline powered automobiles, the potential of weight reduction is much larger.

			Nevertheless, a vehicle like the Trev would have almost as much benefits as a Fritchle with a 2010 battery. It would still require an elaborate charging infrastructure, but because of its much smaller battery it would seriously relieve the problem of peak demand: fast-charging could become a realistic option without the need to build hundreds of new power plants. It would also have the substantial advantage of holding a battery that is much less energy-intensive to produce.

			We Cannot Have It All

			Of course, there are many more possibilities than the two scenarios outlined here. It would not kill us to drive at speeds of 20 mph, on the contrary, but there is so much potential in downsizing the automobile that we don’t have to go all the way back to the early 1900s to get a decent range. We could tune them up a bit so that they could get 60 km/h or 40 mph and accelerate just fast enough to leave a crime scene or flee from a mad elephant.

			At 60 km/h or 40 mph a trip of 600 kilometres or 400 miles would take 10 hours, instead of 5 hours at a common motorway speed. This does not sound like the end of the world. It’s definitely a whole lot faster than going by foot (120 hours) or by bike (30 hours). We could also equip the Trev with a somewhat larger battery so that it gets a better mileage at the expense of a somewhat lower speed. Or, yet another possibility: keep the Trev like it is but limit its speed to that of the Fritchle.

			If we want more speed, we have to sacrifice range. If we want more range, we have to sacrifice speed. If we want to keep the (energy) costs of the charging infrastructure within reasonable limits, we have to sacrifice speed or size. The lesson to be learned here, is that we cannot have it all: range, speed and size. And yet, that’s what we are trying to do. 
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					The 1908 Fritchle electric had a range of 100 miles (160 km).
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					Electric vehicles from the early twentieth century. Horseless vehicles, automobiles, motor cycles operated by steam, hydro-carbon, electric and pneumatic motors. Hiscox, Gardner Dexter, 1900.
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			Electric vehicles. An illustrated directory of the specifications of all domestic and foreign motor-cars and motor business wagons gasoline, steam, and electric sold in this country, New York, 1907.
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					Charging an electric car in 1909.

				

			

		

		
			
				
					[image: ]
				

				
					The 15 HP Babcock Electric Roadster (1911) had a range of 100 miles when driven at 17 mph (27 km/h). Its top speed was 30 mph (48 km/h).
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			Electric Velomobiles: as Fast and Comfortable as Automobiles, but 80 Times More Efficient

			About a quarter of the existent wind turbines would suffice to power as many electric velomobiles as there are people.

			October 2015

			Both the velomobile and the electric bicycle increase the limited range of the cyclist — the former optimises aerodynamics and ergonomics, while the latter assists muscle power with an electric motor fuelled by a battery.

			The electric velomobile combines both approaches, and so maximizes the range of the cyclist — so much so that it is able to replace most, if not all, automobile trips.

			While electric velomobiles have a speed and range that is comparable to that of electric cars, they are up to 80 times more efficient. About a quarter of the existent wind turbines would suffice to power as many electric velomobiles as there are people.

			Cycling Distance

			Few people find the bicycle useful for distances longer than 5 km (3 miles). In the USA, for instance, 85 percent of bicycle trips involve a trip of less than 5 km. Even in the Netherlands, the most bicycle-friendly country in the western world, 77 percent of bike trips are less than 5 km. Only 1 percent of Dutch bicycle trips are more than 15 km (9 miles). In contrast, the average car trip amounts to 15.5 km in the USA and 16.5 km in the Netherlands, with the average trip to work being 19.5 km in the USA and 22 km in the Netherlands.

			It’s clear that the bicycle is not a viable alternative to the car. Depending on his or her fitness, a cyclist reaches cruising speeds of 10 to 25 km/h, which means that the average trip to work would take at least two to four hours, there and back. A strong headwind would make it even longer, and when the cyclist is in a hurry or has to climb hills, he or she would arrive all sweaty. When it rains, the cyclist arrives soaking wet, and when it’s cold hands and feet would freeze. Longer trips on a bicycle also affect the body: wrists, back, shoulders and crotch all suffer, especially when you choose a faster bike.

			An electrically-assisted bicycle solves some of these problems, but not all. The electric motor can be used to reach a destination faster, or with less effort, but the cyclist remains unprotected from the weather. Longer trips would still cause discomfort. Moreover, the range of most electric bicycles (about 25 km or 15.5 miles) is just large enough for the average one-way trip to work, which means that it will not suffice for all commutes.

			The Advantages of an Electric Assist Velomobile

			The velomobile—a recumbent tricycle with aerodynamic bodywork — offers a more interesting alternative to the bicycle for longer trips. The bodywork protects the driver (and luggage) from the weather, while the comfortable recumbent seat eases the strain on the body, making it possible to take longer trips without discomfort. Furthermore, a velomobile (even without electric assistance) is much faster than an electric bicycle.

			At speeds below 10 km/h (6 mph), rolling resistance is the biggest challenge for a cyclist. Air resistance becomes increasingly influential at higher speeds, and becomes the dominant force at speeds above 25 km/h (15.5 mph). This is because rolling resistance increases in proportion to speed, while air drag increases with the square of speed. Because a velomobilist has much better aerodynamics than a bicyclist—the drag coefficient of a velomobilist is up to 30 times lower—he or she can attain higher speeds with the same effort.

			On the downside, a velomobile is heavier than a bicycle, which means that it takes more effort to accelerate and to climb hills. Acceleration is inversely proportional to the mass of a vehicle, so a velomobile uses roughly twice as much energy during acceleration than a bicycle, depending on the weight of the driver and vehicle.

			If rigged with an electric auxiliary motor, the weak points of the velomobile—its slower acceleration and climbing speed—are eliminated. At the same time, a motor accentuates its advantages by further improving on the range of a cyclist. Last but not least, a battery will give a much better range in the velomobile, due to its better aerodynamics.

			Test Driving a Ferrari

			In August, I test drove an electrical velomobile—the eWAW, a vehicle that is sold by Fietser.be—in and around Ghent, Belgium. Brecht Vandeputte, the driving force behind the Belgian manufacturer, accompanied me in an unassisted WAW during a one and a half hour trip through the city and along the tow path of the river Schelde.

			The WAW velomobile (without electrical assistance) was originally developed for winning human-powered vehicle races. It was adapted for daily use with the addition of, among other things, a leakproof rear tyre, open wheel arches (which make the vehicle more agile), an adjustable seat, and a more durable body—which consists of a carbon roll bar and safety cage surrounded by aramid crumple zones. The WAW is known worldwide, at least among velomobilists, as one of the fastest velomobiles available on the market—some call it the Ferrari of the velomobiles.

			The WAW stands out because of its weight (it is 28 kg, as opposed to 34 kg, the weight of the most popular velomobiles, the Dutch Quest and Alleweder) and its low center of gravity (it has a ground clearance of only 9 cm and a height of just 90 cm). Along with a wide wheelbase, a hard suspension, and precise steering (it uses two gear sticks instead of one), this results in high speeds and excellent handling, even on sharp corners. Of course, the WAW also has the drawbacks you can expect from a real sports car, like the very basic interior finish and the fact that the vehicle rattles like a box of rocks when you ride it over a cobblestone road. If road conditions are bad, other velomobiles with more comfortable suspension will be a better choice.

			The eWAW that I drove has everything that the WAW has, plus an electric motor of 250 watts and a surprisingly small battery of 288 Wh, which takes you 60 to 130 km further (37 to 81 miles). The battery and the motor add only 5 kg, bringing the total weight of the vehicle to 33 kg. This is comparable to the weight of other velomobiles without electric assistance. Hence, this pedal powered Ferrari is more than 10 kg lighter than other velomobiles, with a 250 watt electric assistance, such as the hybrid Alleweder and the e-Sunrider, which weigh 45 kg.

			Cycling at 50 km/h

			So how fast is the WAW, and how much faster is the eWAW? First of all, the eWAW is a hybrid vehicle, but the biomass powered motor, also known as the driver, is not included in the package. Because the driver always provides the main part of the total power output, the speed of the vehicle will depend on the power that he or she can deliver. There is no better illustration of this than my test drive. Over a period of about an hour and a half, Brecht and I managed to reach an average speed of 40 km/h (25 mph)—I was in the eWAW and had the regular assistance of the electric motor, Brecht was in a WAW without pedal assistance.

			Cycling literature makes a distinction between three types of cyclists: people with an average fitness level, people with a good fitness level, and top athletes. Riders with an average fitness can maintain a power output of 100 to 150 watts over a period of one hour. Riding a WAW, this translates to speeds of 35 to 40 km/h in ideal conditions—an unobstructed racetrack, and a completely closed vehicle. Drivers with a good fitness level can deliver 200 watts of power over a period of one hour, which translates to speeds of 45 to 50 km/h under the same circumstances. With 250 watts of power, the electric motor of the eWAW gives a person with an average fitness level (like me) the power output of an athlete (100 + 250 watts = 350 watts).

			Maximizing Range and Efficiency

			I am a speed freak, so when I found myself on a nice, open stretch of road, the first thing I did was start the motor at full throttle and pedal like a madman at the same time. If I could have more than 350 watts at my disposal, I calculated, I must be able to reach speeds of at least 70 or 80 km/h (40 to 50 mph). However, my attempt to go any faster than 50 km/h (30 mph) left me frustrated—the vehicle lacks the high gears needed for those speeds.

			Why? Because the eWAW is designed for maximum efficiency. The electric motor is intended to be used for acceleration only (and for climbing hills). Once the velomobilist reaches a cruising speed of about 40 to 50 km/h, he or she switches to pedalling alone.

			The eWAW does not increase the cruising speed or top speed of the unassisted WAW, although it does increase the average speed because it speeds acceleration. This is a different approach from the electric bicycle, where pedal assistance is continuous at normal cruising speeds. With regards to efficiency, the concept behind the eWAW makes much sense.

			A cyclist needs less energy to accelerate than a velomobilist does (because of the bike’s lighter weight) but more energy to keep up speed (because of its weak aerodynamics). In contrast, a velomobilist needs more energy to accelerate than a bicyclist does (because of the vehicle’s heavier weight) but less energy to keep up speed (because of its excellent aerodynamics).

			Because it takes more energy to accelerate in an eWAW than to drive it at a constant speed, the engineer’s choice to assist the driver only during acceleration is smart; it increases the range of both the cyclist and the battery. The electric motor supports the driver during peak efforts, so that his or her endurance will increase spectacularly. (Peak efforts have a detrimental effect on endurance, while pedalling at a steady pace can be done for hours.) Meanwhile, the driver offers the same service to the battery. Because the electric motor is shut off at cruising speed, the battery range increases considerably.

			This said, the driver of the eWAW can choose to use the motor at cruising speed, because it can be operated at his or her will by means of a throttle. This is how I drove the vehicle. As a consequence, the battery lasted “only” 60 km (37 miles), but at least I could keep up with Brecht.

			80 times More Efficient than Electric Cars

			Mounting an electric engine in a velomobile is controversial among velomobilists, just as an electric bicycle is skewed by many biking aficionados. However, when we compare the eWAW with the electric car, still viewed by many as the future of sustainable transportation, it’s a clear winner. In fact, the electric velomobile is everything what the electric car wants to be, but isn’t: a sustainable alternative to the automobile with combustion engine. It is nearly impossible to design a personal, motorized and practical vehicle that is more efficient than the eWAW.

			A simple calculation can illustrate this claim. Imagine that all 300 million Americans replace their car with an electric velomobile and all drive to work on the same day. To charge the 288 Wh battery of each of these 300 million eWAW’s, we need 86,4 GWh of electricity. This is only 25 percent of the electricity produced by existing American wind turbines (on average per day during the period July 2011 to June 2012,). In other words, we could make a switch to private vehicles operating on 100 percent renewable energy, using existent energy plants.

			Now imagine that all 300 million Americans replaced their cars with an electric version like the Nissan Leaf, and all drive to work on the same day. To charge the 24 kW battery of each of those 300 million vehicles, we need 7,200 Gwh of electricity. This is 20 times more than what American wind turbines produce today, and 80 times more than what electric velomobiles need. In short: scenario one is realistic, scenario two is not.

			Even if we all started carpooling, and every electric automobile could carry five people, there remains a large gap in efficiency. Charging 60 million electric cars would still require 16.6 times more electricity than charging 300 million eWAW’s. The electric velomobile also makes it fairly easy for a driver to charge his or her own vehicle. A solar panel of about 60 watts (with a surface area of less than one square meter) produces enough energy to charge the battery, even on a dark winter day.

			In Europe, it would take an even smaller share of the existent wind turbines to charge every European’s eWAW. For the sake of thoroughness, it should be mentioned that the bio-motor also requires energy: the driver needs to eat, and this food needs to be produced. But since western people eat too much, and then drive their cars to the gym in order to lose excess fat, this factor can be safely ignored.

			Range Anxiety

			The large difference in energy efficiency between electric velomobiles and electric cars is remarkable, because both have a similar range. As mentioned, the eWAW takes you a distance of 60 to 130 km, depending on how intensively you use the motor. The Nissan Leaf takes you at best 160 km, when you drive slowly and steadily, and when you don’t make use of the air-conditioning, heating or electronic gadgets on board.

			A heating system is not required in a velomobile, not even in winter, because hands and feet are protected from the wind by the bodywork, and because the driver is active (body activity is the most important factor in maintaining thermal comfort). The need for cooling in summer, on the other hand, will decrease the range—the driver will rely more on the electric motor in order to cool down.

			Interestingly, it is easier to increase the range of the electric velomobile than of the electric car, if necessary. The eWAW can be equipped with one or two extra batteries, which increases the range up to 180 km (112 miles, with continuous assistance of the motor) or 450 km (280 miles, when the motor is only used to assist acceleration). Adding two batteries to the eWAW increases the weight of the vehicle by only 6 kg, and still leaves ample space for luggage. If we suppose that the rider weighs 70 kg, then adding two batteries increases the total weight of the eWAW from 103 to 109 kg—a weight gain of 6 percent. If we apply the same trick to the Nissan Leaf (where three times as many batteries take the place of the rear seat and the trunk), total weight increases from 1,582 kg (the driver of 70 kg included) to 2,022 kg—a weight gain of 30 percent.

			Another way to increase the range of an electric vehicle is swapping batteries or fast-charging them. These options are available for both electric cars and velomobiles, but developing a charging infrastructure for electric cars is a daunting task, while doing so for electric velomobiles is easy. The battery of the eWAW not only needs 80 times less energy than the battery of a Nissan Leaf (which makes fast-charging a real option), it also weighs 73 times less (which makes swapping batteries a very low-tech operation). While we do have faster vehicles for long distances that are equally sustainable (like trains and trolleybusses), the velomobile offers an alternative for those who prefer a personal means of transportation, or for those who prefer an active lifestyle.

			When the battery of an electric velomobile drains, the velomobilist can still pedal home—at speeds above those of a bicycle. The driver of the electric car can’t do that, because his contraption is too heavy. One Nissan Leaf weighs as much as 46 eWAW’s. Most of the energy used by an electric car (and by a car with combustion engine), is used to move the vehicle itself, not the driver—the Nissan Leaf is 21 times heavier than its driver. In the case of the eWAW, this relation is reversed: the driver weighs two to three times more than the vehicle.

			Fast and Smooth Traffic

			The eWAW makes cycling a fast and comfortable option for longer distances. At a cruising speed of 50 km/h (31 mph), the average commute in the USA (19.5 km or 12 miles) would take 23.4 minutes. This compares very favourably with the car, for which the average commute time is 22.8 minutes. In the Netherlands, where road traffic is heavy, the electric velomobile is potentially faster than a car. The velomobile could cover the average commute of 22 km (13.7 miles) in 26.4 minutes, while it takes 28 minutes by car.

			Of course, a cruising speed of 50 km/h does not mean that a velomobilist can reach an average speed of 50 km/h during the whole trip. If cars could maintain their maximum cruising speed during the commute, they would be much faster than velomobiles. In reality, however, they can’t do that because of speed limits, traffic lights and traffic jams.

			Velomobiles could suffer similar delays, but there is an important difference: because a velomobile occupies much less space than a car (one car needs as much space as four velomobiles), free-flowing traffic is a much more realistic option for velomobiles. The capacity of our roads would at least quadruple if we switched from cars to velomobiles. Furthermore, the cruising speed of a velomobile does not exceed most speed limits.

			Legal Limbo

			Laws dealing with electrically-assisted cycles can vary extremely, depending on the country, state, province or even municipality. In Germany, cycles with an electric assistance of up to 250 watts and 25 km/h are considered bicycles, while cycles with an electric assistance of up to 500 watts and 45 km/h can be registered as mopeds. In Switzerland, cycles with an electric assistance of up to 250 watts and 25 km/h are considered mopeds, while cycles with an electric assistance of up to 1,000 watts can be registered as a motorcycle, in which case no speed limitation exists at all. In Austria, cycles can have an electric assistance of up to 600 watts and 45 km/h while still being considered as a bicycle.

			In the USA, limits for maximum motor power vary from 750 to 5,000 watt, depending on the state. In some states, cycles with an electric assistance of up to speeds of 30, 40 or even 60 mph (48, 64 and 94 km/h) are considered bicycles. In other states, all cycles with electric assistance are regulated as mopeds, regardless of motor power and speed. Some states have no laws and others outlaw electric cycles altogether. To make things more complicated, several countries and states also regulate things like seat height, braking distance, type of transmission, the weight of the vehicle, the diameter of the wheels or the number of wheels (some allow two and three wheels but not four wheels, others allow two or four wheels but not three wheels).

			Road regulations are even more confusing, because they are often complicated by provincial and municipal restrictions. Generally, if electric velomobiles are registered as a bicycle, they should use bike lanes and bike paths whenever possible, while velomobiles registered as mopeds or motorcycles are obliged to share the road with cars. However, there are many exceptions, effectively creating a legal limbo.

			This is in stark contrast with the laws regulating engine power and speed for cars, which are the same all over the world. In particular, both engine output and maximum speed are left completely free. This leads to the very strange fact that a car, for instance a Porsche Cayenne Turbo S with a weight of 2,355 kg, an engine of 382,000 watts and a top speed of 270 km/h can be driven anywhere on Earth, while an electric velomobile with a weight of 35 kg, a motor of 250 watts and an electric assistance of up to 50 km/h is illegal in most countries. A consequent legislation would either limit the motor output and speed of both cars and velomobiles, or leave motor output and vehicle speed unregulated in both cases, combined with maximum road speeds and speed checks.

			Towards a New Class of Vehicles?

			The complex legal situation in which the velomobile finds itself, is telling. The velomobile, and especially the velomobile with electric assistance, calls into question the validity of the existing vehicle categories. The velomobile can be described as an extremely fast and comfortable cycle, as well as a particularly efficient automobile. It is difficult to categorize, and this makes the technology so interesting. The mobility debate is characterised by an ideological divide between motorized and non-motorized options: one is either pro-automobile, or pro-bicycle. The electric velomobile shows that there is a middle-ground, offering hope that both camps might one day unite.

			In Bicycles Don’t Evolve: Velomobiles and the Modelling of Transport Technologies, Peter Cox and Frederik Van De Walle (the latter designed the WAW) advocate the velomobile as a new, separate class of vehicles. They argue that the legal uncertainty surrounding the velomobile is a consequence of a pseudo-Darwinist view on the development of vehicle technology (and technology in general). According to this mental model, the bicycle “evolved” during the early 20th century into the faster motorcycle and next into the faster and more comfortable automobile, implying a logically ordered series of improvements which reflects an inevitable progress and an increasing rationality.

			Any form of transport “further back” along the evolutionary narrative is rendered lesser, anachronistic and outmoded by its superior, more evolved “offspring.” This is why, when we are discussing sustainable transportation options for the future, we invariably start from the automobile — witness the consecutive hypes on hydrogen cars, bio-fuelled cars, compressed-air cars, and electric cars. Cycles, on the other hand, are (in most western countries) considered to be vehicles driven in leisure time, or for people who cannot afford a car.

			The (electric) velomobile does not fit in this mental model, and therefore it proves its invalidity. The speed of the electric velomobile approaches the speed of a motorcycle or automobile, while the ergonomic seating position and the protective bodywork can make it almost as comfortable as a car. Because the electric velomobile achieves all this with just a fraction of the energy used by a motorcycle or car, it can hardly be considered an obsolete or old-fashioned alternative. Moreover, the electric velomobile is as expensive to buy as a (very) small car (the eWAW costs 7,790 Euro), while we assume that cycles cost much less than cars.

			Cox and Van De Walle propose an alternative conceptual framework, a matrix consisting of four categories of vehicles: bicycle, motorcycle, velomobile and automobile. The difference between bicycle and motorcycle is also the difference between velomobile and automobile: the addition or omittance of a motor. The difference between motorcycle and automobile is also the difference between bicycle and velomobile: from an open to a closed form, that is, from riding “on” to riding “in.” The limits of the four categories are not strict: a partial or removable bodywork blurs the morphological distinction (examples are the Hase Klimax and the BMW C1), while the use of an auxiliary motor for assistance blurs the motorization distinction (as in electric bicycles and electric velomobiles).

			Thus, Cox and Van De Walle present an overview of the different types of individual transport technologies — and their hybrids — without the implicit hierarchy of values in what they call the “evolinear model.” In this mental framework, the automobile dominates. By introducing the velomobile as a fourth category, this is no longer the case. However, in the new mental framework, the automobile is not considered an enemy. Electric velomobiles, being a hybrid between a velomobile and an automobile, can be designed in many different ways. The eWAW comes very close to the unassisted velomobile. But electric velomobiles that come closer to automobiles are a possibility, too.

			Pimp up Your Velomobile

			There are roughly five variations in the design of an electric velomobile. In the first, the input of the driver is larger than that of the electric motor. This is the class of vehicles that the eWAW belongs to, if used properly. Such a vehicle would adhere to the legal description of an electrically-assisted cycle in the European Union, with the exception that the speed limit of the electric assistance is twice as high (50 instead of 25 km/h) to reflect the higher cruising speed of a velomobile. In the second configuration, the input of the driver is equal to the input of the motor. The only difference from the first configuration is that the motor also assists the driver at cruising speed, up to a limit of 45 or 50 km/h. This is the class of vehicles that the eWAW belongs to, the way I drove it.

			In the third configuration, the input of the electric motor is larger than the input of the driver. A more powerful motor would result in a faster acceleration and a higher climbing speed (and thus in a higher average speed), but not in a higher top speed because the electric assistance is shut off at 45 to 50 km/h. It would further reduce the effort needed to maintain cruising speed (if the driver is fit), or make it even easier for people with an average fitness level to reach higher cruising speeds.

			This type of velomobile exists in Germany, where more powerful motors and higher speeds are allowed if the vehicle is registered as a moped. Examples are the 500 watt Alleweder 4 and the 600 watt Alleweder 6, the 750 watt Aerorider Sport, and the 500 watt Hase Klimax 5K (not a real velomobile but a recumbent with a foldable bodywork, which can “zip off from the stoplight faster than some roadsters”). The Aerorider puts the additional motor power to use in another way: it has a more luxurious interior design, resembling that of a car, which adds comfort but also weight (the vehicle weighs 55 kg).

			The fourth possibility is to do away with the speed limitation altogether. This can be applied to all configurations described above. The motor would assist the driver automatically to whatever possible speed. The top speed will depend on the output of both the motor and the driver. These vehicles are not on the market, but it is possible to adapt one of the above described velomobiles by removing the sensor that shuts off the motor at whatever maximum speed lawmakers have decided, and by mounting higher gears. There is no mechanical limit to the speeds that this type of velomobile could achieve. There is no reason why a velomobile can’t go as fast as 120 km/h (75 mph). In fact, the speed record for an unassisted velomobile stands at more than 130 km/h (80 mph).

			Trading Efficiency and Range for Speed or Comfort

			In the fifth and last configuration we do away with the automatic activation of the motor, which is now standard in all electric cycles. In this case, the driver decides when the motor operates. This can be applied to all configurations, and the effect is always the same: the motor can also be operated when the driver is not pedalling at all. The adapted eWAW that I drove could be driven in this way for about 60 km at a speed of about 30 km/h — still fast enough to overtake all but the speediest cyclists. This is not a particularly exciting but nevertheless very pleasant way of travelling — and the bodywork makes sure that nobody knows you’re not pedalling.

			The possible configurations for electric velomobiles include electrically-assisted cycles, driver-assisted motorcycles, and fully motorized vehicles. With every step, efficiency and range is traded for speed or comfort. A more powerful motor will demand more of the battery. More batteries can be added to make up for the decreased range, but this will increase weight and thus decrease efficiency. However, because the eWAW is 80 times more efficient than an electric car, there is quite some room for pimping up a velomobile. The Alleweders with more powerful motors can be bought in Germany with batteries of 1,664 Wh — that’s still 14 times more efficient than the Nissan Leaf, for a similar range.

			Even a fully electric velomobile speeding at 100 km/h and packed with batteries would still be more efficient than a Nissan Leaf. We have argued repeatedly that automobiles should become lighter and slower in order to become more efficient, but of course the same results could be obtained by making cycles faster and heavier.
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					Electric velomobile. Source: Fietser.be.
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			Electric velomobiles. Source: Fietser.be.

		

	
		
			Get Wired (Again): ­Trolleybuses and ­Trolleytrucks

			Trolleybuses and trolleytrucks have all the advantages of electric cars – and none of their drawbacks.

			July 2009

			A large-scale introduction of electric cars faces technological hurdles and promises to be time-consuming and expensive. Electrifying public transportation and cargo traffic, on the other hand, could be done fast with existing technology for a reasonable price – if we opt for the trolleybus and the trolleytruck. A trolleybus (or trackless trolley) can be defined in two ways; as an electric bus that gets its power from overhead cables, or as a tram (or street car) that drives on rubber tyres. Whichever way you look at it, this combination of bus and tram is the most sustainable (motorised) means of transport that exists in the world today.

			Cheap, Fast, Durable

			Just like all other electrically powered vehicles (cars, trains, trams) a trolleybus does not produce exhaust fumes, is more efficient than vehicles with a combustion engine, and can drive on renewable energy. The trolleybus, however, has interesting advantages over other electric vehicles. A trolleybus does not need a battery. In this way, it bypasses the weak point of electric cars. Batteries are energy-intensive to produce and limit the mileage of electric cars, which means that the vehicles require an elaborate infrastructure for fast-charging or swapping batteries. Batteries also make electric vehicles heavy and thus less energy efficient than when hooked up to an overhead line – a battery makes up at least one third of the weight of an electric car.

			A trolleybus also has advantages compared to other means of electric public transport. Contrary to a train or a tram, a trolleybus does not need a rail infrastructure. This not only results in huge cost and time savings, it also saves a large amount of energy. Installing a trolleybus service is of course more expensive than installing a normal bus line, but that extra cost can be recovered because of lower fuel and maintenance costs. Furthermore, a trolleybus has better braking power than a tram and it is better at climbing hills, since rubber tyres have more grip than steel wheels on steel rails. Trolleybuses are also compatible with bicycles because cyclists cannot get stuck in the tracks. They are more manoeuvrable than trams – a badly parked car will not stop them, because they can diverge from their track for a couple of metres.

			Being public transport, trolleybuses of course have the same advantages as trams; they use much less energy and space per passenger than cars. The trolleybus is not only cheap and ecologically sound, it is also fast to implement. There is no need to break up the road, no need to install a charging infrastructure; just attach overhead lines and off you go. This is a political advantage. The announcement and implementation of a system can happen in the same term of service. Because trolleybuses are cheaper than trams, they can also be used on trajectories where a tram would not find sufficient passengers to be cost-effective.

			History and Evolution

			The first trolleybus got hooked up in 1882; the Elektromote, built by Ernst Werner von Siemens. However, it took almost 20 more years before the first commercial line was installed – in Bielatal, close to Dresden in Germany. During the first half of the twentieth century, and especially since the 1930s, the trolleybus was a success story. Around 1950, there were some 900 trolleybus systems operating worldwide. A large share of these was done away with in the 1960s and 1970s, mostly to the advantage of private cars and diesel buses.

			Still, in many cities, the trolleybus never disappeared. Today, 359 cities worldwide still operate trolleybus lines, the number of buses is estimated at 40,000. Most trolley services are located in the former Soviet Union and Eastern Bloc countries – probably another reason for their lousy image. The 1,300 kilometre network in Moscow is the largest in the world. It has 1,500 buses and 100 lines. Minsk, the capital of Belarus, has the second largest network in the world with 1,050 buses and 68 lines. Saint Petersburg has the fourth largest network in the world with 735 buses spread across 41 lines (following Beijing, China, in third place). Ukraine has trolleybuses in more than 25 cities and it boasts the longest trolley line in the world: 85 kilometres from Yalta to Simferopol. The three largest networks in the European Union are Athens, Riga and Bucharest. Other former Eastern Bloc cities with large trolleybus networks are Belgrade, Bratislava, Budapest, Kiev and Sofia.

			Switzerland has trolleybuses in 13 cities. Dozens of other cities in Europe have smaller networks. Outside Europe there are trolleybus systems in the US (Boston, Cambridge, Philadelphia, Dayton, San Francisco, Seattle), Canada (Vancouver, Edmonton), Central-America (Mexico City, the largest network in the Americas), Latin-America (Argentina, Brazil, Ecuador, Chile) and Asia (China, North-Korea). Obviously, the technology works, because otherwise it would not have been in service for such a long time in so many places. This cannot be said of electric cars, which all but disappeared in the 1920s.

			Hybrid Trolleybuses

			Compared to diesel buses, trolleybuses do have a couple of disadvantages. A trolleybus is more manoeuvrable than a tram, but less so than a diesel bus. If the road is being repaired or rebuilt in a street where trolleybuses pass, chances are that the line has to be discontinued temporarily. A diesel bus can easily be rerouted. Similar to trams, trolleybuses also cannot overtake each other. The most important drawback of trolley systems is the need for overhead cables. They are generally regarded as ugly and meet protest. Especially at crossroads the cable network can be dense and hard to ignore. Similar to trams, the “tracks” of trolleybuses have points, but the whole mechanism of these hangs in the air. We adore wireless technology and that is probably the reason why trolleybuses are regarded as a ridiculous and inferior technology, a relic from the past.

			Hybrid trolleybuses provide an answer to most of these disadvantages. By equipping trolleybuses with a battery or an auxiliary diesel motor, the bus can also cover a part of the route without depending on the overhead cables. Most trolleybuses built since 1990 are equipped with at least a small battery or diesel motor for some limited manoeuvring. This can save the installation of overhead cables, especially at turning points and in sheds, where normally a complicated infrastructure is needed to manoeuvre the buses. It can also help to get round road works. On some lines (like in Boston and Philadelphia) hybrid trolley services exist. The bus then covers part of the route on electricity delivered by the overhead cables, while another part is covered by means of a (larger) battery or a diesel engine. In this way some drawbacks of batteries and diesel engines are introduced, but these disadvantages are limited when compared to electric cars or diesel buses. Hybrid buses might be a way to spare some parts of a city of overhead lines.

			New Trolleybus Lines

			Although some cities have recently decided to stop their (modest) trolley services (Ghent in Belgium, Innsbruck in Austria, Marseille in France and Edmonton in Canada), there are many more cities that have recently expanded or modernised their network, re-introduced trolleybuses, or introduced them for the first time. In France, the trolley lines in Limoges, Saint-Étienne and Lyon (the largest network in France) have recently been expanded and renewed. One line in Nancy (abolished in 1998) will be restored in 2010. In Athens the full fleet of 350 vehicles has been renewed. In Italy trolleybuses have been reintroduced in Rome in 2005 (only one line) and new systems are coming in Lecce, Avellino en Pescara. The system in Bari will be reopened. A dozen other Italian cities have never abolished their trolley services and do not have any intention of doing so.

			Castellón de la Plana, a city in Spain, reintroduced trolleybuses in 2007, and the service was expanded in 2008. In Salzburg (the largest network in Austria with 80 buses and 7 routes) the service was recently expanded. A new system is planned in Leeds in the United Kingdom, which would be the first reintroduction of trolleybuses in the UK in 30 years. Vancouver in Canada renewed its buses in 2007 and 2008, Wellington in New Zealand did the same. Even Ethiopia announced a trolleybus system in 2008.

			El Trole

			The most spectacular progress is made in South-America. This has everything to do with El Trole, the trolleybus network in Quito, the capital of Ecuador with 1.6 million inhabitants. The already impressive network, built in 1995, was expanded in 2000 and 2008. On a part of the main line (with a length of 19 kilometres) the trolleybuses make use of exclusive lanes, completely separated from other traffic. During peak hours, there is a bus every 50 to 90 seconds (because of the high frequency, there are no schedules). El Trole transports 262,000 passengers each day. Five other trolleybus lines connect to it, as well as several other bus lines (including Ecovía, a line similar to El Trole but using diesel buses). The average distance between stops is 400 metres.

			The system in Quito is being copied in Mérida (Venezuela), the first part of that line opened in 2007. Other cities in Latin America study the possibility of installing a similar infrastructure, and the Quito system was also the inspiration for the proposals in England and Scotland. By choosing the cheaper trolleybus over tram or metro, Quito could develop a much larger network in a shorter time. The capital investment of the 19 kilometre line was less than 60 million dollar – hardly sufficient to build 4 kilometres of tram line, or about 1 kilometre of metro line. Lower investment costs also mean lower ticket fares, and thus more passengers.

			Furthermore, the system is well devised. There is only one ticket fare, payment happens in the station, not on the bus. Stops are comfortable and built to get fast in and out of the bus, there are very good connections with other lines (sometimes via the same stop), and thanks to the exclusive lanes and (at some crossroads) automatically controlled traffic lights the system is extremely reliable. In Quito, the bus always arrives on time. Unfortunately, El Trole has become a victim of its own success. The Ecuadorian government now plans to convert (the larger part of) the main line to a much more expensive light rail line, arguing that the network is saturated. A protest group consisting of citizens and traffic engineers opposes the 500-750 million dollar plan and demands that the money is used to extend of the trolleyline instead:

			The same investment required to build the 20 to 30 km of light rail would build 250 km of exclusive lanes for trolleybuses including vehicles, stations and terminals. Quito’s system of rapid urban mass transport would be complete, providing efficient service, with money left over for construction of bikeways throughout the city, for recovery and integration of public spaces, widening of sidewalks, planting trees and providing urban furniture, building walkways between bus stops and passenger destinations, and other projects to complement the system, in such a way to be able to have a city with an optimal public transport service, placing us in the lead among cities with the best public transport in the world.

			Whatever the outcome in Quito will be, the many advantages of a trolleybus line should not lead to the conclusion that light rail systems are evil or unnecessary. When passenger capacity grows, it can make sense to convert the busiest trolleylines to light rail systems. The income of a popular trolleyline might serve to finance the succeeding rail network. Another compromise are rail-guided trolleys. These vehicles have rubber tyres but are guided by one rail in the middle, which makes it possible to use longer vehicles.

			Trolleytrucks

			Trolley systems can also be used for the transport of goods. Trolleytrucks are a lesser known technology but have an equally long history. Initially, they were as popular as trolleybuses, transporting goods between factories and train stations. Especially the German engineer Max Schiemann put together some remarkable examples in the beginning of the 20th century. The technology never really took off, though. Trolleytrucks are still sporadically used in Russia and Ukraine, and in the mining industry. However, in the latter case, the electric engine does not replace the diesel engine, but merely assists it. Another historical example is the Valtellina Dam Project in Italy. These two lines with a total length of 80 kilometres were built in 1936 and remained in service until 1962. Twenty trolleytrucks transported concrete, sand and other construction materials to build two large dams. Today there are no cities that plan a trolleytruck system, but the German city of Dresden does have a Cargo Tram.

			Trolleytrucks and trolleybuses are also put forward as a solution in the 2008 book Transport Revolutions: moving people and freight without oil. Authors Richard Gilbert and Anthony Perl propose a plan that would include 500 billion tonne-kilometres of cargo moved by trolleylorry in the US by 2025. Trolleytrucks would replace trucks, and complement cargo trains.

			All too often we are blind for the costs of high-tech. If we cannot afford a technology, it is of not much use. Low-tech options that have been proven to work, can deliver much better results for a bargain. The technology to completely electrify land based transportation has been available for over a hundred years. If we want to, we can do the switchover in just a few years time. Let’s start with public transport and cargo traffic, and then let’s see what to do with cars – if we still need them. Trolleycars, even though theoretically possible, are not a practical option. 
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					The first trolleybus, 1882. Image in the public domain.
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					A trolleybus in England, 1966. Image: Alan Murray-Rust (CC BY-SA 2.0).
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					A trolleybus in Minsk. Image by Romancieslik (CC BY-SA 3.0).
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					A trolleybus in Lyon, France. Image by Florian Fèvre (CC BY-SA 4.0).
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					Trolleybuses in Luzern, Switzerland. Image by Re 460 (CC BY-SA 3.0).
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					A small trolleytruck in Barcelona, 1956. Image: Dewi Williams.
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					The Valentina trolley system (1938-1962). A total of twenty trolley trucks were used to carry concrete, sand and equipment for the construction of two dams in northern Italy.
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					The Valentina trolley system (1938-1962). A total of twenty trolley trucks were used to carry concrete, sand and equipment for the construction of two dams in northern Italy.
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					Experimental trolley truck in Ukraine, 1954.
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					A cargo tram in Dresden, Germany. Image by kaffeeeinstein (CC BY-SA 2.0).
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			High Speed Trains are Killing the European Railway Network

			High speed rail is destroying the most valuable alternative to the airplane; the “low speed” rail network that has been in service for decades.

			December 2013

			High speed rail is marketed as a sustainable alternative to air traffic. According to the International Union of Railways, the high speed train “plays a key role in a stage of sustainable development and combating climate change.” As a regular long-distance train traveller in Europe, I have to say that the opposite is true. High speed rail is destroying the most valuable alternative to the airplane; the “low speed” rail network that has been in service for decades.

			The introduction of a high speed train connection invariably accompanies the elimination of a slightly slower, but much more affordable, alternative route, forcing passengers to use the new and more expensive product, or abandon the train altogether. As a result, business people switch from full-service planes to high speed trains, while the majority of Europeans are pushed into cars, coaches and low-cost airplanes.

			A look at European railway history shows that the choice for the elite high speed train is far from necessary. Earlier efforts to organize speedy international rail services in Europe accompanied affordable prices and different ways to increase the speed and comfort of a rail trip. Quite a few of these services were even faster than today’s high speed trains.

			Not Flying

			Five years ago I promised my readers I would not fly anymore. Hopping on a plane would be a hypocritical thing to do when you run a publication called Low-tech Magazine. Since then, I have been travelling across Europe almost exlusively by train (apart from the occasional boat trip), good for some 70,000 km of long-distance travel. I went as far north as Helsinki, as far south as Málaga, and as far east as Budapest. Europe has the most amazing railway network in the world. It gets you anywhere, anytime, and it’s much more fun and interesting to travel by train than by air.

			However, this is not the time to get lyrical about the pleasures of long-distance train travel. Every year, it becomes harder to keep my promise, and the advance of the high speed train is to blame. As more and more reliable train routes are shut down in favour of high speed lines, international train travel becomes prohibitively expensive. Strangely enough, many of these abolished routes are almost as fast, and sometimes even faster, than the new, expensive high speed connections.

			As an example, let’s have a look at the route which I cover most often: from Barcelona, Spain (where I live) to the Netherlands and Belgium (where I grew up). It is now possible to travel all the way from Barcelona to Amsterdam by high speed train, a trip of 1,700 km. The final link between Barcelona and the French border was inaugurated December 15, 2013. Great news, you would think.

			Paris–Brussels–Amsterdam

			The section between Paris and Amsterdam is a busy trajectory with a long history. The first direct train between Paris and Amsterdam was established in 1927. The Étoile du Nord, a train operated by the Belgian Compagnie Internationale des Wagon-Lits, covered the 545 km long route in about eight hours. There was one train per day in each direction. [1]

			During the subsequent decades, the rolling stock was modernised, the capacity of the line was extended with extra trains, and the length of the journey was gradually reduced. By 1957, travel time had been shortened to five and a half hours, by 1971 it was five hours, and in 1995, the last year of its operation, the train did the trip in four hours and 20 minutes. At that time, the route was also covered by a night train which took eight hours.

			In 1996, the Étoile du Nord was retired and replaced by a high speed train which is still running today: the Thalys. It takes another, somewhat longer route via Lille. By 2011, when the whole section was equipped with new high speed track, the travel time of the Thalys had come down to 3h19, about one hour faster than the 1995 Étoile du Nord. Some years after the arrival of the high speed service, the direct night train between Paris and Amsterdam was also abolished.

			The relatively modest time gain of the Thalys has a steep price. The fare for the Étoile du Nord was a fixed amount calculated according to a rate per kilometer. Converted to the current kilometer charges of the Belgian, French and Dutch railways, a single ticket Paris-Amsterdam over the same route would now cost 66 euro, regardless of whether you buy it two months in advance or right before you leave.

			The fare for the Thalys, on the other hand, is determined by market demand and booking time. If you order well in advance and if your departure time is not fixed, you might get a single ticket for as little as €44—two thirds of the kilometer rate. These heavily advertised prices, however, are the exception rather than the rule. If you buy a single ticket the day of your departure, you pay €206, almost five times as much. Most tickets, even if ordered two or three weeks in advance, cost €119 or €129—almost three times as much as the widely promoted fares. [2] In marketing, this pricing strategy is called “reducing perceived ticket costs.” [3] [4]

			Killing the Alternatives

			The Thalys is two to three times as expensive as the Étoile du Nord, while it’s only 25 percent faster. For most people, the time gained by taking the high speed train is not worth the extra cost. However, since the Étoile du Nord has vanished, they are left no other choice than to pay more when they want to travel by train.

			You can still travel cheaply by low speed train between Paris and Amsterdam—over the same route that was covered by the Étoile du Nord. But you have to be very patient: the trip takes 7 to 8 hours and you have to switch trains 5 to 6 times (Paris–Maubeuge–Jeumont–Erquelinnes–Charleroi–Brussels–Amsterdam). A one-way trip costs €66, half the price of the most common fare of the Thalys.

			It’s an adventure, not a regular train ride. And it’s become even more unpredictable since December 2012, when the train service between Jeumont (the French border town) and Erquelinnes (the Belgian border town) was suspended. The trip now includes a 30 minute walk or a 10 minute bus ride across the border. This is why the route doesn’t show up on online route planners. I only discovered it after I learned about the existence of the Étoile du Nord and started following its itinerary.

			There is another alternative route between Paris and Amsterdam, which consists of a combination of regional trains following more or less the same trajectory as the Thalys (Paris–Amiens–Lille–Courtrai–Brussels–Amsterdam), but it’s more expensive (€99) and only marginally faster.

			Quite surprisingly, those who want to avoid the high costs associated with the high speed train between Paris and Amsterdam are much worse off today than people were in 1927, when the trip also took eight hours, but there was no need to switch trains or walk across the border. [5]

			Barcelona–Paris

			The Thalys is not an isolated case. The completion of the last link in the high speed line between Barcelona and Paris on December 15, 2013, had a predictable consequence: the abolishment of the direct night train between both cities, the Trenhotel Joan Miró. This very popular train ran daily in both directions and covered the distance in about 12 hours, leaving around 20h30 in evening and arriving around 08h30 in morning. It was introduced in 1974, and received its present name and rolling stock in 1991.

			Again, this is not the time to marvel about the comfortable cabins, the linen table clothing in the dining car, or the many friends I have made on this trip. Let’s just look at the numbers. The fare for a one-way trip on the Trenhotel Joan Miró was between €70 (ordered more than two weeks in advance) and €140 euro (ordered shortly before departure). The standard fare on the new high speed train covering the same trajectory is €170, up to twice as much. As with the Thalys, heavily advertised cheaper fares (€59 euro) are available for early bookers, but the availability of these tickets is very, very limited.

			At first sight, it seems that you get something valuable in return for this steep price: a travel time of slightly over six hours. However, numbers don’t tell the whole story here. On a night train, passengers sleep about seven to eight hours, which brings the perceived travel time back to between four and five hours—faster than the high speed train. Furthermore, the night train meant you arrived in Paris or Barcelona in the early morning, which can be very practical. If you want to arrive early morning by high speed train, you need to take a train the day before and book a hotel, increasing the overall cost.

			For die-hard idiots like me, there are still cheaper options available. You can take a regional train from Barcelona to the French border, either going straight over the Pyrenees (via Latour de Carol-Enveitg) or alongside the coast (via Cerbère-Portbou). From these border stations, you can hop on a domestic night train to Paris—in spite of its extensive high speed network, France still has some domestic night trains. A one-way trip costs about €70 to €140, corresponding with the fare of the abolished Trenhotel. However, this is cold comfort as the trip takes close to 16 hours and requires an extra change. And forget all the comfort and extras that came with the Trenhotel: you sleep in a cabin with six instead of four beds, and there isn’t even a drinking fountain onboard, let alone a bar or a restaurant.

			In summary, as of 2014, a round trip between Barcelona and Amsterdam will set me back at least €580 at standard fare. In 2013, a combination of the now suspended Trenhotel and the Thalys allowed me to travel back and forth by train for a minimum standard fare of €360. And in the early 1990s, combining the Étoile du Nord and the Trenhotel would have allowed me to make the trip for a minimum of €270 euro (calculated at today’s kilometer rate). The price has doubled, while the travel time remained more or less the same.

			Let’s go East!

			The worst is yet to come, though. The high speed line between Paris and Barcelona has also cut off my gateway to Central and Eastern Europe. Contrary to the “slow” train route that goes over the mountains and then heads straight to Paris, the high speed track does a sharp turn to the right, heading towards Narbonne and Montpellier in the south of France before setting course to Paris. If I want to go to Italy, Switzerland, Austria or beyond, I have to go in the same direction.

			The completion of the high speed track between Montpellier and the Spanish border in 2010 led to the suspension of three “slow” trains. The first was the Catalan Talgo, a direct train that had run between Barcelona and Montpellier since 1969. In fact, it originally operated between Barcelona and Geneva in Switzerland, but the route was shortened when the high speed line between Montpellier and Geneva was opened in 1994.

			I felt lucky to be travelling on this train, which still used the original rolling stock from 1969. But, again, this is not the time for nostalgia. Look at the numbers. The original Catalan Talgo, running between Barcelona and Geneva until 1994, completed the journey in 10 hours. My only option when travelling to Geneva now involves a combination of three high speed trains and a regional train with a total travel time of eight to ten hours—just as fast as the Catalan Talgo in the 1970s, but that was direct. The train itself may have been in need of an upgrade, but the direct connection clearly wasn’t.

			The two other trains were abolished in December 2012. These were night trains: the Trenhotel Pau Casals, which ran between Barcelona and Zürich (Switzerland), and the Trenhotel Salvador Dalì, which connected Barcelona and Milan (Italy). They each took about 13 hours to complete their journey, leaving around 20h30 in evening and arriving at 10h00 in morning. The only way to reach Zürich now is through a combination of at least two high speed trains that take 11 hours. The only way to get to Milan is now through a combination of two high speed trains and a regional train with a total travel time of over 12 hours.

			A trip from Barcelona to Switzerland or Italy now takes longer than before the installation of the high speed train. In spite of this, fares on the route have more than doubled. This is why I started thinking about doing my next trip by bicycle.

			High Speed Trains are Not Sustainable

			Despite its supposed efficiency, the high speed train will not make my travels any more sustainable. Passengers who switch from low speed trains to high speed trains, like I have to do now, increase energy use and carbon emissions. However, most Europeans aren’t like me. If they travel between Amsterdam and Barcelona, they take a plane. If we are to believe the European Union, who has made the high speed train a key element in its strategy to make long-distance transportation less energy and carbon-intensive, passengers who now take planes will switch to high speed trains.

			However, if you compare the ticket prices, it’s obvious that this won’t happen. You can fly back and forth between Barcelona and Amsterdam with a low-cost airline for €100 if you book one to two weeks in advance, and for about €200 if you buy the ticket on the day of departure. [6] That’s compared to €580 for what the journey would cost you if you would take the high speed train. Furthermore, the flight only takes about two hours. Flying has become so cheap in Europe that it’s now cheaper to live in Barcelona and commute by plane each day, than to live and work in London. [7]

			Historically, train fares have always been lower than air fares. The arrival of high speed trains and low-cost airlines in the 1990s has inverted this. Rich and poor have simply swapped travel modes: the masses are now travelling by plane, while the elite take the train. Since there are less rich Europeans, this obviously won’t bring any energy savings or reductions in carbon emissions.

			High speed trains share a fundamental problem with almost all other “sustainable” high-tech solutions that are being marketed these days: they are way too expensive to become mainstream. This explains why installing 10,000 km of high speed train lines did not stop the growth of passenger air traffic in Europe. From 1993 to 2009, air traffic in Europe grew by an average of 3–5 percent per year. It is estimated to grow by another 50 percent from 2012 to 2030 in spite of the present economic downturn and the 20,000 km of high speed lines that still need to be built. [8]

			Modal Shift

			The difference in ticket prices between low-cost airlines and high speed trains is so large that it is impossible to achieve a significant modal shift from planes to trains. Nevertheless, both the European Union and the International Union of Railways have published many reports showing that people are switching from planes to trains, saving energy and carbon emissions. How can that be? Because these reports are flawed.

			Granted, on many routes where high speed trains have been introduced, air traffic has diminished significantly. In general, when high speed rail offers a journey time of three hours or less, it attracts at least 60 percent of the combined air and rail market. On some routes, such as the Brussels-Paris and Cologne-Frankfurt, air traffic has disappeared completely. [1]

			Based on these figures, the advocates of sustainable high speed trains conclude that the reduction in energy use and carbon emissions equals the flights that have been “avoided,” minus the (lower) energy consumption and emissions generated by high speed trains. This is a tempting conclusion, but once you start looking who is on those trains and why, things are not what they seem.

			First of all, passengers who switch from planes to high speed rail are not switching from low-cost airlines to high speed trains — as you would suspect by comparing the fares. The most important substitution effects are those by passengers travelling with traditional air companies, which have similar fares as high speed trains. [2] However, low-cost airlines are responsible for the growth of air traffic and the increase of energy use and emissions.

			High Speed Trains Fuel Air Traffic

			Secondly, the studies that claim an ecological advantage for high speed trains ignore the extra traffic being generated by such trains. On one hand, high speed trains induce new demand for train travel. Between 30 and 50 percent of the trips on a high speed train are due to new demand. [23] These are all trips that would not have been undertaken if the high speed train would not exist. These travels do not replace a plane or car trip and consequently don’t save energy and emissions.

			Not surprisingly, this new demand is largely coming from affluent customers. While part of the demand is from tourists, a much larger part is business related. A study of the high speed line between Rome and Naples in Italy shows that on weekdays almost 60 percent of new demand is due to business trips. [3] Another 6 percent corresponds to people that have moved their residence from Rome to Naples and started to commute every day — and that was only one year after the line was opened.

			On the other hand, high speed trains also generate more air traffic. A study of 56 airports and 28 cities in the UK, France, Spain, Italy and Germany between 1990 and 2010 shows that in most of these airports and cities air traffic has kept growing despite the presence of extensive high speed train lines. [4] A significant part of this extra traffic is prompted by high speed trains. The study observes that short haul flights have indeed decreased. However, at the same time, medium and long-haul flights (within Europe) have increased. This is because high speed rail allows airports to run more long-distance flights, which are more profitable for airlines.

			In other words, by alleviating the congestion at airports, the high-speed train helps to pave the way for the growth of low-cost airlines. [14] Air traffic between Paris and Brussels, and between Cologne and Frankfurt has disappeared completely because airlines have agreed to use trains instead of planes to serve main airport hubs. According to Deutsche Bahn, the German national railway operator, two-thirds of passengers on the high speed train between Cologne and Frankfurt are either coming from or going to the airport. [1] However, their longer flight might not have been possible without the high speed train.

			Towards a Truly Sustainable Transportation System

			In conclusion, affluent customers switch from (expensive) planes to (expensive) trains, at least for medium distances where the train is faster, or as fast, as a plane. All other people choose low-cost airlines for longer distances, and cars or busses for medium distances where affordable train travel isn’t an option anymore. They generally only travel on high speed trains when they are on their way to an airport to catch a long-distance flight, or when they can get hold of a cheap fare. Lastly, almost nobody chooses high speed rail when the travel time is over five hours, not even those who can afford the ticket.

			If Europe wants to make its long-distance transportation more sustainable, it has no other choice than to limit the growth of air traffic in a direct way. Such a measure should accompany a more affordable railway system, like the one that is now being dismantled, or long-distance travel will become a privilege of the rich. The tracks are still there, so this could be done in no time.

			High Speed Rail in the 1950s

			It’s enlightening to look at the present European focus on high speed trains in the context of railway history. It’s not the first time that smooth international railway traffic has been reserved for the elite. The high speed train is the latest in a long history of European luxury trains aimed at business travellers, which seem to appear whenever the economy is booming, and disappear when good times are over.

			Only the rich could afford the luxurious Pullman trains that appeared on European railways in the 1920s. [5] These trains only carried first class cars. The original Étoile du Nord, the first direct connection between Paris and Amsterdam, was one of these trains.

			Pullman trains started taking second class coaches during the economic downturn in the 1930s, after which the Pullman heritage withered. The economic crisis of that time tipped the balance to more affordable international train travel, and it would stay like that for almost thirty years.

			At the end of the 1950s, elite trains made a comeback. In 1957, the direct train connection between Paris and Amsterdam was modernized in the context of the Trans Europ Express (TEE) project, which was aimed at travellers on business. TEE trains only took first class cars and the fares were higher than the kilometer charges for first class travel on normal trains.

			TEE was an answer to the growing competition from airplanes, which were at that time exclusively used by rich people. The similarities with today’s high speed trains are striking — TEE was marketed as a “plane on wheels.” Faster trains were introduced (with top speeds over 140 km/h) and travel distances were mostly under 500 km. At its peak in 1974–1975, the TEE network consisted of 31 routes, stretching from Copenhagen to Barcelona and from Amsterdam to Sicily. [6]

			High Speed Trains for Everybody: EuroCity

			At the end of the 1970s, air travel had become faster and more comfortable with the introduction of the jet engine. Business people switched to planes again. Losing their affluent customers, the railways reverted to affordable international trains — planes were still too expensive for the masses. There was, however, strong competition from road transport. Thousands of kilometers of motorways had been built and the car had become the main long-distance transport means for the majority of Europeans.

			TEE trains were equipped with second class carriages, a trend which eventually culminated in the EuroCity project, which was launched in 1987. EuroCity trains were as fast as TEE trains, but they carried mostly second-class coaches and the price of a ticket was again based on the regular kilometer fares. From the start, EuroCity offered 64 pairs of international trains with 50,000 daily seats, connecting 200 cities in 13 countries. [6]

			EuroCity accompanied an extensive network of night trains (EuroNight), and together they formed a sustainable and efficient transport system that was probably the best that Europe ever had. The Étoile du Nord that connected Paris and Amsterdam until 1995 and covered the route in just 4h20 was a EuroCity train, and the night train that covered the trajectory was a EuroNight. The Catalan Talgo was a EuroCity train, and the Trenhotels fitted the EuroNight class.

			The 1996/97 version of the Thomas Cook Guide to European Night Trains [7] lists a total of more than one hundred international night trains in Europe, and another one hundred domestic night trains. Western Europe has axed most of them in recent years. Some examples: From the 21 night trains leaving from Belgium in 1997, heading as far as Moscow, not one remains. From the 36 domestic overnight trains in Spain, only eight remain. Understandably, the yearly Guide to European Night Trains has ceased publication.

			What Makes a Train Affordable?

			EuroCity and EuroNight trains still run in Central and Eastern Europe, with the result that fast international trains are still available for fixed, affordable prices. The great advantage of EuroCity and EuroNight trains is that they do not require a unique railway infrastructure, which makes them far less costly to initiate. Furthermore, they are cheaper to operate than high speed trains. This allows for more affordable ticket prices, and it also means that the network can be extended at a faster pace.

			Of course, if more people travel by low speed train, the infrastructure will have to be extended. But building low speed rail is much cheaper than building high speed rail, which costs an average of 18 million euro per km, excluding planning and land acquisition costs. [2] High speed trains often run on newly built dedicated high speed tracks that allow higher speeds through the use of wider curves, less steep grades, more powerful electrification systems and different branching systems. Logically, these high investment costs, combined with higher operating costs, lead to higher ticket prices, and to the abolishment of alternative routes that might compromise the economic viability of a new high speed line. [8]

			Much more (public) money will be needed to complete the European high speed rail system: of the 30,750 km of high speed lines planned for 2030, only 10,000 km has been built. [1] Naturally, the high investment costs also have a negative effect on the maintenance of the domestic low speed network. The local and regional rail infrastructure, which carries many more passengers than high speed rail, is greatly underfunded in many European countries with high speed trains. Rolling stock is outdated, services are reduced, delays are frequent and accidents are on the rise. [9]

			What Makes a Train Fast?

			Obviously, limiting the growth of low-cost airlines would decrease the ability for affordable air travel — that’s the price we need to pay for sustainability. But, as we have seen, a network of “low speed trains” would not be significantly slower than a continental network of high speed trains.

			The top speed of a train is only one of many factors that influences travel time. European high speed trains reach top speeds of 250 to 350 km/h, but their average speed is much lower. For example, the average speed of the Thalys between Paris and Amsterdam is below 170 km/h. This is well within reach of “slow” EuroCity and EuroNight trains, which can reach speeds of 200 km/h.

			The speed of many high speed trains is limited due to, for example, their proximity to densely urbanized areas (to ease the impact of noise and minimise the risk of accidents), the existence of viaducts or tunnels (where speed must be reduced to 160–180 km/h for safety reasons), or the need to climb steeper grades (and when steeper grades are avoided, this often results in considerably longer routes, which is the case for the whole corridor Barcelona-Paris-Brussels). [2]

			In many European countries, high speed trains are combined with normal rail traffic on some sections of their route: only 6,000 km of the 10,000 km of high speed lines is dedicated high speed track. Sharing infrastructure with slower trains decreases capital costs, but also brings down speed. [1] [10]

			On the other hand, EuroCity trains have to meet several criteria to shorten travel time, and many of these are also applicable to high speed trains. For example, the trains only stop in important cities, turnover time in stations is less than five minutes, border control happens on-board, and the trains are given priority over other trains in order to comply with timetables. These are all factors that influence travel time as much as the speed of the train.

			High Speed Night Trains

			Even on routes where high speed trains are significantly faster than normal trains — such as between Barcelona and Paris — they are still slower than the night trains that covered the same distance, at least when we look at perceived travel time. Because time flies when you are under the covers, the night train is the ultimate low-tech alternative for the high speed train.

			Of course, high speed trains could also introduce night services. A few months ago, the International Union of Railways — who has a clear bias towards high speed trains — published a study about high speed night trains, investigating the potential for operating night train service on high speed lines using high speed rolling stock. [11] One such a train already exists in China. “Very Long Distance Trains” could provide night train service on corridors over 2,000 km long. For example, you could board a train in Barcelona and wake up in Hamburg the next morning.

			However, in Europe, with its fragmented railspace, operating such night trains would be a costly affair. On most routes, the fare would be about €700 for a single ticket just to cover the operating costs of the trip, as calculated by the International Union of Railways. A single ticket for a low-cost flight from Barcelona to Hamburg costs €75 (ordered up to 3 weeks in advance) to €130 (ordered one day before departure). [12] Using a combination of low speed trains, the trip previously could have been done in a night and a day for less than €200.

			Anti-Progress?

			Of course, the high speed train is a very comfortable way to travel. The question, however, is not whether we like the idea of a high speed train network, but whether or not we can afford it. Spending billions of tax money on a transportation network that excludes the majority of the population from using it might not be a sound investment.

			A 2009 study by Spanish researchers analysing the economic impact of high speed rail in Europe [2] puts it this way:

			Building, maintaining and operating high speed rail may substantially compromise both the transport policy of a country and the development of its transport sector for decades... An exhaustive revision of the specific economic literature shows that the research effort devoted to the economic analysis of investing in high speed railways is almost insignificant... It deserves a closer look, well beyond the technological hype and the demand figures… Deciding to reject the construction of a high speed rail line is not necessarily a position against progress.

			In less than 10 years, Spain has built the most extensive high speed rail network in Europe. Today, the country is virtually broke and can hardly afford to keep its trains running.
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					The Étoile du Nord Paris-Amsterdam (1927-1995). Image by Jean-Pierre Vergez-Larrouy (CC BY-SA 3.0).
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					The night train Pau Casals (Zürich-Barcelona), which was operated from 1989 to 2012. Image by NA (CC BY-SA 3.0).
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					High Speed Trains in Málaga, Spain. Image by Kris De Decker.
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					A TEE train in the Transport Museum in Nürnberg, Germany. Image by Jürgen Heegmann (CC ­BY-SA 3.0).
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					The Trans Europe Express (TEE) network at its maximum extent (1974). Illustration by Matsukaze (CC BY-SA 3.0), Wikipedia Commons.
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					Erquelinnes station (1852-2012). Don’t forget your walking shoes. Image by Kris De Decker.

				

			

		

		
			
				
					[image: ]
				

				
					On the night train Madrid-Portbou. Image by Kris De Decker.
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			Life Without Airplanes: from London to New York in 3 Days and 12 Hours

			If we would stuff people in the Queen Mary II like we fold passengers into airplane seats, the ship could transport more than 500,000 people.

			June 2008

			Flying has become cheaper than taking a train or driving a car. Yet, environmental concerns, dwindling fuel reserves and fast rising kerosene prices are threatening to turn airline travel into a privilege for the rich again. This should not mean the end of long-distance travel, however. Before mass air travel took off in the 1960s, people crossed the globe in majestic passenger ships. Reintroducing ocean liners would be more than a nostalgic move: it could be a much more energy efficient (yet slower) way to travel.

			Ocean Liners

			Airlines all over the world are struggling to lower the energy consumption of their machines – by designing lighter planes and more efficient engines, by getting rid of needless weight inside the cabin, or by flying at lower speeds. At the same time, they started investigating alternative fuels like algae, coconut oil, hydrogen and solar power. None of these things will save cheap airline travel when kerosene prices keep going up, though. There is a limit to energy efficiency, and alternative fuels for airplanes are highly speculative; maybe we should first try and see if we could run our cars on “sustainable” fuels without destroying the environment before we try to implement them in jumbo jets. There is no alternative for kerosene.

			It has been said that there are no alternatives to airplanes either, when it comes to long distance travel. This might be true, but this alternative once existed and it disappeared because of planes. From the mid-nineteenth century to the 1960s, millions of people crossed the oceans on passenger ships. Many hundreds of ocean liners were built. Most of these passenger ships were rather small and slow, but the superliners travelling the North Atlantic between Europe and North America were fast vessels with a much larger passenger capacity than that of a present plane.

			Motorised ships (first running on coal, later on diesel) brought a spectacular improvement in travel speed. While a sailing ship needed one to two months to cross the Atlantic, the first steamships made the journey in just 15 days. Steamships also made travelling times predictable, so that regular services could be established. Both speed and passenger capacity went up fast during the following one hundred years. The SS United States, which was in service from 1952 to 1969, still holds the record for the fastest ocean liner ever built: she (ocean liners are female) crossed the Atlantic in 3 days and 12 hours, at a speed of more than 54 km/h. That’s ten to twenty times faster than a sailing ship. Contrary to present cruise ships, ocean liners were built for speed. Nations were in a constant race to possess the fastest passenger ship. Ocean liners brought thousands of European immigrants to the US, Australia and Canada. They caused a modest tourist boom in the 1920s and they served as the most important means of transportation between European countries and their colonies.

			Yet, the fast growth of ocean liner traffic came to a rather abrupt end when air travel took off. Propeller driven aircraft like the DC-3, which were used in the 1930s and 1940s, revolutionised travel at medium distances, but their speed (240km/h) and range (1,650 km) were still too limited to present a danger for transatlantic ocean liners. With the arrival of jet powered planes at the end of the 1950s, however, ocean liners lost their reason for existence.

			The Death of Distance

			Most passenger ships were taken out of service in the 1960s – some were converted to cruise ships. Travelling at speeds of 900 km/h, jet powered planes lowered the travelling time between New York and London to less than 8 hours – ten times faster than the SS United States. Jet engines killed distance: today, at least in theory, every place on Earth can be reached in less than 24 hours time.

			However, it’s interesting to note that distances shrunk at least as much by switching from sailing ships to ocean liners (which also introduced predictable travelling times) as they did by changing from ocean liners to planes. Today, there’s only one ship left that services transatlantic crossings: the Queen Mary 2. Taking this gigantic ship as an example, replacing air travel by ocean liners does not seem to make a big difference for energy use. At service speed, the ship has an engine output of 90,000 kilowatts. Since she can take 2,620 passengers, this comes down to 34 kilowatts per passenger.

			A Boeing 747 has an average engine output of 65,000 kilowatts and can transport about 500 passengers. This comes down to 130 kilowatts per passenger (for comparison: today’s cars can have a maximum engine output from 50 to 300 kilowatts and more). Thus, to transport one passenger across the Atlantic, a plane needs four times more engine power than a ship. Power output does not say all there is to say about fuel consumption however, since it does not take into account the duration of the trip and the fuel efficiency of the engines. It says even less about the emissions of toxic fumes and CO2, because marine engines burn much dirtier fuel than aeroplanes. Therefore, to make a case for a revival of ocean liners, more spectacular gains are needed. These are not hard to find.

			500,000 Passengers

			While passengers in a plane are squeezed together like sardines, the use of space on a ship like the Queen Mary 2 is far from optimal. The ship might have the speed of an ocean liner, but she is built like a cruise vessel. The Queen Mary 2 shows off 15 restaurants and bars, 5 swimming pools, a casino, a ballroom, a theatre and a planetarium, to give some examples. It has cabins with balconies. In a plane, each passenger is folded into a seat – and that’s it.

			How many passengers would fit in the Queen Mary 2 if they would have as less space and leisure options as the passengers of a large jumbo jet? The ship has a gross tonnage of almost 150,000 GT – gross tonnage is a measure determining the internal volume (or enclosed space) of a ship, and comprises all spaces including engine rooms and crew cabins for instance. On the Queen Mary 2, this comes down to 57 gross tonnes per passenger. A Boeing 747 has a gross tonnage of 129 GT – which comes down to 0.26 gross tonnes per passenger. If we would stuff people in the Queen Mary 2 like we fold passengers in airplane seats, the ship could transport more than 500,000 people.

			This would make transatlantic shipping definitely more eco-friendly than air travel, even without cleaner and more efficient engines. The Queen Mary 2 transporting 500,000 people would boil down to a power output of 0.18 kilowatts per passenger – comparable to the output of a well-trained cyclist and 700 times more efficient than the engine power per passenger of an airplane. Taking into account the duration of the voyages, the ship scores 70 times better than the plane.

			Staten Island Ferry

			Surprisingly, there are a few passenger boats that achieve similar figures. The best example is the Staten Island ferry, a passenger service that runs between Manhattan and Staten Island in New York. Ferries generally make far from optimal use of space, because almost they usually take not only passengers on board but also their cars. Since the cars take more space and weigh more than the passengers, ferries are a very inefficient way of transporting people (some of them are also as luxurious as cruise ships). Yet, the Staten Island ferry does not take cars (anymore).

			These ferries – which have a passenger capacity of up to 6,000 people – have a gross tonnage per passenger of 0.38 to 0.55 GT. That’s only slightly more than the available space on a jumbo jet. Of course, a trip on the Staten Island ferry only takes 25 minutes, and crossing the Atlantic folded in an airplane seat takes less than 10 hours. Stuffing 500,000 people in the Queen Mary would be a bit optimistic, because the trip would take more than 3 days – a bit of walking space might be very welcome. Transporting more passengers also means you have to take more food and more lifeboats, and it would mean significantly more garbage. Therefore, let’s change those 500,000 theoretical passengers into only 30,000 passengers. This is not a random number.

			A Realistic Option: 30,000 Passengers

			The Queen Mary 1, who sailed the Atlantic from 1936 to 1967, was just like many other ocean liners converted to a troopship in World War II, often transporting as many as 15,000 American soldiers. On one trip she took 16,082 soldiers – the largest amount of passengers ever transported on one vessel. The gross tonnage of the Queen Mary 2 is almost two times larger than that of the Queen Mary 1, so it must be possible to transport 2 × 15,000 = 30,000 people on a ship like the Queen Mary 2. This would come down to 5 gross tonnes per passenger and 3 kilowatts of engine power per passenger.

			These figures closely resemble those of the earlier ocean liners at the end of the nineteenth and the beginning of the twentieth century. The SS Kaiser Wilhelm der Grosse, a German ocean liner launched in 1896, had a gross tonnage of only 14,350 GT but could take 1,506 passengers, which comes down to a gross tonnage per passenger of only 9.5 GT. Even the infamous Titanic had a gross tonnage of only 18.5 tonnes per passenger. If the passengers of the Queen Mary 2 would have the same moving space as the passengers of the (luxurious) Titanic, the ship could still hold more than 8,000 people, three times more than its capacity today (more, in fact, since older steamships had much larger engine rooms). Therefore, transporting 30,000 people on the QM2 is far from unrealistic or uncomfortable. You would need 60 Jumbo Jets to transport 30,000 people.

			Sustainable Travel

			Every one of those 30,000 passengers on the Queen Mary 2 would have twenty times as much space than a passenger on a plane, while at the same time consuming 43 times less engine power (taking the view that both engines have similar efficiency). Taking into account the duration of the trip, the ship is four times more energy efficient than the plane. Now this looks like an option that could be useful in a peak oil world. If flying would become too expensive for most of us, passenger ships might continue to provide mass travel. We would pay another price, of course: the world would become bigger again. London and New York will be 3 days and 12 hours apart. Engineers could design faster ships, but only at the expense of much higher fuel consumption. The majority of fast ships (hovercraft, catamarans, hydrofoils) were taken out of service because of high fuel costs.

			Switching back to ocean liners would surely lower long distance passenger travel and change life as we know it, but it would not be the end of modern civilization, nor the end of tourism or business. A weekend of shopping in Paris will be hard if you live in New York and only have 3 days free. But you could still get anywhere you want, if you take the time. Unfortunately, governments and businesses prefer to keep up their belief in ever larger airports and ever faster planes as if there is no alternative.

			One very important note: replacing planes by ocean liners would be an ecologically sound idea, but only if marine engines become cleaner. Most ships make use of very dirty (unrefined) oil that needlessly poisons the air and heats up the atmosphere. This is not a technological but a political problem. All we need is (much) stronger regulation. Other issues to consider are wastewater treatment and garbage disposal – again things that should not be harmful, but at the moment they are because of a lack of sufficient laws and control. 
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					The SS Normandie at sea. Image by Altair78 (CC BY 2.0)
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					The Queen Mary in New York, 1960-61. Image in the public domain.
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					The SS Bremen and SS Europa, the two largest German ocean liners, 1930. Bundesarchiv (CC BY-SA 3.0).

				

			

		

		
			
				
					[image: ]
				

				
					The SS Nieuw Amsterdam (1940-45). Image in the public domain.
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					Passenger sitting at the deck of a transatlantic ocean liner (1936-38). Image: Annemarie Schwarzenbach, Swiss National Archives. Image in the public domain.
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					Passengers on board of the SS Strathnaver, 1936. Image: Sam Hood, State Library of New South Wales. Public domain.
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					Passengers on board of the SS Aquitania, 1924. Image in the public domain.
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					Cabin interior of the SS Orcades, c1960. Image in the public domain.
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					Size comparison of the Titanic, the Queen Mary II, and other vehicles. (CC BY-SA 3.0).
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					The British liner RMS Queen Mary arrives in New York harbour, 20 June 1945, with thousands of U.S. troops from Europe. Image in the public domain.
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					New Zealand troops embarking at Lyttelton. Archives New Zealand Patent Copyright office collection (CC BY-SA 2.0).
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					Soldiers in bunk beds, SS Pennant, 1942. NARA, image in public domain.
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			How to Design a Sailing Ship for the 21st Century?

			It is surprisingly difficult to build a carbon neutral sailing ship. This is even more the case today, because our standards for safety, health, hygiene, comfort, and convenience have changed profoundly since the Age of Sail.

			May 2021

			The sailing ship is a textbook example of sustainability. For at least 4,000 years, sailing ships have transported passengers and cargo across the world’s seas and oceans without using a single drop of fossil fuels. If we want to keep travelling and trading globally in a low carbon society, sailing ships are the obvious alternative to container ships, bulk carriers, and airplanes.

			However, by definition, the sailing ship is not a carbon neutral technology. For most of history, sailing ships were built from wood, but back then whole forests were felled for ships, and those trees often did not grow back. In the late nineteenth and early twentieth century, sailing ships were increasingly made from steel, which also has a significant carbon footprint.

			The carbon neutrality of sailing in the 21st century is even more elusive. That’s because we have changed profoundly since the Age of Sail. Compared to our forebears, we have higher demands in terms of safety, comfort, convenience, and cleanliness. These higher standards are difficult to achieve unless the ship also has a diesel engine and generator on-board.

			The revival of the sailing ship

			The sailing ship has seen a modest revival in the last decade, especially for the transportation of cargo. In 2009, Dutch company Fairtransport started shipping freight between Europe and the Americas with the Tres Hombres, a sailing ship built in 1943. The company remains active today and has a second ship in service since 2015, the Nordlys (built in 1873).

			Since then, others have joined the sail cargo business. In 2016, the German company Timbercoast started shipping cargo with the Avontuur, a ship built in 1920.[1] In 2017, the French Blue Schooner Company started transporting cargo between Europe and the Americas with the Gallant, a sailing ship that was built in 1916.[2] All these sailing ships were constructed in the twentieth or nineteenth century, and were restored at a later date. However, a revival of sail cannot rely on historical ships alone, because there’s not enough of them.[3]

			At the moment, there are at least two sailing ships in development that are being built from scratch: the Ceiba and the EcoClipper500. The first ship is being constructed in Costa Rica by a company named Sailcargo. She is built from wood and inspired by a Finnish ship from the twentieth century. The second ship is designed by a company called EcoClipper, which is led by one of the founders of the Dutch FairTransport, Jorne Langelaan. Their EcoClipper500 is a steel replica of a Dutch clipper ship from 1857: the Noach.

			“Old designs are not necessarily the best”, says Jorne Langelaan, “but whenever proven design is used, one can be sure of its performance. A new design is more of a gamble. Furthermore, in the 20th and 21st century, sailing technology developed for fast sailing yachts, which is an entirely different story compared to ships which need to be able to carry cargo.”

			More economical sailing ships

			These two ships – one under construction and one in the design phase – have the potential to make sail cargo a lot more economical than it is today. That’s because they have a much larger cargo capacity than the sailing ships currently in operation. As a ship becomes longer, her cargo capacity increases more than proportionally.

			The 46 metre long Ceiba is powered by 580 m2 of sails and carries 250 tonnes of cargo. The 60 metre long EcoClipper500 is powered by almost 1,000 m2 of sails and takes 500 tonnes of cargo. For comparison, the Tres Hombres is not that much shorter at 32 metres, but she takes only 40 tonnes of cargo – twelve times less than the EcoClipper500. A larger ship is also faster and saves labour. The Tres Hombres requires a crew of seven, while the EcoClipper500 only has a slightly larger crew of twelve.

			Life cycle analysis of a sailing ship

			Although the EcoClipper500 is still in the design phase, she will be the focus of this article. This is because the company conducted a life cycle analysis of the ship prior to building it.[9] As far as I know, this is the first life cycle analysis of a sailing ship ever made. The study reveals that it takes around 1,200 tonnes of carbon to build the ship.

			Half of those emissions are generated during steel production, and roughly one third is generated by steel working processes and other shipyard activities. Solvent-based paints as well as electric and electronic systems each account for roughly 5% of emissions. The emissions produced during the manufacturing of the sails are not included because there are no scientific data available, but a quick back-of-the-envelope calculation (for sails based on aramid fibres) signals that their contribution to the total carbon footprint is very small.[4]

			If these 1,200 tonnes of emissions are spread out over an estimated lifetime of 50 years, then the EcoClipper500 would have a carbon footprint of about 2 grammes of CO2 per tonne-kilometre of cargo, concludes researcher Andrew Simons, who made the life cycle analysis for the ship. This is roughly five times less than the carbon footprint of a container ship (10 grammes CO2/tonne-km) and three times less than the carbon footprint of a bulk-carrier (6 grammes CO2/tonne-km).[5]

			Transporting one ton of cargo over a distance of 8,000 km (roughly the distance between the Caribbean and the Netherlands) would thus produce 16 kg of carbon with the EcoClipper500, compared to 80 kg on a container ship and 48 kg on a bulk carrier. The proportions are similar for other environmental factors, such as ozone depletion, ecotoxicity, air pollution, and so on.

			Although the sailing ship boasts a convincing advantage, it may not be as big as you might have expected. First, as Simons explains, there’s scale. A container ship or bulk carrier enjoys the same benefits over the EcoClipper500 as the EcoClipper500 enjoys over the Tres Hombres. It can take a lot more cargo – on average 50,000 tonnes instead of 500 tonnes – and it needs only a slightly larger crew of 20-25 people.[6]

			Second, fossil fuel powered ships are faster than sailing ships, meaning that fewer ships are needed to transport a given amount of cargo over a given period of time. The original ship on which the EcoClipper500 is based, sailed between the Netherlands and Indonesia in 65 to 78 days, while a container ship does it in about half the time (taking the shortcut through the Suez canal).

			Building a fleet of sailing ships

			There’s two ways to further lower the carbon emissions of sailing ships in comparison to container ships and bulk carriers. One is to build ships from wood instead of steel, such as the Ceiba. If the harvested trees are allowed to grow back (which the makers of the Ceiba have promised), such a ship may even be considered a carbon sink.

			However, there’s a good reason why the EcoClipper500 will be made from steel: the company’s aim is to build not just one ship, but a fleet of them. Jorne Langelaan: “There are few shipyards who can deliver wooden ships nowadays. Steel makes it easier to build a fleet in a shorter period.”

			A possible compromise would be a composite construction, in which a steel skeleton is clad with timber keel, planks, and deck. Andrew Simons: “This would reduce the carbon footprint of construction by half. It could also be feasible to make superstructures and some of the mast sections and spars from timber instead of steel.”

			Towards the future, another possibility to further decrease a sailings ship’s emissions per tonne-km is to build it even larger. While the EcoClipper500 has much more cargo capacity than the cargo sailing ships now in operation, she is far from the largest sailing ship ever built.

			Historical ships such as the Great Republic (5,000 tonnes), the Parma (5,300 tonnes), the France II (7,300 tonnes), and the Preussen (7,800 tonnes), were more than 100 metres long and could take more than ten times the freight capacity of the EcoClipper500. Langelaan already dreams of a EcoClipper3000.

			Passengers

			Most cargo sailing ships travelling across the oceans today can also take some passengers. Fully loaded with cargo, the EcoClipper500 takes 12 crew members, 12 passengers, and 8 trainees (passengers who learn how to sail). If the upper hold deck is not used for cargo, another 28 trainees can join, so that the ship can take up to 60 people on board (with a smaller cargo volume: 480 m3 instead of 880 m3).

			Consequently, and since ocean liners have disappeared, the EcoClipper500 also becomes an alternative to the airplane. According to the results of the life cycle analysis, the carbon footprint for passengers on the EcoClipper500 amounts to 10 grammes per passenger-kilometre, compared to roughly 100 grammes per passenger-kilometre on an airplane. Transporting one passenger thus produces as much carbon emissions as transporting 1 tonne of freight.

			Engine or not?

			Importantly, the life cycle analysis of the EcoClipper500 assumes that there is no diesel engine on-board. On a sailing ship, a diesel engine can serve two purposes, which can be combined. First, it allows to propel the ship when there is no wind or when sails cannot be used, for example when leaving or entering a harbour. Second, combined with a generator, a diesel engine can produce electricity for daily life on board of the ship.

			For most of history, energy use on-board of a sailing ship was not too problematic. There was firewood for cooking and heating, and there were candles and oil lamps for lighting. There were no refrigerators for food storage, no showers or laundry machines for washing and cleaning, no electronic instruments for navigation and communication, no electric pumps in case of leaks or fire.

			However, we now have higher standards in terms of safety, health, hygiene, thermal comfort, and convenience. The problem is that these higher standards are difficult to achieve when the ship does not have an engine that runs on fossil fuels. Modern heating systems, cooking devices, hot water boilers, refrigerators, freezers, lighting, safety equipment, and electronic instruments all need energy to work.

			Modern sailing ships often use a diesel engine to provide that energy (and to propel the ship if necessary). An example is the Avontuur from Timbercoast, who has an engine of 300 HP, a 20 kW generator, and a fuel tank of 2,330 litres. Large sail training vessels and cruising ships have several engines and generators on-board. For example, the 48 m long Brig Morningster has a 450 HP engine and three generators with a total capacity of 100 kW, while the 56 m long Bark Europa has two 365 HP engines with three generators – and burns hundreds of litres of oil per day.

			Obviously, the emissions and other pollutants of these engines need to be taken into account when the environmental footprint of a sail trip is calculated. Depending on the lifestyle of the people on board, the emissions per passenger-km may rise to, or surpass, the levels of those of an airplane. To a lesser extent, electricity use on-board also increases the emissions of cargo transportation.

			Energy use on board a sailing ship

			The EcoClipper500 has no diesel engine on board, which is a second reason to focus on this ship. Obviously, a sailing ship without an engine cannot proceed her voyage when there’s no wind. This is easily solved in the old-fashioned way: the EcoClipper500 stays where she is until the wind returns. A ship without an engine also needs tug boats – which usually burn fossil fuels – to get in and out of ports. For the EcoClipper500, these tug services account for 0.3 g/tkm of the total carbon footprint of 2 g/tkm.

			Without a diesel engine, the ship also needs to generate all energy for use on board from local energy sources, and this is the hard part. Renewable energy is intermittent and has low power density compared to fossil fuels, meaning that more space is needed to generate a given amount of power – which is more problematic at sea than it is on land.

			To make the EcoClipper500 self-sufficient in terms of energy use, a first design decision was to shift energy use away from electricity whenever possible. This is especially important for high temperature heat, which cannot be supplied by electric heat pumps. The ship will have a pellet-stove on board to provide space heating, as well as a biodigester – never before used on a ship – to convert human and kitchen waste into gas for cooking. Thermal insulation of the ship is another priority.

			Nevertheless, even with pellet-stove and biodigester (which themselves require electricity to operate), and with thermal insulation, energy demand on the ship can be as high as 50 kilowatt-hours of electricity per day (2 kW average power use). This concerns a “worst-case normal operation” scenario, when the ship is sailing in cold weather with 60 people on board. Power use will be lower in warmer weather and/or when less people are taken. During an emergency, the power requirements can amount to 8 kW, while more than 24 kWh of energy can be needed in just three hours.

			Hydrogenerators

			How to produce this power? Solar panels and wind turbines are only a small part of the solution. Producing 50 kWh of energy per day would require at least 100 square metres of solar panels, for which there is little space on a 60 m long sailing ship. Vulnerability and shading by the sails make for further problems. Wind turbines can be attached in the rigging, but their power output is also limited. The low potential of solar and wind power are demonstrated by the earlier mentioned sailing ship Avontuur. She has a 20 kW generator, powered by the diesel engine, but only 2.1 kW of solar panels and 0.8 kW of wind turbines.

			The hydrogenerator is the only renewable power source that can provide a large sailing ship with enough energy for the use of modern technology on board. Hydrogenerators are attached underneath the hull and work in the opposite way as a ship’s propeller. Instead of the propeller powering the ship, the ship powers the propeller, which turns a generator that produces electricity. In spite of its name and appearance, the hydrogenerator is actually a form of wind energy: the sails power the propellers. Obviously, this only works when the ship is sailing fast enough.

			The EcoClipper500 will be equipped with two large hydrogenerators, for which Simons calculated the power output at different speeds, taking into account the fact that the extra drag they produce slows down the ship somewhat. He concludes that the EcoClipper500 needs to sail at a speed of at least 7.5 knots to generate enough electricity. At that speed, the hydrogenerators produce an estimated 2,000 watts of power, which converts to roughly 50 kWh of electricity per day (24 hours of sailing).

			At a lower speed of 4.75 knots, the generators produce 350 watts, which comes down to 8.4 kWh of energy over a period of 24 hours – only 1/6th of the maximum required energy. On the other hand, at higher speeds, the hydrogenerators produce more energy than necessary. At a speed of almost 10 knots they provide 120 kWh/day, at a speed of 12 knots this becomes 182 kWh/day – 3.5 times more than needed.

			Saltwater batteries

			According to her hull speed, the EcoClipper500 will be able to sail a little over 16 knots at absolute top speed – this is double the minimum speed required to generate enough power. Achieving this speed will be rare, because it needs calm seas and strong winds from the right direction. Nevertheless, in good wind conditions, the ship easily sails fast enough to produce all electricity for use on board.

			Good wind conditions can last for days, especially on the oceans, where winds are more powerful and predictable than on land. However, they are not guaranteed, and the ship will also sail at lower speeds, or find herself in becalmed conditions – when hydrogenerators are as useless as solar panels in the middle of the night.

			Because she has no engine, the EcoClipper500 faces a double problem when there’s no wind: she cannot continue her voyage, and she has no energy to maintain life on board. The first problem is easily solved but the second is not. Life on board goes on, and so there is a continued need for power. To provide this, the ship needs energy storage.

			To cover the needs for three days drifting in cold weather, an energy storage of 150 kWh would be required, not taking into account charge and discharge losses. Five or seven days of energy use on-board would require 250 to 350 kWh of storage. For emergency use, another 25 kWh of energy storage is needed.

			Not having an engine, generator and fuel tank saves space on board, but this advantage can be quickly lost again when one starts to add batteries for the hydrogenerators. Lithium-ion batteries are very compact, but they cannot be considered sustainable and bring safety risks. That’s why Jorne Langelaan and Andrew Simons see more potential in – very aptly – saltwater batteries, which are non-flammable, non-toxic, easy to recycle, have wide temperature-tolerance, and can last for more than 15 years. Like the biodigester, they have never been used on a sailing ship before.

			Unlike lithium-ion batteries, saltwater batteries are large and heavy. At 60 kg per kWh of storage capacity, a 150 kWh battery storage would add a weight of 9 tonnes, while a 350 kWh storage capacity would add 21 tonnes. Still, this compares favourably to the total cargo capacity (500 tonnes), and the batteries can serve as ballast if they are placed in the lower part of the ship’s hull. The space requirements are not too problematic, either. Even a 350 kWh energy storage only requires 14 to 29 m3 of space, which is small compared to the 880 m3 of cargo volume.

			The emissions that are produced by the manufacturing of the hydrogenerators, biodigester, and batteries are not included in the life cycle analysis of the ship, because there are no data available. However, these emissions must be relatively small. Hydrogenerators have much higher power density than wind turbines, and thus a relatively low embodied energy. A quick back-of-the-envelope calculation learns that the carbon footprint of 350 kWh saltwater batteries is around 70 tonnes of CO2.[7]

			Human power

			There’s another renewable power source and energy storage on board of the EcoClipper, and that’s the humans themselves. Like the pellet stove and the biodigester, the use of human power could reduce the need for electricity. Nowadays, cargo ships and most large sailing ships have electric or hydraulic winches, pumps, and steering gear, saving manual labour at the expense of higher energy use. In contrast, EcoClipper sticks to manual handling of the ship as much as possible.

			Simons and Langelaan are also considering the addition of a few rowing machines, coupled to generators, to produce emergency power. Two rowing machines could provide roughly 400 watts of power. If they are operated around the clock in shifts, they could supply the ship with an extra 9.6 kWh of energy per day (ignoring energy losses) – one fifth of the total maximum electricity use.

			In fact, as I tell Simons and Langelaan ten rowing machines operated continually in shifts would provide as much power as the hydrogenerators at a speed of 7.5 knots. If there are 60 people on board, and everybody would generate power for less than one hour per day, no hydrogenerators and batteries would be needed at all. “A very interesting thought”, answers Simons, “but what impression would we be painted with?”

			Hot showers?

			Even with a biodigester, hydrogenerators, batteries, and rowing machines, the passengers and crew on board the EcoClipper500 would be far short of luxurious, and perhaps too short of comfortable for some. For example, if 60 people on board the ship would take a daily hot shower – which requires on average 2.1 kilowatt-hours of energy and 76.5 litres of water on land – total electricity use per day would be 126 kWh, more than double the energy the ship produces at a speed of 7.5 knots.

			The ship could supply this energy at a higher sailing speed, but there would also be a need for 4,590 liters of water per day, a quantity that could only be produced from seawater – a process that requires a lot of energy. Even a crew of 12 taking a daily hot shower would require 25.2 kWh of energy per day, half of what the hydrogenerators produce at a sailing speed of 7.5 knots. The Bark Europa is the only sailing ship mentioned in this article that has hot showers in every (shared) cabin, but it is also the ship with the biggest generators and the highest fuel use.

			Andrew Simons: “On the EcoClipper500 there needs to be a manageable compromise between energy use and comfort. Energy use on board will have to be actively managed. Resources are finite, just like for the planet. In many ways the ship is a microcosm of challenges that the wider world has to face and find solutions to.”

			Jorne Langelaan: “At sea you are in a different world. It doesn’t matter anymore if you can take a daily shower or not. What matters are the people, the movements of the ship, and the vast wilderness of ocean around you”.

			Measuring the right things

			This article has compared the EcoClipper500 sailing ship with the average container ship, bulk carrier, and airplane in terms of emissions per tonne- or passenger-kilometer. However, these values are abstractions that obscure much more important information: the total emissions that are produced by all passengers and all cargo, over all kilometres.

			The international ocean freight trade increased from 4 billion tonnes of cargo in 1990 to 11.2 billion tonnes in 2019, resulting in more than 1 billion tonnes of emissions. International air passenger numbers grew from 1 billion in 1990 to 4.5 billion in 2019, resulting in 915 million tonnes of emissions. Consequently, lowering the emissions per tonne- and passenger-kilometre is neither a necessity nor a guarantee for a reduction in emissions.

			If we cut international cargo traffic more than fivefold, and passenger traffic more than tenfold, then the emissions of all container ships and airplanes would be lower than the emissions of all sailing ships carrying 11.2 billion tonnes of cargo and 4.5 billion of passengers. Vice versa, if we switch to sailing ships, but keep on transporting more and more cargo and passengers across the planet, we will eventually produce just as much in emissions as we do today with fossil fuel powered transportation.

			Of course, none of this would ever happen. The amount of cargo that was traded across the oceans in 2019 equals the freight capacity of 22.4 million EcoClippers. Assuming the EcoClipper500 can make 2-3 trips per year, we would need to build and operate at least 7.5 million ships, with a total crew of at least 90 million people. Those ships could only take 0.5 billion passengers (12 passengers and 8 trainees per ship), so we would need millions of ships and crew members more to replace international air traffic.

			All of this is technically possible, and as we have seen, it would produce less in emissions than the present alternatives. However, it’s more likely that a switch to sailing ships is accompanied by a decrease in cargo and passenger traffic, and this has everything to do with scale and speed. A lot of freight and passengers would not be travelling if it were not for the high speeds and low costs of today’s airplanes and container ships.

			It would make little sense to transport iPhones parts, Amazon wares, sweatshop clothes, or citytrippers with sailing ships. A sailing ship is more than a technical means of transportation: it implies another view on consumption, production, time, space, leisure, and travel. For example, a lot of freight now travels in different directions for each next processing stage before it is delivered as a final product. In contrast, all sail cargo companies mentioned in this article only take cargo that cannot be produced locally, and which is one trip from producer to consumer.[8]

			This also means that even if sailing ships have diesel engines on board, they would still bring a significant decrease in the total emissions for freight and passenger traffic, simply because they would reduce the absolute number of passengers, cargo, and kilometers. We should not be fooled by abstract relative measurements, which only serve to keep the focus on growth and efficiency. 
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					On board the ship Garthsnaid at sea. A view from high up in the rigging. Image by Allan C. Green, circa 1920.
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					The Noach, built in 1857.
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					The EcoClipper500 is a full-scale replica of the Noach.

				

			

		

		
			
				
				

				
				

			

		

		
			
				
					[image: ]
				

				
					Looking aft from aloft on the ‘Parma’ while at anchor. Alan Villiers, 1932-33. Villiers’s work vividly records the period of early 20th century maritime history when merchant sailing vessels or ‘tall ships’ were in rapid decline.
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					Driving sprays over the main deck of the ‘Parma’. Alan Villiers, 1932-33.
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					Crewman of the ‘Parma’ with a model of his ship. Alan Villiers, 1932-33.
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					Renewing caulking on the poop of the ‘Parma’. Alan Villiers, 1932-33.
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					Furling sail on the main yard of the Parma. Alan Villiers, 1932-33.

				

			

		

		
			
				
					[image: ]
				

				
					Scraping the deck onboard the ‘Parma’. Alan Villiers, 1932-33.
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					Crew at the capstan of the Parma, weighing anchor. Alan Villiers, 1932-33.
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					On the forecastle head of the Parma in fine weather. Image by Alan Villiers, 1932.

				

			

		

		
			
				
					[image: ]
				

				
					The mizzen of the ‘Grace Harwar’; view aft from the main crosstrees. Alan Villiers, 1932-33.

				

			

		

	
		
			References

			[1]	Between 1978 and 2004, the Avontuur was operated as sail cargo vessel under Captain Paul Wahlen. The Apollonia, originally built in 1946, is another cargo sailing ship in operation since 2014. It is 19.5 metres long and carries 10 tonnes of cargo.

			[2]	Very recently, Grain de Sail was built and launched for Trans-Atlantic shipping of wine and cocoa. She is a modern sailing ship without an engine, built from aluminium, and can take 35 tonnes of cargo.

			[3]	Andrew Simons: “There are plenty historical sailing ships, but either very costly to get into service as a regulatory compliant cargo vessel, because they are still used for other purposes, or not suitable.”

			[4]	Unfortunately the envelope got lost.

			[5]	In the case of the EcoClipper, most of the emissions are produced during the construc-

			tion of the ship, while in the case of bulk carriers and container ships, they are mainly produced during operation and fuel production.

			[6]	The largest container ships now take 190,000 tonnes of cargo.

			[7]	There is not much data available on saltwater batteries, but they are less energy-intensive to build than many other types of batteries. The calculation is based on an estimate of 66 kg CO2/kWh of storage capacity (source: https://www.solarquotes.com.au/blog/aquion-salt-water-battery/) and three generations of batteries over a period of 50 years.

			[8]	Almost one third of all cargo transported are fossil fuels themselves.

			[9]	The study can be downloaded when you subscribe to EcoClipper’s newsletter. The research is based on a typical life cycle analysis, but note that this is not a peer reviewed study.

			→ https://solar.lowtechmagazine.com/2021/05/how-to-design-a-sailing-ship-for-the-21st-century/
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