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1 Introduction

The aimsandobjectives of the assignment are summarisedaiews:

dz To establish a modernised approach to charcoal productioat minimises negative
environmental impacts as deforestation, smokee hazards and excessive environmental
harmful waste

dz To upgrade technical skills & production knowledge among charcoal producers

dz To increase the productivity and profitability of the chaatproduction process

dz To improve provisiosifor health and safety of workers involved in the charcoal sector

Furthermore, diring this mission, the pricof fossil fuels (diesel, gasolingas, electricity) and the
prices of wood fuel (firewood and charoal) were identified. These prices were theompared on a

price per kWh basis
Three rate groups can be differentiated

dZz Fossil fuelsvith prices rangingrom $ 1 N / kWh (liquid fueldp 1.5 N $ / kWh (gas &
electricity small power)it mustbe highlightedhat electricitysoldto large consumers is
more expensive anthe priceexceed$ 2.5 N/ kWh

dz Wood fuel sold directly to users
dz Charcoal at different stages of the production chain (N $ 0.1 / kWh bulk price paid to
charcoal makers, 0.36 N&Wh paid to charcoal producers for the 60+ qualitge3.4.7)

Overall, as is often the case, the price of energy from charcoal is much loweth#taof other

energy sourcesPrices survey is not comprehensive but based on single sampling along thd=ayad.
example, prices foiquid fuels listed here are based tre onescharged by a single pump in
Otjiwarongo. Only three electricity rates were considered while there are more. These data are

illustratedin Figurel
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3,0 -

25 fmmmmm el e
20 fmmmmmmmmmm e el
1,5 +---=---- -B-BR-----------me e

.0+m--B-H-8-B-BFB---------------mme o

NS/kWh (Wet materiaf)

os B2 BB

Figurel: Energy prices in Namibia, includitijarcoal(Dom=domestic, Bns=Business, Bns L = Business large)
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2 Charcoal production state of the art

2.1 Main charcoal production phases

While it is possible to carbonize green wood, it is useful to perform alpr@g. This can be achieved

by simply storing the wood in ambient air condition. It will lower wood moistcmatent to an
equilibrium depending on he conditions of temperature ral relative humidity of the air in the
storage area. Moisture on a wet basis of 25 to 30% (Hbh) is considered acceptable to begin a
carbonization cycle. Further drying will benefit carbonization and will result in improved
performance. However, in practidhis is possible only wheain external heat source is availabfer
industrial carbonization systems or when atmospheric conditions are favourable for drying (hot & dry
air) as is often the case drylands

Without going into the theoretical details difie slow pyrolysis, carbonization can be defined as the
degradation of three wood components: cellulose, hemicellulose and lignin. This transformation
takes place in three main phases: drying, proper carbonization and cooling [1]

During drying, the watecontained in the wood must be evaporated before the wood compor@nts
pyrolysis can start, even if a poeying was carried out. During this phase, the temperature of the
wood is about 100 °C. Evaporation of water requires a large amount of energy. 128 dased LJ- NJIi f &
O2Y0dzaG SR ¢22R 21 R & dramiteWaod lodil iKsklBandSof Gheibysterisd G | ¢
an external energy source may be used. Thirg more the wood has been dried before
carbonization, the better its performance.

When bonedry, the wood temperaturestill must be increasetb 280 T. The energy required for this

step also comes from the combustion of a portion of theod load(or an external source); it Hill

an endothermic reaction.

When the wood is bonéry and heated to 80 °C, it begins to decompose spontaneouslyoton

charcoal, andseveralother components- water vapor, tars and nenondensable gases. Wood
carbonization above 280 °C is exothermic. This process continues until it remains only the carbonized
residue tha is charcoal. If thereis no new external heatsupply the process stops and the
temperature reaches a maximum of about 400 °C. This charcoal, however, still smitgificant
amounts of tar residues. If the heating is continued, the pure carbon cormentases due to the
removal and decomposition of a greater proportion of tars.

After carbonization, the load is sealbdrmeticallyto avoid any contact with oxygen of tloaitside

air. The charcoaslowly cooldo ambient temperatureby radiation.

The qiality assessment of charcoal productiomisombination oprocess yield andharcoalproduct
quality. Besidghe wood load moisture contenthe charcoal production process is influenced by the
following parameters:
dz Temperature
0 This is the most important factor; temperatudeterminesthe carbonization yield
and the physicochemical properties of producetlarcoal The charcoal quality
increases with temperature to the detriment ofiassyield. Indeed, the higher the
carbonizationtemperature the more volatiles escape from the fuel, thenore its
mass decreases and its fixed carbon content increases. A ckmonization
temperature leads toa higher mass yield, batisoto a charcoal of lowequality. A
good quality charcoalshould have a fixed carbon content of about 75%, which
requires a final carbonization temperature of about 500 °C [1].
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dz Charring speed

(0]

During a charcoal production process (slow pyrolysi® compounds have time to
form and react togetherduring side reactions.This is not the caseuding fast
treatments (flash pyrolys)s During flash processeshe contact time andthe
temperature rise is ofabout one second. In this caseh¢ main product isnot
charcoalanymore, butgases and liquidsThis daes not occur during traditional
charcoal production processes

dz Raw material

Dense wood giv&a dense charcoal and light wogdsescharcoalof low density. [2]

In principle, #d wood species can be carbonized to produce a usetidecoalthough

dense tarcoal(produced from dense wood spec)ds generally preferred. This is
mainly becausecharcoal is often sold on a volume basis: an empty tin daou¢h

often called "kilo"andbags 6 Ol f £t SR bpn | At @&ecommanNiitd mn n
for marketing reference. Under these conditionghe denser the wood (and
charcoa), the more energythe customer receivefor the volumehe buys.

The wood ash content is usually low and has only few variations. The carbonization
increases the ash content, butriémains acceptabléor its uses However,the bark
contains more mineral material and leads to a éwjuality charcoal The final
charcoal ash contentnay also be affected by dirt, especially in the casenmiund

kiln processedn which the product is idirect contact with theground

As noted hereabove, wood moisture is very importarnih charcoal production
processesThe higher thevood moisturecontent, the lower the mass yieldaswood
dryingconsumesenergy.

Wood with a high lignin content gives higher mass yield, mature and healthy wood
is therefore preferred for charcoal production.

dZz Charcoal maker skills

(0]

C2NJ aLJ NIf & O2 Yo dza (tieRjualifizgafior ofthexhaiRoalLiiisdiRrO S
is crucial. Indeedthe skill to appraisge.g. smoke colour, smell or intensitghd
handle air supplgan be acquired only through long practice.

The impact of this factor is not as important for improved carbonization techniques,
but training in their use remains necessary.

dz Weather Influence

(0]

(0]
(0]

Rain can severely alter the carbonization process, especially for mound kilns and pits;
it significantly increases the process duration.

Heavy rain before ignition leads to wood load moisture absorption

A strong wind induces a fasarbonization of the sie that is exposed and leads to
increasedire risk
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2.2 General rules for an effective and efficient carbonization

Sanogo et al [1], reviewed the most importastepsto complete agoodmound kiln carbonisation.
These rules also apply to metal and bridksand are listed below.

dz Wood piling and arrangemerghould be made in a way thédcilitatesair penetration in the
feedand makes iand more uniform, tgreventuneven carbonization;

dz The wood log size must elativelyuniform, except brushwood for ignition arwiood used
to fill the voids

dz No wood species mixture

dz The carbonization furnace must be as airtight as possible, excettfoents

dz The logs of bigger diameter are placed in the centre of the load, as theas emain hot
longer,

dz The carbonization time increases with the size of the wood; logs

dz The carbonization spot: the site shall be flat, not wesoggy(if the soil is very moist, wood
burning energy would also be used to dry the spot). It shall be clo#eetavood harvesting

area, clear and out of vegetation. It shall allow easy handling when loading / unloading wood

and charcoal. Moreover, it shall fiee of stones and especialiyes stumps
dz A grid may be formed by placing beams at the base of the system, theprmgosedof 10-

20 cm diameter healthy wood lsg Their main role is to ease the air and gas flow inside the

kiln.

dz The load may be vedal (a wood floor is previously arranged on the grid, then the wood logs
are arranged vertically in layers), horizontal (in radius or crown) or bulk (especially in the case

of smallR A Y Sy &vdo@ lggs)Q
dz Forignition and wood load preheating, the use o$mall wood pieces, twigs or embers is

preferred, they are placed at the centre of the ignition point. Fire development is facilitated

by creating a "chimney effect" (openings / vents areatedat the base and at the top of the

furnace). Thus, the fire gws rapidly in the wood load. Consequently, the water contained in

the wood is vaporized and escapgswhite smoke.The air inlets are the(partially) closed
andthe woodload continues to dry. fie duration of this phase depends on the initial wood
moisture. When the firés powerful enoughg¢arbonization begingir access ithen reduced
again and any ainput or outlet other than thoseledicated tothis purpose, are blockedhe
carbonization ane expands During this phase themokebecomes yellowish, dense ahas
a slightly pungentsmell The charcoal makerneeds toensure thatthe expansionis uniform
across the loadTodo so, hemodulates the aiinlets to foster air flow to the cooler aras

and reduceit in too hot areasThe initial hours of carbonization process are crucial for its

outcome

dz When the charring zone is well developed, the air inlets anddgassutlets are reduced. The
objective is to maintain a temperature above the exatmic phase.

dz Extinction: vhen carbonization is complete, theolour offlue gases changeand becoms
blue and transparentAll inlets and outletsare then sealed and atipeningsthat could let in
air are clogged.

dz The woodload cooling phasstarts. Itsduration depends on the type of furnace and load
(volume, mass & density).

dz When the kilnhascooleddown, the charcoal can beemoved fromthe kiln andpackaged
Caution is recommende@sthe freshly charred charcoatight oxidizeupon its exposure to
the air. This oxidation can raise the charcdamperatureto a level high enough to start its
spontaneous combustionConsequently a coolingoff period is recommendedbefore
packaging
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2.3 Charcoal: Quality & yields
Different yield calculation methods are grosed in the literature: Mass yield, Commaicyield,
Weighted mass yield,eEhnological yield ané@nergyyield [1] [3] [4] [5]. Combined yields have also
been described [6] as well as the reference mass yield [7] [8].
In the present report the followingformulaswere applied:
The moisture content of solid biofuels is a percentage of the wet weight
. 0 0
(@) —— PN
dz H,: Wet based Moisture Conter{#6o)

dz My: Wet masqQ)
dz M,: Dry mass after drying to constant mass (anhydr¢gs)

Evaluationsconducted as part of this study will be limited to the use of the mass yield (anhydrous

basis) as defined in [6]. The mass of umibdogs is deducted, fronthe mass of charcoas well as

from the initial mass ofthe wood load To compare data from diffent carbonizatiomprocessesthe

mass yield must always be calculated on an anhydrous basis.

In case of retort kilns and kilns which requim®od fuel in thér process, the wood fuel shall be

included in theinitial wood mass M. Nevertheless, dr productivity evaluation purposes, it is
sometimes interesting to determine the yield withoabnsideringthe wood fuel, the yield is tien

calculatedby considering the wootbad mass from whichthe wood fuel massis subtracted (W ¢

Wood fuel mass)The mass yield considering the wood fuel mass is som8tda. NB FSNNBR | &

& A St Rhe yididyivRich does natonsider this masis simpyNB F SNNB R | &4F dz®fAéS® R 4 A

YO Y T TU
5 p

dz RM,,: Mass yield on anhydrous bagi)
dz Mc,: Charcoal massanhydrous(kg)
dZz Mpa: Wood masg anhydroug(kg)

Although this yield is not used later in the paper, the (higher) energy vield is presented below. This
yield is always greater than the mass vyield. Indeed, it considers the energy contaichdrcoal
products and refers to the energy that is contained the initial load. As the calorific value of charcoal is
higherthan that of wood, the energy yield is higher than the mass yield.

YO 0 006"
0 006"Y

pTT

dz w 9: (Higher) Eargy yield (%)

dz Mc,: Charcoal massanhydrous(kg)

dZz Mpa: Wood masg anhydroug(kg)

dz PC&: Charcoal Gross Calorific valiMJ/kg)¢ about 20 MJ/kg
dz PC§.: Woodl Gross Calorific val@i#J/kg)g about 33 MJ/kg

2.4 Charcoal production processes

2.4.1 Two maincharcoal production processes
O Nb2yATFiA2y GSOKyAldzSa FNB O2y @Sy idAaz2yltfte 3IANRd:
and (industrial) retorts [7]. These two charcoal production principles are illustiayeicture 1 &
Picture2.
¢CKS aLI NIfte O2Y0dzalG SR ¢ 2 2 R bdvelddiR twa NG SepénBidgsf Y I &
airflow is generateddirectly or indirectly. [1] The vyields of these alternatives found in the
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literature are summarized iTablel. Different mound kilns techniques are comparedsichenkel et

al., 1997[6]. This review is based on an analysis of more than 20 scientific papers and cetitatde
mound kiln techniques, if properly conductedchieve yielddike those obtained with improved
techniques (i.e. metal kilns drick kilns).

Retort kilns allow for combustion of gases generated by the carbonization. These gases can be used
to supply heat to the kiln itself, or a kiln nearby.

g

811 (:) E

Picturel: Partly combusted wood load procesgrinciple Picture2: Retort kiln - principle

2.4.2 Partly combusted wood load processes

2.4.2.1 Mound Kilns

Conventionallythere are three types ahound kilns traditionalmound kilrs, horizontalmound kilrs
and improvedmound kilrs, represented mainly by the Casamameund kilnin North-West Africa
and the MATmound kilnin Madagascar.

The traditional vertical moundkiln has a circular baséicture 3 & Picture 4). It consists of wood
arranged vertically around a central pole and small brushwood arranged in the Hapstake or
mast

is removed, thereby creating at the centre of ttveod load a hole for lightingrThe cover consists of
plant material (strawgrass & branchg@dopped with a layer o$oil (sand or silt if possib)e

The ignition of the wood load takes place at the centre of the mound kiln by dropping embers in the
hole for lightng. After the fire has expandedand moved higher in theénole of lighting , the
carbonization front progresses from top to bottom, it has a fan shape. The conduct of these mound
kilns requires great skill and almost permanent monitoring.

When carbonization is completthe mound kilnis covered with an additional layer sbil to the seal

it during cooling. The duration of the carbonizatisrapproximatelyabout 50 hours for smalkilns
(about 10 cubic meters). Cooling can take several ttaythe biggest kilns
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Picture3: Traditional mound kiln in Benin (wood cut in the Picture4: Traditional mound kiln in RD Congo, Bateke
forest) Eucalyptus plantations

The horizontal mound kilnPfcture 5 & Picture 6) is very similar to the tradiinal mound kiln
regarding coverage and thrmodus operandilts shape is like a half cylinder or a flatterredtangle.
The two significant differences from the prevideshniqueare as follows

dz Wood is piled horizontally (longitudinally)

dZz Thecarbonization front moves from one end to the other
In the case of horizontal mound kilns, tinood load is placed transversely over a series of logs
placedfrom end to end. They constitutan airflow grid Sometimes thdogs of the wood loadre
arrangedlongitudinally. Againbrushwood s used to fill the gaps between the logs.
Lightningis doneon the leeward side of the kiln. In the case of lagiged mound kilnsgharcoal
may be collectedt ignition sidebefore the carbonization of thentire kiln is completed. Horizontal
kiln volumes cameachup to 100 cubic meters, the complete cycle of carbonizationtakaymore
than 3 weeks.

B 5 ," y " & ¢
Picture5: Traditional mound kiln in Cameroon (sawmill Picture6: Traditional mound kiln i@ongoBrazzaville
residues) (sawmill residues)

Improved mound kilnsRicture 7 & Picture 8) have been developed to improve, accelerate and
facilitate the monitoringand the conduction of the charcoal production process. Amaimeg
improved mound kilg,the Casamanckilnis probably themost widespread

Theinstallationof this mound kiln requires good air circulation (floor vents &adecomposedof
small logs, verst areformed by usirg pipes at the base of the k)jInThe wood is piled according to
size(small branches at the periphery and large logs at the centre of the Kiv®).overageis the
same as fotraditional kilns.

The main improvement is the use of aigctney made of inexpensive materials (old 200 | drunikp
chimneyallows a faster carbonization processd facilitates the control ahe gas flow direction. In
addition, the yields improved through the downdraft. A mound kiln of 100 cubic meteguires 3
days carbonization and 4 days cooling.
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Pictur7: Improved mound kiln in Madagascar (MATI) Pictures: Camance maw Kilnin Chad
The mound kilndrave the advantage of being mobile, and requikatively littleinvestmert because
they can be built fromocal materials. Furthermore, their capacity is adjustable to the nedédbe
charcoal produceand to theavailableraw material.

On the other hand, mound kilefficiencyis highly dependent on charcoal maker skills, finecess
requires aheavy and permanent workloaloreover, the production qualityandthe yields obtained
are very variable, from 12 to 25%. Indeedthout ongoirg monitoring, the riskof burning off ¢
leading toalmost complete destruction of thevood load- is high

The abovecited carbonization processes generate emissidpgical of incomplete combustion,
including ClJ which isof particular relevance fahe greenhouse effect.

2.4.2.2 Metal Kilns

A cylindrical metal kiln was optimiddy the UK Tropical Products Instituténis work was based on a
similar furnace that was used in the UK & Europe since the 30skilf{§PI) was then disseminated
in many developing countrieBesides being mobile, metal kilns allow to conduct the charcoal
process accurately by using air ducts and metal chimneys that allow efficient control of air access.
The observation of smoke escagifrom the chimneys makes it
possible to identify areas where charring occurs and to control it.
It is also possible to direct the incoming air to areas where
charring has not yet startedThese furnaces generally have a
diameter and a height of 2nThey ae relativelyeasy tooperate

and the production cycle is relatively short {6 day) due to a
cooling phase accelerated by metal waNetal kilns have the
advantage of short carbonization cycles which are easy to
conduct. Production is more homogeneouspth in terms of
charcoal quality and yield regularity. The average yield is about
22% (from 12 to 30%). The risk of fire is reduced.

These kilns however have some disadvantaddéstably, they
generate a lot of smoke, have amlted life time and require
equipment and skié to perform the welds needed to make
them. Picture9 shows a TPI kilnsed to make charcoal from
sawmill residuesn Cameroon.

Picture9: Metal drum (TPI) in Cameroon

The capacity of these kilns is fix acdnnot be agusted. Metal kilnshaveemission characteristics of
incomplete combustion, including Ghivhich particularly impacts the greenhouse effect.
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2.4.2.3 Brick Kilns

Traditional models of brick kilns have be&nproved over the centuries, but 3 of them must be
highlighted for theirwidespreaduse,especiallyin the Americas: the Brazilian kiln, the hemispherical
Argentine kiln, andhe Missouri kiln in the United States.

The Missouri kiln was developed in the Unitethtes It is generally made of reinforced concrete or
concrete blocks, it has steel doors and a chimney. Its performance is comparable to the Argentine
and Brazilian kilns. The large metal doors allow the use of mechanical equipment for loading and
unloadng. Regardingdevelopingcountries, ithastwo disadvantagest irequiresa large amount of
steel and cementor its construction which isexpensive and usualheed to beimported. Moreover,

it cools down more slowly than other ovens.Therefore,its useis more suitable for temperate
countries, wherethe cooler climate allows easier cooling and whdre materials andkillsneeded

for concrete and steel buildingre easier to find.

Argentine and Brazilian hemispherical kilns (&eture 10 & Picture 11) are completely made of
bricks. Thebrick quality can be moderate (lowegreeof cooking). The bricks are assembled using
clay. These kilns are adjustable in size and sturdy, their lifetime varies from 5 to 8 ye#nsyack
relatively easy tmperate

The main drawback ahese kilns ighat they generate a lot of smoke at ground level, which, in
addition to the pollution generated, maksvorking conditionf charcoal makersery difficult. Brick
kilns have the advantage of a limited investment zar& easy tooperate Production is more
homogeneoughan in the case of metal kilnboth in terms of charcoal quality and in termsywéld.

An average yield of about 22% (from 12 to 3@%)be expected The risk of fire is reduced.

However, these kilns have a fixed capaaityl cannot be adjusted. Their construction requires skilled
workers and suitable equipmenihe carbonization process generae&mission characteristics of
incomplete combustion, including GHvhichparticularlyimpactsthe greenhouse effect.

Picturel0: Brickkiln in Cameroon Picturell: Brickkilns generate a lot of smoke

2.4.3 Retort Kilns

2.4.3.1 Industrial Retort kilns

The principle obperation of a vertical cylindrical retorillustrated byPicture12) is to use the heat
produced by thecombustion of the pyrolysigagsto dry andcharthe woodload. During the starting
phase, a fire idighted at the bottom of the retort. Through the verst at the base(which are
completely ope, a fire is alsdigthed in the wood load Oncethe fire has started, wood is added
throughthe hopper.Onceit ignites, theventsare closed. One of the air inlets (usually doeatedat
the downwindside) is opead, and the hopper is partially closed/iood feedingis donegradually

11
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until the cell is fullln operation the trap at the base of the retort is opened every two or three
hours,to fill a metal drum with hotharcoal.Once flled, the barrelis closed ad allowed to coobff.

A new load of logss introduced through the hopperf@r each collectiorof charcoal, so that the
operation of the retort may be continuous.

The principle of retort kilns has experienced mangdificationsin its implementation, most of
which were developed by charcoal producers themselves. Fetheofmodels arecommercially
available and many of these producers are no longer in busitesding to aloss of knowledge in

the impgementation of the retortprinciple. Some names remain: Lambiotte, Martezo, Herreshof

Retorts have evolvedn the lastdecadesyears some furnaces have now lower capacities and
nevertheless allow the combustion of the pyrolysis gases. This is the case of the Ukrainian retort kiln
which has been visited at CCF (Cheetah Conservation ¢@tjilvarongo) during this mission. This
furnace consists of two compartmentonnected to a burner. Each compartment contains three
boxes in which wood logs (or wood briquettes, in case of CCF) aledoThe boxes are heated
through gas combustion of the other compartment. Once carbonization is completee sealed
boxes araeplacedand allowed to cool.

Retort furnaces have the advantage of a continuous process and homogeneous production of high
quality charcoal. In addition, due to the combustion of the pyrolysis gases, this principle of charcoal
production is much more environmentally friendly (no&iissions). The observed yields are high (>
35%). However, the investment required to implementbrgs kilnsare very high.

Picturel2: Lambiotte Retort Kiln Picture13: Ukrainian Retort Kiln at Cheetah conservation
fund, Otjiwarongo

2.4.3.2 Small scaléretorts kilns

2.4.3.2.1 A pethora of prototypes

Many prototypesof small scale retort furnacesave been develomk Human imagination seems
boundess in this arealhe results of amternet search on the subject illustrates the wide variety of
desigred modes (seePicture 14 to Picture 19). Sone namesinclude Mekko Kiln, Kiln Kohn Tikki,
Gallon drum ...

However, few of these alternatives are availablethe marketand when they are, their cost seems
high in relation to their volume. The announced yields are seldom confirmed by independéngtest
and the wood fuelrequired for their operation is almost never included in the calculation. Very
often, leaking carbonization chambers impose the use of water to cool the charcoal which leads to a
lower qualityas the producbreaksinto small pieces).
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kko Kiln

Picturel5: Kohn T

|

2.4.3.2.2 Adam Retort kiln

The Adam Retort, named after its inventor, has to be highlighted because it was probably the first
brick kiln designed to allow the combustion of methane emitted during the carbonization process.
Accordingto the designer, the heat from thenethane combustionallows (through a system of
canals under the carbonizatiaihamber)to heat the wood load and by that to fulfil the energy needs
of the process.However, itturns out thatdespitethe spectacular combustion, the influence of the
heat it produces on carbaration performance is marginal. A recent study, however, reported a
reduction of 50% CHemissions compared to traditional mound kilns [13]. Construction plans and
the user license can be purchased from the inventor of téhnology.This type of kiln h& been
implemented in several countriesorldwide.
Picture20: Adam Retort kiln
Severalveak points were identified by users:
dz Brick wdls and junctiorwith metal lids
appearto be porous, preventingirtight
cooling Thisresultsin losses due to
wood loadcombustionandimposes the
use of water to stop the process.
dZz The pyrolysis gas is not burned
completely and without heat recovery.
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