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1. Introduction.
| recently visited one of the island communitieghe north of Scotland in order to give
advice on a project whereby waste cardboard is madefuel briquettes. | thought it
preferable if at all possible to conduct a comlmustest on the briquettes during the few
days that | was there. We therefore borrowed a gfaihermocouples and a multimeter
from the local power station. We took those and fofuthe cardboard briquettes to the
home of one of the local participants in the projetere we placed the four briquettes
in a domestic stove and ignited them. We placedtbaemocouple in the assembly of
briquettes and the other in ice contained in a bealich as one might serve tea or coffee
in. We wrote down the e.m.f. displayed at the rmudtier, at first every 30 seconds and
later less frequently.

Experimental work does not come any cruder that, et we were able to glean a
considerable amount of semi-quantitative infornmatioom the results, sufficient to
answer relevant questions on the part of a poteptichaser of the briquettes. These
results will be discussed later in the paper. Ve abnsider the following and examine
them according to combustion principles includifg thow very important one of
possible carbon neutrality.

Solid biomass fuels
Tyre-derived fuels
Fuels for Sl engines other than gasoline
Fuels for ClI engines other than diesel

Also:
Liquid explosives, in relation to the recent teisbthreat at Heathrow Airport.
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2. Solid biomass fuels.

2.1. Preamble.

Wood has of course also found fuel use for a vengltime: it was not until the 1890s
that coal usage exceeded wood usage in the UStidnpaper however we consider
wood and other cellulosic fuels in the modern semse‘biofuels’, ‘renewables’ and
‘carbon neutral’ fuels. The last of these termd bé explained in full as it is the ‘selling
point’ of biomass fuels in the modern world.

2.2. Carbon neutrality.

A fuel is said to be carbon neutral if its combaoistimakes no net contribution to the
carbon dioxide content of the atmosphere. The aliénin carbon neutrality is of course
hydrogen fuel: the fuel itself contains no carbad ao obviously cannot produce carbon
dioxide. That is why at some scenes of naturalpgaduction, including the Miller Field
in the North Sea, natural gas is reformed to hyeinofpr subsequent use in power
generation. When biomass fuels are consideredeaim tarbon neutrality has to be
thought about more carefully. A related calculatiofiows.

Suppose it is required to produce heat at 10 MWy IHauch carbon dioxide per hour
will this produce:

(a) If the fuel is bituminous coal of carbon cont85% and calorific value
30 MJ kg*?

(b) If the fuel is wood waste of carbon content 5884 calorific value 17 MJ Kt
Solution:

(a) Rate of requirement of fuel = (1Ds%30 x 10° J kg*) x 3600 s hout
=1200 kg houf = 1020 kg hout of carbon burnt 3740 kg CQ

(b) Rate of requirement of fuel = (10§17 x 1¢° J kg*) x 3600 s hout
= 2117 kg hout = 1164 kg hout of carbon burnt> 4270 kg CQ

It is clear then that the carbon neutral fuel pasdusignificantly more carbon dioxide
than the conventional fuel per unit heat produddtwe above calculation uses arbitrary
though typical values for the quantities involveohd that wood fuel produces more
carbon dioxide than the coal other things beingaktpin fact a general result. Why then
is the wood fuel to be preferred on carbon dioxédassion terms? Simply that unlike
the carbon in coal the carbon in wood fuel washim tecent past carbon dioxide in the
atmosphere, so when the wood is burnt it is singling put back where it came from.
To burn coal (or a petroleum based fuel) is toodtrce carbon dioxide into the
atmosphere. To burn wood is to put carbon dioxidekbinto the atmosphere after its
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uptake by the wood in growth. A fully grown treesalbs about 25 kg per year from the
atmosphere which is returned there when the dead vgoburnt.

In order that non-renewables obligations are mietnbss and coal might be co-fired.
Imagine that in our above example where the totalt melease rate is 10 MW that the
coal-derived C® has to be reduced by 5% to comply with local nemewables
requirements. The calculation is in the box below.

Coal-derived C@to be reduced from 3740 kg per hour to 3553 kghper.
Carbon burnt to be reduced from 1020 to 969 kdhper.
Coal burnt reduced from 1200 to 1140 kg per hour.

Heat to be provided by the biomass per hour =x@&D MJ = 1800 MJ requiring
1800/17 = 106 kg biomass releasing (206.55x 44/12) kg CQ= 214 kg CQ.

Total CG release per hour = (3553 + 214) kg = 3766 kg

There is therefore a slight increase (0.7 of 1%ptdl CQ due to partial substitution of
the biomass for coal but a reduction as require8%fof the CQ@ from coal which of
course is not carbon neutral.

In relation to the above calculation we should revper that the wood will contain a
significant amount of oxygen in its organic struetuand the coal will contain some,
perhaps 2-3% for the coal in the example. The cadioxide produced will therefore
not arise solely from combustion: part of it wilk brom devolatilisation and in such
carbon dioxide the oxygen atoms come not from thexdant but from the oxygen
content of the fuel. The most helpful way to vidvistis that the fuel is already, before
combustion, partly oxidised. This makes no diffeeerto the calculation of carbon
dioxide emissions: it doemake a difference when the air requirement to laufael is
being calculated and the oxygen content of the fiuest be deducted from the oxygen
theoretically required to oxidise the carbon cohterd the hydrogen content of the fuel.
This is standard practice in fuel technology, eig.boiler operation. Devolatilisation
products of solid fuels include methane and othgt Ihydrocarbons, CO, tars and oils
which are of course flammable. In a biomass fuel dombustible devolatilisation
products, a.k.a. ‘volatiles’, will account for wallver half of the heat value. That not
accounted for by the volatiles is of course in thgidual char. This is considered more
fully in the next section.

2.3. Devolatilisation.
As stated in the previous paragraph, flammabletiesaare tars/oils, light hydrocarbons
such as methane, ethylene and ethane, and carbaoxite. Non-flammable volatiles,
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much less abundantly yielded than the flammables,oaee carbon dioxide and water.
When a high-volatile fuel is burnt devolatilisationcurs concurrently with combustion;
heat from the burning of the flammable volatileed®e back to the remaining solid to
promote further devolatilisation. The extent of dkilisation as a function of
temperature can be represented by suitable Arreeparameters. Devolatilisation
involves many reactions within the solid fuel sture including methyl group removal,
decarboxylation and cleavage of parts of the oatiucture. The overall heat effect is
the resultant of the individual heat effects ofslth reactions occurring and might be
net positive (endothermic) or net negative (exatiiey. It will however, regardless of its
sign in the thermodynamic sense, be small in coisparwith the heat of subsequent
combustionof volatiles so released. Whether carbon is bamf volatile, e.g., a tar
fragment, or as part of the residual solid is afirse irrelevant to the matter of carbon
neutrality. Biomass is always higher than coalsvafatile matter; even so, low-rank
coals such as the brown coals of the Latrobe Vatiedustralia and the similar ones in
the deposit which straddles North Dakota USA ansk&@hewan Canada lose 50% or
more of their weight by devolatilisation at temgaras in the neighbourhood of 16Q0
The extent of devolatilisation has a moderate dégeece on the heating rate as has the
distribution of products, e.g., of oxygen in thelfbetween CO and G the volatiles.

2.4. Control of burning of a high-volatile fuel bgntilation.

We return here to the highly primitive test on ttembustion of cardboard briquettes
referred to in the introduction. These were bumaidomestic stove where ideally one
would require slow, flameless burning. Flamelesesnimg normally occurs only with
fuels already denuded of volatiles such as cokeddadcoal. In our tests however the
cardboard briquettes diourn flamelessly and the four briquettes, each sy about
180g, were still burning when temperature measun¢énceased after an hour. The
reason clearly was under-ventilation resulting Soape of the volatiles with the smoke
instead of their combustion in the gas phase. Thgpened by chance in our test but
indicates that a high-volatile fuel which with fuintilation would burn with a vigorous
flame can be made to burn like charcoal if veritlais controlled. Of course, escape of
flammable volatiles represents wastage of energyaanenterprise using such fuel on a
large scale, e.g., for steam raising (as is prapémethe cardboard fuel which was being
examined) would need to avoid this. It is howewveulatful whether such ‘uneconomic’
burning would matter on the scale of a domestie, fisithough one might want to
consider the release of unburnt hydrocarbons imoatmosphere which such burning
would result in.

There were considerable temperature variationdiénbiurning assembly of briquettes.
About half way through the test the measuring tlemople was reading just over
500°C and was moved to a part of the fuel bed glowadywhereupon the reading rose
to 800C. Further deliberations on this point form Appentliof the paper.

177



2.5. Some examples of biomass fuels.

Examples of these are given briefly below withestst one country of usage in brackets
in each case. Biomass fuels include: sugar candueega.k.a. bagasse, Australia and
Fiji); citrus peel (Florida USA); coconut waste @tPhilippines); coffee waste (El
Salvador); waste from maize, rice and mustard ctilely called crop waste (India);
forest thinnings, obtained from removal of wood nfrotrees to reduce the fire
susceptibility of the forest of which they are artp@Colorado USA); Mangrove, a
tropical shrub (Malaysia and other far East coeslistraw (Ely, UK and also Croatia)
and Teak waste (Thailand). The points made abowatadwlid biomass fuels generally,
including the very important one of carbon neutyakapply to all of these.

3. Tyre-derived fuel (TDF).

3.1. Preamble.

There are huge amounts of used tyres requiringod@pat any one time. As a rule of
thumb in ‘developed’ countries the number of neresysold each year is roughly equal
to the population, and of course one new tyre bbugbans one old tyre needing
disposal. Fuel use of tyres is fairly widely praetl and has been the subject of a recent
critique which will be discussed below. The calarifalue of the rubber component of
tyres is much higher than that of biomass, up wuaB0 MJ kg This is higher than the
calorific values of even higher rank, low-ash coatsch very seldom if ever exceed 35
MJ kg™.

3.2. Summary of a recent critique of fuel use o$t@dyres [2].
The salient points are as follows.

(a) Tyre waste fuel can reasonably be viewed abocaneutral in that rubber is a
vegetable material.

(b) The alternative to fuel uses of tyre wastetau@ simple incineration and landfill. In
the former case there is carbon dioxide releashowitany return on the heat. In the
second decomposition over time will lead to theask of methane, which is a much
more powerful greenhouse gas than carbon dioxigkch of these points also applies to
biomass fuels such as wood which were consider#teiprevious part of the paper.)

(c) Tyres tend to burn smokily and the combustlmréfore needs to be over-ventilated
to minimise smoke. This reduces the combustion &satpre.

3.3. Selected scenes of significant usage of tystevas fuel.

These include two US electricity utilities: Bay Rtp Wisconsin and Marmora NJ.

Currently the only plant in Europe which uses wagtes as a fuel for the generation of
electricity is EIm Energy and Recycling in the UlKhas the capacity to burn 100000
tonne of tyres per year and significant power fide go the grid is possible. A ‘back-of-

an-envelope’ calculation of the performance of fadlity forms Appendix 2.
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4. Fuels for Sl engines other than gasoline.

4.1. Introduction.

‘Gasoline’ can mean mineral gasoline, obtained &fning crude oil or previously
retorted shale oil, or manufactured gasoline okthiftom coal or other feedstock via
synthesis gas or by hydrogenation. The benchmatkolegrbon against which gasolines
are compared in performance terms is of courseodtanre, @H,s. Natural gas,
predominantly methane, is widely used in one of farans, to be more fully described
below, in engines which would otherwise have usadofine, as is the oxygenated
compound methanol.

4.2. Carburetion in S| engines and engine knock.

The working substance in such an engine is of eoaiis and carburetion takes place in
order to provide chemical heat release at the statiee cycle where it is heeded. In a SI
engine, ignition is required at a precise stagsitimn ahead of that causes knock, and
fuels for Sl engines are assessed on the basissitance to knock expressed as the
octane number. Fuels for S| engines need to batyjaahtrolled at the refining stage for
octane rating. Gasoline is the first liquid to cooer in refining. If too wide a cut in
temperature terms is taken so that the distilléde takes in some of the higher boiling
fraction called naphtha it will have too low anam rating, that is, too low a resistance
to knock. This is entirely consistent with the giple that longer hydrocarbon chain
lengths signify higher reactivity. Of course, théseno precise upper limit on the
fractionation temperature range required to obgaigasoline of good octane rating or
threshold temperature marking the cessation of lg@soproduction and the
commencement of napththa production. Such matepsrt on the composition of the
crude oil undergoing distillation, and with someaes a gasoline fraction obtained even
across quite a narrow cut will need to be blendél additives, notably aromatics and
branched-chain alkanes, to bring the octane nutobtie required value.

4.3. Methane as a motor fuel.

Currently unleaded gasoline of research octane purffdON) 95 is widely sold on the
forecourts of the world, and one pays extra foootias of RON 98. Methane has a RON
of 120, significantly better than even the moreemgive gasoline. The high resistance to
knock of methane is due to its low reactivity; liei@ it is the least reactive alkane and
it is this property which makes it suitable for usevehicles with Sl engines. Spark
ignition engines which run on methane are wellldisthed, there being many makes and
models of car designed to run on compressed naga®l This of course is simply
methane gas a long way above its critical temperastored under pressure in the
vehicle for supply to the engine. As an alternatibe gas can be carried as liquefied
natural gas (LNG) and evaporated on its way toehgine. The fuel tank in such a
vehicle comprises two membranes with an evacugtadesbetween them.

Whenever a new fuel for motor transport is intraglithe confidence not only of the
consumer but also of the forecourt operators, witcoflective influence is considerable,
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has to be won. The author’s view is that both LR@ aethanol as fuels for vehicles
were at least initially adversely affected by ladksuch confidence. Consequently much
R&D went into making refuelling facilities for veties powered by LNG not only user-
friendly but familiar so that ‘filling with LNG’ is to the motorist, no different from
filling with petrol’.

4.4. Methanol as a motor fuel.

It very often happens that when an oxygenated loathmn is formed from a simple
hydrocarbon the former is more reactive than tttedaAccordingly, methanol is more
reactive than methane and in engine use has a logtane rating than methane. The
RON of methanol is actually about 108, better ttiat of regular gasolines. Of course,
methanol and gasoline can be blended to give attarjane number.

Natural gas is not of course carbon neutral, angertizan petrol from crude oil or from
shale is. Whether methanol is carbon neutral depapdn its origin. If it is made from
coal or natural gas via synthesis gas it is noba@ameutral. However methanol (one
synonym for which is ‘wood alcohol’) made from tlecomposition of wood is carbon
neutral if subsequently used as a fuel. Perhaps mgrortantly, it is also carbon neutral
if it is made from synthesis gas produced from l@esn(any of the examples given in
Section 2.5, and there are many more!) insteadowfi ftoal or natural gas. The carbon
neutrality of methanol is therefore ambiguous, hgva dependence on the method of
manufacture.

4.5. Ethanol as motor fuel.

We fasten on just one example: E85, a blend ofmelh@5%) and gasoline (15%). It is

routinely available in certain US states includiighois and has a research octane
number of 105. Table 1 below summarises what has baid about fuels for SI engines
in terms of octane number and makes some additcmmments.

Table 1. Octaneratings of fuelsfor S| engines.

Fuel RON Comments
Gasoline as sold 95 or 98, the latter | Adjustment of the octane rating by control of
at most retalil more expensive. the temperature range of the ‘cut’ and by
outlets. inclusion of octane enhancers.

Gasoline is obtainable from shale and tar
sands as well as from crude oil.

.. .cont.
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Natural gas. 120 Higher octane number by reasdoweadr
intrinsic reactivity and therefore lower
propensity to knock. Sold in compressed foym
and (at the present time less widely)

in liquefied form.

Methanol. 108 Ambiguous in carbon neutrality terms.

E85. 105 A Flexible-fuel vehicle (FFV) can run arya
blend of fuel in the composition range from
pure gasoline to E85. Most of the
manufacturers which supply cars to the U
make FFV versions of at least some of their

models available.

(92

5. Fuels for compression ignition (Cl) engines othan diesel.

5.1. Introduction.

A fuel for use in such an engine has to be capablgnition without a spark, the very
event which must be avoided in Sl engines. Thetroéa particular fuel for a Cl engine
is assessed by its resistance to ignition delay tlam benchmark hydrocarbon is n-cetane
CieHss which by definition has a cetane number of 100cdntrast to octane numbers
for commercial gasolines, which are close to 1@@ame numbers for routinely available
diesel fuels will be in the neighbourhood of 50. &#as low reactivity favours a good
octane rating high reactivity favours a good ceteateng. This point will be enlarged
upon when biodiesels are discussed below.

5.2 Biodiesel fuels.

These are plant oils used as substitutes for diasebmpression-ignition engines and
obtained from the crushing of seeds. Initial depetent in this topic was in India in the
1980s where ‘Honne oil’ was investigated as a dlissbstitute with promising results.
Currently, widely used plant oils for fuel purpodeslude Soybean oil and Rapeseed.
Being obtained directly from plants, biodiesels @freourse carbon neutral.

Equivalence in reactivity terms of biodiesel andnemal diesel requires that the
oxygenated organics in the biodiesel, in particulae esters, have a combustion
reactivity comparable to that of unsubstituted lopdrbons up to about the, Gn the
mineral diesel. The plant oil without any form abpessing is sometimes suitable for
use as a biodiesel otherwise its properties, ndt tire chemical reactivity but also
certain physical properties including viscosityndse modified by esterification of the
carboxylic acids present in the oil with methanbhe extent of esterification can be
matched to a desired cetane number. Alternativhéy plant oils can simply be blended
with esters such as methyl oleate, methyl steaaatt methyl palmitate (the methyl
esters of three of the acids likely to be presintexample, in Soybean oil) to adjust the
cetane number whereupon a correlation as simple as:
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cetane number = (cetane number of the unprocess8dtf Z x (% esters)

where Z is a constant, applies.

Table 2 below identifies some sources of biodiesel gives brief descriptions of them.
It is important to realise that plant oils are ffote chemicals’ of precise composition

and that even oils from the same plant vary in progs. Just as when a distillate in the
diesel boiling range is obtained its cetane numiméght have to be adjusted by

incorporation of a cetane enhancer such as isoprifpgte, so when a plant-derived oil

is obtained its cetane number might have to besgetjuby raising its ester content as
previously described. Such processing will alseafthe viscosity. Viscosity alone can
be adjusted by incorporation of small amounts @fahfat (tallow).

Table 2. Sour ces of biodiesd!.

Source. Description.

Hemp. Oil from hemp a possible biodiesel. Becadgmssible misuse

of hemp to make a narcotic drug its cultivationuiegs a

licence in many parts of the world including the EU
and the US.

Jatropha tree. ‘Beans’ from the Jatropha tree, lwbarurs in a number of
African countries, produce oil at 40% yield whicddndoe made
into biodiesel. The Jatropha tree can grow undée guoor

conditions of irrigation and nutriment supply.

Oil palm. Palm oil currently being widely producitiernationally as a
component of biodiesel. The world’s major produaiepresent
is Malaysia where= 9 million tonne of the material are being
produced each year. Fluctuations in the demangédbmn oil
are due largely to the competition from soybean oil

Rapeseed. A major source of biodiesel, 10 million tonnes groannually
in the EU.
Soybean. Soybean oil is currently the most expensive oflitiigds used

as a basis for biodiesel but has some advantagestsv
competitors one being that Soybean-derived biotlisse
particularly suitable for use in colder regions.

Straight vegetable oil| Vegetable oil sold for culinary purposes requinm@stringent
(SVO). viscosity specification. Vehicles can be adapteditoon this
sort of oil in unused or in waste form, thoughhe tatter case
filtration is necessary. The adaptations to ma#esel vehicle
run reliably on SVO are fairly major.

Vehicular use of SVO purchased for kitchen uséddgal in
many countries including the UK.
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5.3. Simple alcohols in Cl engines.

The cetane numbers of pure methanol and ethanalangt 3 and 8 respectively and this
clearly precludes their use in Cl engines. Theechawever blends of diesel and alcohol
which can be used.;@Gnd G compounds even when oxygenated would be expeated t
be less reactive than thegCingredients of diesel and therefore to blend aalievith
methanol or ethanol is to lower its cetane numbéwwever, to use ethanol as a
blendstock is to make the fuel ‘greener’ as thanpgonent of it, unlike the diesel to
which it is added, is carbon neutral. Experienca imumber of countries is that ethanol
at up to 15% by weight blended with mineral dies#l not cause the cetane number to
move outside the range of values suitable for tiemes and commercials and it will, as
noted, have greenhouse benefits.

6. Liguid explosives with special reference to tégorist scare in August 2006.

6.1. Introduction.

In August 2006 a plot to blow up an airliner irgfit by means of a liquid explosive was
foiled. In the days that followed there was muchdimealiscussion of ‘liquid explosives’
to which the writer of this article contributed. ld&so wrote for one of the professional
periodicals the following piece [3]:

The author responded to many media enquiries coiregthe ‘liquid bomb’ threat at
Heathrow in August 2006 and broadcast on the topi¢JK and Australian radio. He
has had some feedback from someone professionatijved in explosives and would
like to put his responses to that in the public donby means of this note. Some
commercial explosives are of course liquids, prdpate best known being
nitroglycerine a.k.a. ‘blasting oil’. However, thierm liquid explosive can be extended
to a _pairof liquids which:

(@) will react together exothermically, and
(b) in so doing will create an overpressure.

Clearly in such a two-component explosive one diguill be the fuel and one the
oxidiser. The former might for example be minengbéntine, the latter peroxide or
bleach. Development work would establish what amkshape of vessel containing the
mixed liquids would lead to an explosion with ovegsure.

It is also relevant to note that detonation is essential for there to be an overpressure.
In detonation, of course, speeds are supersoniwvéder, a deflagration, in which
speeds are sub-sonic, can have sufficient overprege cause death or injury to

persons as well as damage to structures (e.g.eaopgane fuselage). Hydrocarbon
accidents in the refining and processing industietact lead to deflagration, not to
detonation

6.2. The inevitability of explosion under adiabaiicclose-to-adiabatic conditions.
We should note in addition to what is in italicsoaé that any exothermic reaction has
the potential to ignite: it is certaio ignite if it takes place under adiabatic coiodis.
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This brings us to the distinction between ‘explosiand ‘ignition’, if indeed there be a
non-arbitrary distinction between them. For thepmses of this debate we can equate
the two, as any ignition of interest will involveag release with pressure effects. The
only ignition known to the author which does notdlve product gases is that of certain
pyrotechnics, which are said to be ‘gasless’, &ieda are such an obscure example that
maybe the exception proves the rule!

7. Concluding remarks.

The author is now at a stage where, to coin a eugne, he seems to be older than the
majority of his colleagues. He has had tens of g/@dirteaching, research, writing and
consultancy in fuels and combustion and has fotnadl the fundamental principles of
thermal sciences have become not less but mordéuhelpd appealing to him. When
confronted with a new problem he invokes such pies with more confidence than he
might have done at a much earlier career stagenofbentally by-passing more
advanced approaches which he has encounteredpdpés in a sense invokes a ‘return
to simplicity’ in the approach to particular issu@sfuels and combustion including
those discussed in the text.
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9. Appendices.

Appendix 1.

Semi-guantitative calculations apropos of the redvapbserved
in the combustion test.

Using Wien’s displacement law [1]:
(AT)max= 2897.8um K

(AT)max being the product of the wavelength and tempesatiorresponding to the
maximum emissive power. Now for combustion at ®J1073 K) the calculated
wavelength is 2.7im which is outside the visible range and at the Veawvelength end
of the infra-red range. Red light, at the high wamgth end of the visible range, has a
wavelength of 0.7fum. Light of this sort of wavelength is emitted orlya rate of the
order of 10 W: this can be reliably inferred fronetvery dim illumination of the stove
interior caused by the glow, less than that whictiomestic light bulb of say 40 W
would have provided. The glow would have been a wnall proportion of the total
radiation from the fuel bed, most of which was avelengths higher than those of the
visible range. Where the bed was at ®D(q773 K) the value ofA from Wien's
displacement law is 3j4m, also in the infra-red range.
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Appendix 2.

Electrical power from the combustion of tyre waat¢he EIm Energy and Recycling
plant.

100000 tonne = Fkg
Taking the calorific value to be about 35 MJ'kg
Heat released in a year = 3.5 XD
x 1 W of heat

Taking the generation using a Rankine cycle todzrit30% efficient, electricity is
produced at 33 MW
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