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			Low-tech Magazine refuses to assume that every problem has a high-tech solution. A simple, sensible, but nevertheless controversial message; technological progress has become the idol of industrial societies. By contrast, Low-tech Magazine underscores the potential of past and often forgotten technologies and how they can inform sustainable energy practices.
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			From Open Hearth to Power Plant

			The habitual use of fire dates back at least 300,000 to 400,000 years.1, 2 Until the twentieth century, the biomass-fuelled fire was the only energy using “appliance” in the household – whether people were living in a cave, a temporary hut, or a permanent building. The earliest shelters were often erected with the express purpose of keeping fire alive, protecting it from wind and rain.

			For most of history, the fire appeared in the form of an open hearth,which was built on an earthen floor in the middle of a shelter. The smoke of the fire escaped through a hole in the roof. Beginning in the fourteenth century in Europe, the open hearth was gradually replaced by a fireplace connected to a chimney, most often built against a wall. In colder regions (such as Scandinavia), people built more energy efficient tile stoves, while in milder climates (such as those around the Mediterranean), people continued to use braziers – portable metal baskets in which charcoal was burnt. In the 18th and 19th centuries, fireplaces were starting to be replaced by metal stoves.

			The fire remained central in the household until the 20th century, when it was replaced by a wide range of appliances, plugged into central infrastructures. Today, in industrial societies, even metalstoves have become rare in households. Open burning has been all but banned, especially in cities. New buildings no longer have fireplaces, chimneys, or a hole in the roof.

			“Paradoxically”, writes Luis Fernández-Galiano in Fire and Memory: On Architecture and Energy (1991), “the dwellings that began as places to promote the fire, today shun open burning”.3 In Fire: A Brief History (2001), Stephen J. Pyne observes that: “Urban residents can pass years without seeing a fire. It appears mostly by accident or arson, and almost always as a danger”.4

			However, the fire has far from disappeared. Thousands of individual fires in households have been replaced by a few giant fires in central power plants. And the fire also burns elsewhere. “In our economy of abundance”, writes Stephen J. Pyne, “fire is at the heart of the magic – in factories, automobiles, homes and power plants . . . Modern cities remain fire-driven ecosystems . . . Shut down combustion and you shut down the city. But open flame itself has vanished. Like a black hole in space, fire has shaped everything around it without itself being visible.”

			Industrialisation has only altered, not abolished burning. Most importantly, fire started using another energy source: fossil fuels instead of biomass. Until the twentieth century, almost all human-made fires were the product of renewable energy sources: wood, grass, dung – peat and some early uses of coal being the exceptions. Today in industrial societies, almost all fire “at the heart of the magic” burns on gas, coal or oil.

			Fire vs. Electricity

			Globally, a few billion people still live in households built around an old-fashioned fire, often in the form of an open hearth. Some people in the Western world consider this a backward and primitive practice that needs to be abolished – even though it is based on the use of renewable energy sources.

			For example, in 2011, the UN and the World Bank launched Sustainable Energy for All, an initiative aiming to “ensure universal access to modern energy services” by 2030.5 The concept of “modern energy services” is vague, but it essentially refers to the use of electricity and gas – and thus, in practice, the use of fossil fuels.

			Initiatives like this imply that “modern energy services” are “better” than the traditional open hearth or fireplace. “Urbanites see fire as a technology for which other, more advanced technologies can substitute”, writes Stephen J. Pyne. “If fire is a device, they want an improved flame – and smoke-free upgrade”.

			Examples of such flame – and smoke-free upgrades are today’s solar PV panels and wind turbines, which are supposed to end our dependence on fossil fuelled fires to produce “modern energy services”. However, how do open hearths and “modern energy services” – including those based on renewable energy sources – actually compare in terms of efficiency, sustainability, health and safety ? What are we really saying when we argue that electricity or gas are “better” than a traditional fire ?

			The Versatility of a Fire

			One reason why people in industrial societies regard open fire as inefficient and unsustainable is because they simply don’t know how their ancestors actually used it. If these days a fire is considered to be inefficient, it’s because we only measure the efficiency of one of its functions, usually space heating. However, our ancestors did not only use the fire to warm themselves. They also used it for cooking, illumination, food preservation, hot water production, clothes drying, and protection from predators and insects, among other things.

			Fire is extremely versatile: it’s hard to say which of its functions were most valued by our ancestors. Therefore, if we measure the energy use of a household fire and compare it to modern technology, we should not compare it to the energy use of a heating system or a cooking stove alone, but to the energy use of the entire household.

			Cooking With Fire

			As a cooking device alone, the fire can accommodate a wide variety of cooking methods and replace a surprisingly large number of modern kitchen appliances. The fire not only functioned as a cooking stove, but also as an oven. For roasting and grilling, food was held on a turning spit and cooked by direct exposure to the fire. Baking happened in a clay container (a “Dutch oven”) which was put in the ashes of the fire. Alternatively, a separate bake oven was built into the jamb or the rear of the fireplace, or as a freestanding structure outside the house. Boiling and frying happened in a pot that was hanging above the fire.6, 7

			The functions of many smaller electrical kitchen appliances were also enabled by the fire. For example, you may think that people started eating toast when the electric toaster appeared in the twentieth century, but before that time they simply held a “toasting fork” into the fire. Likewise, quickly preparing warm drinks did not begin with the invention of the electric immersion heater: earlier on, people immersed a red-hot iron tool in a cup, producing hot beverages in a matter of seconds.8

			The fire also substituted for today’s refrigerator and freezer. In The Food Axis: Cooking, eating, and the architecture of American houses (2010), Elizabeth Collins Cromley describes how meat and fish were suspended for several weeks in the smoke of a fire to preserve them for longer.6 At the simplest level, our ancestors hung their cuts of meat or fish in the kitchen chimney or – if there was no chimney – high above the hearth, suspended from the ceiling. Smoking fish and meat could also happen in a chimney smoke chamber, which was either an adjunct to the kitchen fireplace, or a chamber built off the chimney in the basement or attic. The smokehouse could also be a separate building.

			Several other food preservation methods were dependent on fire. Fruits, vegetables and herbs were dried by fire if the local climate wasn’t sunny enough. Sugaring fruits and making butter and cheese all depended on heat from a fire. Salt, essential for food preservation, was kept in a box hung against the fireplace to keep it dry.6

			Distributing Heat and Light

			A fire not only produces heat and smoke – it also produces light. As a light source, fire was just as versatile as electric lighting is today. The light of a fire resided not only in the hearth or the fireplace, but also in torches, rushlights, and later candles and oil lamps.9, 10 Heat from a fire could also be spread all over the household. Although the kitchen was usually the only space in the house that was heated, embers from the fire could be put into portable heating devices, such as foot stoves and bed warmers.11

			The fire was also used to heat water for cleaning and washing, a practice that continued when cast-iron wood-stoves appeared – many of these had hot water tanks. Furthermore, the fire took care of drying clothes, substituting for today’s tumble dryer. And people didn’t just start ironing their clothes when the electric iron came along. Since the middle ages, our ancestors used plain metal irons that were heated by a fire or on a stove, or a “box iron”, which held glowing charcoal inside – some of these had a small chimney to keep smokey smells away from the clothes.12

			There was also the function of the fire as a focal point of communication and socialisation. For thousands of years, the hearth was the “ancient focus of conversation and the crackling soul of the house”.3 Televisions and mobile phones have taken over these roles, although it is doubtful whether they hold the same appeal for people as a fire does. A host of electronic consumer products that imitate the effects of a fire – electric candles and fireplaces, led-bulbs with flickering flame effects, video’s of crackling fires – seem to indicate that humans miss open fire.

			Sustainability and Efficiency

			In a household built around a fire, the making of hot beverages and toast, the drying of clothes, or the illumination of the space does not raise the energy use of the fire: it simply makes more efficient use of the fire that is already there for other purposes – like space heating. To achieve the same result today, we have to turn on several appliances, and all of them require extra energy use: the heating system, the immersion heater, the electric toaster, the tumble dryer, and the lights.

			Furthermore, we should also take into account the mining and the energy use required to replace one fire with dozens of factory-made appliances, which all need to be distributed to individual consumers. Finally, we should take into account the energy and materials that are required to build and maintain the infrastructures that these appliances depend on to operate, like the power grid, gas infrastructure, or the cold chain. In contrast, an open hearth can be built locally with readily available materials, and it operates independently of centralised infrastructures.

			Today’s renewable power plants, such as solar PV panels or wind turbines, don’t properly address the energy question: they also need to be manufactured, transported, maintained and discarded of, and they imply that we can keep designing, producing and discarding an increasing range of electric household appliances in order to satisfy our needs. Neither would biomass electricity make this system sustainable: although it eliminates the use of fossil fuels, a great deal of energy is lost in the process of converting biomass to electricity, and we still need factories to manufacture the electric appliances and the infrastructures.

			Energy Use Compared: Ancient vs. Modern Households

			If we look at the energy use in European households today, we see that on average 64% of all energy goes to space heating, 15% to water heating, 14% to lights and appliances, 5% to cooking and 1% to other services (including cooling).13 Most of these services can be supplied by fire. So, how does the energy use of a traditional household with open hearth compare to the energy use of a modern household built around appliances and infrastructures ?

			Obviously, the energy use of modern houses is better documented than that of buildings and shelters from times gone by. However, there is research documenting the energy use of households that still rely on a traditional fire.

			A 2002 investigation of firewood consumption in traditional houses in Nepal measures the annual firewood consumption per household to be between 6 and 33 m3, which corresponds to between 35 and 165 Gigajoule (GJ) of energy.14, 15, 16 This seems quite a lot in comparison to the total energy use in contemporary households, which is around 75 GJ per year in Germany and around 105 GJ in Canada.

			However, the average Nepalese household participating in the research consisted of 5 to 12 people, while households in modern societies have shrunk to little more than two people. In the Nepalese households under study, energy use was between 2 and 33 GJ per capita, while another, more recent research paper on firewood consumption for heating, cooking and lighting in Nepal calculates a per capita use of roughly 2,5 to 10 GJ of energy per person per year.17 18 In comparison, total household energy consumption per capita is around 30 to 40 GJ in countries like the Netherlands, Germany and Canada.

			10 Billion People Around the Hearth

			Even without taking into account the extra resources needed to build the appliances and the infrastructures, energy use in the pre-industrial household seems to have been significantly lower than it is today. In fact, a quick calculation reveals that – at least in theory – 10 billion people using an open hearth as their only energy source would be a perfectly sustainable practice.

			Assuming an average firewood consumption of 6 m3 per capita, we would need 60 billion cubic metres of wood annually. One cubic metre of wood requires an annual yield of 0,2 ha of coppice, so we need 12 billion ha or 120 million square kilometers of forest if we want to avoid deforestation. That’s three times as much as we have today, and about 80% of the total land area of our planet (150 million square kilometers).

			Because we don’t need extra space for factories and roads to make and distribute consumer goods, we actually could go back to the open hearth without destroying our environment. The same cannot be said of 10 billion people going forward using fossil fuels and modern infrastructures.

			Health vs. Sustainability

			If not for their sustainability or efficiency, then why do we consider “modern energy services” superior to a traditional fire ? The suppression of open fire in modern cities is supported by two extra arguments: fire is unhealthy (it produces air pollution), and it is dangerous (it carries the risk of an uncontrollable fire). These risks are real, but how does the fire compare to “modern energy services” in terms of health and safety ?

			There is no doubt that the replacement of the household fire by modern infrastructures has advanced air quality, health and safetyin cities. However, this may only be a temporary gain: modern infrastructures are at least as hazardous to safety and health because of their dependence on fossil fuels.

			For example, the heat waves and forest fires which are ravaging Australia while I write this, are killing people and destroying properties, and they are producing thick smoke that continues to blanket some of the largest cities. These fires are not caused by people using open hearths. These fires are the consequence of climate change, which is mainly caused by people’s use of industrial infrastructures – powered by fossil fuels.

			The heavy dependence on central infrastructures for so many vital needs is another health and safety risk: cut the power supply to a large city and almost everything stops working – including the sewer network, the food storage, and the burglar alarms.

			Our troubled view of the old-fashioned fire is partly rooted in the conflation of two distinct concepts: “health” and “sustainability”. Indeed, something can be healthy, safe and sustainable at the same time, like walking – lest there is no sidewalk. But something can also be healthy and safe but not very sustainable (like a refrigerator, because it depends on an energy-intensive cold chain), and something can be sustainable but not very healthy or safe (like a smokeroom for meat and fish in the basement).

			Health and longevity are things that we, as individuals, “need”, want, desire, or feel entitled to. Just like we feel entitled to certain levels of comfort, convenience, speed or cleanliness. On the other hand, defining sustainability requires us to question what levels of human comfort, convenience, cleanliness, speed, safety and health our environment can support before it collapses. We can choose safety and health over sustainability when they are in conflict with each other, but only at the expense of the safety and health of younger and future generations. 
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						 Air-cooled forced convection. A heat sink with a TEG at the bottom and an electric fan on top. It can be attached to the surface of a stove in order to produce electricity. Image: Marie Verdeil.

		

		
			
		

		
		
			If the 2,000 year old windmill is the predecessor of today’s wind turbines, the fireplace and the wood stove are the even older predecessors of today’s solar panels. Like solar panels, trees and other plants convert sunlight into a useful source of energy for humans. Throughout history, the burning of wood and other biomass provided households with thermal energy, which was used for cooking, heating, washing, and lighting.

			Photosynthesis also underpinned all historical sources of mechanical power: it provided fuel for both human and animal power, as well as the building materials for water mills and windmills. Neither the old-fashioned windmill nor the old-fashioned wood stove produced electricity, but both can easily be adapted to do so. It suffices to connect an electric generator to a windmill, and to connect a thermoelectric generator to a wood stove.

			Thermoelectric Generator

			Thermoelectric generators (or “TEGS”) are similar to “photoelectric” generators – which we now call “photovoltaic” generators or solar PV cells. A photovoltaic generator converts light directly into electricity, and a thermoelectric generator converts heat directly into electricity.1

			A thermoelectric generator consists of a number of ingot-shaped semiconductor elements which are connected in series with metal strips and sandwiched between two electrically insulating but thermally conducting ceramic plates to form a very compact module.2 They are commercially available from manufacturers such as Hi-Z, Tellurex, Thermalforce and Thermomanic.

			Stick a thermoelectric module to the surface of a wood stove, and it will produce electricity whenever the stove is used for cooking, space heating, or water heating. In the experiments and prototypes that are described in more detail below, the power output per module varies between 3 and 19 watts.

			As with solar panels, modules can be connected together in parallel and series to obtain any voltage and power output that one needs – at least as long as there is stove surface left. As with solar panels, the electric current that is produced by the thermoelectric module(s) is regulated by a charge controller and stored into a battery, so that power is also available when the stove is not in use. A thermoelectric stove is usually combined with low voltage, direct current appliances, which avoids the conversion losses of using an inverter.

			Thermoelectric stoves could be applied in many parts of the world. Most research is aimed at the global South, where close to 3,000 million people (40% of the global population) rely on burning biomass for cooking and domestic water heating. Some of these households also use the stove or fireplace for lighting (1,300 million people have no access to electricity) and for space heating during part of the year. However, there’s also research aimed at households in industrial societies, where biomass stoves and burners have increased in popularity, especially outside of cities.

			100% Efficient

			Ever since the thermoelectric effect was first described by Thomas Seebeck in 1821, thermoelectric generators have been infamous for their low efficiency in converting heat into electricity.3, 4, 5, 6 Today, the electrical efficiency of thermoelectric modules is only around 5-6%, roughly three times lower than that of the most commonly used solar PV panels.4

			However, in combination with a stove, the electrical efficiency of a thermoelectric module doesn’t matter that much. If a module is only 5% efficient in converting heat into electricity, the other 95% comes out as heat again. If the stove is used for space heating, this heat cannot be considered an energy loss, because it still contributes to its original purpose. With appropriate stove design, the heat from electricity conversion can also be re-used for cooking or domestic water heating.

			More Reliable than Solar Panels

			Thermoelectric modules share many of the benefits of solar panels: they are modular, they require little maintenance, they don’t have moving parts, they operate silently, and they have a long life expectancy.7 However, thermoelectric modules also offer interesting advantages compared to solar PV panels, provided that there’s a regularly used (non-electric) heat source in the household.

			Although thermoelectric modules are roughly three times less efficient than solar PV panels, thermoelectric stoves provide a more reliable electricity supply because their power production is less dependent on the weather, the seasons, and the time of the day. In jargon, thermoelectric stoves have a higher “net capacity factor” than solar PV panels.

			Even if a stove is only used for cooking and hot water production, these daily household activities still guarantee a reliable power output, no matter the climate. Furthermore, the power production of a thermoelectric stove matches very well with the power demand of householders: the times when the stove is used, are commonly also the times when most electricity is used. Solar panels, on the other hand, produce little or no electricity when household demand peaks.

			Note that these advantages disappear when thermoelectric generators are powered by direct solar energy. Solar thermoelectric generators (or “STEGS”), in which thermoelectric modules are heated by concentrated sunlight, don’t compensate for the low efficiency of their modules due to higher reliability because they are just as dependent on the weather as solar PV panels are.8, 9, 10

			Less Energy Storage

			Because of its higher reliability, there’s no need to oversize the power generation and storage capacity of a thermoelectric system to compensate for nights, dark seasons or bad weather days, as is the case with a solar PV installation. Battery capacity only needs to be large enough to store electricity for use in between two firings of the stove, and there’s no need to add extra modules to compensate for periods of low power production.

			Solar panels and thermoelectric stoves can also be combined, resulting in a reliable off-grid system with little need for energy storage. Such a hybrid system combines well with a stove that is only used for space heating. The thermoelectric modules produce most of the power in winter, while the solar panels take over in summer.

			Cheaper to Install, Easier to Recycle

			A second advantage is that thermoelectric modules are easier to install than solar panels. There’s no need to build a structure on the roof and an electric link to the outside world, because the whole power plant is indoors. This also prevents theft of the power source, a significant problem with solar panels in some regions.

			All these factors make that power from a thermoelectric stove can be cheaper and more sustainable compared to power from solar PV panels. Less energy, materials and money are needed to manufacture batteries, modules, and support structures.

			In terms of sustainability, there’s another advantage: unlike solar PV panels, thermoelectric modules are relatively easy to recycle. Although silicon solar cells themselves are perfectly recyclable, they are encapsulated in a plastic layer (usually “EVA” or ethylene/vinyl acetate polymer), which is critical to the long-term performance of the modules.11 Removing this layer without destroying the silicon cells is technically possible, but so complex that it makes recycling unattractive from both a financial and energetic viewpoint.12, 13 On the other hand, thermoelectric modules do not contain any plastic at all.14, 15, 16

			Cooling the Modules

			The electrical efficiency of a thermoelectric generator doesn’t only depend on the module itself. It’s also, in large part, influenced by the temperature difference between the cold and the hot side of the module. A thermoelectric module operating at half the temperature difference will only generate one quarter of the power. Consequently, improving the thermal management of a thermoelectric generator is a major focus in the design of thermoelectric stoves, as it allows to produce more power with less modules.

			On the one hand, this involves locating the hottest spot(s) on a stove and fixing the modules there – provided that they can take the heat. Most stoves have surface temperatures from 100 to 300 degrees Celsius, while the hot side of bismuth telluride modules (the most affordable and efficient ones) withstands continuous temperatures of 150 to 350 degrees, depending on the model.

			On the other hand, thermal management comes down to lowering the temperature of the cold side as much as possible, which can be done in four ways: air-cooled and water-cooled forced convection, which involves electric fans and pumps, and air-cooled and water-cooled natural convection, which involves the use of passive heat sinks that do not have a parasitic load on the system.

			Active cooling usually has higher efficiency, even when the extra use of a fan or a pump is taken into account. However, passive systems are cheaper, operate silently, and are more reliable than active systems. In particular, the breakdown of a fan can be problematic, as it can lead to module failure due to overheating.17

			Thermoelectric Stoves with Heat Sinks

			The first thermoelectric biomass stoves were built in the early 2000s, although the Soviets pioneered a similar concept in the 1950s with mostly electric radios powered by kerosene lamps.6 In 2004, a team of Lebanese researchers retrofitted a typical cast-iron wood stove from local rural areas with a single 56 × 56 mm thermoelectric module they had made themselves.18 The stove, which is used for cooking and baking as well as for space and water heating, is rather small (52 × 44 × 29 cm) and weighs 40 kg.

			The researchers screwed a 1 cm thick smooth aluminium plate to the hottest spot of the stove surface, fixed the module there, and attached a very large (180 × 136 × 125 mm) aluminium finned heat sink to its cold side. At a burning rate of 2,5 kg soft pine wood per hour, their experiments showed an average power output of 4,2 watts. Operating the wood stove for 10 hours per day (excluding the warm-up phase) thus supplies a rural Lebanese household with 42 watt-hours of electricity, enough to cover basic needs.

			More modules and heat sinks can be added to increase power output, but of course the stove surface is limited, and as more modules are added they will be located in areas with a lower surface temperature, decreasing their efficiency. Another way to increase power production is to use an even larger heat sink, and/or a more expensive heat sink made from materials with higher thermal conductivity.

			Thermoelectric Stoves with Fans

			Most thermoelectric stoves that have been built to date use electric fans to cool the module, in combination with a much smaller heat sink. Although the fan can break and is a parasitic load on the system, it can simultaneously increase the efficiency of the stove by blowing hot air into the combustion chamber– slashing firewood consumption and air pollution roughly by half. Furthermore, fan-powered stoves avoid the building of a chimney and can rely on a horizontal exhaust pipe instead.19 Consequently, self-powered, fan-cooled stoves make it possible to reduce firewood consumption and indoor air pollution in rural regions of the global South where people neither have access to electricity, nor the means to make a chimney through the roof.

			A study of a forced-draft thermoelectric cookstove with one module showed a 4,5 watt power output, of which 1 watt is required to operate the fan.20 The net power production (3,5 watts) is lower compared to that of the stove with only a heat sink (4,2 watts), but the fan-cooled stove uses only half as much firewood: it generates 3,5 watts net electricity at a burning rate of 1 kg of firewood per hour, while the passively cooled stove requires 2,5 kg of firewood to produce 4,2 watts.

			An 80-days field test of a similar portable thermoelectric cookstove design in Malawi showed that the technology was highly valued by the users, with the stoves producing more electricity than was needed. Over the entire period, power production amounted to between 250 and 700 watt/hours of electricity, while electricity use was between 100 and 250 watt/hours.21

			Some fan-cooled thermoelectric cooking stoves are commercially available, often designed with backpackers in mind. Examples are the stoves from BioLite, Termomanic and Termefor, which advertise power outputs between 3 and 10 watts, depending on the design and the number of modules.17

			Thermoelectric Stoves with Water Tanks

			The most efficient thermoelectric stoves are those in which the cold side of the module(s) is cooled by direct contact with a water reservoir. Water has lower thermal resistance than air, and thus cools more effectively. Furthermore, its temperature cannot surpass 100 degrees Celsius, which makes module failure due to overheating less likely.

			When thermoelectric modules are water-cooled, the waste heat from their electricity conversion does not contribute to space heating, but to domestic water heating. Water-cooled thermoelectric stoves can be active (using a pump) or passive (no moving parts).17

			Most thermoelectric stoves with passive water cooling are small and only used for heating relatively small amounts of water. In fact, rather than the stove, it is most often a cooking pot that is equipped with thermoelectric modules. For example, the PowerPot is a commercially available backpacking type cooking pot with a thermoelectric module attached to the base, which can be directly placed on the top of a stove and advertises a power generation of 5-10 watts.

			A much larger and more versatile thermoelectric stove with passive water cooling was designed by French researchers, based on a large, multifunctional mud wood stove design from Morocco.19, 22, 23, 24, 25 They installed eight thermoelectric modules at the bottom of a built-in 30 L water storage tank, which not only serves as the heat sink for the cold side of the generator, but also as the domestic hot water supply for the household. Furthermore, the stove is equipped with a self-powered electric fan and has a double combustion chamber to increase combustion efficiency.

			Tests of a prototype generated 28 W of power using two modules, while burning 1,5 kg of wood for cooking and/or heating. The fan used 15 W, meaning that 13 W of power remains for other uses. The stove also provided 60 litres of hot water per hour. Depending on the duration of two cooking sessions, between 35 and 55 watts/hours electricity was stored in a battery in a day. Note that here the researchers take into account the losses of the charge controller, the 6V battery, and the fan.

			Thermoelectric Stoves with Pumps

			Passive water cooling has a downside. As the temperature of the water in the tank increases, the difference between the cold and the hot side of the module will decrease, and so will the electrical efficiency. There either needs to be sufficient time between two firings of a stove to let the water cool down again, or the warm water should regularly be used and replaced by cold water. A pump makes this task more convenient.

			A 2015 prototype, in which a wood stove used for cooking and space and water heating was equipped with 21 thermoelectric modules cooled by a pumped water system, showed a power production from 25 W (burning 1 kg of pine wood per hour) over 70 W (4 kg wood/hour) to 166 W (9 kg wood/hour).26 The power output per module is as high as 7,9 watts, almost double the power output per module of the stove with natural air cooling. The pump uses 5 W and the stove also has a fan to increase combustion efficiency, which consumes 1 W.27, 28

			Thermoelectric Gas Boilers ?

			Thermoelectric generators with forced water cooling better fit the energy infrastructure in industrial societies, especially in households with central heating systems. More modules could be added, resulting in a power production that matches a relatively high energy lifestyle. However, there’s some caveats. First, central heating systems are only used for space and water heating, not for cooking, which makes their power production less reliable throughout the year. Second, only some central heating systems operate on biomass or wood pellet burners, while many more run on gas, oil or electricity.

			Obviously, when the heat source is electric, it makes no sense to stick a thermoelectric module to it. A thermoelectric system is incompatible with the vision of a high-tech sustainable building where heating is done with an electric heat pump, cooking happens on an electric cooking stove, and hot water is produced by an electric boiler.

			However, when the energy source is gas or oil, a thermoelectric boiler is as much of a low carbon solution as a grid-connected solar PV system on the roof.29 A thermoelectric heating system doesn’t make a household independent of fossil fuels, but neither does a grid-connected solar PV installation. It relies on the (largely fossil fuel powered) power grid to solve energy shortages and excesses, and it usually counts on a fossil fuel powered central heating system for space and water heating.

			A thermoelectric heating system that runs on fossil fuels also compares favourably to a large cogeneration power plant, which captures the waste heat of its electricity production and distributes it to individual households for space and water heating. In a thermoelectric heating system, heat and power are produced and consumed on-site. Unlike a central cogeneration power plant, there’s no need for an infrastructure to distribute heat and electricity. This saves resources and avoids energy losses during transportation, which amount to between 10 and 20% for heat distribution and between 3 and 10% (or much more in some regions) for power distribution.

			A cogeneration power plant is more energy efficient (25-40%) in turning heat into electricity, meaning that in comparison a thermoelectric heating system supplies a larger share of heat and a smaller share of electricity. This is far from problematic, though, because even in Europe 80% of average household energy use goes to space and water heating. 
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					A Soviet thermo-electric generator based on a kerosene lamp, powering a radio, 1959. Source: The Museum of Retrotechnology.
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					A thermoelectric module. Image: Marie Verdeil.
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					A thermoelectric generator. Illustration: Diego Marmolejo.
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			 Air-cooled natural convection. Heat sinks with TEG’s mounted at the bottom. These can be attached to the surface of a stove. Image: Marie Verdeil.

		

		
			
				
					The principle of thermoelectric stove with passive water cooling. Illustration: Diego Marmolejo. See: Gao, H. B., et al. “Development of stove-powered thermoelectric generators: A review.” Applied Thermal Engineering 96 (2016): 297-310.
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					Multifunctional wood stove with passive water cooling. Illustration by Diego Marmolejo. See: Champier, Daniel, et al. “Thermoelectric power generation from biomass cook stoves.” Energy 35.2 (2010): 935-942.

				

			

		

		
			1.In both cases, the workings can be reversed. If one runs an electric current through a thermoelectric module, it can act as a heater or a cooler. If one runs an electric current through a photovoltaic device, it will produce light – that’s the principle of a LED.

			2.Rowe, David Michael, ed. (2018). CRC handbook of thermoelectrics. Boca Raton: CRC Press.

			3.“Thermoelectric generators”, The Museum of Retrotechnology (online). Available from http://www.douglas-self.com/MUSEUM/POWER/thermoelectric/thermoelectric.html

			4.Polozine, Alexandre & Susanna Sirotinskaya & Lírio Schaeffer (2014). “History of development of thermoelectric materials for electric power generation and criteria of their quality”, Materials Research Vol. 17, No. 5, pp. 1260-1267.

			5.Goupil, Christophe, ed. (2015) Continuum theory and modeling of thermoelectric elements. New Jersey: John Wiley & Sons.

			6.Joffe, Abram F. (1958). “The revival of thermoelectricity”, Scientific American, Vol. 199, No. 5, pp. 31-37.

			7.The Stirling engine, another predecessor of the solar PV panel that converts heat into electricity, lacks many of these advantages.

			8.Kraemer, Daniel et al. (2016). “Concentrating solar thermoelectric generators with a peak efficiency of 7.4%”, Nature Energy, Vol. 1, No. 11, pp. 1-8.

			9.Amatya, R. & R. J. Ram (2010). “Solar thermoelectric generator for micropower applications”, Journal of Electronic Materials, Vol. 39, No. 9, pp. 1735-1740.

			10.Gayathri, Ms R., Ms D. Binu, Mr Vijay Anand, Ms R. Lavanya & Ms R. Kanmani (2017). “Thermoelectric Power Generation Using Solar Energy”, International Journal for Scientific Research & Development, Vol. 5, No. 3.

			11.Jiang, Shan et al. (2015). “Encapsulation of PV modules using ethylene vinyl acetate copolymer as the encapsulant”, Macromolecular Reaction Engineering, Vol. 9, No. 5, pp. 522-529.

			12.Xu, Yan et al. (2018). “Global status of recycling waste solar panels: A review”, Waste Management, Vol. 75, pp. 450-458.

			13.Sica, Daniela et al. (2018). “Management of end-of-life photovoltaic panels as a step towards a circular economy”, Renewable and Sustainable Energy Reviews, Vol. 82, pp. 2934-2945.

			14.Bahrami, Amin & Gabi Schierning, Kornelius Nielsch (2020). “Waste Recycling in Thermoelectric Materials”, Advanced Energy Materials, Vol. 10, No. 19.

			15.Balva, Maxime et al. (2017). “Dismantling and chemical characterization of spent Peltier thermoelectric devices for antimony, bismuth and tellurium recovery”, Environmental Technology, Vol. 38, No. 7, pp. 791-797.

			16.In terms of weight, a thermoelectric module of 5 grams consists of alumina for the ceramic plates (44%); copper for the electric contacts (28%); tellurium (10%), bismuth (6%) and antimony (2%) for the thermoelectric legs; and small amounts of tin (for soldering), selenium (for “doping” the bismuth telluride) and silicone paste (the only polymer in the module, used for gluing everything together). In thermoelectric modules, the concentration of the scarce elements antimony, tellurium and bismuth is much higher compared to their traditional resources, which makes recycling attractive.15

			17.Gao, H. B. et al. (2016). “Development of stove-powered thermoelectric generators: A review”, Applied Thermal Engineering, Vol. 96, pp. 297-310.

			18.Nuwayhid, Rida Y. & Alan Shihadeh & Nesreen Ghaddar (2005). “Development and testing of a domestic woodstove thermoelectric generator with natural convection cooling”, ­Energy Conversion and Management, Vol. 46, No. 9-10, pp. 1631-1643.

			19.Champier, Daniel et al. (2011). “Study of a TE (thermoelectric) generator incorporated in a multifunction wood stove”, Energy, Vol. 36, No. 3, pp. 1518-1526.

			20.Raman, Perumal & Narasimhan K. Ram & Ruchi Gupta (2014). “Development, design and performance analysis of a forced draft clean combustion cookstove powered by a thermo electric generator with multi-utility options”, Energy, Vol. 69, pp. 813-825.

			21.O’Shaughnessy, S. M. et al. (2014). “Field trial testing of an electricity-producing portable biomass cooking stove in rural Malawi”, Energy for Sustainable Development, Vol. 20, pp. 1-10.

			22.Champier, Daniel et al. (2010). “Thermoelectric power generation from biomass cook stoves”, Energy, Vol. 35, No. 2, pp. 935-942.

			23.Champier, Daniel et al. (2013). “Prototype combined heater/thermoelectric power generator for remote applications”, Journal of Electronic Materials, Vol. 42, No. 7, pp. 1888-1899.

			24.Champier, Daniel (2017). “Thermoelectric generators: A review of applications”, Energy Conversion and Management, Vol. 140, pp. 167-181.

			25.Favarel, Camille et al. (2015). “Thermoelectricity-A Promising Complementarity with Efficient Stoves in Off-grid-areas”, Journal of Sustainable Development of Energy, Water and Environment Systems, Vol. 3, No. 3, pp. 256-268.

			26.Goudarzi, A. M. et al. (2013). “Integration of thermoelectric generators and wood stove to produce heat, hot water, and electrical power”, Journal of Electronic Materials, Vol. 42, No. 7, pp. 2127-2133.

			27.The researchers also suggest a way to eliminate the pump: a water tank can be placed at a height of 1 meter to provide the water, gravity will work as a pump to flow water into the cooling system, and the hot water produced by the cooling system can be stored in an insulated tank.

			28.Another prototype generated an average output of 27W with just two modules, more than enough to power the pump (8W). Net power production is 9.5 watts per module. Source: Montecucco, Andrea & Jonathan Siviter & Andrew R. Knox (2015). “A combined heat and power system for solid-fuel stoves using thermoelectric generators”, Energy Procedia, Vol. 75, pp. 597-602.

			29.In fact, the earliest experiments with thermoelectric heating systems date from the late 1990s and were aimed at the development of self-powered gas boilers. Central heating systems typically consume 250-400W of power for operating their electrical components: fans, blowers, pumps and control panels. By adding thermoelectric modules, the system maintains its ability to heat a home in the event of a prolonged electric outage. In combination with grid-connected solar PV panels, this only works while the sun shines. Allen, D. T. & W. Ch Mallon (1999). “Further development of” self-powered boilers””, Eighteenth International Conference on Thermoelectrics. Proceedings ICT’99, IEEE; Allen, Daniel T. & Jerzy Wonsowski (1997). “Thermoelectric self-powered hydronic heating demonstration”, 16th International Conference on Thermoelectrics. Proceedings ICT ‘97, IEEE.

			30.Moser, Wilhelm et al. (2008). “A biomass-fuel based micro-scale CHP system with thermoelectric generators”, Proceedings of the Central European Biomass Conference 2008.

			31.Liu, Changwei & Pingyun Chen & Kewen Li (2014). “A 1 KW thermoelectric generator for low-temperature geothermal resources”, Thirty-ninth workshop on geothermal reservoir engineering, Stanford, CA: Stanford University.

		

		
		

		
		

	
		
			How to Make Biomass Energy Sustainable Again

		

			
			From the Neolithic to the beginning of the twentieth century, coppiced woodlands, pollarded trees, and hedgerows provided people with a sustainable supply of energy, materials, and food.

		

					September 2020

		
			
			
				
					[image: ]
				

					
					 Harvesting leaf fodder in Leikanger kommune, Norway. Credit: Leif Hauge. Source: Haustingsskog. Rettleiar for restaurering og skjøtsel, Garnås, Ingvill; Hauge, Leif ; Svalheim, Ellen, NIBIO RAPPORT | VOL. 4 | NR. 150 | 2018.

				

			

		

	
		

			How is Cutting Down Trees Sustainable ?

			Advocating for the use of biomass as a renewable source of energy – replacing fossil fuels – has become controversial among environmentalists. Some comments on the previous article, which discussed thermoelectric stoves, illustrate this:

			“As the recent film Planet of the Humans points out, biomass a.k.a. dead trees is not a renewable resource by any means, even though the EU classifies it as such.”

			“How is cutting down trees sustainable ?”

			“Article fails to mention that a wood stove produces more CO2 than a coal power plant for every ton of wood/coal that is burned.”

			“This is pure insanity. Burning trees to reduce our carbon footprint is oxymoronic.”

			“The carbon footprint alone is just horrifying.”

			“The biggest problem with burning anything is once it’s burned, it’s gone forever.”

			“The only silly question I can add to to the silliness of this piece, is where is all the wood coming from ?”

			In contrast to what the comments suggest, the article does not advocate the expansion of biomass as an energy source. Instead, it argues that already burning biomass fires – used by roughly 40% of today’s global population – could also produce electricity as a by-product, if they are outfitted with thermoelectric modules. Nevertheless, several commenters maintained their criticism after they read the article more carefully. One of them wrote: “We should aim to eliminate the burning of biomass globally, not make it more attractive.”

			Apparently, high-tech thinking has permeated the minds of (urban) environmentalists to such an extent that they view biomass as an inherently troublesome energy source – similar to fossil fuels. To be clear, critics are right to call out unsustainable practices in biomass production. However, these are the consequences of a relatively recent, “industrial” approach to forestry. When we look at historical forest management practices, it becomes clear that biomass is potentially one of the most sustainable energy sources on this planet.

			Coppicing: Harvesting Wood Without Killing Trees

			Nowadays, most wood is harvested by killing trees. Before the Industrial Revolution, a lot of wood was harvested from living trees, which were coppiced. The principle of coppicing is based on the natural ability of many broad-leaved species to regrow from damaged stems or roots – damage caused by fire, wind, snow, animals, pathogens, or (on slopes) falling rocks. Coppice management involves the cutting down of trees close to ground level, after which the base – called the “stool” – develops several new shoots, resulting in a multi-stemmed tree.

			When we think of a forest or a tree plantation, we imagine it as a landscape stacked with tall trees. However, until the beginning of the twentieth century, at least half of the forests in Europe were coppiced, giving them a more bush-like appearance.1 The coppicing of trees can be dated back to the stone age, when people built pile dwellings and trackways crossing prehistoric fenlands using thousands of branches of equal size – a feat that can only be accomplished by coppicing.2

			Ever since then, the technique formed the standard approach to wood production – not just in Europe but almost all over the world. Coppicing expanded greatly during the eighteenth and nineteenth centuries, when population growth and the rise of industrial activity (glass, iron, tile and lime manufacturing) put increasing pressure on wood reserves.

			Short Rotation Cycles

			Because the young shoots of a coppiced tree can exploit an already well-developed root system, a coppiced tree produces wood faster than a tall tree. Or, to be more precise: although its photosynthetic efficiency is the same, a tall tree provides more biomass below ground (in the roots) while a coppiced tree produces more biomass above ground (in the shoots) – which is clearly more practical for harvesting.3 Partly because of this, coppicing was based on short rotation cycles, often of around two to four years, although both yearly rotations and rotations up to 12 years or longer also occurred.

			Because of the short rotation cycles, a coppice forest was a very quick, regular and reliable supplier of firewood. Often, it was cut up into a number of equal compartments that corresponded to the number of years in the planned rotation. For example, if the shoots were harvested every three years, the forest was divided into three parts, and one of these was coppiced each year. Short rotation cycles also meant that it took only a few years before the carbon released by the burning of the wood was compensated by the carbon that was absorbed by new growth, making a coppice forest truly carbon neutral. In very short rotation cycles, new growth could even be ready for harvest by the time the old growth wood had dried enough to be burned.

			In some tree species, the stump sprouting ability decreases with age. After several rotations, these trees were either harvested in their entirety and replaced by new trees, or converted into a coppice with a longer rotation. Other tree species resprout well from stumps of all ages, and can provide shoots for centuries, especially on rich soils with a good water supply. Surviving coppice stools can be more than 1,000 years old.

			Biodiversity

			A coppice can be called a “coppice forest” or a “coppice plantation”, but in reality it was neither a forest nor a plantation – perhaps something in between. Although managed by humans, coppice forests were not environmentally destructive, on the contrary. Harvesting wood from living trees instead of killing them is beneficial for the life forms that depend on them. Coppice forests can have a richer biodiversity than unmanaged forests, because they always contain areas with different stages of light and growth. None of this is true in industrial wood plantations, which support little or no plant and animal life, and which have longer rotation cycles (of at least 20 years).

			Our forebears also cut down tall, standing trees with large-diameter stems — just not for firewood. Large trees were only “killed” when large timber was required, for example for the construction of ships, buildings, bridges, and windmills.4 Coppice forests could contain tall trees (a “coppice-with-standards”), which were left to grow for decades while the surrounding trees were regularly pruned. However, even these standing trees could be partly coppiced, for example by harvesting their side branches while they were alive (shredding).

			Multipurpose Trees

			The archetypical wood plantation promoted by the industrial world involves regularly spaced rows of trees in even-aged, monocultural stands, providing a single output – timber for construction, pulpwood for paper production, or fuelwood for power plants. In contrast, trees in pre-industrial coppice forests had multiple purposes. They provided firewood, but also construction materials and animal fodder.

			The targeted wood dimensions, determined by the use of the shoots, set the rotation period of the coppice. Because not every type of wood was suited for every type of use, coppiced forests often consisted of a variety of tree species at different ages. Several age classes of stems could even be rotated on the same coppice stool (“selection coppice”), and the rotations could evolve over time according to the needs and priorities of the economic activities.

			Coppiced wood was used to build almost anything that was needed in a community.5 For example, young willow shoots, which are very flexible, were braided into baskets and crates, while sweet chestnut prunings, which do not expand or shrink after drying, were used to make all kinds of barrels. Ash and goat willow, which yield straight and sturdy wood, provided the material for making the handles of brooms, axes, shovels, rakes and other tools.

			Young hazel shoots were split along the entire length, braided between the wooden beams of buildings, and then sealed with loam and cow manure — the so-called wattle-and-daub construction. Hazel shoots also kept thatched roofs together. Alder and willow, which have almost limitless life expectancy under water, were used as foundation piles and river bank reinforcements. The construction wood that was taken out of a coppice forest did not diminish its energy supply: because the artefacts were often used locally, at the end of their lives they could still be burned as firewood.

			Coppice forests also supplied food. On the one hand, they provided people with fruits, berries, truffles, nuts, mushrooms, herbs, honey, and game. On the other hand, they were an important source of winter fodder for farm animals. Before the Industrial Revolution, many sheep and goats were fed with so-called “leaf fodder” or “leaf hay” – leaves with or without twigs.6

			Elm and ash were among the most nutritious species, but sheep also got birch, hazel, linden, bird cherry and even oak, while goats were also fed with alder. In mountainous regions, horses, cattle, pigs and silk worms could be given leaf hay too. Leaf fodder was grown in rotations of three to six years, when the branches provided the highest ratio of leaves to wood. When the leaves were eaten by the animals, the wood could still be burned.

			Pollards & Hedgerows

			Coppice stools are vulnerable to grazing animals, especially when the shoots are young. Therefore, coppice forests were usually protected against animals by building a ditch, fence or hedge around them. In contrast, pollarding allowed animals and trees to be mixed on the same land. Pollarded trees were pruned like coppices, but to a height of at least two metres to keep the young shoots out of reach of grazing animals.

			Wooded meadows and wood pastures — mosaics of pasture and forest — combined the grazing of animals with the production of fodder, firewood and/or construction wood from pollarded trees. “Pannage” or “mast feeding” was the method of sending pigs into pollarded oak forests during autumn, where they could feed on fallen acorns. The system formed the mainstay of pork production in Europe for centuries.7 The “meadow orchard” or “grazed orchard” combined fruit cultivation and grazing — pollarded fruit trees offered shade to the animals, while the animals could not reach the fruit but fertilised the trees.

			While agriculture and forestry are now strictly separated activities, in earlier times the farm was the forest and vice versa. It would make a lot of sense to bring them back together, because agriculture and livestock production — not wood production — are the main drivers of deforestation. If trees provide animal fodder, meat and dairy production should not lead to deforestation. If crops can be grown in fields with trees, agriculture should not lead to deforestation. Forest farms would also improve animal welfare, soil fertility and erosion control.

			Line Plantings

			Extensive plantations could consist of coppiced or pollarded trees, and were often managed as a commons. However, coppicing and pollarding were not techniques seen only in large-scale forest management. Small woodlands in between fields or next to a rural house and managed by an individual household would be coppiced or pollarded. A lot of wood was also grown as line plantings around farmyards, fields and meadows, near buildings, and along paths, roads and waterways. Here, lopped trees and shrubs could also appear in the form of hedgerows, thickly planted hedges.8

			Although line plantings are usually associated with the use of hedgerows in England, they were common in large parts of Europe. In 1804, English historian Abbé Mann expressed his surprise when he wrote about his trip to Flanders (today part of Belgium): “All fields are enclosed with hedges, and thick set with trees, insomuch that the whole face of the country, seen from a little height, seems one continued wood”. Typical for the region was the large number of pollarded trees.8

			Like coppice forests, line plantings were diverse and provided people with firewood, construction materials and leaf fodder. However, unlike coppice forests, they had extra functions because of their specific location.9 One of these was plot separation: keeping farm animals in, and keeping wild animals or cattle grazing on common lands out. Various techniques existed to make hedgerows impenetrable, even for small animals such as rabbits. Around meadows, hedgerows or rows of very closely planted pollarded trees (“pollarded tree hedges”) could stop large animals such as cows. If willow wicker was braided between them, such a line planting could also keep small animals out.8

			Trees and line plantings also offered protection against the weather. Line plantings protected fields, orchards and vegetable gardens against the wind, which could erode the soil and damage the crops. In warmer climates, trees could shield crops from the sun and fertilize the soil. Pollarded lime trees, which have very dense foliage, were often planted right next to wattle-and-daub buildings in order to protect them from wind, rain and sun.10

			Dunghills were protected by one or more trees, preventing the valuable resource from evaporating due to sun or wind. In the yard of a watermill, the wooden water wheel was shielded by a tree to prevent the wood from shrinking or expanding in times of drought or inactivity.8

			Location Matters

			Along paths, roads and waterways, line plantings had many of the same location-specific functions as on farms. Cattle and pigs were hoarded over dedicated droveways lined with hedgerows, coppices and/or pollards. When the railroads appeared, line plantings prevented collisions with animals. They protected road travellers from the weather, and marked the route so that people and animals would not get off the road in a snowy landscape. They prevented soil erosion at riverbanks and hollow roads.

			All functions of line plantings could be managed by dead wood fences, which can be moved more easily than hedgerows, take up less space, don’t compete for light and food with crops, and can be ready in a short time.11 However, in times and places were wood was scarce a living hedge was often preferred (and sometimes obliged) because it was a continuous wood producer, while a dead wood fence was a continuous wood consumer. A dead wood fence may save space and time on the spot, but it implies that the wood for its construction and maintenance is grown and harvested elsewhere in the surroundings.

			Local use of wood resources was maximised. For example, the tree that was planted next to the waterwheel, was not just any tree. It was red dogwood or elm, the wood that was best suited for constructing the interior gearwork of the mill. When a new part was needed for repairs, the wood could be harvested right next to the mill. Likewise, line plantings along dirt roads were used for the maintenance of those roads. The shoots were tied together in bundles and used as a foundation or to fill up holes. Because the trees were coppiced or pollarded and not cut down, no function was ever at the expense of another.

			Nowadays, when people advocate for the planting of trees, targets are set in terms of forested area or the number of trees, and little attention is given to their location – which could even be on the other side of the world. However, as these examples show, planting trees closeby and in the right location can significantly optimise their potential.

			Shaped by Limits

			Coppicing has largely disappeared in industrial societies, although pollarded trees can still be found along streets and in parks. Their prunings, which once sustained entire communities, are now considered waste products. If it worked so well, why was coppicing abandoned as a source of energy, materials and food ? The answer is short: fossil fuels. Our forebears relied on coppice because they had no access to fossil fuels, and we don’t rely on coppice because we have.

			Most obviously, fossil fuels have replaced wood as a source of energy and materials. Coal, gas and oil took the place of firewood for cooking, space heating, water heating and industrial processes based on thermal energy. Metal, concrete and brick – materials that had been around for many centuries – only became widespread alternatives to wood after they could be made with fossil fuels, which also brought us plastics. Artificial fertilizers – products of fossil fuels – boosted the supply and the global trade of animal fodder, making leaf fodder obsolete. The mechanisation of agriculture – driven by fossil fuels – led to farming on much larger plots along with the elimination of trees and line plantings on farms.

			Less obvious, but at least as important, is that fossil fuels have transformed forestry itself. Nowadays, the harvesting, processing and transporting of wood is heavily supported by the use of fossil fuels, while in earlier times they were entirely based on human and animal power – which themselves get their fuel from biomass. It was the limitations of these power sources that created and shaped coppice management all over the world.

			Wood was harvested and processed by hand, using simple tools such as knives, machetes, billhooks, axes and (later) saws. Because the labour requirements of harvesting trees by hand increase with stem diameter, it was cheaper and more convenient to harvest many small branches instead of cutting down a few large trees. Furthermore, there was no need to split coppiced wood after it was harvested. Shoots were cut to a length of around one metre, and tied together in “faggots”, which were an easy size to handle manually.

			To transport firewood, our forebears relied on animal drawn carts over often very bad roads. This meant that, unless it could be transported over water, firewood had to be harvested within a radius of at most 15-30 km from the place where it was used.12 Beyond those distances, the animal power required for transporting the firewood was larger than its energy content, and it would have made more sense to grow firewood on the pasture that fed the draft animal.13 There were some exceptions to this rule. Some industrial activities, like iron and potash production, could be moved to more distant forests – transporting iron or potash was more economical than transporting the firewood required for their production. However, in general, coppice forests (and of course also line plantings) were located in the immediate vicinity of the settlement where the wood was used.

			In short, coppicing appeared in a context of limits. Because of its faster growth and versatile use of space, it maximised the local wood supply of a given area. Because of its use of small branches, it made manual harvesting and transporting as economical and convenient as possible.

			Can Coppicing be Mechanised ?

			From the twentieth century onwards, harvesting was done by motor saw, and since the 1980s, wood is increasingly harvested by powerful vehicles that can fell entire trees and cut them on the spot in a matter of minutes. Fossil fuels have also brought better transportation infrastructures, which have unlocked wood reserves that were inaccessible in earlier times. Consequently, firewood can now be grown on one side of the planet and consumed at the other.

			The use of fossil fuels adds carbon emissions to what used to be a completely carbon neutral activity, but much more important is that it has pushed wood production to a larger – unsustainable – scale.14 Fossil fueled transportation has destroyed the connection between supply and demand that governed local forestry. If the wood supply is limited, a community has no other choice than to make sure that the wood harvest rate and the wood renewal rate are in balance. Otherwise, it risks running out of fuelwood, craft wood and animal fodder, and it would be abandoned.

			Likewise, fully mechanised harvesting has pushed forestry to a scale that is incompatible with sustainable forest management. Our forebears did not cut down large trees for firewood, because it was not economical. Today, the forest industry does exactly that because mechanisation makes it the most profitable thing to do. Compared to industrial forestry, where one worker can harvest up to 60 m3 of wood per hour, coppicing is extremely labour-intensive. Consequently, it cannot compete in an economic system that fosters the replacement of human labour with machines powered by fossil fuels.

			Some scientists and engineers have tried to solve this by demonstrating coppice harvesting machines.15 However, mechanisation is a slippery slope. The machines are only practical and economical on somewhat larger tracts of woodland (>1 ha) which contain coppiced trees of the same species and the same age, with only one purpose (often fuelwood for power generation). As we have seen, this excludes many older forms of coppice management, such as the use of multipurpose trees and line plantings. Add fossil fueled transportation to the mix, and the result is a type of industrial coppice management that brings few improvements.

			Sustainable forest management is essentially local and manual. This doesn’t mean that we need to copy the past to make biomass energy sustainable again. For example, the radius of the wood supply could be increased by low energy transport options, such as cargo bikes and aerial ropeways, which are much more efficient than horse or ox drawn carts over bad roads, and which could be operated without fossil fuels. Hand tools have also improved in terms of efficiency and ergonomics. We could even use motor saws that run on biofuels – a much more realistic application than their use in car engines.16

			The Past Lives On

			This article has compared industrial biomass production with historical forms of forest management in Europe, but in fact there was no need to look to the past for inspiration. The 40% of the global population consisting of people in poor societies that still burn wood for cooking and water and/or space heating, are no clients of industrial forestry. Instead, they obtain firewood in much of the same ways that we did in earlier times, although the tree species and the environmental conditions can be very different.17

			A 2017 study calculated that the wood consumption by people in “developing” societies – good for 55% of the global wood harvest and 9-15% of total global energy consumption – only causes 2-8% of anthropogenic climate impacts.18 Why so little ? Because around two-thirds of the wood that is harvested in developing societies is harvested sustainably, write the scientists. People collect mainly dead wood, they grow a lot of wood outside the forest, they coppice and pollard trees, and they prefer the use of multipurpose trees, which are too valuable to cut down. The motives are the same as those of our ancestors: people have no access to fossil fuels and are thus tied to a local wood supply, which needs to be harvested and transported manually.

			These numbers confirm that it is not biomass energy that’s unsustainable. If the whole of humanity would live as the 40% that still burns biomass regularly, climate change would not be an issue. What is really unsustainable is a high energy lifestyle. We can obviously not sustain a high-tech industrial society on coppice forests and line plantings alone. But the same is true for any other energy source, including uranium and fossil fuels.
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					Pollarded trees in Germany. Image: René Schröder (CC BY-SA 4.0).
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					A coppice stool. Credit: Geert Van der Linden (CC BY 4.0).

				

			

		

		
			
				
					Coppice stools in Surrey, England. Credit: Martinvl (CC BY-SA 4.0).
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					A recently coppiced patch of oak forest. Credit: Henk vD. (CC BY-SA 3.0). 
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					The approximate historical range of coppice forests in the Czech Republic. Unrau, Alicia, et al. Coppice forests in Europe. University of Freiburg, 2018.
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					The approximate historical range of coppice forests in Spain. Source: Unrau, Alicia, et al. Coppice forests in Europe. University of Freiburg, 2018. Image from “Map of approximate areas of coppice forests in Spain, based on the official Forest Map of Spain (Spanish Ministry of Agriculture and Fisheries, Food and the Environment)”.
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					Coppiced trees along a brook in ‘s Gravenvoeren, Belgium. Credits: Geert Van der Linden. (CC BY-SA 4.0).
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					Coppice stools in Surrey, England. Credit: Martinvl (CC BY-SA 4.0).
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					 Sweet chestnut coppice at Flexham Park, Sussex, England. Credit: Charlesdrakew, public domain.
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					Coppice stools in the Netherlands. Credit: K. Vliet (CC BY-SA 4.0).
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					 A small woodland with a diverse mix of coppiced, pollarded and standard trees. Credit: Geert Van der Linden. (CC BY-SA 4.0).
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					Forest or Pasture ? Something in between. A "dehesa" (pig forest farm) in Spain. Credit: Basotexrri (CC BY-SA 4.0)
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					Cattle grazes among pollarded trees in Huelva, Spain. (CC BY-SA 2.5).
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			Hedge landscape in Normandy, France, around 1940. Credit: W Wolny, public domain.
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					A meadow orchard surrounded by a living hedge in Rijkhoven, Belgium. Credit: Geert Van der Linden. (CC BY-SA 4.0).
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					Line plantings in Flanders, Belgium. Detail from the Ferraris map, 1771-78.
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					A hedgerow. Credit: Geert Van der Linden. (CC BY-SA 4.0).
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					Detail of a yew hedge. Credit: Geert Van der Linden. (CC BY-SA 4.0).
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					 Pollarded tree hedge in Nieuwekerken, Belgium. Credit: Geert Van der Linden. (CC BY-SA 4.0).
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					A pollarded tree protects a water wheel. Credit: Geert Van der Linden. (CC BY-SA 4.0).
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					Pollarded tree hedge in Belgium. Credit: Geert Van der Linden. (CC BY-SA 4.0).
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					Coppice stools in a pasture. Credit: Jan Bastiaens. (CC BY-SA 4.0).
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					Pollarded lime trees protect a farm building in Nederbrakel, Belgium. Credit: Geert Van der Linden. (CC BY-SA 4.0).
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					Harvesting wood from pollarded trees in Belgium, 1947. Credit : Zeylemaker, Co., Nationaal Archief (CCO).

				

			

		

		
			
				
					Transporting firewood in the Basque Country. Source: Notes on pollards: best practices’ guide for pollarding.
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					Mechanically harvested willow coppice plantation. Shortly after coppicing (right), 3-years old growth (left). Credit: Lignovis GmbH (CC BY-SA 4.0).
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					African women carrying firewood. (CC BY-SA 4.0).
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				An outdoor three-stone fire. Credit: Global Alliance for Clean Cookstoves.

		

		
		

			Despite technological advancements since the Industrial Revolution, cooking remains a spectacularly inefficient process. This holds true for poor and rich countries alike. While modern gas and electric cooking stoves might be more practical and produce less indoor pollution than the open fires and crude stoves used in developing countries, they are equally energy inefficient.

			In fact, an electric cooking stove is only half as efficient as a well-tended open fire, while a gas hob is only half as effective as a biomass rocket stove. And even though indoor air pollution is less of an issue with modern cooking stoves, research indicates that pollution levels in western kitchens can be surprisingly high.

			Three-stone Fire

			Present-day cooking methods in poorer countries are quite well documented, as they are one of the main concerns of NGOs which promote appropriate technological development. An estimated 2,5 to 3 billion people still cook their food over open fires or in rudimentary cookstoves, and these numbers keep increasing due to population growth.

			The most basic and widely used type of cooking device is the wood-fuelled “three-stone fire”, which is made by arranging three stones to make a stand for a cooking pot. Alongside the three-stone fire — which dates back to Neolithic times — many types of home-made cooking stoves can be found. They are powered by burning coal or biomass, be it wood, crop residues, dung or charcoal.1

			The main concern with the use of crude biomass cooking stoves is their destructive influence on human welfare and natural resources. When used indoors, biomass cooking stoves lead to severe health issues such as chronic lung diseases, acute respiratory infections, cataracts, blindness, and adverse effects on pregnancy. The main victims are women, who do most of the housework, and young children, who are often carried on the mother’s back while she is cooking.

			Inefficient biomass stoves also force people (again, most often women) to spend much of their time collecting fuel. The environmental degradation caused by biomass stoves can be equally problematic. When wood is used as a primary fuel, inefficient cooking methods lead to deforestation, soil erosion, desertification and emissions of greenhouse gases. For coal-fuelled stoves, the main issue is indoor air pollution.

			The Thermal Efficiency of a Three-stone Fire

			At the heart of the problem lies the low thermal efficiency of traditional cooking methods. For three-stone fires, thermal efficiency is stated to be as low as 10 to 15%. 1 In other words: 85 to 90% of the energy content in the wood is lost as heat to the environment outside the cooking pot. Obviously, this low efficiency wastes natural resources, but it also boosts air pollution and greenhouse gas emissions because the relatively low temperature of the fire leads to incomplete combustion.

			However, the issue is more complicated than it is usually presented. To begin with, the productivity and cleanliness of an open fire (and similar crude cooking stoves) greatly depends on the circumstances in which they are used and on the skills of the cook. In its test of 18 cooking stove designs from all over the world, the Partnership for Clean Indoor Air (PCIA) 3 concluded that:

			“Well-constructed three-stone fires protected from wind and tended with care scored between 20 and 30% thermal efficiency. Open fires made with moister wood and operated with less attention to the wind can score as low as 5%. The operator and the conditions of use largely determine the effectiveness of operation. If the sticks of wood are burnt at the tips and pushed into the center as the wood is consumed, the fire can be hot and relatively clean burning.”

			Due to the influence of environmental factors such as wind, an indoor three-stone fire is generally more efficient than one operated outside. However, outdoor open fires can also be made more efficient by placing them in a hole in the ground or by shielding them with the use of earthen walls, which also adds thermal mass. Furthermore, PCIA remarks that “it is important to recognize that the open hearth and resulting smoke often have considerable cultural and practical value in the home, including control of insects.”

			The Thermal Efficiency of Improved Biomass Stoves

			Especially since the 1970s and 1980s, many international NGOs have tried to improve cooking traditions in poorer countries. This has resulted in a large number of so-called “improved cooking stoves,” which again vary in terms of design, performance and costs. Hundreds of variations exist. 1

			Some of these designs are exclusively aimed at minimising air pollution at the cost of higher fuel consumption, while other designs achieve a higher efficiency but increase air pollution. 4 In this article, we will focus exclusively on cooking stoves that address both issues simultaneously. This is not to suggest that other designs can’t be preferable in certain circumstances. For example, because biomass cooking stoves do not present direct health problems when used outdoors, saving fuel would be the most important aim in that context.

			Compared to a basic three-stone fire with 10–15% thermal efficiency, improved cooking stoves can easily halve the fuel requirements of the cooking process. This can be achieved by providing an insulated combustion chamber, improving the air supply, and other measures.

			In a laboratory comparison of five major types of biomass cooking stoves, it was found that an improved rocket stove uses 2,470 kJ to boil one liter of water and then simmer it for 30 minutes, while a basic three-stone fire requires 6,553 kJ to fulfill the same task. 5 The rocket stove thus uses 60% less fuel than the three-stone fire. Furthermore, the rocket stove boils 2,5 liters of water more than 5 minutes faster.

			The values are the average of three tests and measure specific energy consumption instead of thermal efficiency. Both test methods have their shortcomings — measuring the efficiency of cooking is surprisingly complex — so by applying both methods the accuracy of an experiment increases. 6 This was done by the Partnership for Clean Indoor Air, which compared the thermal efficiency and specific energy consumption of 18 cookstove designs, including a well tended open fire with a thermal efficiency of 20–30%. 4

			In this study, one of the best performing improved biomass stoves — a 20 liter can rocket stove — convincingly beats the efficiency of the well-tended open fire. It requires 733 grams of wood (12,579 kJ) to bring five liters of water to boil and simmer for 45 minutes, only 65% of the 1,112 grams of wood (19,496 kJ) required by the well-tended open fire. The thermal efficiency of the rocket stove varies between 23 and 54%. 7

			The rocket stove also lowers air pollution: the emissions are only 26% of the carbon monoxide (CO) and 60% of the particulate matter (PM) produced by the well-tended open fire. Lastly, it shortens cooking time to 22 minutes for five liters of water, compared to 27 minutes for the open fire.

			The top performing biomass stove in the test is a wood gas stove, with slightly more than one-third the wood consumption (459 grams of wood or 9,434 kJ) and 15–20% of the pollution levels of the three-stone fire. It has a thermal efficiency of 44–46%. However, it requires an electric fan to improve combustion efficiency, while all others are natural-draft stoves.

			Cooking in Wealthy Households

			There is great irony in the fact that the improved biomass stoves mentioned above are much more efficient than modern cooking stoves used in the western world and in wealthier households of developing nations. In fact, most modern cooking stoves have a thermal efficiency that is on par with that of a three-stone fire.

			The western world switched from open fires to closed cookstoves from the eighteenth century. Initially, these “kitchen stoves” were used for both heating and cooking, and were powered by coal, charcoal or biomass. When central heating systems were introduced in the early twentieth century, the kitchen stove was replaced by a stand-alone cooking appliance, powered by gas or electricity.

			Conventional electric hobs use attached iron plates as their heating units, while more sophisticated models use infrared, halogen or induction units, which are positioned below glass ceramics. Of these, only induction-based cooking plates are more efficient than conventional electric hobs. The others mainly offer increased convenience, such as greater ease when cleaning. Most gas cooking stoves place burners on top of a stainless steel or ceramic surface, while others place them on top or beneath a glass ceramic surface. Again, the latter offers increased convenience, but no significant efficiency benefit. 8

			Research into the efficiency of modern cooking stoves is rather limited. According to a study by the Dutch research institute VHK, a traditional electric cooktop (with vitro-ceramic plate) has a thermal efficiency of 13%, while that of an electric induction cooker is 15%. A microwave obtains 19% thermal efficiency. Only a classical gas cooking stove (23%) reaches the thermal efficiency of a well-tended three-stone fire. 8

			While the study is aimed primarily at the preparation of hot drinks, it is the most complete study available and its results are applicable to cooking food with only a few small caveats. 9

			Now, if we compare the thermal efficiencies from modern cooking stoves with those from stoves used in poorer households, we see that the improved biomass stoves in developing countries beat our “high-tech” cooking technology with a factor of two to three. Gas or electric ovens are not included in this comparison, but their efficiency is even lower than gas or electric hobs because water is a much better conductor of heat than air.

			The low efficiency of modern cooking devices may surprise people, as these are not the figures that are usually presented in sales brochures or consumer reports. For example, the Californian Consumer Energy Center gives an efficiency level of 90% for an electric induction cooker, 65% for a standard electric range, and 55% for a gas burner. 10

			Power Conversion Losses

			The main discrepancy with these figures is caused when one doesn’t take into account that electricity first needs to be produced in power plants which sometimes convert less than a third of the primary energy into electricity. 11 This is not an issue with gas or biomass stoves, where a primary fuel is directly converted into heat for cooking. 12 But it does have a destructive effect on the thermal efficiency of any electric cooking device, be it an electric hob or a microwave.

			The VHK study assumes an electric grid efficiency of 40%. This figure takes into account power generation and distribution losses, as well as fuel extraction and a projected saving on these issues over an average product life of 10–15 years. 8 It should be noted that this percentage corresponds to a global average, including the use of renewables and atomic energy. Depending on the country, grid efficiency can be higher or lower. 13

			If we only look at the different types of thermal power plants, we find that the thermal efficiency for a traditional coal plant (81% of all coal-based power plants in use) is only 25 to 37%, while that of a common direct-combustion biomass power plant is only 20%. 13

			At world level, the average energy efficiency of thermal power plants is 36%. 13 These percentages should be reduced with electric transmission and distribution losses, which are on average 6% in Europe, 7% in the USA, and 9% on a world level. 13

			This means that if your electric stove is operated by electricity from a biomass power plant — a fast growing “green” trend nowadays — the power conversion efficiency is three to four times lower (11–14%) than the authors of the study assume, and thermal efficiency drops to about 5%. This is similar to the thermal efficiency of a neglected open fire, and one-tenth the thermal efficiency of a rocket stove. Likewise, a cookstove which uses coal or gas directly to heat food is much more energy efficient than a cookstove that runs on electricity produced by a coal or gas power plant.

			Evidently, there is something wrong with the western approach to sustainability. Converting heat into electricity which is then converted back into heat, at 20–40% efficiency, is similar to building a Rube Goldberg machine; it’s a needlessly complex operation compared to simply converting the primary fuel into heat to boil water. Essentially, any electric cooking device is an insult to the science of thermodynamics.

			Heat Transfer Loss

			A second problem is that the high efficiency figures given in sales brochures and consumer reports underestimate the heat loss that occurs during the heat transfer from cooking stove to cooking pot. This heat loss is present with all cooking stoves, but is especially high in the case of gas hobs.

			Energy losses appear because of three reasons. Firstly, some heat from the cooking fire escapes before it can reach the cooking vessel. Secondly, some heat from the cooking fire is used to heat up the cooking pot, which constantly loses heat to the environment. Lastly, heat is wasted because some of the boiling water escapes through evaporation. Heat transfer loss varies from 57 kWh/yr for an electric induction stove to 255 kWh/yr for a gas hob.

			Heat transfer loss is not fully accounted for in most testing standards for cooking appliances. For example, the US standard uses a test by which the heat transfer efficiency of a cooking top is established from heating up aluminum cylinders of certain dimensions, not pots of water. 15, 16 This avoids the complex phase change from liquid to vapor and is thus better reproducible.

			However, as all the heat of the cylinder is counted as useful, it ignores that in real life situations some energy — notably the energy to heat up the pot or kettle itself — is wasted. Only taking into account the energy loss in heating the pot itself, energy efficiency decreases with about 10% of the figures given by standard tests, concludes VHK. 8 Furthermore, the US test is modeled after the process of boiling food on all burners or hot plates simultaneously, which is not always the case. Heat transfer losses are larger when only one or two pots are on the fire.

			Apart from power conversion losses and heat transfer losses, the remainder of the energy losses are due to production, distribution and disposal of cooking devices (embodied energy), standby losses (which are only relevant for microwaves, induction stoves and sophisticated gas stoves), and cooking habits. These factors have a relatively small influence.

			Of all the energy losses involved in modern cooking appliances, only heat transfer loss applies to cooking devices in poorer households. There are no power conversion losses, fuel is mostly gathered by hand, there are no standby losses, and embodied energy is negligible as most devices are home-made.

			Indoor Air Pollution in Rich vs. Poor Households

			While the thermal efficiency of modern cooking devices is clearly inferior to that of a well-tended three-stone fire or rocket stove, they do have an advantage when it comes to indoor air pollution. However, this is not a black-and-white issue either. Air pollution levels depend on what you’re cooking, how skillful you are, and which technology you use.

			In the worst case scenario, pollution levels in modern kitchens can be similar to those of a well-tended three-stone fire indoors. This is not to say that the problem of indoor pollution in poor households is overstated, but rather that cooking in modern kitchens is not always as clean as we assume it to be.

			Particulate matter (PM) is considered as the single best indicator of potential harm in air quality. 4 In poor households where indoor cooking happens with crude stoves or open fires, PM-levels vary from 200 to 5,000 ug/m3 over a 24-hour period, and from 300 to 20,000 ug/m3 during the actual use of stoves. 17, 19 The Partnership for Clean Indoor Air measured PM emissions for a well tended three-stone fire, which resulted in values of between 281 and 2,004 ug/m3 while cooking. 4

			Similar research undertaken in a kitchen equipped with modern technology found PM concentrations in the kitchen, living room and bedroom from below the detection limit to 3,880 ug/m3 during a variety of 32 different cooking tests with gas and electric ranges. 20 The medium and average concentrations of PM during the 32 cooking tests exceeded ambient air quality standards (which are 150 g/m3 for PM10 and 65 ug/m3 for PM2.5). These values come close to the best-case scenarios in poor households.

			Importantly, cooking pollutants are not caused by the burning of gas or fuel alone, but also in the cooking process itself. PM2.5 concentrations were over 1,000 ug/m3 during stovetop stir-frying, baking lasagna in the gas oven, and frying tortillas in oil on the range top burner. The authors conclude that:

			“ Very high levels of several pollutants were measured in indoor air during different types of cooking activities. The levels measured for some cooking activities exceeded health-based standards and guidelines, and could pose a risk to home occupants, especially susceptible groups of the population such as young children and the elderly.”

			Unfortunately, gas stoves — which have the highest thermal efficiency of all modern cooking stoves — produce the most air pollution in modern kitchens. 20 The average indoor PM emissions for gas stoves can amount to 25% of those of biomass cooking stoves. 19 A 2014 study estimates that 60% of homes in California that cook at least once a week with a gas stove can reach pollutant levels of CO, NO2 and formaldehyde that would be illegal if found outdoors. 21 The authors state that: “ If these were conditions that were outdoors the EPA (Environmental Protection Agency) would be cracking down. But since it’s in people’s homes, there’s no regulation requiring anyone to fix it. Reducing people’s exposure to pollutants from gas stoves should be a public health priority.”

			Air Pollution and Greenhouse Gas Emissions

			Obviously, indoor cooking with an electric stove is the healthiest option, albeit not totally free from producing indoor air pollution. However, electric stoves are only “clean” because they emit most of their pollution elsewhere — at the smokestacks of the power plant. Any biomass stove design with a chimney basically achieves the same. If a chimney is added to an indoor biomass stove, indoor air pollution drops to almost zero. 4

			And while the burning of coal or gas emits less air pollution and greenhouse gases than the burning of biomass per unit of energy produced 22 you have to burn more fuel in order to make up for the power conversion losses. Especially if your electric stove runs on electricity from a biomass power plant, then air pollution and greenhouse gas emissions are much higher than in the case of a biomass stove.

			On the other hand, if we consider biomass to be climate neutral over time because the harvested forest gets a chance to grow back, then a biomass stove beats all other cooking methods when it comes to greenhouse gas emissions. The same goes for the cooking stove powered by electricity from biomass, although it would produce considerably more air pollution than the biomass stove, and require a much larger area of sustainably managed forest.

			What’s the Solution ?

			When the German Wuppertal Institute investigated the potential for improved energy efficiency of cooking stoves on a global scale, they concluded that energy use could be halved. 2 Although it’s remarkable how the proposed solutions for this energy inefficiency differ for poor and rich countries. In the developing world, the focus is mainly on designing more efficient biomass stoves that produce fewer pollutants. While achieved savings as a result of switching to biogas would be larger, its investment would be 30 times higher compared to the distribution of improved wood cooking stoves. 2

			For the developed world, the Wuppertal Institute focuses on a much more costly measure: extending the use of the most efficient types of “western” stoves, such as the electric induction hob. However, as we have seen, these stoves are far less efficient than the improved biomass stoves, and they are also more expensive. The authors infer that, compared to developing countries, energy saving potentials with modern cooking stoves are far smaller and less cost-efficient. But as is apparent from the inefficiencies of western cooking technology, the energy savings potential is, in reality, larger. 

		

		
		

		
			
				
					Thermal efficiencies of cooking appliances in poor and rich countries.
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					A glass-ceramic cooktop. CC BY-SA 3.0, Wikimedia Commons.
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					Cooking tortillas on a wood-fired 3-stone stove. Image by gringologue (CC BY-SA 2.0).
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					Improved biomass stoves, Global Alliance for Clean Cookstoves.
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				Chambers Fireless Cooking Gas Range from the 1910s. The insulated hoods were lowered over the burners.

			

		

		
		

			While modern cooking stoves are convenient, when it comes to energy use they leave a lot to be desired. As we have seen in the previous article, the thermal efficiency of an electric hob does not exceed that of a conventional open fire. In both cases almost 90% of the primary energy is lost during the cooking process.

			Cooking food could be achieved in a far more energy efficient way, especially if the cooking pot itself is insulated. This is the principle behind the fireless cooker, a well-insulated box that keeps food simmering with only the heat of the cooking pot itself. A fireless cooker doubles the efficiency of any type of cooking device because it shortens the time on the fire and limits heat transfer losses.

			In the early twentieth century, fireless cookers were common additions to western kitchens, similar to the refrigerator or cooking stove. Some models even integrated fireless cookers with gas or electric hobs. These functioned by lowering an insulated hood over the cooking pot once the heat had been switched off.

			Why is Cooking so Inefficient ?

			To improve upon the efficiency of cooking, we have to take a closer look at where the greatest energy losses are incurred. For electric hobs and microwaves, the most significant waste of energy can be attributed to power conversion losses. Converting fossil fuels or biomass into electricity produces an energy efficiency level of 20 – 45% depending on the power plant, which explains why electric stoves are among the least efficient cooking devices.

			The second most significant energy loss for electric stoves, and the most important one for all other cooking stoves, occurs during the transferral of heat from the cooking hob to the food in the cooking vessel. Not all heat produced by the fire reaches the cooking pot, and heat is lost through the walls and lid of the pot, as well as through escaping steam.

			In order to bring water to a boil and to keep a dish simmering, the cooking stove has to continuously compensate for these heat transfer losses. This is similar to heating an uninsulated building with all the doors and windows open. Even the most performable stoves now available — rocket stoves and wood gas stoves — only achieve a maximal thermal efficiency of 40–50%.

			Obviously, we could do better. With regards to potential improvements in cooking sustainability, four technologies deserve further attention: pot skirts, fireless cookers, pressure cookers, and solar cookers. While each of these is a solution in themselves, they are especially advantageous when used together.

			Pot Skirts

			A simple way to start improving cooking efficiency is by using a pot skirt. This device increases heat transfer efficiency between cooking stove and cooking pot. They work with all but the electric stove. A pot skirt is a vertical sleeve, usually of metal, that forces the hot gases from the fire to flow closely around the sides of the pot. Skirts can be insulated on the outside, which brings the additional benefit of decreasing heat losses from the sides of the pot.

			A pot skirt also reduces the effects of fire asymmetry, which can be a problem for both outdoor and indoor cooking. Experiments in rooms with virtually no crossflow of air can show highly asymmetric flame patterns, which decrease heat transfer efficiency. Tests on three types of stoves — an open fire, a biomass rocket stove and a gas rocket stove — showed that pot skirts can improve heat transfer efficiency by about 10–20% for a rocket stove, and by about 30% for an open fire. Since heat transfer losses are the main inefficiency for these types of cooking stoves, this is not a bad start.

			Pressure Cookers

			The rather well-known pressure cooker takes a different approach. A pressure cooker is a sealed vessel which reaches higher water temperatures because of added steam pressure, making it more energy efficient and able to cook food faster. It is either operated electrically (as a standalone device or on an electric stove), or used in combination with a gas, biomass, coal or solar stove. The pressure cooker lowers both power conversion losses (because of shorter cooking times) and heat transfer losses (because it completely eliminates heat loss through evaporation).

			Scientific studies on the energy efficiency of a pressure cooker could not be found. Manufacturers usually advertise energy and time savings of up to 70% when compared to cooking in a normal pot. If we assume these figures to be correct averages (which is probably overly optimistic), then the thermal efficiencies of cooking stoves start to look more promising.

			If a pressure cooker is used on an electric stove, the cooking process would reach a thermal efficiency of 22%, which brings it on par with a well-tended three-stone fire. The combination of a gas stove with a pressure cooker would achieve a thermal efficiency of 39%, while the combination of a well-tended three-stone fire with a pressure cooker would obtain 40% thermal efficiency. The best result is achieved via the combination of pressure cooker and rocket stove, which is 62% effective. 1

			Fireless Cookers

			While we can see marked improvements with the pressure cooker, these vessels still lose heat through the walls and lid, and these losses are considerable. There are also heat transfer losses between the stove and the pot if the device is placed on a hob. However, if we bring food to a boil and then quickly put the pot in a well-insulated box, the heat transfer energy losses can be minimized to such an extent that the cooking process continues, without any further energy input.

			This is the principle of the “fireless cooker” or “heat retention cooker,” which is best described as the passive house concept applied to cooking. A passive house is a well-insulated building that requires little energy for space heating of cooling.

			The fireless cooker is the key to efficient cooking in poor and rich countries alike. It almost completely eliminates heat transfer loss and reduces cooking time on the fire or hob substantially, thus addressing the two largest energy losses in the cooking process. Fireless cookers can lower energy use by more than 80%, but the precise savings potential depends on many factors. Such factors include the insulation material, the design of the fireless cooker, the required cooking time of the dish, the food itself, and the swiftness with which the cooking pot is moved from the stove to the fireless cooker.

			The Partnership for Clean Indoor Air (PCIA) has measured the energy savings of fireless cookers. In their test of 18 types of solid fuel cooking stoves, the energy savings of the fireless cooker amount to an average fuel reduction of 50%, which is the number we will use in this article.

			If we combine an electric stove with a fireless cooker, we can double its thermal efficiency. Combined they reach 26%, which is still not very impressive, but at least achieves a higher energy efficiency than a gas stove alone. A gas stove used in conjunction with a fireless cooker obtains 46% thermal efficiency, while a well-tended fire with a fireless cooker attains 50%. A combination of a rocket stove with a fireless cooker is more than 80% efficient. 1

			In its simplest form, the fireless cooker is a wooden, metal or plastic container filled with straw, old clothes, styrofoam, paper or any other insulation material. It can even be a cooking pot wrapped into a sleeping bag. Usually 5 to 10 cm of insulation is applied on all sides, the upper layer often in the form of an easy-to-handle, scaled-down mattress or pillow. A more cost-effective technique to lower energy use is hardly imaginable.

			Fireless Cookers in History

			In some parts of the world, the concept of the fireless cooker has been known about for centuries. During the middle ages, Europeans used “hayboxes” and holes in the ground filled with straw. American Indians took a slightly different approach to limiting heat transfer losses by enclosing the heat source (fire-heated stones or clay balls) within the cookware. Some American Indian groups used “cooking baskets” for this purpose; tightly woven watertight baskets, which could be coated with clay for insulation. Others made stone-boiled soups and stews in a hole that they dug in the ground, lined with animal hide.

			The fireless cooker became popular in the western world in the years between the 1890s and the 1930s. A Norwegian “self-cooking apparatus” received an award at the 1867 World Exhibition in Paris. It was a simple yet elegant container with four layers of felt for insulation.

			Initially, the heat retention cooker was mainly used to make food more portable for use by people on the move such as fishermen, hunters and soldiers. Amsterdam trams (streetcars) had them onboard for the driver. However, during the first decades of the twentieth century, the fireless cooker also became a permanent fixture of many American and European households, an appliance often found next to the cooking stove.

			The best models were made entirely out of metal lined with mineral wool insulation, and kept the cooking pot and insulating material separated for easy cleaning and durable construction. These devices were also used for cooling.

			Another innovation from the early twentieth century was the fireless cooking gas range; a combination of gas stove, gas oven and fireless cooker. The device obviated the need to move cooking utensils from the hob to the fireless cooker by making use of insulated hoods — “thermodomes” — that could be lowered over the burners. The food was brought to a boil, the gas was shut off, and then the pot would be covered up by the thermodome. The inverted receptacle was raised and lowered with the assistance of a counterbalance.

			Interestingly, the hood was partially lowered while the gas was burning. The interior thus became hot from the heat which would otherwise escape, ensuring that plenty of retained heat would be available for cooking after the gas was turned off. Later versions worked completely automatically, shutting off the gas and lowering the hood at a preset time.

			Another attempt to merge fireless cookers with cookstoves was the deep well cooker (also known as the “thrift cooker”). Old ranges, both gas and electric, sometimes had one of their burners sunk into a hole in the cooktop. This “well” had heavily insulated sides and enclosed a specifically designed pot with an insulated lid and no handles on the sides.

			With some models, the burners could double as a surface unit. Although they were not really fireless cookers — the pot was on a low fire — deep well cookers reduced heat transfer losses considerably.

			Improved Fireless Cookers

			The use of heat retention cookers declined in the 1930s, and then resurfaced during World War Two and the oil crises of the 1970s. Today the fireless cooker is mainly promoted for use in developing countries. NGO’s that have introduced the technology are — among others — Practical Action, HELPS International and Solar Cookers International. The designs made for developing countries differ, from the insulated baskets of Solar Cookers International to the styrofoam insulated Wonderbag or ONIL.

			Although heat retention cookers can be made cheaply with natural and locally available resources, they could just as well be mass-produced using more sophisticated materials. While it makes the devices less sustainable in production, plastic has made fireless cookers more practical, and superior insulation materials have improved their performance.

			An important innovation in the western market is the so-called thermal cooker which appeared in the 1990s. The device is based on vacuum technology: the principle behind the thermos flask. The thermal cooker is comprised of a removable cooking pot, with handle and lid, that fits inside a vacuum flask which has a diameter ranging from 20 to 50 cm. The cooking pot is heated on the cooking stove (regardless of type) and then moved to and sealed in the flask.

			In a thermos flask or thermal vacuum cooker the space between the dual walls of a cylinder is completely evacuated. With virtually no molecules of gas available, heat transfer by conduction and convection are almost eliminated and therefore thermal conductivities are extremely low. Insulation thickness is about one-seventh of that of rockwool and one-third that of petrochemical insulation foams for similar thermal resistance.

			The result is a much more compact fireless cooker, which could easily become part of any western kitchen as a standard, built-in device next to the cookstove. Smaller thermal cookers could be used to make hot food portable. Vacuum insulation is also available in the form of insulation panels, which you could use to build a compact yet superinsulated fireless cooker yourself. (But although home production is possible, one would have to adapt to available sizes — it’s not possible to cut the panels as this would destroy the vacuum).

			All too often, fireless cookers are pictured as an emergency device aimed at campers, refugees or survivalists. However, a relatively simple device that can double the efficiency of whatever cooking technology you have at your disposal deserves more credence than that. The fireless cooker should be a commonplace item in every kitchen. Aside from its energy saving potential, its use in the western world would also encourage its acceptance in the developing world.

			Time Saving

			In the beginning of the twentieth century, time savings were the main sales argument for fireless cookers. This seems odd, because the average cooking time doubles compared to the traditional cooking process. Fireless cookers do afford the cook more time, however, by reducing the amount he or she spends in front of the stove or fire.

			Once the cooking pot has been transferred to the fireless cooker, it requires no further attention and the cook is free to do something else, even if it’s outside the house. It’s impossible for the food to boil over, and there is no fire hazard to keep an eye on. Furthermore, a dish can stay hot for up to 6 hours or more, so the timing of the cooking process becomes more flexible.

			A fireless cooker also increases the capacity of a cooking stove, whether it runs on electricity, gas, coal, wood or solar energy. You can put a new dish on the fire while the other one is simmering in the fireless cooker. With every fireless cooker you add, the capacity of the cooking stove increases further.

			Solar Cookers + Fireless Cookers

			This feature is especially interesting in combination with a solar cooker. A fireless cooker increases the capacity of a solar cooker, but it also allows you to cook if there is not much sun available. When a fireless cooker is used to complete the cooking process, a solar cooker requires as little as half an hour of sunshine to cook dinner.

			Fireless cookers essentially act as batteries, storing energy in hot food. They greatly increase the usefulness of solar cookers, making them appropriate even on cloudy days and in countries where there is less sunshine. Furthermore, the combination of solar cooker and fireless cooker allows you to prepare a meal that can be served hours after sunset.

			When viewed alongside all other cooking appliances, the solar cooker is the ultimately sustainable stove. It requires zero fuel and produces zero air pollution. Even if gas or solid fuel stoves could reach a thermal efficiency of 100%, they would still require resources like wood or coal, and they would continue to produce air pollution. The solar cooker is the only cooking device that doesn’t face these issues.

			There exist many designs for solar cookers. The simplest type is the solar box cooker, which is not much more than an insulated box with a glass plate on top. The glass allows solar radiation to enter, heating up the interior, while the insulated walls decrease heat loss. There is not much difference between a solar box cooker and a fireless cooker, and both appliances could be merged into one design. Solar box cookers can also work under cloudy conditions because they are able to exploit diffuse radiation.

			Parabolic solar cookers incorporate a more complex design, and use curved mirrors to focus solar radiation on a focal point. They work faster, produce higher temperatures, and have the ability to fry, roast and barbeque food. They are, however, more challenging to build, they require frequent orientation to the sun, they can be dangerous, and they only work in clear weather conditions. Panel cookers — such as the CooKit—incorporate elements of both box and parabolic cookers.

			The solar cooker is not the only way to take advantage of solar energy for cooking. Electric cookstoves or microwaves run by electricity from PV solar panels can also be considered solar powered cookstoves. However, converting solar energy into electricity to convert it to heat in order to boil water is needlessly complex, energy inefficient, and very expensive compared to taking advantage of solar heat in a direct way by using a solar cooker.

			Indoor Solar Cooking

			Like improved biomass stoves and fireless cookers, solar cookers are mainly promoted in developing countries as an alternative to the use of open fires. The technology is distributed by some 500 organizations, companies, and individuals, united in the Solar Cookers World Network.

			The promotion of panel and box cookers is mostly aimed at households and refugees, while the more sophisticated parabolic cookers are generally reserved for large-scale cooking in institutions.

			The promotion of solar cookers in developing countries has produced improved technology that can be useful all over the world. For example, it is now possible to cook indoors using solar energy. This can happen in two ways: either by focusing a parabolic cooker through a wall aperture and then reflecting the sunlight onto a cooking pot, or by using concentrated sunlight to generate steam which is then transported through pipes to a nearby indoor kitchen.

			Both approaches were demonstrated in the Scheffler Community Kitchens in India. These cooking installations are applied on a very large scale, for example at the Shirdi Temple where a solar cooked lunch is served to over 50,000 people per day. However, using solar energy indoors can also happen on a much smaller scale.

			Although a remarkable and highly sustainable piece of equipment, most solar cookers used in developing countries are not the most efficient. As Appropedia notes, solar cookers are “solar concentrators where precision and efficiency have been sacrificed for ease of construction and use of readily available materials.”

			The performance of these cookers could be enhanced if we built them in a more sophisticated way. For example, low-E window glass makes a solar box cooker much more efficient, as most heat that escapes from the box is through the glass. Solar Cookers International states that the ongoing development of more efficient models continues to push the practicality of solar cookers into higher latitudes.

			Making Cooking Sustainable: “Integrated Cooking”

			Combining cooking stoves with solar cookers, fireless cookers, and pressure cookers turns an inefficient process into a year-round sustainable system that dramatically cuts greenhouse gas emissions, fuel use, and air pollution. This holds true for poor and rich countries alike, regardless of which type of cooking stove is used.

			Increasingly, NGOs are betting on a combination of solar cookers, fireless cookers and improved biomass stoves, an approach that is known as “integrated cooking.” 2 In “integrated cooking,” solar cookers are used whenever possible, while the improved biomass stove offers a solution when solar energy is not available. The fireless cooker is used in combination with both, increasing the capacity of the cooking system and maximizing energy efficiency.

			A similar system in the western world could even utilise electric or gas stoves instead of improved biomass stoves. Because the use of fireless cookers, pressure cookers and solar cookers shortens the use of electric or gas stoves considerably, their low efficiency becomes less of a concern. If the energy use of gas and electric stoves is substantially reduced, it also becomes more realistic to supply this smaller amount of energy by renewable sources, such as wind power.

			Solar cookers and fireless cookers are good examples of the kind of technology that we aim for here at Low-tech Magazine. They can be cheap and easy to make, they are truly sustainable, and yet they are superior to any cooking technology available in pre-industrial times. The extensive use of water power and wind power in history seems to suggest that solar cooking goes back many centuries, but that is not the case. The first experimental solar box cookers only appeared in the 18th century, and parabolic cookers only showed up in the late 19th century.

			Solar cookers and fireless cookers might have a very low-tech image, but they integrate well with high-tech materials. Before the Industrial Revolution, we had no tin or aluminium foil, no vacuum technology, no plastic containers, and no thermally insulated glass. Cooking with fireless cookers, pressure cookers and solar cookers is not a return to the now impractical or defunct gadgets of the past. Rather, it is an innovative approach that optimizes existing knowledge and technology with the aim of radical energy efficiency.

		

		
		

		
			
				
					Thermal efficiency of cooking devices + fireless cooker.
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					Fireless cooker with associated cooking pots. Wikimedia Commons. Schröder (CC BY-SA 4.0).
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					A fireless cooker integrated into a gas hob.
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					Solar box cooker. Wikmedia Commons.

				

			

		

		
			
				[image: ]
			

		

		
			Chambers Fireless Cooking Gas Range from the 1910s. The insulated hoods were lowered over the burners.

		

		
			
				
					A Chambers Fireless Cooking Gas Range from the 1910s. The insulated hoods were lowered over the burners.
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					Early twentieth century advertisement for fireless cooking.

				

			

		

		
			1.This is a rough calculation as I have assumed that the cooking time is equally divided between the cooking stove and fireless cooker, and that the energy use of a cookstove is the same whether it brings water to a boil or merely simmers it. This leads to either an coverestimation or an underestimation of the combined thermal efficiency, depending on the technology used. For example, a rocket stove is especially efficient at high power output and much less so while simmering water, so that the combined efficiency of rocket stove and fireless cooker is higher than mentioned.

			2.See for instance “Solar Cooker Project: Best Practices Manual,” http://www.jewishworldwatch.org/downloads/scp_best_practices.pdf (Jewish World Watch) and “General Kitchen Management Practices,” https://energypedia.info/wiki/General_Kitchen_Management_Practices (Energypedia).

		

	
		
			Wood Gas Vehicles: Firewood in the Fuel Tank

		

		
			During the Second World Waralmost every motorised vehicle in continental Europe was converted to use firewood.
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					A newly built wood gas car, parked next to a wood gas vehicle from the 1940s. Image: Dutch John.

				

			

		

		
		
	
			Wood gas cars (also known as producer gas cars) are a not-so-elegant but surprisingly efficient and ecological alternative to their petrol (gasoline) cousins, whilst their range is comparable to that of electric cars. Rising fuel prices and global warming have caused renewed interest in this almost-forgotten technology: worldwide, dozens of handymen drive around in their home-made woodmobiles.

			Wood Gasification

			Wood gasification is a process whereby organic material is converted into a combustible gas under the influence of heat – the process reaches a temperature of 1,400 °C (2,550 °F). The first use of wood gasification dates back to 1870s, when it was used as a forerunner of natural gas for street lighting and cooking. In the 1920s, German engineer Georges Imbert developed a wood gas generator for mobile use. The gases were cleaned and dried and then fed into the vehicle’s combustion engine, which barely needs to be adapted. The Imbert generator was mass produced from 1931 on. At the end of the 1930s, about 9,000 wood gas vehicles were in use, almost exclusively in Europe.

			The technology became commonplace in many European countries during the Second World War, as a consequence of the rationing of fossil fuels. In Germany alone, around 500,000 producer gas vehicles were in operation by the end of the war. A network of some 3,000 “petrol stations” was set up 1, where drivers could stock up on firewood. Not only private cars but also trucks, buses, tractors, motorcycles, ships and trains were equipped with a wood gasification unit. Some tanks were driven on wood gas, too, but for military use the Germans preferred the production of liquid synthetic fuels (made out of wood or coal).

			In 1942 (when the technology had not yet reached the height of its popularity), there were about 73,000 producer gas vehicles in Sweden, 65,000 in France, 10,000 in Denmark, 9,000 in both Austria and Norway, and almost 8,000 in Switzerland. Finland had 43,000 “woodmobiles” in 1944, of which 30,000 were buses and trucks, 7,000 private vehicles, 4,000 tractors and 600 boats. Woodmobiles also appeared in the US, Asia and, particularly, Australia, which had 72,000 vehicles running on woodgas 2. Altogether, more than one million producer gas vehicles were used during World War Two. After the war, with gasoline once again available, the technology fell into oblivion almost instantaneously. At the beginning of the 1950s, then West-Germany had some 20,000 woodmobiles left.

			Research Programme in Sweden

			Rising fuel prices and global warming have resulted in renewed interest in firewood as a direct fuel. Dozens of amateur engineers around the world have converted standard production cars into producer gas vehicles, with most of these modern woodmobiles being built in Scandinavia. In 1957, the Swedish government set up a research programme to prepare for a fast transition to wood gas cars in case of a sudden oil shortage. Sweden has no oil reserves, but it does have vast woodlands it can use for fuel. The goal of this research was to develop an improved, standardised installation that could be adapted for use in all kinds of vehicles.

			This investigation, supported by car manufacturer Volvo, led to a great deal of theoretical knowledge and hands-on experience with several road vehicles and tractors over a total distance of more than 100,000 kilometres (62,000 miles). The results are summarized in a FAO document from 1986, which also discusses some experiments in other countries. Swedish and, particularly, Finnish amateur engineers have used this data to further develop the technology.

			A wood gas generator – which looks like a large water heater – can be placed on a trailer (although this makes the vehicle difficult to park), in the boot (trunk) of a car (although this uses up nearly all the luggage space), or on a platform at the front or the back of the vehicle (the most popular option in Europe). In the case of an American pickup, the generator is placed in the truck bed. During WWII, some vehicles were equipped with a built-in generator, entirely hidden from view.

			Firewood

			The fuel for a wood gas car consists of wood or wood chips. Charcoal can also be used, but this leads to a 50 percent loss in the available energy contained in the original biomass. On the other hand, charcoal contains more energy, so that the range of the car can be extended. In principle, any organic material can be used. During the Second World War, coal and peat were also used, but wood was the main fuel.

			One of the more successful wood gas cars was built last year by Dutch John. While many recent producer gas vehicles seem to come straight out of Mad Max, the Dutchman’s Volvo 240 is equipped with a very modern looking system made of stainless steel. “Producing wood gas is not that hard”, says John. “Producing clean wood gas is another thing. I have objections to some woodmobiles. Often, the produced gas is as clean as the appearance of the construction.”

			Dutch John strongly believes in wood gas generators, mainly for stationary uses such as heating, electricity generation or even the production of plastics. The Volvo is meant to demonstrate the possibilities of the technology. “Park an Italian sports car next to a wood gas car and the crowd gathers around the woodmobile. Nevertheless, wood gas cars are only for idealists and for times of crisis.”

			Range

			The Volvo reaches a maximum speed of 120 kilometres per hour (75 mph) and can maintain a cruising speed of 110 km/h (68 mph). The “fuel tank” can contain 30 kilograms (66 pounds) of wood, good for a range of 100 kilometres (62 miles), comparable to that of an electric car. If the back seat is loaded with sacks of wood, the range is extended to 400 kilometres (250 miles). Again, this is comparable to the range of an electric car if the passenger space is sacrificed for a larger battery, as is the case with the Tesla Roadster or the electric Mini Cooper. The difference is, of course, that John has to stop regularly to grab a sack of wood from the back seat and refill the tank.

			As is the case with other cars, the range of a wood gas car is also dependent on the vehicle itself. This is shown by the different cars that were converted by Vesa Mikkonen. The Fin places all his generators on a trailer. His most recently converted car is a 1979 Lincoln Continental Mark V, a large, heavy American coupe. It consumes 50 kilograms (110 pounds) of wood every 100 kilometres (62 miles) and is thus considerably less efficient than John’s Volvo. Mikkonen has also converted a Toyota Camry, a much more efficient car. This vehicle only consumes 20 kilograms (44 pounds) of wood over the same distance. However, the trailer is almost as large as the car itself.

			The range of electric cars can be considerably improved by making them smaller and lighter. This is not an option with their wood gas cousins because of the weight and the volume of the machinery. The smaller cars from World War Two only had a range of 20 to 50 kilometres (12 to 31 miles), in spite of their much lower speed and acceleration.

			Freedom

			Enlarging the “fuel tank” is the only option to improve the range further (except for reducing one’s speed). American Dave Nichols can load 180 kilograms (400 pounds) of wood into the back of his 1989 Ford pickup truck. This takes him 965 kilometres (600 miles) far, a range that is comparable to a fossil fuel powered car. The merit of this is discussable, of course, as to do this, Nichols has to stop regularly to refill the tank: if he loaded the back of his pickup with gasoline, then he could drive even further.

			According to Nichols, one pound of wood (half a kilogram) is sufficient to drive one mile (1,6 kilometres), which tallies with the Volvo’s 30 kilograms of wood per 100 kilometres. The American has set up a company (21st Century Motor Works) and plans to sell his technology on a larger scale. When he arrives home, he uses his truck to heat his house and generate electricity. His story has caught on in the US, and the reason can be summed up by his license plate: “Freedom”.

			“You can go around the world with a saw and an axe”, as Dutch John puts it. His compatriot, Joost Conijn, grabbed this opportunity to take a two month trip throughout Europe, without worrying about the proximity of the closest of gas stations (which are not always easy to find in a country like Romania). The locals gave him wood to continue his journey – with the supply stored on a trailer. Conijn not only used wood as a fuel, but also as a construction material for the car itself.

			Does the Woodmobile Have a Future ?

			During the 1990s, hydrogen was seen as the alternative fuel of the future. Then, biofuels and compressed air took over its mantle role, whilst today all the attention is focused on electric cars. If this technology fails, too, can we go back to the wood gas car ? Despite its industrial appearance, a wood gas car scores rather well from an ecological viewpoint when compared to other alternative fuels. Wood gasification is slightly more efficient than wood burning, as only 25% of the energy content of the fuel is lost. The energy consumption of a woodmobile is around 1,5 times higher than the energy consumption of a similar car powered by gasoline (including the energy lost during the pre-heating of the system and the extra weight of the machinery). If the energy required to mine, transport and refine oil is also taken into account, however, then wood gas is at least as efficient as gasoline. And, of course, wood is a renewable fuel. Gasoline is not.

			The greatest advantage of producer gas vehicles is that an accessible and renewable fuel can be used directly without any previous treatment. Converting biomass to a liquid fuel like ethanol or biodiesel can consume more energy (and produce more CO2) than the fuel delivers. In the case of a wood gas car, no further energy is used in producing or refining the fuel, except for the felling and cutting of the wood. This means that a woodmobile is practically carbon neutral, especially when the felling and cutting is done by hand. Moreover, a wood gas car does not require a chemical battery, and this is an important advantage over an electric car. All too often, the embodied energy of the latter’s enormous battery is forgotten. In fact, in the case of a producer gas vehicle, the wood behaves like a natural battery. There is no need for high-tech recycling: the ash that remains, can be used as a fertilizer.

			A properly-operating wood gas generator also produces less air pollution than a gasoline or diesel powered car. Wood gasification is considerably cleaner than wood burning: emissions are comparable to those of burning natural gas. An electric car has the potential to do better, but then the energy it uses should be generated by renewable sources.

			The Drawbacks of Wood Gas Cars

			In spite of all these advantages, it takes just one look at a woodmobile to realize that it’s anything but an ideal solution. The mobile gas factory takes up a lot of space and can easily weigh a few hundred kilograms – empty. The size of the equipment is due to the fact that wood gas has a low energy content. The energetic value of wood gas is around 5,7 MJ per kg, compared to 44 MJ/kg for gasoline and 56 MJ/kg for natural gas.

			Furthermore, the use of wood gas limits the output of the combustion engine, which means that the speed and acceleration of the converted car are cut. Wood gas consists roughly of fifty percent nitrogen, twenty percent carbon monoxide, eighteen percent hydrogen, eight percent carbon dioxide and four percent methane. Nitrogen does not contribute to the combustion, while coal monoxide is a slow burning gas. Because of this high nitrogen content, the engine receives less fuel, which leads to a 35 to 50% lower output. Because the gas burns slowly, a high number of revolutions is not possible. A producer gas vehicle is no sports car.

			Even though some smaller cars have been equipped with wood gas generators, the technology is better suited to a larger, heavier car with a powerful engine. If not, engine output and range might not be sufficient. Even though the installation can be made smaller for a smaller vehicle, its size and weight do not decrease proportionately with the decreasing size and weight of the car. Some have built wood gas-powered motorcycles, but their range is very limited. Of course, the weight and size of the mobile gas factory is less an issue with buses, trucks, trains or ships.

			Ease of Use

			Another problem of wood gas cars is that they are not particularly user-friendly, although this has improved compared to the technology used in the Second World War. One contemporary report suggested that “experience at the Wurlitzer organ could be a distinct advantage” in order to drive a wood gas vehicle 3.

			Still, in spite of the improvements, even a modern woodmobile requires up to ten minutes to get up to working temperature, so you cannot jump in your car and drive away immediately. Furthermore, before every refill, the ashes of the last gasification process have to be shovelled out. The forming of tar in the installation is less problematic than it was 70 years ago, but the filters still have to be cleaned regularly. And then there is the limited range of the vehicle. All in all, it is a far cry from the familiar ease of use of a gasoline car.

			The large amount of (deadly) carbon monoxide produced calls for some precautions, too, since a leak in the piping is not impossible. If the machinery is placed in the trunk, the instalment of a CO-detector in the passenger compartment is by no means a luxury. Moreover, a wood gas car must not be parked in an enclosed space unless the gas is flared first.

			Of course, all the vehicles described above are built by amateur engineers. If we build cars especially designed to be powered by wood, and produce them in factories, chances are that the drawbacks would become somewhat less significant and the advantages would become even greater. Such woodmobiles could also look more elegant. The Volkswagen Beetles that rolled off the assembly line during World War Two had the whole wood gasification mechanism built in. From the outside, the wood gas generator and the rest of the installation was invisible. Refilling was done through a hole in the bonnet (hood).

			Deforestation

			Unfortunately, wood gas shares an important disadvantage with other biofuels. Mass producing woodmobiles would not solve this. Quite the contrary, in fact: if we were to convert every vehicle, or even just a significant number, to wood gas, all the trees in the world would be gone. Indeed, the woodmobile caused severe deforestation in France during the Second World War. Just as with many other biofuels, the technology is not scalable.

			Yet, while a biofuel-powered car is as user-friendly as a gasoline rival, wood gas has to be the most user-unfriendly alternative fuel that exists. This can be an advantage: a switch to wood gas cars can only mean that we would drive less, and that would of course be a good thing from an environmental viewpoint. If you need to preheat your car for 10 minutes, chances are you will decide not to use it to drive a few miles to pick up some groceries. A bicycle would do the job faster. If you had to cut wood for three hours just to make a trip to the beach, you would probably decide to take the train.

			In any case, the woodmobile demonstrates that the modern car is a product of fossil fuels. Whatever alternative fuel you believe in, none of them comes even close to the convenience of gasoline or diesel. If, one day, the availability of (cheap) oil comes to an end, the omnipresence of the automobile will be history. But the individual vehicle will never die. 

		

		
			
				
					A wood gas vehicle with the installation hidden in the trunk. 
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					A wood-gas powered car, Berlin, 1946. Note the secondary radiator, required to cool the gas before it’s introduced into the engine. Bundesarchiv, Bild 183-V00670 (CC-BY-SA 3.0).
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			A Belgian bus with a wood gas generator on a trailer. Image: Menno Huizinga, Netwerk Oorlogsbronnen, Public domain.
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					Hanomeg chain tractor K50 wood gas.
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					Detail of wood gas powered Volvo, built by Dutch John.
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					A modern DIY woodgas vehicle. Juha Sipilä.
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					Wood gas vehicle.
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					Wood gas powered Volvo, built by Dutch John.

				

			

		

		
			
				
					[image: ]
				

				
					Wood gas trailer built by Vesa Mikkonen in Finland.
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					A vehicle powered by a woodgas trailer.
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			Almost all of the leading economies in Western Europe during the last millenium relied on a large-scale use of fossil fuels such as peat and coal.
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					Nieuwkoopse plassen. Jan Arkesteijn, public domain.

				

			

		

		
		
		
			The history of energy use in human civilisation is generally summarised as follows: from Antiquity until the start of the Industrial Revolution, people made use of the manual labour of both animals and humans, as well as biomass, sun, water and wind. Next, all these renewable energy sources were replaced by fossil fuels: first coal, and later oil and gas. Uranium completed the picture in the second half of the twentieth century. While this historical summary is basically correct, there were some – rather important – exceptions. Almost all of the leading economies in Western Europe during the last millenium relied on a large-scale use of fossil fuels such as peat and coal.

			Thermal Energy

			Before we delve into the pre-industrial history of fossil fuels, it is important to note the difference between thermal energy (heat) and kinetic energy (motion). For the greater part of history, wind, water and muscle power could provide only kinetic energy. This was the kind of energy required to grind grain, saw wood, or set boats in motion. For centuries, wood (including charcoal made of wood) was the only source of thermal energy in Europe, apart from the use of direct solar energy for low-temperature processes like the drying of mud bricks and food crops. Wood or charcoal were required for activities such as heating buildings, cooking food, producing building materials (such as bricks, tile, cement, lime and plaster), manufacturing glass and paper, forging iron or producing dyes and soaps. At the same time, wood was the main construction material for buildings, ships, bridges, mills, piers, wharves, cranes, winches, mine shafts, vehicles, barrels, furniture and tools.

			The invention of the steam engine in the eighteenth century meant that thermal energy could be converted into kinetic energy: the heat generated by the burning of coal was used to power machines and vehicles. Likewise, the arrival of electricity in the 19th century allowed kinetic energy to be converted into thermal energy: a windmill, for instance, could be used to drive a generator that delivers energy to an electric oven, or heater. (Kinetic energy could produce heat by friction, for example in windmill gears, but this was mostly wasted). These days, it is self-evident that both types of energy can be converted to one another (with considerable efficiency losses), but for most of human history that was not possible. Then, just as now, thermal energy was much more important than kinetic energy.

			Urban Revival

			The Romans – who fuelled much of their mechanical activities with slave labour – deforested large parts of Europe in their hunger for thermal energy and construction materials. When their empire collapsed, forests recovered during the half millenium that is termed the Dark Ages. At the beginning of the second millenium AD, Europe became the setting of an urban revival. Between 500 and 1000 AD, some important agricultural innovations occurred, including improved ploughs, the triennal rotation of crops, the horse collar, and the horse shoe.

			These technologies enabled a larger population and higher food surplus: more food could be supplied with less labour, which further aided the growth of cities in which people could do things other than working the land. The invention of the printing press, for example, further increased the demand for wood. Similarly, building gothic cathedrals required tonnes of materials, raising thermal energy use.

			Urbanisation thus went hand in hand with increased industrial activity. Also, medieval industrial processes were less efficient than similar processes today. For example: up to twenty kg of charcoal (with an energy content of 600 MJ) was used to produce one kg of iron (compared to 20-25 MJ/kg today). Urbanisation and industrialisation increased rapidly between 1100 and 1300, which again resulted in widespread deforestation.

			Not a Paradise

			Our romantic image of the Middle Ages and Renaissance as a paradise of renewable technologies results largely because of our failure to distinguish between thermal and kinetic energy. The Dutch and the Flemish, who dominated the Western European economy from about 1100 to 1700, are famous for their impressive use of wind technology, which took off in the 1100s. The most spectacular use of windmills appeared in Holland from the late 1500s (sixteenth century) onwards. There, the Dutch applied wind power to a wide range of industrial processes, including paper production, wood sawing, glass polishing and cement production.

			The industrial windmill was a marvel of pre-industrial technology, but it explains only partly why Holland became the most important economic power in the world during the seventeenth century. While sustainable providers of power, windmills could only deliver kinetic energy. For example: you can use wind power to polish glass, but you can’t make glass using a windmill. For that, you need thermal energy. And in pre-industrial times, as the history books tell us, the only way to reach high temperatures was to burn wood. One problem, though: virtually all forests in the region had long vanished by the 1600s. Yet, during the Golden Age of the Netherlands, the Dutch not only made glass, they also produced bricks, tiles, ceramics and clay pipes, they refined salt and sugar, bleached linen, boiled soap, brewed beer, distilled spirits and baked bread. All these processes were based on a massive input of thermal energy.

			Moreover, the Dutch produced much more than needed for domestic consumption. They became the largest European exporters of many of the above-mentioned industrially manufactured products. On a more modest scale, a similar production boom had happened in Flanders a few centuries earlier, in which an energy-intensive industry appeared in the near total absence of wood reserves. So how did the Dutch and the Flemish achieve this ? By mining peat on a truly massive scale.

			What is Peat ?

			An intermediate step in the formation of coal, peat forms when plant material, usually in marshy areas, does not decay fully because of a lack of oxygen. This semicarbonised fuel can be found near the earth’s surface in layers of up to five metres thick. The energy density of dried and pressed peat – known as turf – is about 15 to 17 MJ per kg, which is similar to the energy density of dried wood (15 to 18 MJ/kg) but lower than that of coal (24 MJ/kg) or charcoal (up to 29 MJ/kg). However, it is a bulkier fuel than wood: one cubic metre of coal provides six times as much heat as one cubic metre of turf, for instance.

			Turf is still used today in some countries, notably in Ireland, Finland and Russia, where it is burned in power plants and used for domestic heating. While peat is classified by the IPCC as a renewable fuel, this is highly debatable. Peat is renewed at a rate of about 1 mm per year at most, and so it takes at least 3000 years for a peat layer of 3 m to return to its original size – and only if the land is not disturbed in that time. In addition, the mining of peat has a very large impact on the landscape, while the burning of turf produces slightly more CO2 – emissions than coal for the same energy content. The only advantage it has over coal is that it produces less smoke and has a lower sulfur content, and thus produces less air pollution.

			How to Dig Peat

			In pre-industrial times, peat was dug out using very simple tools. Before being cut, the peat was often partially dehydrated by digging drainage trenches on its surface. Next, the land was stripped of its vegetation and the peat sods were cut up vertically to the required size. The following step was to cut out the peat sods horizontally, after which they were loaded onto wheelbarrows and transported to a nearby field. There, they were laid out or stacked up vertically in a formation for drying. It took six to eight weeks for the peat sods to become dry enough to be used as fuel, after which they were beaten or trodden to make them more compact. During the drying process in the field, the peat sods were turned regularly. Finally, the peat (now called turf) was loaded in baskets and carried to the farm or the market.

			Mining peat was a seasonal activity that took about three months per year, from late spring to early summer. Starting production earlier than April was risky because frost could damage the drying peat. Digging peat in summer was equally risky because there was a chance that it would not be dry enough following a cold and wet season. Likewise, a very hot summer could make the peat useless if it was not taken away from the drying field quickly enough – it would then be dispersed by the wind. You could thus argue that peat has the disadvantages of both a fossil fuel and a renewable fuel, without any of the benefits. Like other better known fossil fuels, it is a non-renewable energy source that produces large amounts of CO2, yet it has an energy density that is much lower than other fossil fuels. On the other hand, peat digging is a seasonal activity with a “harvest” that may fail because of the weather. And yet, because they had no other choice, the Dutch and the Flemish built their entire economy around it.

			The Low Countries

			The evolution of peat production was eerily similar to the mining of fossil fuels today. When the easiest accessible reserves were exhausted, the peat diggers developed new technologies and methods to mine harder-to-reach resources at an ever increasing financial and environmental cost. We do not have much detailed knowledge about peat production in Flanders and Brabant, because few written records from the late Middle Ages remain. However, the history of peat production in the present-day Netherlands is relatively well documented.

			The urban revival of the late Middle Ages started in Northern Italy, where the dominating merchant cities were Venice, Milan, Genoa and Florence. However, around 1100 a second urban core developed east of the North Sea, a region that would become known as the “Low Countries” from the fifteenth century onwards. This area would soon rival the economic power of the Italian cities, and become the leading economic and industrial centre in Europe from about 1500 to 1700. The cities of Bruges, Ghent and Ypres in the province of Flanders (today a portion of Belgium) were the first to develop. Bruges, in particular, became an economic powerhouse due to its position in international trade, finance and cloth production. In 1350, Bruges and Ghent boasted a population of 90,000 and 57,000 inhabitants respectively (compared to 1,000 in Amsterdam, for instance).

			Around 1500, economic power shifted to the cities of Antwerp, Brussels and Leuven (today all in Belgium) in the province of Brabant. Antwerp became the economic centre of the Western world, a position it would maintain until the end of the 1500s (sixteenth century). By 1550, Antwerp had 90,000 inhabitants, up from 40,000 in 1500, which made it the second largest city in Europe, North of the Alps, after Paris. In 1580, the Low Countries, then under Spanish rule, were divided into two. The seven provinces in the North revolted against the Spanish and formed a new state, the Dutch Republic (the present-day Netherlands). As a result of the subsequent chaos in the Southern provinces (present-day Belgium), the city of Antwerp lost its leading role and power shifted rapidly to the Dutch province of Holland, where the capital of Amsterdam now became the European centre of economic and industrial activity. It would remain so until the end of the 17th century.

			The Evolution of Peat Mining

			Large-scale peat digging started in the coastal area of Flanders and northeast of Antwerp in the 1100s and 1200s respectively. The activity was largely aimed at supplying the fuel for the fast-growing cities of Bruges, Ghent and Ypres. The reserves in the coastal peat bogs of Flanders were exhausted by the end of the 1300s or 1400s, while peat production in Brabant diminished sharply during the course of the fifteenth century. By the time Antwerp came to dominate the world economy, its peat reserves had already been dug out to satisfy the energy needs of Flanders in the course of the preceding two centuries. As a result, peat digging shifted to the neighbouring province of Holland, from where the turf was exported to Antwerp.

			At the time, Holland was still largely an agrarian region with relatively few energy needs. During this period, it is estimated that between 220 and 440 hectares of peat bogs were mined every year in Holland and Utrecht. Around 1530, the then accessible reserves in both provinces became exhausted, while demand continued to grow. As a result, peat prices skyrocketed. In response to this, peat diggers developed a new tool, the baggerbeugel (a dredging net on a long pole, there seems to be no English translation for the term). Standing on a small boat or at the waterside, this tool allowed them to cut peat below water level and haul it up. This technique, called slagturven (again, no English translation available), greatly enlarged mineable peat reserves. The peat bogs in Holland and Utrecht were up to 4,5 metres thick, but because of the high water table in the region (why we call these the “Low Countries”), only the top layer could be stripped away using conventional techniques. Digging deeper would have flooded the land and made the fuel inaccessible.

			However, now that it was possible to cut peat far below the water level, the complete peat bogs could be mined. There is evidence that the “baggerbeugel” was already in use in Flanders two centuries earlier, and that the knowledge of the technique was transferred to the North. The intensification of peat production came at a cost, though. To start, mining peat from below the water table introduced extra steps in the processing of the fuel. Due to its increased water content, the muddy peat had to be spread out on narrow and elongated strips of land which were not stripped of their peat. There, the water was pressed out by people trodding on it with boards tied beneath their clogs. Only when this was done, could the peat be cut up in blocks and stacked to dry.

			Environmental Costs: Land Turned into Water

			Worse, however, was the destruction of the landscape and the loss of agricultural land. Wherever the peat was mined below the water table, land disappeared into the waves. This was a rather ironic consequence for a country that spent so much effort reclaiming land on the sea elsewhere on its territory through the use of windmills. Every year, about 115 to 230 hectares of land was lost as a result of peat production below the water table. The exhausted peat bogs formed lakes that expanded to cover vast areas throughout Holland and Utrecht. Only the elongated strips of land used to dehydrate the muddy peat remained.

			Historian Jan de Vries (see references) notes that the area between Amsterdam, Rotterdam and Utrecht “took on the appearance of a veritable Swiss cheese, with dozens of water-filled, exhausted peat bogs often separated from each other by nothing more than narrow vulnerable strips of land on which were scattered the structures of what once had been farms”. Some of these typical lakes still remain, for example the Nieuwkoopse Plassen in Holland, today a nature reserve of 1,400 hectares. Other remaining examples are the Loosdrechtse plassen and Vinkeveense plassen in the province of Utrecht. Often, even the narrow ridges of land used for drying the peat were eventually mined or simply washed away by the waves during storms.

			Things got out of hand when entire villages disappeared. Historian J.W. De Zeeuw (see references):

			“Around 1600, these lakes occupied most of the area between the rivers Oude Rijn, Gouwe and Hollandse Ijssel and threatened the villages of Zevenhuizen, Moerkapelle and Waddinxveen. In 1630, the church of Jacobswoude, North of the Oude Rijn, was pulled down because by then the rest of the village had been swallowed by the waves of encircling man-made lakes.”

			In the course of the centuries, peat digging caused the fusion of two large lakes (the Haarlemmermeer and the Leidsemeer) and several smaller ones in Holland, forming an inland sea of 17,000 hectares which destroyed several villages (Nieuwerkerk, Rijk, Vijfhuizen, and a part of Aalsmeer). The water body, popularly known as the water wolf, threatened the surrounding cities of Haarlem, Leiden and Amsterdam in the 1800s, after which it was (largely) impoldered. The authorities, horrified by the loss of agricultural land – and the associated tax income – tried to stop the peat diggers during the sixteenth century by placing export prohibitions and restrictions on peat mining below the water table, but they failed. Digging out peat was more lucrative than cultivating crops. In total, peat digging would turn more than 60,000 hectares (600 km2) of land into water in Holland and Utrecht – almost ten percent of their total surface area.

			Peat Production Moves to the North: Canal Digging

			Again, energy demand rose significantly from the late sixteenth century onwards, when economic power shifted from Flanders and Brabant to Holland. In spite of the environmental damage, peat production in the low peat bogs of Holland and Utrecht continued on a casual basis during the 1600s, with an average production of 200 hectares per year. However, this was not enough to satisfy the growing demand for the fuel, and turf prices started rising again. In response, from the 1580s onwards, attention shifted to the somewhat higher lying peat bogs in the northern provinces of Friesland, Groningen and Drenthe – 200 to 250 kilometres away. There, total production during the seventeenth century would rise to an average of almost 400 hectares per year. Most of the turf was exported to Holland.

			However, mining these reserves was a totally different matter because there were few waterways. Transporting the turf all the way to the Zuiderzee, from where it could be shipped to Holland and Utrecht, would have been inordinately expensive given the transport options of the day. In order to exploit the high peat bogs in the Northern provinces, ditches and canals had to be dug, which required a large capital investment. Historian Jan de Vries:

			“ The result was that, instead of the numerous individual peat diggers each working small parcels of laagveen (low bogs), the peat in the hoogveen (high bogs) was mined by consortia of investors (urban capitalists from the western cities) who judged market conditions sufficiently attractive to buy up vast tracts of uninhabited bog, dig lengthy canals into the bogs, and hire armies of laborers to dig the peat.”

			The extensive canal infrastructure was built in the Northern provinces of the present-day Netherlands from the 1580s onwards. In the high peat regions of Groningen and Eastern Drenthe, canal building continued uninterrupted from 1580 to 1650, which opened up the main body of the peat deposit. This made some 30,000 hectares of peat available for shipping. In the high peat region of Western Drenthe, Friesland and Overijssel, canals were dug between 1600 and 1670 to reach some 30,000 hectares of peat. In total, it is estimated that some 700 km of canals were built in the northern provinces, specifically aimed at turf transport. A substantial amount of them remain, with sometimes surprising results, such as towns without roads (Giethoorn village).

			Canal building had happened before in Flanders and Brabant, where the monasteries seem to have been the driving force behind large-scale, organized peat production, buying up land and hiring peat diggers. In the peat bogs in Brabant, Northeast of Antwerp, from about 1300 onwards some twenty turf canals were dug up to 16 m above sea level, each reaching lengths of ten to twenty km. The main canals, which connected the export harbours with the peat areas, attained a total length of more than 320 km. Aqueducts were built to help the canals cross the brooks. In the Northern provinces of the Netherlands, the total length of the canals reached at least 700 km.

			Peat Production and Agriculture

			The exploitation of the high peat bogs in the North did not always result in the loss of agricultural land, as it did in the South. Firstly, because the peat mining companies converted some peat bogs into permanently agricultural land after the peat had been dug out. J.W. De Vries:

			“Once the peat was stripped away, these enterprises had a further interest in making use of the newly exposed underlying soils. Since this soil lay above the water table, the cost of converting it into productive agricultural land consisted primarily of taking the trouble to conserve the surface soil (which was in the case of high peat bogs in any event poor quality peat) so that it could be re-spread over the land, and heavily manuring the new soil. This occurred most systematically in Groningen, where the capital city encouraged agricultural development of the hoogveen by subsidizing the distribution of night soil.”

			The new canal network created to move the turf to Holland’s industry in the South also provided low-cost transport for agriculture which, by itself, could never have afforded such an investment. However, the efforts to reclaim agricultural land in some parts of the country did not make up for the much larger losses elsewhere on the territory. Few peat bogs in Groningen were brought under cultivation during the Golden Age – it was only with the arrival of artificial fertilizers at the end of the nineteenth century that large-scale recultivation could begin. In the province of Friesland, the underlying soil was not suited for agriculture and peat digging resulted in large lakes which still exist today. And as we have seen, vast tracts of (potential) agricultural land disappeared in the waves in the Southern part of the country. The result is that the Dutch became, unlike other European countries at that time, highly dependent on food imports. They produced vegetables, meat and dairy products, but they had to import about half of their grain (the staple food) from the Baltic regions – a very costly affair.

			Energy Consumption per Capita

			Until the twentieth century, the Dutch stripped an estimated 283,500 hectares (2,835 square km) of peat, close to 10% of the total surface of the Netherlands. However, only two thirds of this was mined in pre-industrial times. Peat digging in the Netherlands continued until 1950 using mechanical peat diggers powered by coal, as it happened in many other countries from the end of the nineteenth century. If we take 1850 as the start of the “modern” peat mining era (the Netherlands were late to enter the Industrial Revolution), the pre-industrial use of peat in the country amounts to just over 190,000 hectares from about 1300 to 1850. Of this, some 70,000 hectares were mined from 1600 to 1700, which roughly corresponds with the Golden Age of the Netherlands.

			All these figures are deduced from a 1978 paper by J.W. de Zeeuw, Peat and the Dutch Golden Age. Other authors (like Jan de Vries) give higher estimates in more recent studies, with about 275,000 hectares of peat stripped after 1600. Either way, almost all peat that existed in the Netherlands has been mined. De Zeeuw also calculated the heat content of the extracted peat, taking into account the average thickness of the mined peat layers after dehydration. He concluded that in an average year in the seventeenth century, the Dutch consumed 25,120,800 GJ of turf. With an average population of 1,5 million this amounts to 16.75 GJ per capita per year.

			Other authors have come to similar figures, ranging from 13.4 to 19.3 GJ per capita per year. This is similar to dozens of poor countries today, some of which do not even reach 10 GJ per capita. Average energy consumption per capita worldwide was 76.6 GJ in 2008, only 4.5 times higher than in the seventeenth century Netherlands (though the Dutch themselves now consume much more, with 210 GJ/capita in 2003). It should be noted that the figure of 16.75 GJ/capita only includes turf consumption, not other energy sources like wind, animal labour, firewood, charcoal and coal (see further).

			Urbanization and Industrialisation in Seventeenth Century Holland

			The high energy consumption of the Dutch was an anomaly in seventeenth century Europe. The same goes for their prosperity, and for the level of urbanization and industrialisation in the country. More than sixty percent of Dutch people lived in cities, compared to about ten percent in most other European countries at the end of the seventeenth century. The level of urbanisation in seventeenth century Netherlands was only attained in other European countries at the turn of the twentieth century. A similar development happened in Flanders and Brabant in the 1500s, where over 30% of the population lived in cities with more than 10,000 inhabitants. From about 1600 to 1720, the Dutch had the highest per capita income in the world – at least double that of neighbouring countries at the time and about five times higher than that of the poorest countries today.

			The opening of the peat bogs in the northern provinces from the 1580s onwards meant that the Dutch had a cheap energy source that was widely available, while most other countries in Europe were entirely dependent on wood – which had become ever more expensive as deforestation advanced. The Netherlands’ ample fuel reserves stimulated the development of various fuel-intensive and export-oriented industries. In several cases, the presence of these industries was solely based on the abundant and cheap supply of thermal energy. This was the case for sugar refinement, for example, which is a purely thermal process. Sugar became the world’s most important commodity in the seventeenth century, and Amsterdam was Europe’s largest sugar refiner by 1650. In 1662, more than half of Europe’s one hundred sugar refineries were located in the Netherlands, all of which processed imported sugar from South America and the Carribean.

			Salt refinement too was based solely on a massive input of thermal energy. Salt was indispensable as a preserver of meat, fish and dairy products before electrical refrigeration was available. The Netherlands had 293 salt refineries in 1674, most of them concentrated in Holland and each consuming about 800 tonnes of turf per year. About sixty of these refineries were used for packing herring barrels, another important export. In addition, the city of Haarlem became the bleacher of German linen, another industrial process that was purely built on thermal energy. For all these industries, the iconic Dutch windmills did not offer any direct advantage.

			The succes of other industries, however, was based on the combination of turf and wind power. The best example of this lies in the shipping industry. Holland became the leading builder of ships in Europe in the course of the seventeenth century. From 1625 to 1700, the Dutch shipyards produced as many as five hundred seafaring vessels per year, many of them commissioned by foreign powers. The wood used to build the ships was sawn using sophisticated wind powered saw mills invented in 1596, while peat provided thermal energy for many shipbuilding processes, such as bending planks, melting tar and forging iron fittings.

			Apart from that, peat offered an important indirect advantage. While a large scale use of peat did not prevent the Dutch from importing large amounts of wood, peat catered to their thermal energy needs, and so all imported wood was almost exclusively used as a construction material. This generated a much higher return on investment than its use as firewood, and made the Dutch less vulnerable to high wood prices. Turf was also the fuel of choice for heating homes and public buildings, and for cooking. Only the very rich used firewood, which was much more expensive but produced less pollution.

			Why was Peat Only Used in the Low Countries ?

			The Low Countries were not the only region that suffered from a severe shortage of wood reserves between 1100 and 1700. In addition, peat was found over large parts of Europe, most notably north of the Alps. Why, then, did other countries not resolve their energy shortages by mining peat ? For these pre-industrial countries, the value of energy deposits depended on the cost of transportation rather than the cost of gathering the fuel itself. There exists no period in history when a global, continental or even national shortage of wood occurred. The problem was always local, caused by deforestation around urban (and industrial) centers.

			Land-based transport – which amounted to carts on bad roads – was extremely slow, labour-intensive and expensive, limiting the practical distance between energy deposits and consumption centres to 20 to 25 km at most. One look at the map of the Low Countries immediately reveals why the region could afford to transport turf over large distances: it is criss-crossed by lakes and rivers. From Groningen and Friesland in the outermost northern part of the present-day Netherlands, one can sail (almost literally) straight to Amsterdam, Utrecht, Rotterdam, and then Antwerp, Brussels, Ghent and Bruges in present-day Belgium. No other region in Europe has such a dense water transport network.

			To boot, the region is windy and flat, offering great conditions for sailing – and deforestation only improved these conditions. Importantly, the Low Countries are located near the water table – as were their peat reserves. The digging of navigable canals in the peat areas, and the linking of these canals to the already existing, extensive network of natural waterways was relatively easy. Because these natural waterways gave access to all major cities, the turf could be transported by ship directly from the peat fields to the doorstep of the consumer. Hardly any land-based transportation was involved, and this kept costs low.

			In most other countries, peat reserves were located too far above the water table, making the construction of canals much more expensive. Often, cities were too far from potential peat reserves or did not have access to navigable rivers. This explains why large-scale peat digging in other European countries and the US only started at the end of the nineteenth century, when peat could be hauled by steam trains or locally converted to electricity (which is easier to transport).

			Coal and the End of the Dutch Golden Age

			Peat was not the only fossil fuel used during the second millenium AD in Europe. Coal mining started in the thirteenth century in England, Wales and what is now the French speaking part of Belgium. All over Europe, coal quickly became a wanted fuel for specific industrial processes, particularly for blacksmithing and lime manufacturing. Large-scale coal mining started in the 1400s. In 1430, between 1,600 and 2,000 people worked in the coal industry in Liège (present-day Belgium). From the 1500s onwards, coal was used on an ever increasing scale in London, which was then one of the most populated cities in Europe. There, coal was used industrially, but more often in households for heating and cooking. At the beginning of the 1600s, when the Dutch Golden Age began, coal accounted for three quarters of fuel consumption in London, which caused extensive air pollution. Coal burns much dirtier than wood, which is the reason why it was previously forbidden in England. However, the acute shortage of firewood from the 1500s onwards left the English little other choice than to switch to the abundant fuel. Peat was not an option for the English for many of the reasons mentioned above.

			Initially, coal offered significant drawbacks compared to peat, which meant that England’s early use of fossil fuels did not provide a commercial advantage during the seventeenth century. In most production processes, coal could not be used because it came into direct contact with the product, which was then ruined by coal’s impurities – notably sulfur. Only in processes where the product could be separated from the fuel did the substitution of coal for wood cause no problems. Because of its lower sulfur content, peat did not have these limitations. The Dutch could use it for almost all thermal processes in their industries. Over time, however, the English managed to adapt their industrial processes for the use of coal instead of wood and charcoal. With every step they took, the English slowly caught up to the Dutch. A turning point came at the dawn of the eighteenth century when the last – and most important – industrial process was converted to coal: the production of iron.

			This last step, made possible by the introduction of cokes or purified coal, marked the start of the Industrial Revolution in the Western world. From then on, the use of iron as a construction material was no longer limited by the supply of wood. Turf, on the other hand, could not deliver the intense heat produced by coal, and hence was not used in iron production, nor to power steam engines. (The Dutch never produced iron, they imported it). Moreover, the caloric value of coal is four times higher than that of turf for a given volume, making it much easier to transport and store than peat. The combination of steam power and iron brought the English the rail system, solving the problem of transporting their fuel supply. The railway also proved faster and more flexible than the canal system.

			Exhaustion of the Peat Reserves

			Around the same time, the most accessible Dutch peat reserves became exhausted. In addition, there was a growing problem with the silting of the shallow harbours and waterways, increasing the costs of turf transport. More and more sandbanks appeared, over which vessels had to be dragged. A similar thing happened in Bruges a few centuries earlier. The unique geographical conditions of the Low Countries, which made the early large-scale use of fossil fuels possible, eventually became a disadvantage. The depletion of the peat reserves and the difficulties in turf transport led to rising turf prices, until the point at which imported coal became cheaper.

			To combat this, Dutch industries switched from peat to coal, whenever they could adapt their production to use the cheaper fuel. English export of coal to Holland rose from 35,200 tonnes in 1700 to 117,900 tonnes in around 1750. The import of coal put Dutch industries at a disadvantage, because the English added tax duties. From the 1700s on, Dutch prosperity began to decline. The import of grain became too expensive, and de-urbanisation set in as more people returned to farming. By 1815, the level of urbanization had fallen back from 60 to 38%.

			Can we Power a Prosperous Society on Renewable Energy ?

			Pre-industrial use of coal and peat occured successively in those parts of Europe that dominated industrial production from the 1100s to the start of the Industrial Revolution. The Flemish, the Dutch and the English, consecutively, became the most prosperous regions in Europe at the very moments when they used the largest amounts of fossil fuels. In other words, all economic success stories of the past millenium are based on an ample supply of fossil fuels – accompanied by serious ecological damage. Moreover, these regions produced many exports, so that countries that did not use fossil fuels also benefitted from their application.

		

		
			
				
					Peat fueled glass manufacturing in Dordrecht, the Netherlands, 1700s.Schröder (CC BY-SA 4.0).
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					A rolling mill (metalworking). Walzwerk Neustadt-Eberswalde. A painting by Carl Blechen, circa 1830.Schröder (CC BY-SA 4.0).
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					Stacking peat to dry. Nationaal Archief, the Netherlands.
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					Making peat in an area near Rotterdam. Lines of fresh peat lying to dry. The Netherlands, 1918. Collectie Spaarnestad.
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			Cutting peat.
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					A dredging bag. Maritiem Digitaal.
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					Peat digging under water.

					Schröder (CC BY-SA 4.0).
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						↓Canal infrastructure for peat digging in the northern provinces of the Netherlands. M.A.W. Gerding, Vier eeuwen turfwinning. De verveningen in Groningen, Friesland Drenthe en Overijssel tussen 1500 en 1950. (dissertatie Wageningen Universiteit, 1995; verschenen als A.A.G. bijdragen 35, ISSN 0511-0726).
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					Peat transport by barge, ca. 1900.
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			IN THE SAME COLLECTION

			How To Build a Low-tech Internet?, Kris De Decker, Marie Otsuka & Roel Roscam, 2023
We were told that the internet would dematerialize society and decrease energy use. Contrary to this projection, it has become a massive infrastructure and a rapidly growing energy consumer. In this series of articles, Low-tech Magazine examines the reasons behind the ever-expanding resource use of digital communication and what we can do about it. The internet isn't an autonomous being. Its growing energy use results from decisions made by software developers, web designers, marketeers, publishers, and internet users.

			How to Downsize a Transport Network?, Kris De Decker, 2023
Fast and cheap transportation props up industrial societies, both for the moving of people and cargo. However, our transport networks are very wasteful of energy and utterly dependent on fossil fuels. In this series of articles, Low-tech Magazine critically examines the call for electrified vehicles, which depend on unsustainable batteries and infrastructures. Much more important than the chosen power source is vehicle design: size, weight, speed, acceleration, and comfort level. Furthermore, public transport is more resource efficient, and we could electrify it without batteries. The book's second part deals with long-distance transportation: planes, trains, sailing ships, and ocean liners.

			Heating People Not Spaces, Kris De Decker, 2023
These days, we provide thermal comfort in winter by heating the entire air volume in a room or building, an approach that consumes a lot of fossil fuels. In this series of articles, LOWTECH MAGAZINE focuses on our forebear’s concept of heating, which was more localized. They used radiant heat sources that warmed only certain parts of a room, creating micro-climates of comfort, and they used personal heating sources that warmed specific body parts. It would make a lot of sense to restore this old way of warming, especially since newer technology has made it much more practical, safe, and efficient. By placing heating technology in a historical context, LOWTECH MAGAZINE challenges the high-tech approach to sustainability and highlights the possibilities of alternative solutions.

			How Circular is the Circular Economy?, Kris De Decker, 2024
The circular economy – the newest magical word in the sustainable development vocabulary – promises economic growth without environmental destruction or waste. However, growth makes a circular economy impossible, even if we recycle all raw materials and all recycling is 100% efficient. No technology can change that because it's not a technological problem. In addition, many modern products are too complex to recycle. In this series of articles, LOWTECH MAGAZINE explores how the circularity of various technologies like bicycles, solar panels, and wind turbines evolves. Placing the recycling of resources in a historical context makes clear that we are not moving toward a circular economy but rather increasingly away from it.

		

	
	
		
			IN A DIFFERENT COLLECTION

			Low-tech Magazine 2007-2021: The Compressed Edition, Kris De Decker, 2025

			
			Inspired by the image compression on its solar-powered website, Low-tech Magazine squeezed the article catalog of its three-volume book series into just one book. Compressing the content — an editorial and design choice — produces a larger reduction in resource use than printing on recycled paper could ever do. For this book, Low-tech Magazine switched to a smaller font size, downsized most images, and opted for a two-column layout. Some articles, especially older ones, were rewritten resulting not only in fewer pages but also in better articles.
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