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Foreword


This is a comprehensive and outstanding study of a material of the utmost importance to humankind; a material that brought to us the means to smelt and refine metals, was the beginning of the chemical industry, and provided us with the means to filter our drinking water and the heat for cooking our food as well as for production of the beakers, pots and containers we used.


It is not a book that could have been undertaken lightly. Reading it, one can appreciate the dedication needed to set down the long story, which began four thousand centuries ago when a group of hominids living in the Zhoukondian cave in northern China developed means of making fire at will. Large quantities of charred bones and deep ash layers testified to their industry and the length of their stay.


They had in fact developed controllable means of light and heat, and taken thereby the first fundamental step toward power generation and modern industry.


The span of this story is breathtaking and it is well told. Neither set up as a technical book nor pandering to popular views, it is of interest and instruction to the general reader as well as the forest worker striding into the woods with an axe or saw. The writer has demonstrated deep knowledge and affection for the industry and is therefore to be thanked and congratulated on a job very well done.


Donald W. Kelley


September 2017


D. W. Kelley was managing director Shirley Aldred and Company Ltd from 1969 to 1983. He was Secretary and Chair of the National Association of Charcoal Manufacturers and chaired the British Charcoal Group in the 1990s.




Chapter 1


Introduction


Making charcoal is like engaging in alchemy, from the first time you fill a kiln with wood and set fire to it, tend it lovingly till the smoke runs ‘blue’, then wait patiently until the kiln is cold, and at last tentatively approach to prise open the lid to see what you have created. A pile of ash, or a charred stack of logs? Or best of all, a heap of almost perfectly formed charcoal holding the shape and form of the wood, but none of its weight or strength: a brittle, tinkling, glistening treasure trove of charcoal. Magic.


CARBON – THE BUILDING BLOCK OF LIFE


Engaging in charcoal making links us directly with our ancestors – it is the one human activity that can be traced back through the millennia with very few changes in its most fundamental form. In today’s world the most pressing preoccupation is with carbon: too much CO2 in the atmosphere, too much reliance on mining fossil fuels for energy. Can charcoal offer any answers?
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Newly made lumpwood charcoal.





In this book we will examine this question. It is a practical book with many ideas for making your own charcoal, an aspirational book that reports on the passion of those who think charcoal can save the world – and perhaps above all it is a fact-filled book with all the things you never knew you wanted to know about charcoal. So whether you are a barbecue or a biochar fanatic (or both), we hope you will find all the information you need within these pages.


In this chapter we set the scene with a look at what charcoal actually is, take a quick romp through the historical uses, and end with a broad-brush look at how charcoal is made.


Carbon
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The carbon atom.





Charcoal is carbon, a form of amorphous (any shape) carbon produced by partially burning wood or, in fact, any organic matter. All living things are made of carbon: atomic number 6 on the periodic table of elements (6C ) with six electrons, four of which are available to bond with other chemicals to create a vast diversity of life. Bonding with each other to create ‘chains’, they bond with hydrogen and/or oxygen to make the building blocks of all life on earth (and maybe elsewhere?). Ten million compounds in the universe involve carbon.
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Diamond ring.





Carbon was one of the earliest elements identified by humans in ancient times. Three natural substances are pure carbon: the hardest is diamond – forged by extreme heat and pressure through geological processes to create one of the hardest, shiniest elements on earth (see box); graphite, which is put to good use in spreading and teaching the written word through the lead in pencils; and the softest form of carbon, charcoal.




Harder than Diamond


Lonsdaleite: Named in honour of the Irish crystallographer Kathleen Lonsdale. It forms when meteorites containing graphite impact with the Earth. The great heat and stress of the impact transforms the graphite into diamond, but retains graphite’s hexagonal crystal lattice. Lonsdaleite may be transformed under pressure to become 58 per cent harder than diamond, a new world record.


Wurtzite Boron nitride: A name given to compounds with this same crystal structure, which can be compressed to form substances harder than diamond.


Buckminsterfullerene (C60): A spherical carbon molecule (Buckyball) or sometimes a tube. C60 solid is as soft as graphite, but when compressed to less than 70 per cent of its volume it transforms into a super-hard form of diamond.


Graphene: A form of graphite only a single cell thick. It is an amazing conductor of electricity, and one of the most recent additions to the ‘harder-than-diamond club’. Russian-born physicists André Geim and Konstantin Novoselov were awarded a Nobel prize for its discovery in 2010.





Charcoal Structure
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Magnified view of charcoal structure. DARREN HOPKINS





Charcoal differs structurally from the other two carbon forms. In graphite the molecules are joined to form two-dimensional structures which ‘stack’ together and shear apart as the pencil is pressed across the paper. Diamond molecules are orderly super-strong three-dimensional bonds. In charcoal, molecules form a complex random matrix, which creates vast surface areas for moisture to cling to. One teaspoon of activated charcoal, if imagined as flattened out, has a surface area equivalent to that of a football pitch. It is hygroscopic, drawing moisture from the atmosphere and storing it within its cell structure. Any charcoal burner who has stored bags of charcoal over the winter in a damp climate will attest that it becomes heavy and damp and loses the ability to light readily with paper and a match.


CHARCOAL – THE BASICS


Pyrolysis


Turning any animal or vegetable matter back to pure carbon requires heat and combustion, which causes a chemical process called pyrolysis: the decomposition of complex substances into simpler ones by heating. The word ‘pyrolysis’ comes from the Greek pyro ‘fire’ and lysis ‘separating’. The fire heats the substance and drives out the water and volatile compounds from the residual carbon and non-organic matter, leaving behind the pure carbon in the form of charcoal. Combustion requires oxygen, and in charcoal burning this element is carefully controlled. Only sufficient air is admitted in the heating process to raise the temperature through burning for the time it takes to complete combustion, then the oxygen is excluded once the distillation is complete. If heated too much, or for too long with too much oxygen present, the matter turns to ash.


Halting the process at just the right moment leaves a relatively pure residue of carbon. Don Kelly, one of Britain’s great exponents of charcoal making, says ‘Charcoal making is simply a function of time and temperature’. The enduring fascination of charcoal burning lies in learning the fine detail of how long and how hot to burn – an art that can encompass a lifetime of fine tuning to create the maximum quantity, best quality charcoal it is possible to produce in each burn.


The charcoal feedstock: This book focuses principally, but not exclusively, on hardwood timber as a feedstock for charcoal burning. Straw, sawdust and even sewage are also considered as potential sources of charcoal, both for briquettes and for biochar.


Dry distillation: Through the process of heating, the volatile compounds are driven from the wood, giving the process its formal name of ‘dry distillation’ or ‘destructive distillation’.




Table of the Process of Pyrolysis






	

Kiln temperature




	

Distillates produced – variable dependant on the feedstock or timber used









	

20 to 110ºC




	

Water vapour produced.









	

110 to 270ºC




	

Residual water, some carbon monoxide, carbon dioxide, acetic acid and methanol given off. Heat absorbed (endothermic).









	

270 to 290ºC




	

Exothermic decomposition of the wood begins (gives off heat). Heat is produced and as long as temperatures are maintained, breakdown continues spontaneously. Mixed gases and vapours produced; carbon monoxide, hydrogen and methane, some carbon dioxide and ethane as well as water, acetic acid, methanol, acetone and some tar.









	

290 to 400ºC




	

Vapours include combustible gases carbon monoxide, hydrogen and methane and carbon dioxide gas and the condensable vapours; water, acetic acid, methanol, acetone. Also tars, which begin to dominate as the temperature rises which include, aldehydes, ketones, furfural, phenols.









	

400 to 500ºC




	

The aim is to drive off the tars until the charcoal is a minimum of 75 per cent carbon, which requires the temperature to peak at 500ºC.













Slow, Hot and Flash Pyrolysis


Slow Pyrolysis


Low temperatures and slow heating are known as slow pyrolysis, which creates a ‘soft’ or ‘black’ charcoal with a high density and high tar residues – so this type of material can fail to meet the carbon-content percentage required to call it charcoal (>50 per cent). Slow-burnt charcoal may retain a high volatile content, and will be heavier in weight and will behave differently to charcoal with a higher carbon content – it may be harder to light, but when up to temperature will burn more slowly and get hotter. Much imported charcoal falls into this category and is sold by weight, so the quantity in a bag may be much less compared to the same weight bag of charcoal produced at higher temperatures, and it will subsequently produce less heat overall. Some wood products sold as charcoal may be classified as ‘torrified’ wood, which is wood distilled at a temperature not exceeding 300°C.


Hot Pyrolysis


Charcoal produced at high temperatures (over 500°C) has a higher carbon content, of up to 98 per cent. An extreme form of this is known in Japan as ‘white charcoal’, or ‘Binchotan’, where it is highly prized for cooking but also has many industrial uses, including as a reducing agent for smelting. Charcoal produced at high temperatures has smaller pores but a greater pore volume or internal surface area, and even in its raw state has enhanced absorption, and is therefore more suitable for use as biochar (soil improver).


The very best quality charcoal with the highest pore volume is known as ‘activated’ charcoal, which has been super heat-treated with steam or chemicals to clean and open the pores to create a surface area in excess of 1,500sq m per gram, up to and over 3,000sq m per gram. This is the ‘food grade’ charcoal used in specialist filtration.


Flash Pyrolysis


In flash pyrolysis the feedstock is exposed to temperatures between 350°C and 550°C for less than two seconds, a process that produces more oils and tars, making it suitable for distilling biofuels; however, it creates less carbon volume.


The Properties of Charcoal


The main properties of charcoal are flammability, abrasion, absorption (where substances are drawn into the charcoal structure) and adsorption (where substances bond on the surface of the charcoal on the surface).


Flammability


The low moisture content and low residual volatiles create a substance that will ignite easily, and will burn cleanly and evenly without smoke and at a steady temperature, making it ideal for cooking and heating in a myriad of circumstances.


Absorption and Adsorption


The huge internal surface area and the molecular structure that encourages bonding to hydrocarbons (adsorption) makes charcoal ideal for filtration, for medicinal treatments that absorb toxins (absorption) and remove them from the body, and for holding nutrients in soils.


Abrasion


Because charcoal is non-soluble the particles remain intact even when immersed in water. This property has long been exploited for polishing (for example, copper printing rolls). More recently it has been adopted for cosmetic uses where finely ground charcoal is added to facial and body scrubs to provide a safe, eco-friendly form of abrasive. Most people making charcoal can attest that getting covered in charcoal dust gives you very soft skin, certainly after applying copious hot water and soap to remove it from sweaty or greasy skin.


CHARCOAL USES THROUGH THE AGES


Charcoal has been used extensively over thousands of years, as evidenced in prehistoric artwork and archaeological finds. Its uses include metallurgy, such as smelting copper and iron, in gunpowder production and wood distillates, and for cooking and medicines. In recent times charcoal uses include horticultural biochar and barbecues.


Early Uses of Charcoal


Human use of charcoal is recorded in prehistoric artwork and archaeology, dating back to the early use of fire, where the charred remains of wood on the cold hearth would have been collected to use for artwork to decorate and inform the prehistoric cave dweller. Examples of such cave art from 31,000 years ago have been found in France in the Ardèche at Vallon-Pont-D’Arc.
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Chauvet Cave drawings. MINISTèRE DE LA CULTURE ET DE LA COMMUNICATION





Charcoal Use in Metallurgy


Circumstantial evidence links early metallurgy to charcoal production. Copper production indicates the use of charcoal to create the high temperatures required to smelt metal. The earliest dated find from Serbia is 7,500 years old. The earliest complete copper axe with a leather-bound yew handle was found on the ‘ice man’ Ötzi on the Austria/Italy border, dated at 5,300 years old. He may well have been a copper smelter himself, as traces of cyanide, a by-product of copper smelting, were found in his hair, an indication that he was probably involved in the trade. However, recent research suggests that the copper came from South Tuscany, far from where he was found, so either he was a traveller, or he traded his axe.
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A replica of the ice axe carried by Ötzi. ANDREAS FRANZKOWIAK





Charcoal Demand in the Iron Age


The addition of tin to copper to create bronze during the Bronze Age (2000bc–700bc) would have increased the need for charcoal. However, the biggest step-change in charcoal demand was in the Iron Age (700bc–43ad), because it would have been impossible to have smelted iron without considerable quantities of charcoal. Evidence of this production in Britain pre-dates the Romans with early ‘bloomeries’, a type of furnace where bellows were used to increase the burning temperature of the charcoal, and which have been found in the Sussex Weald, Kent, the Forest of Dean, Sherwood Forest, Northamptonshire and Furness (in what is now Cumbria).




Reconstruction of an Iron Age Bloomery Furnace


As part of archaeology week at Hardcastle Crags in West Yorkshire, PhD student Hywel Lewis, in his research on charcoal burning, helped to create a reconstruction of an experimental bloomery furnace. This is the method whereby iron was smelted during the Iron Age right up to medieval times. This kind of furnace used charcoal made in an earth burn. The furnace shaft was constructed and prepared in advance from clay, sand and straw, then baked by a fire set inside to harden the clay. The reconstruction of the furnace at Hardcastle was based on material evidence from excavation.


Other PhD and Masters students, including Louis-Olivier Lortie, Yvette Marks and Benoit Proulx, from the University of Sheffield, and with the help of a number of willing volunteers, conducted the smelt. This involved preheating the bloomery, then filling it to the top with charcoal. Air was added by pumping bellows to bring the furnace up to temperature. At this point charges of crushed iron ore were added in layers alternating with charcoal at a set ratio of around two parts charcoal: one part ore.


This process was repeated over five hours, and used overall 66–88lb (30–40kg) of charcoal. After several hours of hard work, the door of the bloomery was broken open while the whole structure was still at high temperature, and the spongy ‘bloom’ or iron was extracted from the furnace. This raw, spongy metal was beaten with wooden mallets into a solid lump of iron.
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Louis-Olivier Lortie constructing the bloomery furnace shaft. PENNINE PROSPECTS/ STEVE MORGAN
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Benoit Proulx and a helper work the bellows. PENNINE PROSPECTS/ STEVE MORGAN
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Yvette A. Marks and Louis-Olivier Lortie hammer the spongy bloom. PENNINE PROSPECTS/ STEVE MORGAN








Iron Production in the Roman Era


The Romans increased the production of iron in Britain and throughout their territories to service their great need for armour and weapons to expand and defend the empire. Oliver Rackham calculates that between 120 and 240ad in Sussex alone 550 tons of iron per year were produced. Using the formula that 7 tons of wood are required to make 1 ton of charcoal, and 12 tons of charcoal are required to make 1 ton of bar iron, a total estimated 50,000 tons of wood were required annually, obtained from an area of 25,000 acres (10,000ha) of woodland coppiced on a twelve-year rotation (giving a harvest of 24 tons per acre, or 60 tonnes per hectare). Interestingly, Rackham estimates that at that time the Sussex Weald had around 600,000 acres (243,000ha) of woodland, so only a small proportion (4 per cent) of the potential timber resource was used for iron production.


Blast Furnaces in the Production of Iron


Bloomery furnaces were the only way to obtain iron in Britain until the start of the sixteenth century, with the arrival of the blast furnace, which came into the Sussex Weald from France. Blast furnaces were more efficient than bloomery furnaces and the production of iron increased dramatically.


Demand for iron was high in the early eighteenth century, with eighty-five known sites in Britain producing an estimated 24,000 tons of iron annually, using an eye-watering 432,000 tons of timber to make 62,000 tons of charcoal. Rackham calculated that this required 220,000 acres (89,000ha) of woodland, felled on a twelve-year cycle, representing a seventh of the total woodland in Britain.


The high level of demand for wood countrywide was ultimately unsustainable, given the rival pressures on land use for grazing and agriculture. Hence the development of coke or carbonized coal at the start of the eighteenth century was timely, as an alternative fuel for iron production. It took more than fifty years for coke to supersede charcoal for smelting, and charcoal as a fuel would never again be in such huge demand.


Some regions were slower than others to switch to coke, and in 1889 Backbarrow Iron-works in Cumbria recorded using 58 tons of charcoal and 35 tons of iron ore to manufacture 28 tons of pig iron every week. 1926 was the final year when charcoal was used for smelting at Backbarrow.


Throughout Europe and the world there was a similar picture of iron production developing during the seventeenth and eighteenth centuries. Other metal-based industries such as steel and tin also made demands on charcoal. The effect on the landscape of the switch from wood to coal-based fuel must have been extreme.




A New Market for Charcoal


Hywel Lewis, discussing the need for charcoal in wool production, describes the moment when the arrival of coke caused the collapse of the market for charcoal supplying the iron industry in West Yorkshire. However, the industry did not disappear: a new market arose for charcoal, to heat the braziers for warming the wool and the combs used to straighten the fibres to create the fine worsted fabrics for which Yorkshire became famous. Lewis explains that:




[image: image]


A lock of Wensleydale longwool combed out for worsted spinning.





By 1800 the worsted trade had become centred on the three towns of Halifax, Bradford and Keighley, but production was still spread throughout their surrounding villages, hamlets and isolated farmsteads.


The introduction of mill working systems and the adoption of machinery for spinning and weaving heralded an explosion in the industry, from around seven million pounds of wool processed in 1800 to 80 million by 1850. Woolcombing, however, proved difficult to mechanise. This meant that the leviathan mills built on steam spinning and weaving, such as Salts Mill at Saltaire and Black Dyke Mills in Queensbury, were entirely dependent on hand combers working two or three to a stove and combing thirty to fifty pounds of wool per week each.


From: Lewis, H. Charcoal and wool: the role of woodland in the worsted revolution of West Yorkshire (unpublished dissertation)


Supplying this trade would have kept many colliers at work, and demonstrates the adaptability of the woodland trades to meet changing demands over time.





Charcoal Production for Gunpowder


China is credited as being the birthplace of gunpowder, with written records from the eleventh century. Originally, two key ingredients were used medicinally: potassium nitrate (otherwise known as saltpetre) and sulphur. Someone must have had the bright idea to mix it with ground charcoal to create an explosive compound – and we can only hope they didn’t blow themselves up in the process! These three ingredients in various ratios make up ‘black powder’, or gunpowder as we came to know it – a slow-burning, smoky product that was nevertheless more flammable than any other compound known to humankind at that time.


In China, people used gunpowder for fireworks before they thought of putting it to military use. By 1270, when Kublai Khan set out to conquer China, he had firearms and even grenades to further his expansionary aims. In other parts of the world the military soon adopted gunpowder: the first record of its use in battle by the British army was in 1346 at the Battle of Crecy. By the late sixteenth century, in Britain gunpowder mills were being bought and built by the British government and controlled by a royal warrant. During the English Civil War (1642–45) there was a major expansion of gunpowder mills, prompting the repeal of the royal warrant and the increase of private enterprise.


New gunpowder mills were sited where there was a ready supply of timber for charcoal production. While alder and willow were favourite species, alder buckthorn Frangula alnus was found to be the very best wood for gunpowder charcoal. This fairly modest shrub, found in wet woodlands, and widespread but not particularly common, was in high demand.


Like other charcoal products, its demand for gunpowder fell in the nineteenth century with the discovery of more efficient explosives, though there remains to this day a residual use for charcoal-based gunpowder in slow-burning fuses.


By-products of Charcoal Production


Pyroligneous acid (composed primarily of acetic acid, acetone, methanol and smaller amounts of more than 200 different organic compounds) – also known as ‘wood vinegar’ – is a dark, volatile product of wood distillation. It was discovered initially as a by-product of charcoal production, and developed both in conjunction with the gunpowder industry and in its own right. The importance of pyroligneous acid (as a source of acetic acid) was known to the Egyptians, who used it for embalming the dead. When pyroligneous acid is distilled, ‘wood spirit’ or methanol is produced, which has been used to produce acetates of iron, lead, copper and calcium utilized in a wide range of industries, including dyeing and textile manufacture. Wood vinegar has been used as an insecticide and pest deterrent for centuries. The medieval name for this wood spirit was ‘essence of smoke’.


Other by-products include ‘wood tar’ and ‘wood oils’. The most famous of these is Stockholm tar from pine wood, which Pliny described in Roman times as a wood pitch for use in ship-building to caulk boats. Quantities of wood tar were found on an Etruscan ship that sank in 600bc and there is evidence of its use through the centuries, as with the famous sixteenth-century ship Mary Rose.


The volatile gas produced during wood distillation is the highly flammable hydrocarbon ‘naphtha’. This gas is recycled to create the heat in retort burns.


Charcoal in Cooking


One of charcoal’s amazing qualities is that it is a practically smokeless fuel. All the volatile oils are driven off during charcoal making, so charcoal gives an even heat and a clean burn which do not sting the cook’s eyes with smoke. This superior fuel has been valued for domestic use since long before the advent of the modern barbecue. Add to this attribute its weight ratio of around 6:1 to 8:1, and it makes sense to convert wood to fuel close to production, and then transport the bulky but lightweight product to domestic hearths for cooking, a practice still common in many subsistence economies around the world.
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