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			How Circular is the Circular Economy

			As long as we keep accumulating raw materials, the closing of the material life cycle remains an illusion, even for ma­terials that are, in principle, recyclable.

				November 2018

			The circular economy – the newest magical word in the sustainable development vocabulary – promises economic growth without destruction or waste. However, the concept only focuses on a small part of total resource use and does not take into account the laws of thermodynamics.

			Introducing the Circular Economy

			The circular economy has become, for many governments, institutions, companies, and environmental organizations, one of the main components of a plan to lower carbon emissions. In the circular economy, resources would be continually re-used, meaning that there would be no more mining activity or waste production. The stress is on recycling, made possible by designing products so that they can easily be taken apart.

			Attention is also paid to developing an “alternative consumer culture”. In the circular economy, we would no longer own products, but would loan them. For example, a customer could pay not for lighting devices but for light, while the company remains the owner of the lighting devices and pays the electricity bill. A product thus becomes a service, which is believed to encourage businesses to improve the lifespan and recyclability of their products.

			The circular economy is presented as an alternative to the “linear economy” – a term that was coined by the proponents of circularity, and which refers to the fact that industrial societies turn valuable resources into waste. However, while there’s no doubt that the current industrial model is unsustainable, the question is how different to so-called circular economy would be.

			Several scientific studies (see references) describe the concept as an “idealised vision”, a “mix of various ideas from different domains”, or a “vague idea based on pseudo-scientific concepts”. There’s three main points of criticism, which we discuss below.

			Too Complex to Recycle

			The first dent in the credibility of the circular economy is the fact that the recycling process of modern products is far from 100% efficient. A circular economy is nothing new. In the middle ages, old clothes were turned into paper, food waste was fed to chickens or pigs, and new buildings were made from the remains of old buildings. The difference between then and now is the resources used.

			Before industrialisation, almost everything was made from materials that were either decomposable – like wood, reeds, or hemp – or easy to recycle or re-use – like iron and bricks. Modern products are composed of a much wider diversity of (new) materials, which are mostly not decomposable and are also not easily recycled.

			For example, a recent study of the modular Fairphone 2 – a smartphone designed to be recyclable and have a longer lifespan – shows that the use of synthetic materials, microchips, and batteries makes closing the circle impossible. Only 30% of the materials used in the Fairphone 2 can be recuperated. A study of LED lights had a similar result.

			The more complex a product, the more steps and processes it takes to recycle. In each step of this process, resources and energy are lost. Furthermore, in the case of electronic products, the production process itself is much more resource-intensive than the extraction of the raw materials, meaning that recycling the end product can only recuperate a fraction of the input. And while some plastics are indeed being recycled, this process only produces inferior materials (“downcycling”) that enter the waste stream quickly afterwards.

			The low efficiency of the recycling process is, on its own, enough to take the ground from under the concept of the circular economy: the loss of resources during the recycling process always needs to be compensated with more over-extraction of the planet’s resources. Recycling processes will improve, but recycling is always a trade-off between maximum material recovery and minimum energy use. And that brings us to the next point.

			How to Recycle Energy Sources?

			The second dent in the credibility of the circular economy is the fact that 20% of total resources used worldwide are fossil fuels. More than 98% of that is burnt as a source of energy and can’t be re-used or recycled. At best, the excess heat from, for example, the generation of electricity, can be used to replace other heat sources.

			As energy is transferred or transformed, its quality diminishes (second law of thermodynamics). For example, it’s impossible to operate one car or one power plant with the excess heat from another. Consequently, there will always be a need to mine new fossil fuels. Besides, recycling materials also requires energy, both through the recycling process and the transportation of recycled and to-be-recycled materials.

			To this, the supporters of the circular economy have a response: we will shift to 100% renewable energy. But this doesn’t make the circle round: to build and maintain renewable energy plants and accompanied infrastructures, we also need resources (both energy and materials). What’s more, technology to harvest and store renewable energy relies on difficult-to-recycle materials. That’s why solar panels, wind turbines and lithium-ion batteries are not recycled, but landfilled or incinerated.

			Input Exceeds Output

			The third dent in the credibility of the circular economy is the biggest: the global resource use – both energetic and material – keeps increasing year by year. The use of resources grew by 1400% in the last century: from 7 gigatonnes (Gt) in 1900 to 62 Gt in 2005 and 78 Gt in 2010. That’s an average growth of about 3% per year – more than double the rate of population growth.

			Growth makes a circular economy impossible, even if all raw materials were recycled and all recycling was 100% efficient. The amount of used material that can be recycled will always be smaller than the material needed for growth. To compensate for that, we have to continuously extract more resources.

			The difference between demand and supply is bigger than you might think. If we look at the whole life cycle of resources, then it becomes clear that proponents for a circular economy only focus on a very small part of the whole system, and thereby misunderstand the way it operates.

			Accumulation of Resources

			A considerable segment of all resources – about a third of the total – are neither recycled, nor incinerated or dumped: they are accumulated in buildings, infrastructure, and consumer goods. In 2005, 62 Gt of resources were used globally. After subtracting energy sources (fossil fuels and biomass) and waste from the mining sector, the remaining 30 Gt were used to make material goods. Of these, 4 Gt was used to make products that last for less than one year (disposable products).

			The other 26 Gt was accumulated in buildings, infrastructure, and consumer goods that last for more than a year. In the same year, 9 Gt of all surplus resources were disposed of, meaning that the “stocks” of material capital grew by 17 Gt in 2005. In comparison: the total waste that could be recycled in 2005 was only 13 Gt (4 Gt disposable products and 9 Gt surplus resources), of which only a third (4 Gt) can be effectively recycled.

			Only 9 Gt is then put in a landfill, incinerated, or dumped – and it is this 9 Gt that the circular economy focuses on. But even if that was all recycled, and if the recycling processes were 100% efficient, the circle would still not be closed: 63 Gt in raw materials and 30 Gt in material products would still be needed.

			As long as we keep accumulating raw materials, the closing of the material life cycle remains an illusion, even for materials that are, in principle, recyclable. For example, recycled metals can only supply 36% of the yearly demand for new metal, even if metal has relatively high recycling capacity, at about 70%. We still use more raw materials in the system than can be made available through recycling – and so there are simply not enough recyclable raw materials to put a stop to the continuously expanding extractive economy.

			The True Face of the Circular Economy

			A more responsible use of resources is of course an excellent idea. But to achieve that, recycling and re-use alone aren’t enough. Since 71% of all resources cannot be recycled or re-used (44% of which are energy sources and 27% of which are added to existing stocks), you can only really get better numbers by reducing total use.

			A circular economy would therefore demand that we use less fossil fuels (which isn’t the same as using more renewable energy), and that we accumulate less raw materials in commodities. Most importantly, we need to make less stuff: fewer cars, fewer microchips, fewer buildings. This would result in a double profit: we would need less resources, while the supply of discarded materials available for re-use and recycling would keep growing for many years to come.

			It seems unlikely that the proponents of the circular economy would accept these additional conditions. The concept of the circular economy is intended to align sustainability with economic growth – in other words, more cars, more microchips, more buildings. For example, the European Union states that the circular economy will “foster sustainable economic growth”.

			Even the limited goals of the circular economy – total recycling of a fraction of resources – demands an extra condition that proponents probably won’t agree with: that everything is once again made with wood and simple metals, without using synthetic materials, semi-conductors, lithium-ion batteries or composite materials.
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			Can We Make Bicycles Sustainable Again?

			Cycling is the most sustainable form of transportation, but the bicycle is becoming increasingly damaging to the environment. The energy and material used for its production go up while its life expectancy decreases.

				February 2023

	
			Cycling is one of the most sustainable modes of transportation. Increased ridership reduces fossil fuel consumption and pollution, saves space, and improves public health and safety. However, the bicycle itself has managed to elude environmental critique.[1][2] Studies that calculate the environmental impact of cycling almost always compare it to driving, with predictable results: the bicycle is more sustainable than the car. Such research may encourage people to cycle more often but doesn’t encourage manufacturers to make their bicycles as sustainable as possible.

			For this article, I have consulted academic studies that compare different types of bicycles against each other or focus on the manufacturing stage of a particular two-wheeler. That kind of research was virtually non-existent until three or four years ago. Using the available material, I compare different generations of bicycles. Set in a historical context, it becomes clear that the resource use of a bike’s production increases while its lifetime is becoming shorter. The result is a growing environmental footprint. That trend has a clear beginning. The bicycle evolved very slowly until the early 1980s and then suddenly underwent a fast succession of changes that continues up to this day.

			There are no studies about bicycles built before the 1980s. Life cycle analyses, which investigate the resource use of a product from “cradle” to “grave,” only appeared in the 1990s. However, the benchmark for a sustainable bicycle stands in the room where I write this. It’s my 1980 Gazelle Champion road bike – now 43 years old. I bought it ten years ago in Barcelona from a tall German guy who was leaving the city. He had tears in his eyes when I walked away with it. I have a second road bike, a Mercier from 1978. That is my spare vehicle in case the other one breaks and I don’t have the time for immediate repairs. I have two more road bikes parked in Belgium, where I grew up and where I still travel a few times a year (by train, not by bike). These are a Plume Vainqueur from the late 1960s and a Ventura from the 1970s.

			The main reason why I have opted for old bicycles is that they are much better than new bicycles. Most people don’t realize that, so they are also much cheaper. My four bikes cost me just 500 euros in total. That would buy me only one low-cost new road bike, and such a vehicle surely won’t last 40 to 50 years – as we shall see. Of course, it’s not just old road bikes which are better. The same goes for other types of bicycles built before the 1980s. I ride road bicycles because I cover relatively long distances, usually between 35 and 50 km round trip.

			What Bicycles Are Made Of

			The first significant change in the bicycle manufacturing industry was the switch from steel to aluminium bicycles. Before the 1980s, virtually all bikes were made from steel. They had a steel frame, wheels, components and parts. Nowadays, most bicycle frames and wheels are built from aluminum. The same goes for many other bike parts. More recently, an increasing number of cycles have frames and wheels made from carbon fibre composites. Some bike frames are built from titanium or stainless steel. All of these materials are more energy intensive to produce than steel. Furthermore, while steel and aluminum can be recycled and repaired, composite fibres can only be downcycled and have poor repairability.[3]

			Several studies have compared the energy and carbon costs of bicycle frames and other components made from these different materials – which all have different strength-to-weight ratios. That research has some limitations. Scientists use crude methods because they lack detailed energy data from bike manufacturing processes, and some studies come from manufacturers who pay researchers to review the sustainability of their products. Nevertheless, all put together, the results are pretty consistent. For the sake of brevity, I focus on emissions (CO2 = CO2-equivalents) and ignore other environmental impacts.

			Reynolds, a British manufacturer known for its bicycle tubing, found that making a steel frame costs 17.5 kg CO2, while a titanium or stainless steel frame costs around 55 kg CO2 per frame – three times as much.[4] Starling Cycles, a rare producer of steel mountain bikes, concluded that a typical carbon frame uses 16 times more energy than a steel frame.[5] (That would be 280 kg CO2). An independent 2014 study – the first of its kind – calculated the footprint of an aluminum road bike frame with carbon fork from the “Specialized” brand and found the cost to be 2,380 kilowatt-hours of primary energy and over 250 kg of carbon – roughly 14 times that of a steel frame (without fork) as calculated by Reynolds.[2]

			A bicycle is more than a frame alone. Life cycle analyses of entire bikes show that the carbon footprint of all the other components is at least as large as that of a steel frame.[6] Scientists have calculated the lifetime carbon emissions of a steel bike at 35 kg CO2, compared to 212 kg CO2 for an aluminum bicycle.[7][8] The most detailed life cycle analysis sets the carbon footprint for an 18.4 kg aluminum bicycle at 200 kg CO2, including its spare parts, for a lifetime of 15,000 km. The main impact phase is the preparation of materials (74%; aluminum, stainless steel, rubber), followed by the maintenance phase (15.5% for 3.5 new sets of tires, six brake pads, one chain, and one cassette) and the assembly phase (5%).[9]

			Where & How Bicycles Are Made

			My steel bicycles date from a time when most industrialized countries had long-established domestic bicycle industries serving their national market.[3] These industries collapsed in Europe and North America following neoliberal globalization in the late 1970s. China opened to foreign investment and quickly became the largest bicycle manufacturer in the world. During the last two decades, China has made two-thirds of the world’s bicycles (60-70 million of 110 million annually). Most of the rest come from other Asian countries. Europe is back to producing ten million bikes annually, but the US only manufactures 60,000 bicycles per year.[3]

			Throughout the twentieth century, manufacturing bicycles required substantial inputs of human labor.[3] According to the Routledge Companion to Cycling, “wheels were spoked and trued manually; frames were built by hand; saddle making was laborious; headsets, gear clusters (blocks), brake cables and gears were physically bolted on.” Since the 2000s, automation has considerably reduced the need for human labor. The largest Chinese bike manufacturer, which builds one-fifth of the world’s bicycles, has 42 bicycle assembly lines making 55,000 bicycles a day – almost as much as the US in a year.[3]

			The globalization and automation of the bicycle industry make bikes less sustainable. First, they introduce extra emissions for transportation (from raw materials, components, and bicycles) and for producing and operating robots and other machinery. Second, producing steel, aluminum, carbon fiber composites, and electricity is more energy and carbon-intensive in China and other bike-producing countries than in Europe and North America.[10] Most importantly, however, is that large-scale automated production represents sunk capital that needs to be working most of the time to spread overhead costs, driving overproduction.[3]

			How Long Bicycles Last

			How much energy and other resources it takes to build a bicycle and to deliver it to a cyclist is just half the story. At least as importantly is how long the bike lasts. The shorter its lifetime, the more vehicles need to be produced over the lifetime of a cyclist, and the higher the resource use becomes.

			For a long life expectancy, some parts of a bicycle need replacement. These are typically smaller parts such as shifters, chains, and brakes.[11] Until a few decades ago, component compatibility was a hallmark of bicycle manufacturing.[12] My bicycles are a perfect example of this. Most components – such as wheels, gear set, and brakes – are interchangeable between the different frames, even though every vehicle is from another brand and year of construction. Component compatibility allows for easy maintenance and repairability, thereby increasing the lifetime of a bicycle. Bike shops in even the smallest villages can repair all types of bicycles using a limited set of tools and spare parts.[12] Cyclists can do minor repairs at home.

			Unfortunately, compatibility is hardly a feature of bicycle manufacturing anymore. Manufacturers have introduced an increasing number of proprietary parts and keep changing standards, resulting in compatibility issues even for older bicycles of the same brand.[1][3] For example, if the shifter of a modern bike breaks after some years of use, a replacement part will probably no longer be available. You need to order a new set from a new generation, which will be incompatible with your front and rear derailleur – which you also need to replace.[12] For road bikes, the change from cassette bodies with ten sprockets (around 2010) to cassette bodies with eleven, twelve, and most recently thirteen sprockets have made many wheelsets obsolete, and the same goes for the rest of the drivetrain including shifters and chains.[12 ][1]

			Disc brakes, which are now on almost every new bicycle, all have different axle designs, meaning that every vehicle now requires proprietary spare parts.[1] Disc brakes also required new shifters, forks, framesets, cables, and wheels, making such bicycles incompatible with earlier designs. [12] The rise of proprietary parts makes it increasingly hard to keep a bike on the road through maintenance, reuse, and refurbishment. As the number of incompatible components grows, it becomes impossible for bike shops to have a complete stock of spare parts.[12]

			Component incompatibility is accompanied by decreasing component quality. An example is the saddle, which hardly ever outlasts a frameset because it cracks at the bottom of the shell.[12] A little extra material would make it last forever – as proven by all saddles of my 40 to 50-year-old road bikes. Low quality affects some parts of expensive bicycles but is especially problematic for cheap bicycles made entirely of low-quality components. Cheap bicycles – bike mechanics refer to them as “built-to-fail bikes” or “bike-shaped objects” – often have plastic parts that break easily and cannot be replaced or upgraded. These vehicles typically last only a few months.[13][14]

			How Bicycles Are Powered

			So far, we have only dealt with entirely human-powered bicycles, but bikes with electric motors are becoming increasingly popular. The number of e-bikes sold worldwide grew from 3.7 million in 2019 to 9.7 million in 2021 (10% of total bike sales and up to 40% in some countries like Germany). Electric bikes reinforce both trends that make bicycles less sustainable. On the one hand, electric motors and batteries require additional resources such as lithium, copper, and magnets, increasing the energy use and emissions of bike manufacturing. Researchers have calculated the greenhouse gas emissions caused by manufacturing an aluminum e-bike at 320 kg.[8] This compares to 212 kg for the production of an unassisted aluminum bicycle and 35 kg for an unassisted steel bicycle.

			On the other hand, the life expectancy of an electric bicycle is shorter than that of an unassisted two-wheeler because it has more points of failure. The breakdown of the extra components – motor, battery, electronics – leads to a shorter lifecycle due to component incompatibility. An academic study on circularity in the bike manufacturing industry observes a significant increase in defective components compared to unassisted bicycles and concludes that “the great dynamics of the market due to regular innovations, product renewals, and the lack of spare parts for older models make the long-term use by customers much more difficult than for conventional bicycles.”[15]

			On top of this, electric bicycles require electricity for their operation, further increasing resource use and emissions. This impact is relatively small when compared to the manufacturing phase. After all, humans provide part of the power, and the electricity use of an electric bike (25 km/h) is only around 1 kilowatt-hour per 100 km. The average greenhouse gas emission intensity of electricity generation in Europe in 2019 was 275 gCO2/kWh.[16] If an e-bike lasts 15,000 km, charging the battery only adds 41 kg of CO2, compared to 320 kg for producing the (aluminum) bicycle. Even in the US and China, where the carbon intensity of the power grid is 50-100% higher than the European value, electric bicycle production dominates total emissions and energy use.

			Cargo Cycles

			Combining energy-intensive materials, short lifetimes, and electric motor assistance can increase lifecycle emissions to surprising levels, especially for cargo cycles. These vehicles are larger and heavier than passenger bicycles and need more powerful motors and batteries. There are very few life cycle analyses of cargo cycles. However, a recent study calculated the lifecycle emissions of a carbon fiber electric cargo cycle to be 80 gCO2 per kilometer – only half those of an electric van (158 gCO2/km).[17] The researchers explain this by the difference in lifetime mileage – 34,000 km compared to 240,000 km for the van – and the carbon fiber composites in many components, including the chassis of the vehicle. The lifecycle emissions of the cargo cycle, including the electricity used to charge its battery, amount to 2,689 kg. That is almost 40 times the lifecycle emissions of two steel bicycles (each with a 15,000 km lifecycle mileage).

			Extending the useful life of electric bicycles has less impact on lifecycle emissions when compared to unassisted bikes. That’s because the battery needs to be replaced every 3 to 4 years and the motor every ten years, which adds to the resource use of spare parts.[11] This is demonstrated by a life cycle analysis of an electric steel cargo cycle with an assumed life expectancy of 20 years.[18] During its lifetime, the vehicle uses five batteries (each weighing 8,5 kg), two motors, and 3.5 sets of tires. Most lifecycle emissions are caused by these spare parts, with the batteries alone accounting for 40% of the total emissions. In comparison, the emissions for the steel frame are almost insignificant.[18] This particular cargo cycle was built for African roads and is not entirely representative of the average cargo cycle, mainly because of its heavy tires.

			Cargo cycles have another disadvantage. Passenger bicycles and cars usually carry only one person, meaning that one passenger kilometer on a bike roughly equals one passenger kilometer in an automobile. However, for cargo, the comparison of ton-kilometers is more complicated. If the load is relatively light – usually up to 150 kg – the electric cargo cycle will be less carbon-intensive than a van. However, heavier loads require several cargo cycles to replace one van, which multiplies the embodied emissions.[18] Switching to cargo cycles without significantly reducing the cargo volume is unlikely to save emissions. Obviously, cargo cycles with steel frames and without electric motors and batteries – for now still the majority – will have much lower carbon emissions over their lifetimes.

			How Bicycles Are Used

			In recent years, many cities have introduced shared bicycle services. In theory, shared bicycles could lower the number of bikes produced and thus decrease the environmental impact of bicycle production. However, building and operating bike-sharing services adds significant energy use and emissions. Furthermore, shared bicycles don’t last as long as privately owned bicycles. Consequently, shared bike services further reinforce the trends that make bicycles less sustainable.

			A 2021 study compares the environmental impact of shared and private bicycles while including the infrastructure that each option requires. It concludes that personal bikes are more sustainable than shared bicycles.[8] The research is based on the Vélib system in Paris, France, which has 19,000 vehicles, roughly half with an electric motor. Vehicle manufacturing and bike-sharing infrastructure cause more than 90% of emissions and energy use. The remaining emissions are due to the construction of cycle lanes (3.5%), the rebalancing of the bicycles to keep all stations optimally supplied (2%), and the electricity used for charging the batteries of the electric bikes (0.3%). Altogether, a shared bicycle from the Vélib system has an emissions rate of 32g CO2/km, which is three to ten times higher than the rate of a personal bike (between 3.5 gCO2/km for a steel bicycle and 10.5 g CO2/km for an aluminum bicycle.[8]

			The scientists found that the bike-sharing service led to a 15% drop in bike ownership. However, they also calculated that the average lifespan of a shared bicycle is only 14.7 months, with an average lifetime mileage of 12,250 km. In comparison, the average lifetime of a personal bike in France, based on a 2020 survey, is around 20,000 km – almost 50% higher than for shared bicycles. The Vélib system includes 14,000 bike-sharing stations with a total surface of 92,000 m2 and an estimated lifetime of ten years. Each of the 46,500 docks consists of 23 kg steel and 0.5 kg plastic. The power consumption of each bike-sharing station is around 6,000 kWh per year. Due to the high impact of the infrastructure, the lifecycle emissions of shared electric bikes are only 24% higher than those of shared non-electric vehicles.[8]

			The environmental footprint of bike-sharing systems can vary significantly between cities. A life cycle analysis of bike-sharing services in the US found carbon emissions of 65g CO2/km – twice as high as in Paris.[19] This is largely because the US systems rebalance the bicycles using diesel vans, while the French service employs electric tractors. The US study also looks at the newer generation of “dockless” bike-sharing services, which score even worse. Dockless shared bikes can be parked anywhere and located through a smartphone application. Although this removes the need for stations, each bicycle requires energy-intensive electronic components, and the system also generates emissions through communication networks. [19][10] Furthermore, dockless systems require more bicycles and involve more rebalancing.

			A life cycle analysis of Chinese bike-sharing services, many dockless systems, shows high damage rates and low maintenance rates for bicycles. The annual damage rate is 10-20% for reinforced bicycles and 20-40% for lighter vehicles which have become more common. In practice, a shared bicycle becomes scrap when the bike part with the worst durability breaks down. Repair is virtually not happening.[10] Finally, when the companies go bankrupt, bike sharing creates mountains of waste – including bicycles in good condition.[10][1]

			Not Every Bicycle Replaces a Car

			None of this should discourage cycling. Even the most unsustainable bicycles are significantly less unsustainable than cars. The carbon footprint for manufacturing a gasoline or diesel-powered car is between 6 tonnes (Citroen C1) and 35 tonnes (Land Rover Discovery).[20] Consequently, building one small automobile such as the C1 produces as many emissions as making 171 steel bicycles or 28 aluminum bicycles. Furthermore, cars also have a high carbon footprint for fuel use, while bikes are entirely or partly human-powered.[21] Electric cars have higher emissions for production but lower emissions for operation (although that depends entirely on the carbon intensity of the power grid).

			The bicycle even holds its advantage when its much shorter lifetime mileage is taken into account.[22] Gasoline and diesel-powered cars now reach more than 300,000 km, double their lifetime in the 1960s and 1970s.[23] If a bicycle lasts 20,000 km, it would take 15 bikes to cover 300,000 km. If those are steel bicycles without an electric motor, the total carbon footprint for manufacturing is still six times lower than for a small car: 1,050 kg of CO2. If the bikes are made from aluminum and have electric motors, then emissions grow to 4,800 kg CO2, still below the manufacturing carbon footprint of the small car.

			However, not every bicycle replaces a car. That is especially relevant for shared and electric bikes: studies show that they mainly substitute for more sustainable transport alternatives such as walking, using an unassisted or private bicycle, or traveling on the subway.[19][24] In Paris, shared bikes have three times higher emissions than electric public transportation. [8] In addition, many carbon-intensive bicycles are bought for recreation and are not meant to replace cars at all – they may even involve more car use as cyclists drive out of town for a trip in nature. In all those cases, emissions go up, not down.

			How to Make Bicycles Sustainable Again?

			In conclusion, there are several reasons why bicycles have become less sustainable: the switch from steel to aluminum and other more energy-intensive materials, the scaling up of the bicycle manufacturing industry, increasing incompatibility and decreasing quality of components, the growing success of electric bicycles, and the use of shared bike services. Most of these are not problematic in themselves. Rather, it’s the combination of trends that leads to significant differences with bicycles from earlier generations.

			For example, based on data mentioned earlier, manufacturing an electric bicycle made from steel would have a carbon footprint of 143 kg. Although that is four times the emissions from an unassisted steel bicycle, it is below the carbon footprint of an aluminum bicycle without an electric motor (212 kg). Especially if the battery is charged with renewable energy, riding an electric bike can thus be more sustainable than riding one without a motor. Likewise, an aluminum bicycle with a long life expectancy – for example, through component compatibility – could have a lower carbon footprint than a steel bicycle with a more limited lifespan.

			Many researchers advocate switching back to producing bicycles from steel instead of aluminium and other energy-intensive materials. That would bring significant gains in sustainability for a relatively low cost – slightly heavier bicycles. Steel frames would also make electric and shared bikes less carbon intensive. Some researchers promote bamboo bike frames, but the benefit compared to old-fashioned steel or even aluminium frames is unclear.[25] A “bamboo bicycle” still requires wheels and many other parts made out of metal or carbon fibre composites, and the frame tubes are usually held together by carbon fibre or metal parts.[6] Furthermore, the bamboo is chemically treated against decay and becomes non-biodegradable.[1]

			Better component compatibility would increase the life expectancy of bicycles – also electric ones – through repair and refurbishment. It would bring no disadvantages for consumers, even on the contrary. However, unlike a switch to steel frames, better component compatibility would hurt the sales of new bicycles. A study concludes that “the abandonment of standardization is a profitable business model because it ensures that bicycles can only be ridden for so long.”[1] The decreasing sustainability of bikes is not a technological problem, and it’s not unique to bicycles. We also see it in manufacturing other products, such as computers. One bike mechanic observes: “The problem here is capitalism; it’s not the bikes.”[14]

			Reverting to local and less automated bike manufacturing is a requirement for sustainable bicycles. The main reason is not the extra energy use generated by transportation and machinery, which is relatively small. For example, shipping from China adds around 0.7 to 1.2 gCO2/km for shared bicycles.[8] More importantly, domestic and manual bike manufacturing is essential to make repair and refurbishment the more economically attractive option. By definition, repairing is local and manual, so it quickly becomes more expensive than producing a new vehicle in a large-scale, automated factory.[10] Locally made bicycles would increase the purchase price for consumers. However, better repairability would allow for a longer life expectancy and a lower cost in the long term. Addressing bike theft and parking problems is also essential because they are often a reason for buying cheap, short-lasting bicycles.[26]

			Finally, shared bicycle services can have their place, and we will probably see further improvements in their resource efficiency – the newest bike-sharing stations in Paris have reduced their power consumption by a factor of six.[8] However, shared bicycles are unlikely to become more sustainable than private bicycles because they always require rebalancing and a high-tech infrastructure to make the service work. Furthermore, getting attached to your bike can be a strong incentive to take care of it well and thus increase its life expectancy, as I can testify.
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			Illustration by Diego Marmolejo.
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			The bicycle I use most often, a Gazelle Champion from 1980. It has covered at least 30,000 km since I bought it in 2013.
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			Illustration by Diego Marmolejo.
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			Lifecycle carbon emissions per kilometre of riding a bicycle. Graph: Marie Verdeil. Data sources: [8][17][19][26].
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			Plastic Waste in the Fuel Tank?

			Consumer societies produce enough plastic waste to power at least 10% of motorized road traffic. Dutch designer Gijs Schalkx grabbed the opportunity and now drives his car on the waste he collects. 

				November 2023


			During the Second World War, many motorized vehicles in continental Europe were converted to drive on firewood.[1] That happened as a consequence of the rationing of fossil fuels. Wood gas vehicles were a not-so-elegant alternative to their petrol cousins, but their range was comparable to today’s electric vehicles. In Germany alone, around 500,000 wood gas cars, buses, and trucks were operated by the end of WWII. An even more cumbersome alternative was the gas bag vehicle.[2]

			Nowadays, there’s much less firewood available than in the 1940s, especially in industrialized regions. So, what would be the solution to the disruption of gasoline or electricity in the Third World War? Dutch designer Gijs Schalkx found another fuel supply, which is abundant: plastic waste. The production of plastics only started in the 1950s, after the Second World War. Since then, plastic has become an increasingly popular material, growing to a global annual production of 460 million metric tons in 2019 – twice as much as in 2000 and eight times as much as in 1976.[3][4]

			Plastics are made from fossil fuels, and the process can be turned around. Gijs Schalkx converted an abandoned Volvo 240 to run on diesel that he makes from the plastic waste he collects. The “de-refinery” converts plastic waste back into fuel and is installed on the luggage carrier of the car, making the vehicle independent of the fossil fuel infrastructure. The plastic waste is heated in a boiler to about 700 degrees Celsius, after which it evaporates. The gas is then cooled down and turns into a diesel-like liquid one hour later. Gijs collects it in plastic bottles – themselves the raw material for the diesel they contain. The fuel looks like Coca-Cola – one of the largest producers of plastic waste.

			How Far Can We Drive on Plastic Waste?

			Making fuel can happen while the car drives, but Gijs has kept the two activities separate for safety reasons. At a speed of 80 km/u, his Volvo 240 drives a distance of 7 kilometers per kilogram of plastic (which corresponds to 14 kg of plastic per 100 km driven). That includes the fuel used to heat the plastic waste on the roof (1 kg of plastic gives 0.5 liters of diesel, so the fuel economy is 7.14 liters per 100 km). Plastic waste is a rather voluminous material, and it takes several garbage bags full of plastic waste to make one liter of fuel. Schalkx plans to use a small shredder to reduce the volume of the plastic waste he collects, but for now, he relies on a supply of discarded plastic granulate from a neighbor, consisting of PET and HDPE.

			How far could we drive if we would convert all plastic waste into fuel? The Netherlands produced roughly 1,650 kilotons of plastic waste in 2017 (1,650,000,000 kg), enough to drive 11.55 billion km (11,550,000,000 km).[5] That corresponds to about 1/10th of the kilometers driven by all passenger cars in the Netherlands in 2021 (114.3 billion km).[6] On a smaller scale, the average passenger vehicle in the Netherlands drives 12,000 km per year, requiring each driver and their passengers to collect 1,714 kg of plastic. On the other hand, even the current amount of plastic waste per capita in the Netherlands (97 kg) would be enough to drive 679 km – perhaps sufficient for those who use their automobile wisely. The amount of plastic waste grows faster than the number of cars so that we can drive increasingly longer distances in the future.[7]

			How Sustainable Is Driving on Plastic Waste?

			Being able to drive a vehicle on plastic waste has benefits in terms of resilience. For example, it could allow medics to operate ambulances without a regular fuel supply in a war zone. However, how does a vehicle driven on plastic waste perform in times of peace? After all, plastic waste is a huge problem, and Gijs Schalkx’s car gets rid of it. With less than 10% of plastic waste recycled worldwide, would it make sense to encourage people to convert their vehicles to run on diesel oil made of plastic waste? Sure, it would be a more affordable alternative to electric cars, but what about the carbon emissions?

			On the one hand, the embodied carbon emissions of the Volvo 240 are almost zero: Gijs found most components – including the car itself – in the dump, others on the second-hand market.[8] In contrast, manufacturing new vehicles – especially electric ones – adds a significant carbon footprint before they drive their first kilometer. They also need an extensive infrastructure to produce and distribute fuel and electricity, adding more carbon emissions. In contrast, the Volvo has its fuel infrastructure on the roof, built from scrap.

			On the other hand, the CO2 emissions from fuel production and combustion are not praiseworthy. First, there is the burning of plastic on the roof. Making 1 liter of diesel requires burning 1 kg of plastic, which results in 2-2.7 kg of carbon emissions.[9] Second, there is the combustion of diesel fuel while driving, which emits 2.7 kg of carbon dioxide per liter.[10] Together, that becomes 4.7 to 5.4 kg CO2 per liter. Consequently, with a fuel economy of 7.14 liters per 100 km, the Volvo emits 33.6 to 38.6 kg of greenhouse gases per 100 km.

			In contrast, the emissions of the average fossil fuel-powered car in Europe amount to 25.8 kg/100 km, including crude oil production, fuel refining, and vehicle manufacturing.[11] The emissions of a small electric car like the Nissan Leaf amount to 10.9 kg/100km in Europe, including the emissions of electricity production.[11] The Volvo thus emits 1.5 times more CO2 than the average fossil fuel-powered car in Europe and 3 to 4 times more than a small electric car. The difference will be somewhat smaller because the results for the other vehicles do not include the emissions for building the oil and power infrastructure. However, this is unlikely to tip the balance.

			There are several reasons for the high carbon emissions. First, fuel production by burning plastic on the roof is four times more carbon intensive than producing fuel from crude oil in a refinery.[12] Second, the Volvo dates from 1980, when cars had lower fuel economy. Gijs Schalkx: “Hypothetically, you could convert a newer car to drive on plastic waste and have much lower carbon emissions. Likewise, the de-refinery is one of the first of its kind and could be made more efficient by real engineers. Oil refineries have been developed for more than 100 years. However, newer cars have proprietary electronic motor controls that prevent using alternative fuels.”

			Externalizing Pollution

			Carbon emissions are not the only worry. Because of the chemicals added to plastic, burning it to make fuel creates a lot of nasty air pollution. Nobody in their right mind would propose a switch to cars fuelled by plastic waste. However, it is instructive to examine the motives behind this unanimous conclusion. Much of the plastic waste that the Volvo 240 burns burns anyway. Not in cars but in incinerators. That is the case for 44% of plastic waste in Europe.[13] That plastic waste burns to produce electricity, which can then charge electric cars. How is that more sustainable than burning plastic on the roof?

			The carbon emissions are the same. So is the air pollution, although it’s easier to put a flue gas scrubber on thousands of incinerators than on millions of cars. The main difference is that burning plastic waste in incinerators to power electric cars allows many of us to externalize the side effects of car driving. An incinerator can be (and always is) located in a poor neighborhood, where it causes high incidences of cancer and other health problems despite air pollution control. Meanwhile, it produces electricity that charges electric cars that drive around low-emission zones in well-to-do neighborhoods.

			Internalizing Pollution

			In contrast, Schalkx’s Volvo internalizes all the side effects of driving automobiles. The car is not a pleasure to drive, at least not regularly. It is dirty. Its interior stinks of plastic, which cannot be healthy – Gijs keeps the car windows open no matter the weather. Furthermore, he needs to spend a lot of time collecting plastic and making fuel, and all these disadvantages make him think twice before he gets behind the wheel. It’s unlikely that Schalkx will drive 12,000 km per year, and so, ultimately, he will produce less pollution than the drivers of more sustainable-looking cars that face none of these problems.

			Somehow, the Dutch authorities, who are not known for their permissivity, officially approved the car after inspection. Schalkx drives tax-free and – thanks to his car being an oldtimer – can enter low-emission zones, where he parks alongside the latest electric SUV. Justice is not yet out of this world.
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			Burning plastic. Image credit: Gijs Schalkx.
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			This car drives on plastic. Image credit: Gijs Schalkx.
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			Diesel production on the roof. Image credit: Gijs Schalkx.
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			The interior of the car. Image credit: Frank Hanswijk.
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			Gijs Schalkx in his car. The design is a nod to wood gas cars built by other Dutchmen, Dutch John and Joost Conijn. Image credit: Frank Hanswijk. 
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			Plastic fuel bottles. Image credit: Kris De Decker.
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			Part of the de-refinery on the roof, showing the Ursutz-style oil burner that stokes the refinery hot. Image credit: Gijs Schalkx.
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			Gijs Schalkx stripped the car down to its essentials. Image credit: Kris De Decker.
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			Part of the de-refinery on the roof, showing the air blower for the oil burner. It was made from an old heater fan from the Volvo. Image credit: Gijs Schalkx. 

		

		

		
	
		
			References

			[1]	Woodgas vehicles: firewood in the fuel tank, Kris De Decker, Low-tech Magazine, 2010. https://solar.lowtechmagazine.com/2010/01/wood-gas-vehicles-firewood-
in-the-fuel-tank/ 

			[2]	Gas Bag Vehicles, Kris De Decker, Low-tech Magazine, 2011. https://solar.lowtechmagazine.com/2011/11/gas-bag-vehicles/ 

			[3]	https://www.statista.com/statistics/282732/global-production-of-plastics-since-1950/ 

			[4]	https://www.oecd.org/environment/plastic-pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-short.htm 

			[5]	https://ce.nl/publicaties/plasticgebruik-en-
verwerking-van-plastic-afval-in-nederland/ 

			[6]	https://www.cbs.nl/nl-nl/visualisaties/verkeer-en-vervoer/verkeer/verkeersprestaties-
personenautos#:~:text=Van%20de%20114%2C3%20miljard,overige%20kilometers%20werden%20zakelijk%20gereden. 

			[7]	The plastics industry now consumes 14% of all oil production, compared to only 4% in 2012. By 2050, the share of the plastics industry is forecasted to be 20% of oil production. Sources: https://e360.yale.edu/features/the-plastics-pipeline-a-surge-of-new-production-is-on-the-way & https://www.reuters.com/business/environment/big-oils-plastic-boom-threatens-uns-historic-pollution-pact-2022-03-04/ & 
https://oilprice.com/Energy/Energy-General/How-Much-Crude-Oil-Does-Plastic-Production-Really-Consume.html See also [3]

			[8]	New parts in the car are fuel hoses, coolant hoses, paint, tyres, brake lines and brake pads. Most of these were required to pass vehicle inspection. 

			[9]	Rubio-Domingo, Gabriela, et al. “Making Plastics Emissions Transparent.” COMET. Last modified February 2022. https://ccsi. columbia. edu/sites/default/files/content/COMET-making-plastics-emissions-transparent. Pdf (2022). https://ccsi.columbia.edu/sites/default/files/content/COMET-making-plastics-emissions-transparent.pdf. 

			[10]	https://iopscience.iop.org/article/10.1088/1742-6596/2307/1/012025/pdf

			[11]	https://www.carbonbrief.org/factcheck-how-electric-vehicles-help-to-tackle-climate-change/ 

			[12]	https://publications.jrc.ec.europa.eu/repository/handle/JRC85326

			[13]	https://www.oecd.org/environment/plastic-pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-short.htm#:~:text=Another%2019%25%20is%20incinerated%2C%2050,environments%2C%20especially%20in%20poorer%20countries.

			→ https://solar.lowtechmagazine.com/2023/11/plastic-waste-in-the-fuel-tank/

		

	
		
		Recycling Animal and Human Dung is the Key to Sustainable Farming

		
		

		
			Flushing the water closet wreaks ecological havoc, deprives agricultural soils of essential nutrients and makes food production dependent on fossil fuels.

			September 2010

			For 4,000 years, human excrements and urine were considered extremely valuable trade products in China, Korea and Japan. Human dung was transported over specially designed canal networks by boats. Thanks to the application of human “waste” products as fertilizers to agricultural fields, the East managed to feed a large population without polluting their drinking water. Meanwhile, cities in medieval Europe turned into open sewers. The concept was modernized in late 19th century Holland, with Charles Liernur’s sophisticated vacuum sewer system.

			Broken Cycle

			The innocent looking water closet breaks up a natural cycle in our food supply. Basically, it turns extremely valuable resources into waste products. When we grow crops, we withdraw essential nutrients from the soil: potassium, nitrogen and phosphate, to name but the most important. During the greater part of human history, we recycled these nutrients through our bodies and returned them to the soil, via excreta, food trimmings and the burial of dead. Today, we flush them mostly into the sea.

			This is problematic and unsustainable, for three main reasons. To start, dumping sewage in rivers, lakes and seas kills fish and makes fresh water undrinkable. This can only be avoided by extending the water closet and the already very costly sewerage network with an equally expensive infrastructure of sewage stations (which does not completely eliminate the detrimental effect on water life).

			Secondly, we need artificial fertilizers to keep our soil fertile. In 2008, almost 160 million tonnes of inorganic fertilizers were used worldwide. Without these, our agricultural soils would lose their fertility in just a few years time, followed by an inevitable collapse of food production and human population. A third problem is that the water closet logically consumes large quantities of fresh water to flush everything “away”.

			Fresh water production, the construction and maintenance of sewers, the treatment of sewage (and sewage sludge), and the production of inorganic fertilizers are all energy-intensive processes. Nitrogen (which makes up more than half of total fertilizer consumption) is abundantly available in air, but to convert it to a useful form the gas has to be heated and pressurized. The energy for this (polluting) process is delivered by natural gas or (in China) by coal plants.

			Potassium and phosphate have to be mined (up to depths of several thousands of feet) and transported. It takes more than 150 million tonnes of phosphate rock to produce our current yearly supply of 37 million tonnes of phosphate fertilizer, and 45 million tonnes of potash ore to produce 25 million tonnes of potassium fertilizer. Both operations are energy intensive and pollute the environment.

			Moreover, while potassium is widely distributed and abundantly available (we have enough economically obtainable reserves to last 700 years at our current consumption rate), phosphorus is not. Ninety percent of global phosphate reserves are only found in a handful of countries, and economically recoverable reserves large enough to meet agricultural demand are estimated to last for only 30 to 100 years. Reserves are much larger if mining phosphates from the seabed is included, but this would be extremely energy-intensive, further deterioriating the sustainability of the food and sanitation system.

			The only way to get nutrients from sea to land is via marine bird droppings – which is of course in very short supply – or by eating fish or seafood. However, once we have digested our fish and chips, the nutrients filter down to the sea via the sewer network.

			A Sign of Civilization

			The existence of the water closet and the accompanying sewer system is seldom questioned. It is viewed as an obvious technology and generally regarded as a sign of civilization – countries that do not have such a system today are considered retarded or backward. The reason for this is because we have been conditioned to believe that the water closet and the sewer system are the only alternatives to stench and disease.

			Following the demise of the Roman Empire (with its early sewers and water closets) and right up to the end of the nineteenth century, the concentrated and unorganised distribution of human excrements in groundwater, city canals and rivers brought recurrent deadly epidemics of cholera and typhoid fever throughout the western world. These were caused by drinking water contaminated with faeces. People answered nature’s call on the streets or emptied their honey buckets in backyards, open courtyards, badly sealed cesspools or surface waters – methods that were not conducive to healthy living in densely populated cities. Water closet and sewer system have solved this, at least in the rich world, and nobody wants to go back to the miserable hygienic conditions of those times.

			Chinese Agriculture

			However, as obvious as it seems to us today, the water closet is not the only possible answer to the problem of sanitation. There are other, much more sustainable methods to separate human waste from drink water supplies. To start with, the grim sanitary conditions of the Middle Ages and the early Industrial Revolution were a purely western phenomenon. At the turn of the twentieth century in the East, the water in Chinese rivers was safe to drink. The Chinese were as numerous as the Americans and Europeans at the time, and they had large, densely populated cities, too. The difference was that they maintained an agricultural system that was based on human “waste” as a fertilizer. Stools and urine were collected with care and discipline, and transported over sometimes considerable distances. They were mixed with other organic waste, composted and then spread across the fields.

			That’s killing two birds with one stone: no pollution of drinking water, and an agricultural system that could have lasted forever. In fact, it did last 4,000 years, which is considerably longer than even our most abundant resource – potassium, with 700 years of reserves – will allow. The Chinese agricultural system, which was also applied in Korea and Japan, is extensively described in Farmers of Forty Centuries, a report of a study trip by the American soil scientist F. H. King. The book was published in 1911, around the time of the discovery of the Haber-Bosch process that would lead to the breakthrough of cheap artificial nitrogen fertilizer. King devoted an entire chapter to the collection and use of human fertilizer by the Asians. Joseph Needham also gives an account of the method, in volume VI:2 of Science and civilization in China, citing various earlier sources. More recently, Duncan Brown talks about the Chinese system in his book Feed or Feedback: Agriculture, Population Dynamics and the State of the Planet (2003).

			Dung Traders

			When King visited China, the population was estimated at about 400 million adult inhabitants, compared to some 400 million inhabitants in Europe and 100 million inhabitants in the US. The stools and urine of those 400 million people were collected in terracotta jars, with air-tight seals. The matter was gathered from every home, from the tiny country villages to the great cities. In some cities, special canal networks and boats were constructed for this purpose. This was the case in Hankow-Wuchang-Hanyang, for example, a city with almost 1.8 million inhabitants living in an area of only 6.5 square kilometres. You could thus argue that the Chinese did have a water carriage sewer network, though the difference to ours is stark.

			Around the time of King’s visit, every year in China more than 182,000,000 tonnes of human manure was collected in cities and villages – 450 kilogram (900 pounds) per person per year. This was good for a total of 1,160,000 tonnes of nitrogen, 376,000 tonnes of potassium and 150,000 tonnes of phosphate which was returned to the soil. In 1908 Japan, 23,850,295 tonnes of humanure was collected and given back to the soil. Shanghai traded and distributed the yield of its inhabitants over a specially designed canal network using hundreds of boats, a trade that brought in 100,000s of dollars every year. Human manure was considered a valuable commodity. In 1908, a Chinese business man paid the city $ 31,000 (this would be more than $ 700,000 today) to obtain the right to remove 78,000 tonnes of humanure per year from a region of the city to sell it to the farmers on the countryside.

			In Japan, which was much more urbanized than China, people paid less rent when they left their landlord better quality excrements. King describes loads of human dung taken from Tokyo and Yokahama “carried on the shoulders of men and on the backs of animals, but most commonly on strong carts drawn by men, bearing six to ten tightly covered wooden containers holding forty, sixty or more pounds each”. On the Japanese countryside, it was not unusual to see signs that invited passers-by to please answer nature’s call on site. The farmers used the product to manure their fields. The practice of recycling human dung in Asian countries repelled some foreign visitors. The Portuguese explorer Fernam Mendez Pinto wrote in 1583:

			“You must know that in this country there are many of such as make a trade of buying and selling mens Excrements, which is not so mean a commerce among them, but that there are many of them grow rich by it, and are held in good account. They which make a trade of buying it go up and down the streets with certain Clappers, like our Spittle men, whereby they give to understand what they desire without publishing of it otherwise to people, in regard the thing is filthy of itself; whereunto I will adde thus much, that this commodity is so much esteemed among them, and so great a trade driven of it, that into one sea port, sometimes there comes in one tyde two or three hundred Sayls laden with it.”

			The 4,000 year old closed-loop system vanished with the arrival of artificial fertilizers, which were imported from the West during the first decades of the twentieth century. Today, China is the largest consumer of inorganic fertilizers with 28 percent of total world consumption. Asia as a whole now uses more than half of the world’s artificial fertilizer.

			Night Soil Collection in Europe

			The collection of human “waste” also occured in Europe, be it for a much shorter time and on a much smaller scale. The second half of the nineteenth century marked the end of a predominantly agricultural period in Europe; migration to the cities accelerated and the problem of sewage disposal got much worse. At the same time, health experts started to realize that cholera and typhoid fever were the consequences of drinking contaminated water. Since agriculture was increasingly short of animal manure, it appeared that both problems could be solved at the same time. The first system, which was set up in several countries and cities, is generally known as night soil collection and reminds of the Asian method.

			Dung and urine were accumulated in movable wooden receptacles beneath the privy seat and mixed with earth, ashes or charcoal to prevent offensive odours. Night soil collectors came by at more or less regular intervals (mostly at night, hence the name) to pick up the merchandise. This happened either by emptying the full tubs into a cart and giving them back immediately (which meant the cleansing had to be done by the users), or by placing the full tubs in a wagon, switching them for fresh ones (which meant the cleansing had to be done by the scavengers). The empty tubs were replaced under the privy seat, and the cargo was transported via horse and cart to a collection point outside the city. There it was converted into compost for use in agriculture.

			Unfortunately, the collection and transport of the waste was not as reliable, efficient and sanitary as was the case in China, Korea or Japan. All was good when air-tight containers were used, but this was not always done. When open carts were applied, the transport caused waste and foul smell. Sewage was spilled while carrying the tubs down the stairs and while emptying them into the carts. Moreover, the collection did not always happen that frequently, especially in poorer neighbourhoods. Nevertheless, the wooden tub system was an improvement over the comparitive disorder of nightsoil collection in Europe. Throughout the Middle Ages, so-called dung farmers gathered human and animal excrements from streets, backyards and cesspools and sold these to farmers who applied them to their fields. The problem was that these scavengers needed to collect enough dung before they could sell a cartload. Duncan Brown cites Cipolla, who describes the situation concisely:

			“The most pathetically tragic aspect of this business was that of the people, whose poverty was so abject that they collected the manure they found in the streets where they kept it at their homes until they had accumulated a sufficient quantity to sell.”

			There were exceptions, notably in Flanders, where an organized nightsoil collecting system that reminds of the Chinese method was set up as early as the Middle Ages. Around the town of Antwerp, the management of organic wastes (human excrements, dung of city horses, pigeon dung, canal mud and food scraps) had become a significant industry by the sixteenth century. By the eighteenth century there were great stores along the river the Schelde where the excrements from Dutch towns were transported by barge.

			The Vacuum Sewers of Charles Liernur

			A second collection method was pioneered by Dutch engineer Charles Liernur in 1866. His vacuum sewer system combined the comfort of today’s water carriage sewer network with the ecological and manurial advantages of the earlier scavenging methods. A closet inside every home was connected to an underground small diameter pipeline infrastructure, and the stools and urine immediately left the house following deposition. The crucial difference with today’s technology, however, was that the Liernur system did not use water but atmospheric pressure as a transport medium. This meant that it avoided the dilution of the manure by the admixture of water, thus preserving its value as a fertilizer – which was Liernur’s explicit intention.

			On the other hand, the vacuum sewer system did away with the need for scavengers to visit every house, lugging around buckets of poo and pee, and disturbing everyone’s sleep. It was a clear improvement on the night soil systems, including the one used in Asia. Dutch cities were equipped with the Liernur system: Leiden in 1871, Amsterdam in 1872 and Dordrecht in 1874. Initially, only a couple of thousand homes were connected to the vacuum sewer network, but in Amsterdam the system was expanded substantially. At the end of the nineteenth century, about 90,000 Amsterdam inhabitants were linked to the Liernur sewer network, some 20 percent of the population.

			In Amsterdam and Leiden, the system remained in operation for almost 40 years. The Liernur system was also introduced on a smaller scale in Prague (Czech republic), Trouville sur Mer (France), Hanau (Germany) and Stansed (England). The system in Trouville, installed in 1892, was operated until 1987. Today, the method is still being used in ships, trains and airplanes. The French designed their own version of the Liernur system – the Berlier system. It was introduced in 1880 for a trial period in Lyon, where it successfully removed sewage over a distance of four kilometres (2.5 miles). In 1881, a five kilometre network was introduced for trial in a Paris neighbourhood. The French took the trials very seriously: the sewage was observed by placing glass pipes at various points. The Berlier system, which was technically superior to the Liernur system, worked flawlessly: the thousand soldiers in the barracks of Pépinière, where it was in operation, were the only troops in Paris that were not affected by a serious typhoid epidemic.

			The Arrival of the Water Closet

			In spite of the technical success, the Berlier system never ascended beyond the experimental stage. The Dutch Health Advisory Board advised a general, national introduction of the Liernur system in 1873, following the successful operation in Amsterdam, but this did not happen either. Liernur designed plans for other cities in Europe (Paris, Berlin, Stockholm, Munchen, Stuttgart and Zurich) and in the US (Baltimore), but these were never realised. There were several reasons why the pneumatic systems did not became the standard sewerage systems of today. Firstly, there was the arrival of the water closet and the waterworks. In the Netherlands, a growing number of people connected a water closet to the Liernur system, diluting the stools and urine in such a matter that their agricultural value declined considerably.

			Even before this happened, the sale of the sewage for use as manure did not give the profits that were expected. Health experts advanced that profits should not be the first aim of a sanitary system, but the problem was that Liernur himself had stressed financial profits as an important advantage of his system. This had attracted investors, and they promptly left the technology behind when they started to lose money. An important problem, not only in the Netherlands but throughout the western world, was the growing size of cities. Both the night soil system and the more sophisticated methods were eventually beaten by the logistics of maintaining the practice in huge cities supported by far away farms. The last blow for the vacuum sewer system was the appearance of inorganic fertilizers after a cheap production method was found in 1910. The shortage of fertilizers in agriculture was “solved”.

			Because cities had started building water carriage systems for the discharge of storm drain water, the next logical step was to allow the discharge of sewage via the same network. Basically, this was a step backwards: excrements were again drained on surface waters, not necessarily in the immediate surroundings but a few miles further downstream. It took another 70 years before sewage stations became (relatively) common in the rich world.

			Only Three Future Possibilities

			If we want to restore the natural cycle of our food supply, there are only three technological possibilities. We could develop a modern variant of the scavenging method using composting toilets, in which the stools are collected from individual homes together with other organic waste products. Urine could go to a separate tank that is emptied once a year by a tanker (this method exists in some Dutch and Swedish residential areas where people use so-called urine separation closets). Or, we could develop a modern variant of the Liernur or Berlier system, in which the sewage is collected automatically, but without the use of water. Vacuum sewer systems have found a limited application in some new housing estates since the 1960s and 1970s. A few hundred systems are in operation in the US, the UK, Australia, Germany, the Maledives, Southern Africa and the Middle East.

			The installation of a vacuum sewer system is twice as cheap as the construction of a traditional sewer system. A vacuum system is also faster to construct and easier to maintain: it consists of much smaller diameter tubes that have to be laid less deep into the ground – a narrow trench in the road-surface suffices. There is a third techno-fix, but it is many times more expensive than the other two: using the diluted sewage from our water carriage system as a fertilizer. Basically, this adds another layer of costly infrastructure and complexity on top of an already very costly and complex system. Diluted sewage not only has to be dried, but also purified. This is because sewage sludge does not only contain human waste but also many other (including toxic) waste resources, both from households and factories. Interestingly, when we remove urine and excrements from the sewer system, we might as well eliminate the water carriage sewer system altogether, further obtaining substantial cost and energy savings. There are workable alternatives for the removal of storm water (basically reducing paved surface) and for the local treatment and re-use of grey water.

			Composting

			Human faeces and urine can only be used as a fertilizer following further treatment. This was an already known fact by early Chinese agricultural writers, who warned that untreated humanure could “burn and kill plants, rot the shoots and harm human hands and feet”. Today we know it also carries more severe health risks. F. H. King and Joseph Needham praise the composting efforts of the early Chinese, who often combined their privy with the family pigsty. However, Duncan Brown is more critical of their composting techniques. The health advantages that the Chinese gained by keeping their drinking water supplies clean, were partly offset by the transmission of diseases via food crops:

			“Gastro-intestinal diseases were endemic throughout the region. In Korea and Japan, fluke diseases were common because of the practice of eating raw fish grown in ponds fertilized with human excrement. But those diseases could have been largely avoided with a better understanding of their nature and modes of transmission. If properly used, devices like the relatively modern sceptic tank, the more modern oxidation tank or the so-called composting toilet can avoid the danger of gastro-intestinal diseases previously associated with the use of human excrement as manure.”

			A process of composting should always come first, and this can happen in two ways. The first – slow composting – is a do-it-yourself technique that is explained in the Humanure Handbook, an online practical guide by Joseph Jenkins (who coined the term ‘humanure’). Slow composting happens at low temperatures and takes about one year in a moderate climate. To be secure, most say the resulting (odourless) compost should only be used for growing crops where there is no direct contact between food and fertilizer (like fruit trees) and for inedible plants (flowers, houseplants).

			The second method is composting at high temperatures, which goes much faster and results in a fertilizer that can be applied to any kind of food crop. It is an industrial process, which is being applied successfully in several countries for a number of years. Interestingly, the first step of this process also generates electricity, further improving the sustainability of the whole system. Since 2005, a factory of the Dutch company Orgaworld composts diapers (from babies and elderly) together with many other kinds of organic waste. It is a high-tech process that takes about 6 weeks and results in a high-quality compost, free from pathogens, medicines and hormones. The company has also built two factories in Canada and is building plants in the UK.

			Can We Feed the World Using Humanure?

			Can we produce enough natural fertilizer to substitute for synthetic nitrogen and mined potassium and phosphates? According to the figures collected by F. H. King, an adult person produces on average 1,135 grams of dung and urine each day. How much nitrogen, potassium and phosphates does this contain? That all depends on the diet. From the China of 100 years ago, King cites different research results, ranging from 2.9 to 6 kilogram (5.8 to 12 pounds) of nitrogen per person per year, 0.9 to 2 kilogram (1.8 to 4 pounds) of potassium per­ person per year, and 0.4 to 1.5 kilogram (0.8 to 3 pounds) of phosphates per person per year.

			At present, the world population is estimated at 6,800,000,000 people. Let’s assume they all have a similar diet as the early 20th century Chinese and that the highest figures given by King more closely resemble today’s diets (reliable present-day figures are hard to find). This would mean that the total world population could produce 40.8 million tonnes of nitrogen, 14 million tonnes of potassium and 10.4 million of phosphates. Is that enough to eliminate the need for artificial fertilizers? At first sight, no. Today’s artificial fertilizer production is:

				99.9 million tonnes of nitrogen, or more than double the amount that all people could possibly produce (40.8 million tonnes)

				7 million tonnes of phosphates, almost 4 times the amount that all people could produce (14 million tonnes)

				25.8 million tonnes of potassium, or more than 1.8 times the amount that all people could produce (10.4 million tonnes)


			The Labours of Hercules

			However, we humans have “outsourced” a considerable amount of dung production to farm animals. A large amount of artificial fertilizer is used to produce livestock feed. These animals produce much more manure than all the people on the planet. Livestock excreta in 2004 were estimated to contain 125 million tonnes of nitrogen and 58 million tonnes of phosphates (there are no figures for potassium, which we will further ignore). That’s 3 times more nitrogen and 6 times more phosphates than can be found in humanure. Animals played a minor role in the Chinese humanure-based agricultural economy, but the European farmers in the Middle Ages relied heavily upon livestock for manure, which was their main fertilizer. Animal manure was never wasted. Joseph Needham cites Fussell:

			“European farmers of the 15th to 17th centuries, both high and low, had one main worry, manure. They dared not neglect any source of supply, however minute, for the success of every crop they grew depended largely on the amount they could accumulate for use. They were willing to undertake the labours of Hercules to build a sufficient dunghill.”

			There are many good reasons to cut back on meat consumption, both for our health and for the environment – livestock production is also the main driver of deforestation (in its turn a major driver of soil degradation). However, if we don’t want to give up our high meat consumption, the least we should do is “to undertake the labours of Hercules to build a sufficient dunghill”. It would not only save us the effort to produce an ever increasing amount of artificial fertilizers, but it would also stop the devastating ecological consequences of dumping 91 million tonnes of nitrogen and 49 million tonnes of phosphates into the environment every year. Most of this is discharged without any treatment, illegally, or legally by overdosing it on fields near cities as a cost-effective waste management practice.

			Food Scraps & Management Techniques

			There is another source of natural fertilizer material that is being wasted – food scraps. In this case, too, we turn a valuable resource into a waste product. Food scraps could be fed to animals like pigs, greatly improving the sustainability of meat production. But, instead, we feed them grain. Of all the food scraps produced in the US, only 3 percent is currently being recycled. The rest ends up in landfills, producing large amounts of greenhouse gases. There is also a large potential to lower demand – one of the main problems with today’s fertilizer use is overconsumption. Artificial fertilizers are cheap and as a result farmers prefer to dose their crops with too much fertilizer, instead of risking not using enough and lowering their yields. This means that more nutrients are lost through soil erosion, runoff and leaching – which also pollutes groundwater, rivers and seas, because these nutrients do not pass through sewage stations.

			Things were very different in the early Chinese agricultural system and during the European Middle Ages. There was never a surplus of fertilizer, so farmers applied it thoughtfully. With more careful techniques, today’s farmers could get the same yields with the use of much less fertilizer. The use of crop rotation, intercropping and green manure, all historically important techniques which are still being applied in today’s organic agriculture, could further reduce the demand for fertilizers.

			Nutrient Balance

			Let’s digest all this information for a second. On the one hand, we have livestock and people, who together produce 166 million tonnes of nitrogen and 72 million tonnes of phosphates. Almost all of this is wasted, wreaking ecological havoc. At the same time, our factories produce 99.9 million tonnes of artificial nitrogen fertilizer and 37 million tonnes of phosphates. A completely superfluous operation that further increases pollution and consumes vast amounts of energy. With the expected human (and livestock) population growth, both biological and artificial production will rise even further, making everything only worse.

			We have more than likely already passed the stage where humanity could be sustained without inorganic fertilizers. It is, after all, artificial fertilizers that caused the population boom of the 20th century. However, this should not be a problem. The large amounts of human and animal dung include nutrients which originate from inorganic fertilizers, since we all eat food that is largely grown by means of inorganic fertilizers. It is estimated that humans have already doubled the amount of nutrients in the global ecosystem. Thus, the main problem is not that we produce inorganic fertilizers it’s that we don’t recycle them.

			Logistic Challenge

			Even if we only consider livestock manure, there is enough natural fertilizer available to sustain almost 7 billion people. There is also no taboo when it comes to utilising animal manure, so why don’t we use it? Nutrients recovered as animal manure and applied to agricultural lands were estimated globally at a mere 34 million tonnes of nitrogen (28 percent of total) and 8.8 million tonnes of phosphates (15 percent) in 1996. The amount wasted thus equals (for nitrogen) or surpasses (for phosphates) artificial fertilizer production. This is the consequence of an industrial and intensive meat and dairy production system that is operating on a global scale. In many countries cattle eats fodder that is produced on the other side of the world. So, in order to close the loop, we would have to ship the manure back to where the fodder comes from. The FAO writes:

			“Even if livestock is raised on the same continent as where its feed is grown, the scale and geographical concentration of industrial feedstock production causes gross imbalances that hamper manure recycling options. High labour and transport costs often limit the use of manure as organic fertilizer to the direct vicinity of the production facilities.”

			Of course, the same can be said of human manure. Just like livestock, humans are geographically concentrated in large cities with no farmland in sight. Just like livestock, we eat food that is often produced far away from where we live. This means that if we choose to collect humanure, we have to ship it back from the place of food consumption to the place of food production. Consequently, recycling nutrient elements would bring along a massive logistic system consisting of trucks, trains and ships transporting dung (or pipelines transporting sewage) all over the world.

			We are not saying that every ounce of dung should be sent back to the place where the food was grown; this is impossible and ridiculous. What counts is that there is a balance between import and export of nutrients. Countries that export food should also choose to import (other) food, instead of dung, yielding the same result and increasing the dietary variety. All we would essentially need is a sophisticated nutrient accounting system.

			The fundamental solution, of course, is to produce food more locally. This would not only do away with the shipping of manure, but also with the shipping of food. If livestock production would be geographically more diversified and mixed with cropland, all the animal manure could be used and artificial fertilizers would not be needed. If cities were smaller and distributed more uniformly throughout farming country, the logistics of returning humanure to farmland would be greatly simplified. Of course, this ‘decentralisation’ of the human population goes against the notion that densely populated cities are more sustainable than a more uniformly distributed population. The challenge may not be to abandon Suburbia, but to make it more self-sufficient.

			Many thanks to Sietz Leeflang, inventor of the Nonolet composting toilet, who spent two years trying to convince me to write this epos on shit, and who referred me to most documents listed in the references.
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			Night soil collection in Amsterdam, the Netherlands.
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			Night soil collection in Amsterdam, the Netherlands.
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			Humanure transport in China.
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			F.H. King and Joseph Needham praised the composting efforts of the early Chinese, who often combined their privy with the family pigsty.
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					Charles Liernur’s vacuum toilet.
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			Illustration by Diego Marmolejo.
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			How to Make Wind Power Sustainable Again

			
			If we build them out of wood, large wind turbines could become a textbook example of the circular economy.

				June 2019

			How Sustainable Is a Windmill Blade?

			Wind turbines are considered to be a clean and sustainable source of power. However, while they can indeed generate electricity with lower CO2-emissions than fossil fuel power plants, they also produce a lot of waste. This is easily overlooked, because roughly 90% of the mass of a large wind turbine is steel, mainly concentrated in the tower. Steel is commonly recycled and this explains why wind turbines have very short energy payback times – the recycled steel can be used to produce new wind turbine parts, which greatly lowers the energy required during the manufacturing process.

			However, wind turbine blades are made from light-weight plastic composite materials. Although the mass of the blades is limited compared to the total mass of a wind turbine, it’s not negligible. For example, one 60 m long fiberglass blade weighs 17 tonnes, meaning that a 5 MW wind turbine produces more than 50 tonnes of plastic composite waste from the blades alone.

			A windmill blade typically consists of a combination of epoxy – a petroleum product – with fiberglass reinforcements. The blades also contain sandwiched core materials, such as polyvinyl chloride foam, polyethylene terephtalate foam, balsa wood (intertwined in fibers and epoxy) and polyurethane coatings.[1][2][3][4]

			Unlike the steel in the tower, the plastic in blades cannot be recycled to make new plastic blades. The material can only be “downcycled”, for instance by shredding it, which damages the fibers and makes them useless for anything but a filler reinforcement in cement or asphalt production. Other methods are being investigated, but they all run into the same problem: nobody wants the “recycled” material. Some architects have re-used windmill blades, for example to build benches or playgrounds. But we cannot build everything out of wind turbine blades.

			Because of the limited options for recycling and re-use, windmill blades are usually landfilled (in the US) or incinerated (in the EU). The latter approach is not less unsustainable, because incinerating the blades only partially reduces the amount of material to be landfilled (60% of the scrap remains as ash) and converts the rest into air pollution. Furthermore, given that fiberglass is incombustible, the caloric value of the blades is so limited that little or no power can be produced.[1][2][3][4]

			Dealing With Waste – 25 Years Later

			Most of the roughly 250,000 wind turbines now in operation worldwide were installed less than 25 years ago, which is their estimated life expectancy. However, the rapid growth of wind power over the last two decades will soon be reflected in a delayed but ever increasing and never-ending supply of waste materials.

			For example in Europe, the share of installed wind turbines older than 15 years increases from 12% in 2016 to 28% in 2020. In Germany, Spain and Denmark, their share increases to 41-57%. In 2020 alone, these countries will each have to dispose of 6,000 to 12,000 wind turbine blades.[5]

			Discarded blades will not only become more numerous but also larger, reflecting a continuous trend towards ever larger rotor diameters. Wind turbines built 25 years ago had blade lengths of around 15-20 m, while today’s blades reach lengths of 75-80 m or more.[3] Estimates based on current growth figures for wind power have suggested that composite materials from blades worldwide will amount to 330,000 tonnes of waste per year by 2028, and to 418,000 tonnes per year by 2040.[1]

			These are conservative estimates, because numerous blade failures have been reported, and because constant development of more efficient blades with higher power generating capacity is resulting in blade replacement well before their estimated lifespan.[1][6] Furthermore, this amount of waste results from wind turbines installed between 2005 and 2015, when wind power only supplied a maximum of 4% of global power demand. If wind would supply a more desirable 40% of (current) power demand, there would be three to four million tonnes of waste per year.

			Windmill Blades Through History

			Yet a look at the history of wind power shows that plastic is not an essential material. The use of wind for mechanical power production dates back to Antiquity, and the first electricity generating windmills – now called wind turbines – were built in the 1880s. However, fiberglass blades only took off in the 1980s. For some two thousand years, windmills of whatever type were entirely recyclable.

			Old-fashioned windmills had towers built out of wood, stone, or brick. Their “blades” or “sails” were usually made of a wood framework covered with canvas or wood boards. In later centuries, parts were increasingly made from iron, also a recyclable material.

			When new types of sails were invented in the eighteenth and nineteenth centuries (such as spring, patent, and rolling-reefer sails), as well as in the twentieth century (Dekkerized and Bilau sails), the design changed but the materials remained the same (eventually including aluminum).[7] Furthermore, contrary to modern wind turbines, which need to be replaced regularly and in their entirety, old-fashioned windmills could last for many decades or even centuries through regular repair and maintenance.

			The first wind turbine in the US, built by Charles F. Brush, had a 17 m diameter annular sail with 144 thin blades made of cedar wood. The first wind turbine in Europe, built by Paul La Cour in Denmark, had four traditional slatted wooden sails with a rotor diameter of 22.8 m.

			La Cour’s design was copied by local enterprises in Denmark, resulting in thousands of wind turbines operating on Danish farms between 1900 and 1920. Dozens of experimental wind turbines were built during the first half of the twentieth century, including some with steel blades, such as the 1939 Smith-Putnam wind turbine in the US.[8]

			In 1957, Johannes Juul – a student of Paul La Cour – built the three-bladed Gedser wind turbine. It had a rotor diameter of 24 m and relied on an air frame superstructure of steel wires for rotor and blade stiffening. The blades were built from steel spars, with aluminium shells supported by wooden ribs.

			The Gedser turbine remained the most successful wind turbine until the ­mid-1980s. It ran for 11 years without maintenance, generating up to 360,000 kWh per year, but was not repaired when a bearing failed. When the turbine was refurbished and tested in the late 1970s, it performed better than the first wind turbines with fiberglass blades.[8][9]

			Size Matters

			The first wind turbine with fiberglass blades was installed in 1978 in Denmark, where it powered a school. With its 54 m diameter rotor, the Tvind turbine was at the time the largest wind turbine ever built. After 1980, fiberglass blades became standard in Denmark and the “Danish design” was later copied all over the world. The plastic blade, so it seems, is what defines the modern wind turbine. This presents us with a dilemma.

			The switch to fiberglass blades was mainly driven by the desire to build larger wind turbines. Larger wind turbines lower the cost per kilowatt-hour of generated electricity, for two reasons: the wind increases with height, and the doubling of the rotor radius increases power output four times.

			The desire to build larger wind turbines has driven the wind industry ever since. Rotor diameters increased from around 50 m in the 1990s to 120 m in the 2000s. Today’s largest off-shore wind turbines have rotor diameters of more than 160 m, and a 12 MW turbine with a 220 m rotor diameter is being constructed in the Netherlands.[3][6][10]

			However, with increasing size, the mass of the rotor blade also increases, which requires lighter materials. At the same time, larger blades deflect more, so that their structural stiffness is of increasing importance to maintain optimal aerodynamic performance and to avoid the blade hitting the tower. In short, larger wind turbines with longer blades place ever higher demands on the materials used, and these exceed the capacities of recyclable materials.[11][12] Wind turbines have become more efficient, but also less sustainable.

			Right now, this trend is illustrated by the increasing use of carbon fiber reinforced plastic, which is even stronger, stiffer and lighter than fiberglass reinforced plastic.[11] The use of carbon fibers – which further complicates potential recycling – has become standard in the largest wind turbine blades, mainly in highly stressed locations such as the blade root or the spar caps. Consequently, we have again entered a new era in which blades are now so large that they cannot be made out of fiberglass reinforced composites alone anymore.

			Reinventing the Windmill Blade

			An industry that calls itself sustainable and renewable cannot send millions of tonnes of plastic waste to landfills each year. Consequently, could we revert to building wind turbine blades from recyclable materials alone? And how large could we build them? To which extent can efficiency and sustainability be reconciled?

			Most research into the design of more sustainable wind turbine blades sticks with plastic as the main material. Thermoplastics can be melted and re-used, making it possible to recycle the blades into new wind turbine blades, even on-site. However, due to the material’s lower strength and stiffness, these blades have not been built larger than 9 m for now.[1][13]

			Another area of development is the substitution of glass fibers for wood or flax fibers. These blades can be larger, but they have only small sustainability advantages over fiberglass-epoxy blades.[14][15] The petroleum-based epoxy is more harmful than the glass fiber, and natural fiber based composite materials absorb more of it.[16][17][12]

			Some engineers and scientists follow different paths and revert to more traditional wood construction. For small wind turbines, blades can be carved out of solid wood. For larger wind turbines, the blades can be composed of a hollow aerodynamic shell and an internal framework of ribs and stringers supported by a beam called the spar – all built from laminated veneer wood boards, beams and panels.

			Laminated Veneer Lumber

			Laminated veneer lumber – in which the wood is peeled off the tree and then glued back together in thin layers – is a wood product that appeared in the 1980s, and which has an important advantage in relation to solid wood components. The consistency of wood can vary within a single tree. Therefore, the length of the wood spars used in pre-industrial windmills was limited by the availability of large tree trunks of consistent quality. The largest traditional windmill ever built – the 1900 Murphy mill in San Francisco – had a rotor diameter of 35 m.

			In contrast, the process of veneering spreads out defects such as knots, giving better and more predictable stiffness properties. This allows to build larger wooden blades.[12] Wood laminates offer substantial cost and weight reductions as compared to fiberglass. Although the strength and stiffness are lower, much of the load that the blade must support is a consequence of its own weight, so a wood blade doesn’t need to be as strong as a fiberglass blade.[12] Nevertheless, the low stiffness of wood makes it difficult to limit the elastic deflections for very large rotor blades.

			In a 2017 study of a 5 MW wind turbine with 61.5 m long blades, conducted at UMassAmherst in the US, it was calculated that in order to be stiff enough and withstand the forces that it’s exposed to, a blade made of laminated wood veneer panels would be 2.8 heavier than a plastic blade (48 versus 17 tonnes) and have a laminate of over 50 cm thick.[12] Although this suggests that it’s technically possible to build a wooden blade more than 60 m long, it’s not very practical. With heavier blades, the wind turbine needs to be built much stronger, which increases the costs and the use of resources.

			Best of Both Worlds?

			There’s two ways to solve this problem. The first is to design a blade largely made from laminated veneer lumber, but reinforced with carbon composite spars and covered with an outer layer of fiberglass composite. In the above mentioned study it was found that such a wood-carbon hybrid blade is stiff enough to reach a length of 61.5 m for a 5 MW turbine, and can be built 3 tonnes lighter than a fiberglass blade.[12] Another study for a wood-carbon blade of the same length comes to a similar conclusion, although in this case the wood-carbon blade is slightly heavier than the plastic blade.[14]

			Wood-carbon blades contain less plastic composite material, and the plastic is not intertwined with wood throughout the blade but clearly separated from it, making blade re-use, recycling or incineration more attractive. However, according to the studies mentioned above, a wood-carbon blade still contains 2.5 tonnes[14] to 6.2 tonnes[12] of plastic composites, meaning that a three-bladed 5 MW wind turbine would produce 7.5 to 18.4 tonnes of unrecyclable waste – compared to 50 tonnes for a conventional blade.

			Smaller Wind Turbines?

			The environmental damage of the carbon-epoxy spars can be viewed as acceptable, if compared to the larger damage done by conventional wind turbine blades. However, the waste problem would not be solved, and further growth in wind power would still result in ever larger waste streams.

			Alternatively, we could define sustainability in more ambitious terms, and build wind turbine blades completely out of wood again – even if this means that we have to build them smaller. There’s an extra argument to question our focus on efficiency: the decrease in sustainability not only shows in the blades. Other parts of wind turbines are also increasingly made from plastic composites – most notably the nose cone and the nacelle cover (the housing that protects the drivetrain and the auxiliary equipment from the elements).[1][2][3][4]

			Other trends are the increased use of electronics, which are not suited for recycling, and of permanent magnet generators based on rare earth materials, which save costs compared to a mechanical gearbox but only at the expense of more destructive mining. Larger wind turbines also kill more birds and bats.[19]

			By sacrificing some efficiency, we could gain a lot in sustainability. Wind power advocates may not agree, because it would make wind power less competitive with fossil fuels. However, more expensive wind power can always be counteracted by higher prices for fossil fuels.

			What’s really problematic is our choice of cheap fossil fuels as a benchmark to determine the viability of wind power. It’s by aiming to compete with fossil fuels – and thus by aiming to provide the energy for a lifestyle built on fossil fuels – that wind turbines have become increasingly damaging to the environment. If we would reduce energy demand, smaller and less efficient wind turbines would not be a problem.

			How large could we build practical wind turbine blades from laminated veneer lumber alone? Nobody seems to know. I asked Rachel Koh, the scientist who calculated the requirements for the 61.5 m wood-only blade, but she couldn’t help me: “I only ran the model for the blades of a 5 MW turbine. It would be hypothetically possible to run another study to answer your question, but it’s not a small undertaking”. She also notes that it’s possible to further improve the stiffness of wood laminates with manufacturing innovations.

			A Forest of Wind Turbines

			Whether we opt for large wood-carbon blades or smaller wood-only blades, in both cases we could also build the tower and the nacelle cover from laminated wood products. In 2012, the German company TimberTower built a laminated wood tower 100 m tall for a 1.5 MW wind turbine. A wooden tower seems to be besides the point, because it replaces part of a wind turbine that’s already perfectly recyclable. However, a wind turbine of which the structure is almost completely built out of wood offers extra benefits.

			Wood could make the production of wind turbines entirely independent of mined materials and of fossil fuels, except for the gearwork and the electric components (but further gains can be achieved, whenever possible, by using wind power for direct mechanical or direct heat production).[18] Furthermore, wooden wind turbines could become a carbon sink – sequestering CO2 from the atmosphere in their wood components.

			Finally, the space between wind turbines on a wind farm, which is not suited as a residential area, could be used to grow a forest that would provide the wood for the next generation of wind turbines. The lumber could be sawed, processed and assembled on-site, which eliminates the energy use associated with the transport of wind turbine parts. The energy required for manufacturing the laminates and for constructing the turbines could come from the windmills, as well as from forest biomass. Especially if blades are made of wood only, the wind turbine could become a textbook example of the circular economy. 
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					The three-bladed Gedser wind turbine relied on an air frame superstructure for blade stiffening.
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			The first wind turbines in Europe, built by Paul La Cour in Denmark, had traditional slatted wooden sails. Image: Paul La Cour Museum.
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			The first wind turbine in the US, built by Charles F. Brush, had a 17 m diameter annular sail with 144 thin blades made of cedar wood.
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					Old-fashioned windmills had sails made entirely from recyclable materials. Image: Rasbak (CC BY-SA 3.0)
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			Improved windmill blade from the 1940s, built and designed by P.L. Fauel. Image: Rasbak (CC BY-SA 3.0)
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			Improved windmill blade from the 1930s, designed by Kurt Bilau. The tower is made of stone, the sails are made of wood and aluminum. Image: Frank Vincentz (CC BY-SA 3.0).
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			Illustration: Eva Miquel.
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			A laminated wooden blade with carbon spar caps. Source: Borrmann, Rasmus. “Structural design of a wood-CFRP wind turbine blade model.” (2016).
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			Reinventing the Small Wind Turbine

		

		
			A wooden rotor and tower greatly increase the net energy output over the lifetime of a small wind turbine.

		

		
			June 2019

		
    
    Many commercially available small wind turbines with plastic blades and steel towers are notorious for their low reliability, high embodied energy, and limited power output. However, constructing them out of wood can address these issues.


    Because of their improved aesthetic appeal and to the option to produce them locally, small wooden wind turbines gain wind power increased public acceptance. Furthermore, innovation in tower design facilitates the installation of small wind turbines, reducing the need for concrete foundations and heavy machinery.


    Low Performance


    Tests have shown that many commercially available small wind turbines may not always generate sufficient power over their lifetime to compensate for the energy that was needed to produce them.[10]


    There are three reasons why this is so. The first relates to the laws of physics. The energy yield of a wind turbine increases faster than its height and rotor size, meaning that as a wind turbine becomes smaller, its power output decreases over proportionally.


    Second, wind turbine blades are commonly made from fiberglass reinforced plastic, which is energy-intensive to produce (and impossible to recycle). This energy needs to be “paid back” during the lifetime of the wind turbine, which can be challenging for machines with small rotor diameters.


    Third, the maintenance of small wind turbines depends on the ability of the manufacturer to remain in business and provide its customers with spare parts. Unlike solar panels, wind turbines have a lot of moving parts and are thus more likely to need repairs. However, suppliers of small wind turbines tend to have an even shorter life expectancy than their products.[1]


    Hand Carved Wood Blades


    The laws of physics can’t be changed, but on their own they don’t make small wind turbines uneconomical and unsustainable. It’s the other two factors that are decisive, and these can be addressed. In fact, they have been addressed for more than two decades by Scottish engineer Hugh Piggott, who builds small 1-2 kW wind turbines with 2-4 meter rotor diameters using solid wooden blades.[2]


    The blades are hand carved locally with basic woodworking skills and tools. In contrast to fiberglass blades, little or no energy is used to produce them. This increases the chance that the wind turbine will produce more energy over its lifetime than was needed to make it.


    Defying the usual focus on efficiency, Piggott’s wind turbines sacrifice peak power for more reliable operation. The machines use a furling system which limits the turbine input at winds of 8 m/s (Beaufort 5), while most commercial models keep working up to higher wind speeds. This increases reliability, because the faster the machine spins, the quicker its parts will wear out.[3]


    Local Manufacturing


    A comparison of Piggott’s wind turbines with commercially available models concluded that the increased energy yield generated by the latter at wind speeds above 8 m/s is largely wasted, because most of the extra power is generated when the batteries are already full. The study also revealed that Piggott’s design is about 20% cheaper, taking into account both capital and operational costs.[3]


    Piggott’s open source design has spawned thousands of small DIY wind turbines all over the world. It also became the basis for several wind-based rural electrification initiatives in Mongolia, Nepal, Peru and Nicaragua.[4][5][6][7] In “developing” countries, the ability to manufacture and maintain the turbines locally is a great advantage over the use of commercial wind turbines or solar panels.


    Commercial Wind Turbines with Wood Blades


    The use of solid wood blades, once common for smaller windmills and wind turbines, has seen renewed interest lately.[8][9] Most notable is the success story of the Dutch company EAZ Wind, founded in 2014 by four young windsurfers. The firm, which now has over 40 employees, sells wind turbines with solid wooden blades to farms and energy cooperatives in the region. With a rotor diameter of 12 meter and a power output of 10 kW, the turbines are about five times larger than Piggott’s machines.


    The blades are made from solid wood beams that are glued together and then sanded to obtain their shape. They are then covered with an epoxy coating to protect them from humidity, while the sharp side of the blade gets a strip of fiberglass reinforced plastic to make it more durable. According to the manufacturer, the wind turbines -- installed on 15 m tall towers -- produce roughly 30,000 kWh of electricity per year, which corresponds to the power use of ten Dutch households. A machine sells for 46,000 euro, which makes it cheaper than a solar PV system (4,600 euro per household, or less than half the price of a solar PV system). The financial payback time – in the windy northern Netherlands – is 7 to 10 years.


    Public Acceptance


    Interestingly, EAZ Wind’s choice for wooden blades is not driven by the aim to lower the embodied energy of the wind turbine. Rather, the company’s mission is to make the countryside – especially farms but also small villages – self-sufficient in terms of power production by designing more beautiful and locally produced wind turbines that people don’t complain about. As in many other countries, large wind turbines – and the transmission lines that go with them – raise a lot of opposition from local residents in the Netherlands.


    The approach seems to work. When a farm installs a wind turbine, its neighbours are usually the next customers. EAZ Wind has sold more than 400 wind turbines by now. Public acceptance of wind power seems to be encouraged by two factors. First, wind turbines with wooden blades have a more natural look, increasing their aesthetic appeal. Second, the machines are produced locally, meaning that the purchase of a wind turbine supports the local economy. The wood for the blades comes from a nearby province and is processed by companies in the region.


    Wooden Towers


    The turbins from EAZ Wind have wooden blades, but steel towers. The Swedish company InnoVentum takes a different approach: its wind turbines have a wooden tower, while the blades are made from plastic. The 12 m or 20 m tall towers are of a unique design, composed from small wood modules that can be bolted together on the ground in a few hours.


    The multi-leg towers require no or much less concrete for their foundations and they can be erected without the use of a crane, using a rope and a winch instead. Around fifteen have been installed since 2012. Like EAZ Wind, the company aims to create a new aesthetic level that may help to increase the acceptance of wind turbines.


    Of course both approaches could be combined, resulting in small wind turbines with wooden blades, tower and other structural parts. A small wind turbine that’s almost completely built out of wood – minus the gearwork and the generator – further decreases the energy that’s needed to produce it, thus making it more economical and sustainable over its entire lifetime. In terms of carbon emissions, a small wooden wind turbine can even be considered a carbon sink, because the wood sequesters CO2 that the trees have taken from the atmosphere.


    Combining Wind and Solar


    The newest products from both EAZ Wind and InnoVentum incorporate solar panels at the basis of the structure. Because the wind turbine and the solar PV system can share the same support structure, electrical system, charge controller, and energy storage, this approach saves money and resources. The combination of solar and wind also increases the chances of sufficient power output at any time, reducing the need for energy storage – which is the most unsustainable part of an off-the-grid power installation.


    In the hybrid solar-wind model from EAZ Wind, the capacity of the wind turbine is double the capacity of the solar PV panels, reflecting the local climate (windy but not very sunny). The addition of solar panels increases the power yield to 45,000 kWh per year, which corresponds to the power demand of 14 Dutch households. However, the use of solar panels increases the embodied energy of the system considerably, so that it may no longer be a carbon sink.


    Decentralised Power Production


    Small wooden wind turbines offer additional benefits that are inherent to all decentralised power sources. The fact that they’re paid for by the same people that enjoy their benefits, increases their public acceptance. They also eliminate the need for transmission lines, and the more power is produced and used locally, the less challenging it becomes to integrate unpredictable wind power into the central grid. Last but not least, the connection between energy use and demand encourages lower energy ways of life. ←
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			How to Build a Low-tech Solar Panel?

			
			George Cove, a forgotten solar power pioneer, may have built a highly efficient photovoltaic panel 40 years before Bell Labs engineers invented silicon cells. If proven to work, his design could lead to less complex and more sustainable solar panels.

				October 2021

			More Efficient, Less Sustainable

			Ever since Bell Labs presented the first practical solar PV panel in the 1950s, technological development has focused on reducing costs and increasing the efficiency of solar cells. According to these standards, researchers have made a lot of progress. The efficiency of solar panels increased from less than 5% in the 1950s to over 20% today, while the costs decreased from 30 dollars per watt-peak in 1980 to less than 0.2 dollars per watt-peak in 2020. Lower costs – to which higher efficiencies contribute – are considered of paramount importance because they allow solar PV panels to compete in the market with electricity generated by fossil fuels.

			However, in terms of sustainability, very little progress has been made. To start with, ever since the 1950s, solar panels have been unfit for recycling, resulting in a waste stream that ends up in landfills. This waste stream will grow significantly during the coming years. Solar panels are discarded only after at least 25 to 30 years, and most have been installed only in recent years. By 2050, researchers expect that almost 80 million tonnes of solar panels will reach the end of their lives.[1] [2] [3] That is a significant waste of resources and a danger to the environment – discarded solar PV panels contain toxic elements and present a fire hazard.

			The manufacturing of solar PV panels is just as problematic. It produces toxic waste and requires a global supply chain, including capital-intensive factories, complex machinery, mined materials, and a steady input of fossil fuels. In life cycle analyses of solar panels, scientists calculate how much energy and materials are required to build a solar panel. However, they ignore the massive amount of energy and materials needed to set up and maintain the solar PV supply chain itself.[4] [5] [6] [7] [8] [9] [10] [11] Consequently, these studies do not reveal the actual cost of solar panels in terms of fossil fuel dependence, emissions, and other environmental pollution. Furthermore, the need for capital-intensive technology and long supply lines prevents the local production of solar panels by less affluent societies or DIY communities.

			Finding Inspiration in the Past

			Are solar PV panels inherently unsustainable, unrecyclable, and dependent on high-tech and capital-intensive manufacturing processes? Or, is it possible to build them with local, recyclable and less energy-intensive materials and production methods? In other words, can we build low-tech solar panels? And, if so, what would that mean for costs and efficiency?

			Before we try to answer this question, it’s important to note that the best low-tech alternative for a high-tech solar panel is often not a low-tech solar panel but direct use of solar energy. That is, putting solar energy to use without converting it to electricity first. For example, a clothesline and a solar thermal water boiler are much more efficient, sustainable, and economical than an electric tumble dryer and a water boiler powered by solar PV panels. Direct use of solar energy can happen with local materials, relatively simple manufacturing technologies, and short supply lines.

			Nevertheless, in this article, I take the question literally: can we build low-tech photovoltaic devices, which convert sunlight into electricity? In a previous article, we have seen that history offers inspiration for building more sustainable wind turbines. Can history also inspire us to make more sustainable solar cells?

			The Prehistory of Solar Cells

			Bell Labs’ solar PV panel, presented in 1954, came not out of nowhere. The silicon solar cell had its roots in less complex devices that could produce electricity from either light or heat.

			In 1821, Thomas Seebeck found that an electrical current will flow in a circuit made from two dissimilar metals, with the junctions at different temperatures. This “thermoelectric effect” formed the basis for the “thermoelectric generator” — which converts heat (for example, from a wood stove) directly into electricity. In 1839, Antoine Becquerel discovered that light could also convert into electricity, and during the 1870s, several scientists proved this effect in solids, most notably in selenium. This “photoelectric effect” formed the basis for the “photoelectric generator” — which we now call a “photovoltaic” generator or solar PV cell. In 1883, Charles Fritts constructed the first photovoltaic module ever made, using selenium on a thin layer of gold.[12] [13] [14]

			Throughout this period – and until the 1950s – the practical uses of thermoelectric and photoelectric devices were limited. Inventors built many experimental thermoelectric generators, usually powered by a gas flame, but their efficiency did not exceed 1%. Likewise, Charles Fritts’ solar panel, and the selenium solar cells made afterward, obtained just 1-2% efficiency in converting sunlight into electricity.[15] In short, the period before the 1950s doesn’t seem to offer much inspiration for building more sustainable solar PV panels.

			A Forgotten Pioneer of Solar Power

			However, the prehistory of the solar panel may be incomplete. In 2019, I received a mail from a reader of Low-tech Magazine, Philip Pesavento:

			“I have been studying an early pioneer in solar cell technology from the pre-WWI era since the early 1990s. I am getting too old to continue doing anything with this, and even though there have been one or two scholarly articles about Mr. Cove, they have completely missed what he accomplished. I am enclosing a PDF of a PowerPoint that I put together back in 2015 and never presented to anyone. If you are interested in pursuing writing a paper yourself, I could mail you a thumb drive with all the background material that I have collected.”

			If Philip Pesavento’s historical account and hypotheses are correct, George Cove set out to build a thermoelectric generator but accidentally made a photovoltaic generator – a PV solar cell. Although this happened in the early 1900s, Cove obtained a comparable power output and efficiency to the Bell Labs scientists in 1954. His design also showed much higher performance than the selenium solar cells built between the 1880s and the 1940s.[16] Philip Pesavento:

			“It would be quite exciting to prove that relatively high-efficiency solar cells were invented 40 years before the development of silicon cells. More importantly, if it turns out there was a solar photovoltaic cell and panel system before World War I, it might also have some advantages concerning the cheapness of raw materials, low embodied energy to convert the ores into metallic materials, the efficiency of the final PV cells, and ease of fabrication.”

			In other words, if Philip Pesavento’s historical account and hypotheses are correct, it may be possible to build low-tech solar panels.

			George Cove’s Solar Electric Generator

			George Cove presented his first “solar electric generator” in 1905 in the Metropole Building in Halifax, Nova Scotia, Canada. Apart from an image, there are no data about this panel.[17] However, its power output and efficiency were remarkable enough for US investors to send an expert to Halifax. Based on this expert’s examination of the machine, they then brought Cove to the US (Sommerville, Mass.) to continue the development of his device.

			Cove presented his second solar electric generator there in 1909. This 1.5 m2 panel could produce 45 watts of power and was 2.75% efficient in converting solar energy into electricity. By mid-1909, Cove had moved to New York City, where he presented his third prototype, a solar array consisting of four solar panels of 60 watt-peak each, which charged a total of five lead-acid batteries. The total surface area was 4.5 m2, the maximum power output was 240 watts, and efficiency rose to 5% – similar to the first solar panel presented by Bell Labs.[18]

			Although George Cove is absent from most historical accounts of solar power, his solar electric generator impressed some popular tech media of the day. For example, in 1909, Technical World Magazine wrote that “such a machine is cheap and indestructible as a kitchen range. Even in its present and somewhat crude and experimental state, given two days of sun, it will store sufficient electrical energy to light an ordinary house for a week. The inventor has proved this now for months in his establishment”.[19]

			Plugs Set in Asphalt

			How did George Cove manage to build a solar panel that was 40 years ahead of its time? According to Philip Pesavento, who has a background in semiconductor engineering, Cove intended to build a better thermoelectric generator (TEG). He exposed his generator to the heat from a wood stove and direct solar energy — Edward Weston had made the first experimental solar thermoelectric generator (or STEG) in 1888. Cove’s intentions are also clear from how he described his device:

			“The frame contains a number of panes of violet glass, behind which are set, through an asphalt compound backing, many little metal plugs. One end of the plugs is always exposed by sunlight, while the other end is cool and sheltered.”

			Creating the largest possible temperature difference is key to thermoelectric power production, so Cove’s design makes sense. The problem is that when he measured the power output of his generator, it did not respond to heat like a thermo-electric generator was supposed to do. Initially, Cove observes that his invention uses both heat and light to produce electricity when exposed to solar energy:

			“The principal part of my invention is the peculiar composition of the metallic plugs which are acted upon by the sun in such a way that the current is generated not only by heat rays but the violet rays as well”.

			However, after further experiments with both the wood stove and solar energy, Cove states:

			“When the machine is exposed to various sources of artificial heat it gives no electricity whatsoever. Other than the heat rays of the sun (short-wave infrared), perhaps the violet or ultraviolet rays are active in setting up the electrical current”.

			The primary cell of Cove’s solar PV panel was a three-inch-long plug or rod of metallic composition, an alloy of several common metals. The 1.5 m2 panel had 976 rods, while the 4.5 m2 array had 4 x 1804 plugs. However, keeping the rods cool on one side and hot on another – separated by an asphalt layer – did not matter. What mattered is that Cove had unknowingly built a metal-semiconductor contact.

			The Semiconductor Bandgap

			George Cove did not understand how his solar generator worked, and neither did anyone else at the time. It was only with Einstein’s work on the photoelectric effect (in 1905) and later work in quantum mechanics (1930s and beyond) that the concept of a semiconductor bandgap was realized. Electrons orbit the nucleus of an atom in different “states”, which form regions that are called “bands”. These bands keep their electrons firmly in place. In between these bands are “bandgaps” – states in which no electron can be.

			Conductors have no bandgaps, and so electrons flow through them. That is why a copper wire conducts electricity, for example. In insulators (like wood, glass, plastics, or ceramics), there is a very wide bandgap, which blocks the flow of electricity. Finally, in semiconductors, there’s a relatively narrow bandgap. That allows them to either act as an insulator or a conductor. Semiconductors can become conductors when they absorb a “photon” (an elementary particle of light) with an energy potential equal to or greater than the bandgap of the semiconductor material.[20]

			The understanding of semiconductors led to the birth of the modern solar PV cell in the 1950s. It also improved the performance of thermoelectric generators – be it for different reasons. Thermoelectric generators do not take advantage of the semiconductor bandgap. However, semiconductors have higher thermo-voltages and lower thermal conductivities than metal and metal alloys with no bandgap, making thermoelectric generators more efficient.

			The Schottky Junction

			For a photovoltaic effect to exist, there must be some inhomogeneity in the system. In the 1950s, Bell Labs scientists managed to do this with the so-called p-n junction, which forms a boundary between a positively charged and a negatively charged semiconductor. P-type semiconductors have electron vacancies called “holes” (which attract electrons), while N-type semiconductors have extra electrons. At the junction between both is an electric potential.

			However, it’s also possible to create a PV cell from a so-called Schottky junction, which connects a semiconductor with a metal. In this case, the metal functions as the n-type semiconductor. Philip Pesavento:

			“My hypothesis is that George Cove stumbled upon a Schottky contact photovoltaic cell, decades before it was described by Walter Schottky.[21] There is the possibility of both photovoltaic (predominantly) and thermoelectric responses from these devices. The plug was an alloy of zinc and antimony – which we now know is a semiconductor. It was alternately capped by German silver (a nickel, copper, and zinc alloy) and copper on opposite ends. This formed an ohmic contact and Schottky contact, respectively. This is a photovoltaic device.”

			Accidental Discovery

			According to Philip Pesavento, George Cove probably started with “German silver” as the negative material on both ends of the plugs, and an antimony-zinc alloy (ZnSb) as the positive material. These were the best available thermoelectric materials at the time:

			“He probably ran out of German silver and substituted copper to finish making up a bunch of plugs since the difference in thermoelectric voltage between using copper and German silver was small. Then, during testing, Cove noted that these plugs (with a German silver cap at one end and a copper cap at the other end) gave a much greater voltage: 100s of mV’s versus the usual 10s of mV for a thermoelectric generator.”

			What happened? By using copper, Cove had unknowingly built a Schottky junction. That converted his thermoelectric generator into a “thermophotovoltaic generator.” Such a device works the same as a photovoltaic solar cell but on a different wavelength. The solar spectrum covers a range of approximately 0.5 to 2.9 electron-Volts (eV), from infrared to ultraviolet. A semiconductor with a bandgap between 1 and 1.7 eV efficiently converts visible light into electricity (a photovoltaic generator) — while a semiconductor with a bandgap between 0.4 and 0.7 eV efficiently converts short-wave infrared solar energy into electricity (a thermophotovoltaic generator).

			We now know that ZnSb – the negative material in Cove’s plugs – is a semiconductor with a bandgap of 0.5 eV. That largely explains why the inventor initially observed that his solar generator converted both heat and light into electricity. A thermophotovoltaic generator matches not only the infrared tail of the solar spectrum — it also matches the direct spectrum of a burning flame or a red hot emitting surface which is heated by burning wood or natural gas. It also converts the lower portion of the visible spectrum into electricity, be it very inefficiently.

			According to Philip Pesavento, Cove then managed to refine the composition of the alloy close to Zn4Sb3 – a zinc-antimony alloy with proportions of 4 parts zinc to 6 parts antimony. That, we now know, is also a semiconductor. However, it has a bandgap of 1.2 eV – very close to the bandgap of silicon (1.1 eV). Consequently, it turned his thermophotovoltaic generator into a photovoltaic generator:

			“In his enthusiasm, Cove probably made up a larger number of plugs and somehow got the proportions “wrong” on one batch. He then measured an even larger voltage. Finally, he made a careful study of zinc-antimony alloys and found that the 40-42% range zinc alloy gave the highest voltage (compared to 35% zinc in ZnSb). Having – accidentally – discovered Zn4Sb3, the higher bandgap of this semiconductor meant that it no longer worked when it was exposed to the heat from a wood stove. However, it worked even better when it was exposed to solar energy – because it was now converting far more of the visible spectrum of sunlight efficiently into electricity.”

			Using colored glass filters, George Cove determined that most of the response was from the violet end of the spectrum and only a little from the so-called heat rays. His earlier PV plugs had responded equally well to heat rays and violet rays, while the older thermoelectric generators (German silver at both sides) did not respond to the violet rays at all.

			Bring back the Schottky Solar Cell?

			Schottky junction solar cells have commanded only a small amount of attention from researchers and corporations – few solar cell designs use metals in the active region, other than for contacts.[22] Nevertheless, Philip Pesavento believes that it would be worthwhile to attempt to fabricate some Schottky solar cells according to Cove’s design:

			“If it could be demonstrated that Zn4Sb3 (bandgap 1.2 eV) can be used in a photovoltaic cell, there is a good chance that such a solar cell design will be sustainable. It would be a good candidate for a quick EROI and have an acceptably long operational life with a surplus energy output over several decades. It’s astounding that everyone seems to have missed this material and its application to photovoltaic cells and that no development has been done – even after researchers briefly recognized it as being a possible option in the early to mid-1980s. It fits in the category of a premature discovery which should mean it could be developed very quickly in this day and age.”

			Apart from solar PV, Philip Pesavento sees potential in thermophotovoltaics for a wood stove, solar thermal, or dual junction tandem applications, using ZnSb instead of Zn4Sb3. Furthermore, if the plug-type solar cells prove to be effective, he believes that they would allow line concentrator solar collectors – such as parabolic troughs or non-imagining CPC concentrators – to be built at greatly reduced costs.

			Low-tech Manufacturing

			The primary advantage of Cove’s design would be its low-tech fabrication method. In the 1970s and 1980s, scientists investigated Zn4Sb3 for use in photovoltaics and concluded that the material’s “obvious advantages are apparent simplicity and relatively low temperature of the preparation procedure.” [23] The melting point for Zn4Sb3 is 570 degrees Celsius, while it’s 1,400 degrees for silicon.

			Researchers studied metal-semiconductor junction solar cells based on other types of semiconductors than Zn4Sb3 in the 1970s. Again, their motivation was the simple and cost-effective fabrication procedure compared to silicon p-n junction solar cells at the time.[24] [25] Schottky cells do not require a high-temperature phosphorus-diffusion step, which ordinarily creates the n-layer of the p-n junction in silicon today. This alone reduces the energy input into the solar cell production process by 35%.[22]

			During the 1980s, researchers made important advances in silicon p-n junctions, and interest in alternative configurations waned. However, there has been renewed interest in recent years. For example, research into graphene/silicon Schottky solar cells concludes that “simple and cost-effective device fabrication that does not require high temperatures is one of the advantages.” [26] In other recent studies, scientists conclude that Schottky-type “selenium devices are… extremely simple and cheap to fabricate”.[27] [28] [29] [30]

			Easier Recycling

			Another advantage of Schottky solar cells may be easier recycling. Silicon modules are sandwiched between two laminate encapsulant layers (usually EVA, an ethylene/vinyl acetate copolymer). These layers are essential to ensure module service lifetime.[1] [2] [3] To recycle the silicon – the most valuable component of a solar panel – these layers need to be separated, but burning them also destroys the modules. Silicon cells can only be recycled by a combination of thermal, chemical, and metallurgical steps. That is an expensive process with an impact on the environment. Although you can find statements claiming that around 10% of solar panels are “recycled”, they are more likely to be “downcycled”. The modules are shredded, and the resulting material is used as a filler material in asphalt and cement industries.

			In contrast, the solar cells built by George Cove were entirely recyclable. They required no protective layer and did not even contain solder. Philip Pesavento:

			“If you were to build the cells exactly the way Cove did by press-fitting the caps and then overwrapping them with wire to try to keep them tight, they would also be easier to recycle, being strictly a mechanical operation, no chemicals need to be involved. It would be labor-intensive to put them together and take them apart again, but it could be automated, too.”

			Pesavento believes that it’s also possible to build flat solar cells from Cove’s material. However, whether or not those would need a protective layer that interferes with recycling remains to be seen. In the 1970s, Schottky solar cells based on other materials did not always need protective layers to reach more than 20 years of life expectancy.[24]

			Efficiency

			If we could build more low-tech solar panels, how efficient could we make them? According to Philip Pesavento, Schottky cells are slightly less efficient for the same materials than p-n junctions because p-n junctions generate a higher voltage – they get more of the energy in the photons they absorb.

			“When every bit of efficiency counts, you do that. If making solar cells easier to manufacture using manual or artisan methods is your goal, the Schottky diode would be a more logical choice.”

			On the other hand, it may be possible to build Schottky cells thinner than silicon solar cells – and that would increase their efficiency. Philip Pesavento:

			“I have not found the specific numbers for the parameters – carrier velocity, recombination lifetime, absorption coefficient – to say this unequivocally. But the fact that Cove made such long skinny cells and got as high efficiencies as he did bodes well for making them thinner.”

			Again, recent research into Schottky cells based on other materials seems to confirm this. For example, recent experiments with Schottky selenium cells brought layer thickness back to only 100 µm, compared to between 200 and 500 µm for silicon cells.[27] [31] Scientists also reached 17% experimental efficiency for a graphene/silicon Schottky cell, up from 1.5% ten years earlier.[26]

			We can also question the current obsession with higher efficiencies. Many people will argue that if low-tech solar panels are less efficient, we would need more solar panels to produce the same power output. Consequently, the resources saved by low-tech production methods would be compensated by the extra resources to build more solar panels. However, efficiency is only crucial when we take energy demand for granted. A decrease in efficiency may just as well be compensated by lowering energy demand, especially when it leads to more sustainability and lower resource use throughout the supply chain. As with wind turbines, sacrificing some efficiency may gain us a lot in sustainability.

			What Happened to George Cove?

			If Cove’s solar panel was so revolutionary, why is it forgotten? On this question, Philip Pesavento’s research material reads like a crime novel. Cove’s attempt to produce and market his solar energy device failed in mysterious ways.

			The inventor became involved with a stock manipulator – Elmer Burlingame – who in 1909 and 1910 issued stock from businesses that were not his, including Cove’s start-up the Sun Electric Generator Company. In October 1909, Cove was allegedly kidnapped, and his life was threatened if he did not cease the development of his solar invention. However, the police dismissed Cove’s kidnapping as a hoax. In 1911, both Cove and Burlingame were arrested for stock fraud and spent a year in jail. Although Cove worked on other inventions after that, none of those were related to solar energy.[32]

			Was George Cove a charlatan? Was he the victim of one? Or was his reputation destroyed because the solar electric generator threatened other companies’ interests? There are many historical examples of suppression of technological innovations by large US corporations. George Cove was active in the same period as the Edison Electric Illuminating Company of New York, whose unscrupulous practices against competitors are well-documented. If Cove’s solar electric generator worked, it could have reduced the growing demand for Edison’s coal and oil-fired power stations.[32] Earlier, in the 1880s, Edison had bought the company that produced the best thermoelectric generator at the time – Clamonds’s Improved Thermopile – and subsequently stopped the development of the machines.[33]

			More Mysteries

			However, while it’s tempting to see George Cove as a victim, we can only speculate. Philip Pesavento’s archive material contains more mysteries, such as Cove’s patent – applied for in 1905, granted in 1906. In his patent, the inventor describes the making of his Zn4Sb3 plugs in detail, which helped Pesavento to calculate the power output and efficiency of the solar arrays. However, Cove describes these plugs for converting heat from a wood stove into electricity, which is not compatible with his choice of material. To make the stove generator work, it required ZnSb plugs with a bandgap of 0.5 eV. Philip Pesavento:

			“Was this misdirection on the part of Cove to prevent folks from copying his stove patent and getting it to work? I don’t know.”

			Even more surprisingly, an image that shows Cove standing beside one of his solar panels also appears in John Perlin’s 2013 historical overview of solar power Let It Shine: The 6,000-Year Story of Solar Energy. However, the solar panel in the image is attributed to Charles Fritts, the inventor of the selenium solar cell. Furthermore, George Cove himself has disappeared from the image. Excerpts from the book, as well as the photo, have appeared on several websites. Philip Pesavento was not surprised when I got back in touch:

			“I made this discovery several years ago. I guess that somebody badly needed an image of Fritts’ solar panels, found this image, and then photoshopped George Cove out of it. After all, Cove is totally unknown and when known is thought to have invented a solar thermoelectric generator, not a solar PV panel. If you look closely at the two photos, you can see that the top of the right column portico behind him was cut and pasted to where Cove had been standing, it’s not quite right in its perspective.”
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					This drawing from George Cove’s 1906 patent shows the zinc-antimony alloy “b”; the german silver (ohmic) end cap “c”; and the copper or tin (Schottky) end cap “f”. All these are press-fit because soldering the connections lowered the efficiency.

				

			

		

		
			
				[image: ]
			

		

		
			George Cove stands next to his third solar array. Source: “Generating electricity by the sun’s rays”, Popular Electricity, Volume 2, nr. 12, April 1910, pp.793.
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			George Cove’s first solar panel, demonstrated in 1905. Source: Technical World Magazine 11, nr.4, June 1909.
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					George Cove’s second solar panel, with one section missing. Source: Technical World Magazine 11, nr.4, June 1909.
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					George Cove’s third solar panel. Source: “Harnessing sunlight”, René Homer, Modern Electrics, Vol. II, No.6, September 1909.
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					George Cove’s third solar panel. The panels are now tilted at an angle as opposed to lying flat. Source: Literary Digest 1909, pp. 1153.
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					One of the solar panels of Cove’s third solar array, with the glass cover removed. Source: “Harnessing sunlight”, René Homer, Modern Electrics, Vol. II, No.6, September 1909.

				

			

		

		
			
				
					[image: ]
				

				
					A portrait of George Cove. Source: “The sun harnessed”, Auto Deal and Repair, 1909.
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		We cannot lower carbon emissions if we keep producing steel with fossil fuels.
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			Trapped in the Iron Age

			In 1836, Danish antiquarian and curator Christian Jürgensen Thomsen distinguished three prehistorical eras based on the dominant materials used for weapons and cutting implements: the Stone Age, the Bronze Age, and the Iron Age.[1] Thomsen’s classification refers to the past, but according to his criteria, we have never evolved beyond the Iron Age. Even in the 21st century, iron remains the dominant material, not just for weapons and cutting implements but for about every modern technology.

			We now use most iron in the form of steel. However, according to Thomsen’s criteria, we cannot speak of a “Steel Age.” First, steel is merely an alloy of iron (>98%) and carbon (<2%). Second, humans have been producing steel since the beginning of the Iron Age. That is a little-known fact in the Western world, where steel production only took off in the nineteenth century with fossil fuels. However, Asian and African metallurgists developed high-quality steels much earlier, and this knowledge eventually allowed Europeans to do the same – on a much larger scale.[2]

			By 2021, the global iron and steel output reached 1,950 million tonnes (Mt). That is 22 times larger than the combined aluminum and copper output (88 Mt). The global iron and steel output corresponds to five times the global plastics output (391 Mt) and dwarfs the worldwide production of silicon (8.5 Mt) and lithium (0.1 Mt).[3][4] Steel is the fundamental material of industrial societies. Without plastics, lithium, or silicon, we would still be in an industrial society. Without iron and steel, we would be thrown back 3,000 years into the Bronze Age.

			Where is All That Steel?

			The massive presence of steel in industrial society is not so obvious.[5] At home, we find several steel appliances such as the refrigerator, washing machine, water boiler, bathtub, and cooking, heating, and cooling appliances. However, only 2-3% of total steel production ends up in domestic appliances.[6][7][8] Outdoors, there’s a lot of steel in the form of vehicles. These are especially passenger cars that use around 10% of all steel globally (20% in rich countries). Busses, trucks, trains, and ships add another 4-5%. Altogether that is still less than 20% of the global steel output.

			Most steel is embedded in other materials, located underground, or far away from residential areas. More than half of global steel production goes into construction, which includes buildings (residential, commercial, industrial) and infrastructures (bridges, tunnels, harbors, canals, runways, oil rigs, refineries, pipelines, power plants, transmission lines, railways, subways, and so on). Much of that steel is embedded in concrete. Reinforced concrete is the world’s primary building material, and concrete is the only material that can match the output of steel (1,819 Mt in 2021).

			Roughly 15% of global steel production serves to make machinery, including machine tools, industrial equipment, electrical hardware, and construction, mining, and farming machines. Even products made of other materials – such as other metals, plastics, and wood – are shaped by steel tools.[5] The final 15% of steel production ends up in a variety of objects, from screws over food packaging to furniture and shipping containers.[6][7][8]

			The Environmental Footprint of the Steel Industry

			Steel is often presented as one of the most sustainable materials. Unlike plastics, steel can be recycled without any loss in quality. The steel industry has made great advances in energy efficiency, more so than many other industries. Making one ton of crude steel now requires roughly 20 gigajoules (GJ) of primary energy on average – three times less than in 1950.[9] This compares very favorably to other materials such as aluminum (175 GJ/t), plastics (80-120 GJ/t), or copper (45 GJ/t).[7] Unlike plastics, steel is a biodegradable material.[10] Finally, iron ore is not in short supply. It makes up 5 percent of the Earth’s crust and is fourth in abundance among the elements. [11] For comparison, copper only makes up 0.01%.[5]

			However, despite all these advantages, the global iron and steel industry consumes more energy and produces more carbon emissions than any other industry. The total primary energy use of crude steel production was 39 exajoules (EJ) in 2021, which corresponds to 7% of all energy used worldwide in that year (595 EJ). The greenhouse gas emissions are even higher because around 75% of energy use comes from coal – the fuel with the highest carbon emissions. In 2021, the iron and steel industry produced 3.3 Gt of carbon emissions, roughly 9% of global emissions (36.3 Gt).[12] The concrete industry follows closely with 8%.

			The estimates above come from the World Steel Association and the International Energy Agency. These data are available for all metals and have been documented over a long period, allowing for historical comparisons. However, they only refer to the smelting of the metal. They do not include the energy use and carbon emissions for mining and transporting iron ore, coal, limestone, scrap, and steel products. Nor do they include the energy and emissions for coke production and ore preparation – all essential to the steel production process.[7]

			Scientific studies that have set wider boundaries for the iron and steel industry conclude that the energy cost of steel production increases by 50% to 100%.[13] One report concludes that the methane emissions from metallurgical coal mining alone could increase emissions by 27%. Another study estimates that seaborne transport of iron ore and steel adds 10-15% extra emissions.[14][15] Iron and steel production also create other environmental problems, such as high water use, solid waste production, and significant air and water pollution.

			The carbon footprint of the iron and steel industry is incompatible with current ambitions to eliminate net carbon emissions by 2050, even less so because steel production is very likely to expand further. Steel production grew tenfold since 1950 and doubled between 2000 and 2020, growing faster than many researchers had predicted.[16] Furthermore, efficiency gains have decreased, and there is a scientific consensus that current technologies have reached their thermodynamic limits.[7][9][17] During the last two decades, the average energy use for the production of 1 ton of steel has remained around 20 GJ/t.[9][18]

			How to Make Steel Without Fossil Fuels?

			There are two ways to make steel, and one is much more sustainable than the other.[19] On the one hand, there is the blast furnace or basic oxygen furnace, in which steel is made from iron ore and coal. This technology is – in its essential form – 2000 years old. On the other hand, there is the electric arc furnace, in which steel is made from steel scrap and electricity. The electric arc furnace, which is a relatively new technology, consumes much less energy than the blast furnace, makes use of a recycled resource (no need to mine iron ore), and works without the direct use of coal or other fossil fuels (the electricity can be supplied by solar, wind, or atomic power).

			The most energy-efficient electric arc furnaces now consume less than 300 kilowatt-hours of electricity per ton of steel produced.[9][20] Hypothetically, if we had produced all steel in 2021 (1,950 Mt) in such furnaces, the total power consumption of the global iron and steel industry would have been only 585 terawatt-hours (Twh). That corresponds to just one-third of all electricity generated by wind turbines worldwide in the same year (1,848 Twh). Unfortunately, more than 70% of global steel output was made in blast furnaces fed by coal and iron ore.[9][20] A blast furnace consumes twenty times more energy and cannot be operated by electricity because coal is both the fuel source and the chemical reductant. The combustion of coal produces carbon monoxide that reduces the iron from its ore.[7]

			Not Enough Scrap Available

			The solution seems obvious: let’s produce all that steel in electric arc furnaces. However, this is impossible. There’s not enough scrap available: the continuous growth of the global steel output makes a circular flow of resources impossible.[21] It takes decades before most steel becomes available for recycling. For example, there is 543 Mt of steel stocked in ships.[22] The scrap available for recycling in 2021 corresponds to the production level of 1965 when global steel production was less than one-quarter of what it is today (450 Mt).[9][10][15][23] Consequently, the other three quarters need to be produced in blast furnaces using coal and freshly mined iron ore.

			Nowadays, China produces roughly half of the steel in the world and does that almost exclusively (+90%) in blast furnaces using coal and iron ore. Many other steelmaking nations have a higher share of electric arc furnaces. However, it makes little sense to point the finger at China. First, the US and Europe have outsourced many of their industries to China since the 2000s, a trend that corresponds neatly with the growing steel output in that country. Furthermore, twenty to forty years ago, China hardly used any steel. Consequently, there is almost no scrap available. China has no other choice than to use blast furnaces.[24]

			Ever Higher Grades of Steel

			A second obstacle is the continuous development of higher grades of steel. There are now over 2,500 different types of steel with a variety of properties, such as increased strength, tolerance to high temperatures, or corrosion resistance.[7][9][23][25] Although these higher quality steels can be produced in electric arc furnaces, they are not made from scrap, and they have much higher energy use.

			Steel available for recycling forms a mix of steel grades. That mix is suitable for making plain carbon steel but not highly alloyed steels, which require scrap with similar qualities. However, that scrap is not available. For example, stainless steel, the most produced special steel grade, has a recycling rate of only 15%. Almost 60 Mt of stainless steel was produced in 2021, compared to only 4 Mt in 1980.[26] The traditional use of stainless steel was in cutlery, surgical tools, and medical and food processing equipment. However, it is now also used in the construction of tunnels and outdoor furniture, wastewater treatment, seawater desalination, nuclear engineering, and the production of biofuels.[7]

			The low recycling rate and the need for the extraction of additional elements such as chrome and nickel make higher grades of steel more energy-intensive to produce. For example, stainless steel production requires almost 80 GJ per ton, four times more than the production of plain carbon steel.[7][23] The continuous development of higher-grade steels is stimulated by environmental legislation (such as the use of lighter steel in cars) and by competition from other materials, mainly aluminum and plastic composites.[7][9][23][25] Ironically, the competition with these materials, which consume even more energy, makes steel less and less sustainable.

			Steel and Renewable Energy

			The steel industry is heavily dependent on the energy supply, but the energy supply is also heavily dependent on the steel industry. Almost 10% of the global steel output goes into building and maintaining energy supply infrastructure. That amount corresponds to the entire steel output in 1950. A great share of that steel goes to gas and oil infrastructure.[27] Oil and gas mining, production, and transportation require steel for offshore drilling platforms, pipelines, refineries, tankers, and storage tanks. Coal mining depends on steel for cutters, loaders, conveyors, excavators, and trucks.[7]

			Unfortunately, the planned switch to low-carbon energy sources and the electrification of heating and transport technologies will not decrease our dependency on the steel industry – on the contrary. A low-carbon power grid requires much more steel (and other materials) than an infrastructure based on fossil fuels. Wind and solar power are very diffuse power sources compared to fossil fuels. Therefore, it takes much more materials (and land) to produce the same energy. In jargon, wind and solar have low “power density” or high “material intensity.”[28][29][30][31][32]

			The “steel intensity” of thermal gas and coal power plants is between 50 and 60 tonnes of steel per megawatt of installed power.[33] Hydroelectric power plants have a lower steel intensity, with 20-30 tonnes of steel per MW.[7][33] Atomic power’s steel intensity is also lower at between 20 and 40 tonnes of steel per installed MW.[33][34] On the other hand, solar PV requires between 40 and 170 tonnes of steel per installed MW.[33][35] Although there is little or no steel in the solar panels themselves, it’s the material of choice for the structures that support them.

			Steel and Wind Power

			The most steel-intensive power source – by far – is the modern wind turbine. The steel intensity of a wind turbine depends on its size. A single, large wind turbine requires significantly more steel per megawatt of installed power than two smaller wind turbines.[36] For example, a 3.6 MW wind turbine with a 100-meter tall tower requires 335 tons of steel (83 tons/MW), while a 5 MW wind turbine with a 150-meter tall tower needs 875 tons of steel (175 tons/MW).[37] The trend is towards taller wind turbines and a higher steel intensity.

			Steel consumption further increases for offshore wind turbines. Onshore wind power plants rely on reinforced concrete for their foundations, but offshore wind turbines need massive steel structures such as monopiles and jackets.[38] The steel intensity for offshore wind turbines is calculated to be around 450 tonnes per MW for a 5 MW turbine – eight times higher than the steel intensity of a thermal power plant.[36]. As these wind turbines get taller and move into deeper waters, their steel use further increases.

			The most popular offshore wind turbine nowadays has a capacity of 7 MW, while the largest ones have a capacity of 14 MW.[36] If we make a conservative estimate based on the data above (the steel intensity doubles for every doubling of the power capacity), a 14 MW offshore wind turbine would require 1,300 tons of steel per MW or 18,200 tonnes in total. Such a wind turbine thus consumes 24 times more steel than a coal or gas power plant of the same power capacity.

			Shorter Life Expectancy

			The difference between renewable power sources and fossil fuels becomes even larger if the steel intensity is calculated per unit of energy rather than power (MWh instead of MW). In contrast to coal and gas power plants, the output of wind and solar power plants depends on the weather, and they do not always produce their maximum power capacity. Therefore, replacing 1 MW of fossil electricity generation capacity requires the installation of (on average) 4 MW of solar power or 2 MW of wind power.[39] A 14 MW offshore wind turbine thus has a steel intensity that is almost 50 times higher than a fossil fuel power plant for every kilowatt-hour of electricity produced.[40]

			Solar and wind power plants also have shorter lifetimes (20-30 years) compared to thermal power plants (30-60 years).[31] While this does not affect the steel intensity per MW of power installed, it again increases the steel intensity per unit of energy produced over time. That does not always lead to a doubling of steel use because foundations for offshore wind turbines and structures for solar panels may have longer lifetimes than the power sources they support and could thus be reused.[41]

			Power Transmission Infrastructure

			The data above only include the steel used in the power plants themselves. For fossil fuel power plants, they do not include the steel used in the pipelines, oil rigs, coal excavators, and the like. However, the same goes for the low-carbon power sources. Because they need much more resources than thermal power plants (steel but also other metals and materials), they depend on a global mining and transport infrastructure that is just as steel-intensive as the supply chain for fossil fuels.

			Furthermore, because they are more diffuse power sources with intermittent and unpredictable power production, often located far away from energy consumption centers, renewable power plants drive the expansion of transmission infrastructure. That infrastructure is also based on steel – from switchyard equipment over towers to conduction cables.[28][29][30][31][32][42]

			Finally, low-carbon power sources also have a high need for special grades of steel, which are more energy-intensive to produce. Steel for off-shore wind turbines should resist corrosion, and stainless steel is increasingly used for solar panel support structures.[43] Electrical lamination steel (iron-silicon) is indispensable for transformers in the power network.[7] Nuclear power plants may have a relatively low steel intensity but are completely built up of energy-intensive specialty steels. For example, cladding the fuel elements containing fissionable uranium requires zirconium steel, while all structural elements contain austenitic stainless steel.[7][44]

			Low Carbon Grid Cannot Be Made From Recycled Steel

			The high steel intensity of low carbon power sources confronts us with a so-called “catch-22”, a situation in which there seems to be no escape from a problem no matter what we do. We need much more steel if we replace thermal power plants with renewable ones. Because there is not enough steel scrap available, we can only produce that extra steel from iron ore in blast furnaces burning fossil fuels. To address climate change, we need to build low-carbon sources quickly and in great numbers. However, to achieve circular material flows and build low-carbon power sources from scrap and renewable electricity, we would have to do the opposite: slow down the development of a low-carbon power grid.

			A well-cited study from 2013 concluded that if wind and solar power would supply 25,000 Twh of electricity – which corresponds to total global electricity demand in 2021 – we need about 3,200 Mt of steel to build the power plants alone.[33][45] Global electricity demand is projected to grow to between 52,000 and 71,000 terawatt-hours in 2050, which would increase the extra steel demand to between 6,400 and 8,960 Mt.[46] Spread out over the lifetime of solar panels and wind turbines (25 years), we would have to produce 256 to 358 Mt extra steel per year to make wind turbines and solar panel structures – comparable to the steel demand for passenger cars (195 Mt) and other transportation modes (98 Mt) combined.

			That is still a very optimistic estimation. Electricity demand only makes up around 20% of total energy demand. If the total energy demand (177,000 Twh in 2021) would be supplied by wind and solar, we would need 22,400 Mt of steel. That’s an extra 896 Mt steel per year – as much as the global production in the early 2000s. You could argue that electricity can be used more efficiently than fossil fuels, for example, in cars and heating systems. However, at the same time, total energy demand is expected to rise further, countering the gains made by increased energy efficiency.

			The High-tech Solutions

			The steel industry counts on technological solutions to make steel production carbon neutral. One option is to replace coal by gas, an approach that is already common in the Middle East and North America. Gas-based steelmaking results in somewhat lower carbon emissions, but they are still much higher than in the case of the electric arc furnace. Therefore, most attention goes to hydrogen, which can replace purified coal (coke) as a reducing agent in a direct reduction shaft furnace.[47] However, hydrogen-based steelmaking does not offer an escape from the catch-22 because it further increases the need for a steel-intensive infrastructure.

			The production of hydrogen is energy-intensive. It takes 50-55 kilowatt-hour to make 1 kg of hydrogen and 60 kg of hydrogen to make 1 ton of steel.[47] The production of 1 ton of steel from hydrogen thus consumes 3,000 kWh of electricity, which is ten times higher than the electricity use of an electric arc furnace making steel from scrap. Consequently, hydrogen-based steelmaking requires roughly ten times more wind turbines and solar panels than scrap-based steel production – and thus ten times more steel. On top of this comes the steel for building the pipelines and storage tanks that are part of the hydrogen infrastructure.

			Carbon capture and storage, in which the carbon emissions of steelmaking plants are captured and then stored underground, faces the same problems. It requires a steel infrastructure and extra energy, thus indirectly raising the use of fossil fuels. Reverting to older, preindustrial steelmaking processes is not the answer either. Today’s blast furnace is essentially still the blast furnace from earlier centuries, only much more energy efficient.[7]

			The Low-tech Solutions

			The picture painted above seems to offer little hope for carbon-neutral steelmaking and power production. However, there is a low-tech solution that could achieve it. We could adjust steel production to the available scrap supply both in quantity and quality. That would allow us to produce all steel from scrap in electric arc furnaces, dramatically reducing energy consumption and eliminating almost all carbon emissions. Of course, the intent should not be to replace steel with plastic composites and aluminum because they are even more energy-intensive to produce. The only solution is to reduce material use overall.

			Reducing the steel output and using more common steel grades would not bring us back to the Bronze Age. As noted, global end-of-life ferrous scrap availability was approximately 450 Mt in 2021, which would allow us to produce roughly one-quarter of the current steel output. Furthermore, the scrap supply will continue to rise for the next 40 years, enabling us to produce more and more low-emission steel each year. By 2050, scrap availability is expected to rise to about 900 Mt, almost half of today’s global steel production.[48] All that extra steel could be invested in expanding the low-carbon power grid without raising emissions first.

			There is a lot of room to reduce the steel intensity of modern society. All our basic needs – and more – could be supplied with much less steel involved. For example, we could make cars lighter by making them smaller. That would bring energy savings without the need for energy-intensive high-grade steel. We could replace cars with bicycles and public transportation so that more people share less steel. Such changes would also reduce the need for steel in the road network, the energy infrastructure, and the manufacturing industry. We would need fewer machine tools, shipping containers, and reinforced concrete buildings. Whenever steel intensity is reduced, the advantages cascade throughout the whole system. Preventing corrosion and producing steel more locally from local resources would also reduce energy use and emissions.[10][14]

			The continuous growth of the steel output – the increasing steel intensity of human society – makes sustainable steel production impossible. No technology can change that because it’s not a technological problem. Like forestry can only be sustainable if the wood demand does not exceed the wood supply, steel is sustainable or not depending on the balance between (scrap) supply and (steel) demand. We may not be able to escape the Iron Age, but we have an option to escape the catch-22 that inextricably links steel production with fossil fuels.[49]
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					Worker in a blast furnace. Bundesarchiv, B 145 Bild-F079044-0020 / CC-BY-SA 3.0. 
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					Steel rebar construction for the concrete foundation of a wind turbine in Gilliam County, US. Image by Goose Chap, Wikimedia Commons (CC BY-SA 4.0)
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					Steel towers for wind turbines in the port of Rotterdam. Image: Melle Smets.
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					Steel foundations for off-shore wind turbines. Image by Glen Wallace, Wikimedia Commons (CC BY 2.0).

				

			

		

		
			
				[image: ]
			

			
			Reinforced concrete is the world’s primary building material. Hole on Interstate 84, US. Image by Tony George, Oregon Department of Transportation, Wikimedia Commons (CC BY 2.0).
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			Cars for scrapping at the Port of Cardiff. Gareth James via Wikimedia Commons (CC BY-SA 2.0).
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