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ABSTRACT	

In	 recent	 years,	 the	 consequences	 of	 global	 warming	 have	 increased	 the	 discussion	
about	 the	 climate	 impact	 caused	 by	 humans	 and	 the	 fossil	 emissions.	 Sweden	 has	
decided	 to	 reduce	 the	negative	 climate	 impact	with	a	 zero	vision	 for	 the	 fossil	 carbon	
dioxide	emissions	 in	year	2045.	 In	order	 to	achieve	 this,	great	efforts	and	changes	are	
needed	both	in	the	inhabitants'	way	of	living	but	primarily	in	the	base	industry.		

The	major	 cause	 is	 the	use	 of	 fossil	 coal,	which	 generates	 fossil	 carbon	dioxide	 in	 the	
steel	 industry	 in	 particular.	 The	 fossil	 coal	 is	 added	 to	 the	 blast	 furnace	 in	 the	 steel	
process	in	forms	of	coke	and	coal,	which	reduces	the	iron	and	emits	heat.	The	quality	of	
the	coke	 is	 important	as	 it	 functions	reducing	agent,	provides	a	mechanical	support	 to	
the	bed	and	enables	the	gas	flow	up	through	the	blast	furnace	and	enables	dissolution	of	
carbon	 in	 hot	 metal.	 Also,	 coke	 supplies	 energy	 from	 exothermic	 reactions	 between	
carbon	and	carbon	dioxide	that	takes	part	in	the	blast	furnace	and	the	energy	are	further	
used	for	the	heating	and	melting	of	the	cold	iron	pellets.	Due	to	these	factors,	the	blast	
furnace	 process	 is	 dependent	 on	 coke	 for	 its	 function,	 which	 means	 that	 the	 entire	
process	 must	 be	 replaced	 if	 the	 steel	 production	 should	 work	 without	 fossil	 coal.	
However,	 there	 are	many	 studies	 that	have	been	done	on	how	 to	 replace	 some	of	 the	
fossil	coal	with	bio-coal,	which	is	produced	from	biomass.	If	some	of	the	fossil	coal	could	
be	 replaced	 by	 some	 bio-coal,	 this	 would	 mean	 that	 fossil	 carbon	 dioxide	 emissions	
would	decrease	and	lead	to	a	reduced	climate	impact.	The	process	would	still	generate	
carbon	dioxide,	but	on	the	other	hand,	a	cycle	would	be	formed	because	when	biomass	is	
grown,	 carbon	dioxide	 is	 taken	up,	 e.g.	 by	 the	 trees	 grown	 for	 this	purpose.	However,	
bio-coal	 does	 not	 have	 the	 same	 properties	 as	 fossil	 coal,	 which	 in	 turn	 affects	 the	
quality	of	the	coke.	Bio-coke	is	more	reactive	and	more	porous	than	fossil	coke.	In	order	
to	be	able	to	replace	fossil	coke	with	bio-coke,	it	is	likely	necessary	to	pre-treat	the	bio-
coal	before	it	replaces	part	of	the	fossil	coal	in	the	coke	production.	

Bio-coal	contains	ash	that	acts	as	an	internal	catalyst.	One	theory	is	that	if	it	is	possible	
to	produce	a	bio-coal	with	ash-free	carbon	structure,	it	can	be	used	in	the	production	of	
coke	without	 having	 such	 a	 great	 effect	 on	 the	 coke	 quality.	 In	 this	 project,	 the	 ash's	
impact	on	the	properties	of	bio-coal	 in	coke	was	studied.	Previous	studies	have	shown	
that	leaching	is	an	effective	method	for	removing	ash	from	bio-coal.	It	can	be	leached	in	
three	different	ways,	either	with	water,	weak	acid	or	acid.	However,	 it	has	been	found	
that	 acid	 leaching	has	 a	 certain	 impact	 on	 the	 carbon	 structure	 itself.	 For	 this	 reason,	
two	 types	 of	 bio-coal,	 torrefied	 Grot	 (forest	 residue)	 and	 torrefied	 sawdust	 were	
selected,	 which	 were	 leached	 both	 with	 water	 but	 also	 with	 weak	 acid	 in	 order	 to	
achieve	 an	 ash-reduced	 carbon	 structure.	 The	 acid	 selected	was	 acetic	 acid,	 as	 it	 has	
been	 tested	 for	 similar	 purposes	 in	 previous	 studies.	 The	 leaching	 efficiency	 was	
evaluated	by	analysing	the	leachate	with	ICP-OES	after	leaching.	According	to	the	result,	
a	significant	part	of	the	ash	had	been	leached	out,	but	the	leaching	with	weak	acid	was	
much	more	effective	than	water	 leaching.	To	ensure	that	the	carbon	structure	was	not	
altered,	light-optical	microscopy	was	made	which	showed	that	the	structure	was	intact.	
However,	 it	was	not	possible	 to	determine	whether	 the	pore	sizes	were	changed	after	
leaching	 and	 it	 is	 therefore	 relevant	 to	 investigate	 this	 further.	Moreover,	 the	 leached	
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bio-coal	replaced	5%	of	the	fossil	coal	in	the	coal	mixture	for	coke	making.	In	addition	to	
this,	coke	was	also	made	with	only	the	ash	from	the	two	bio-coals	to	see	what	effect	the	
ash	has	on	the	coke	quality.	The	result	that	was	obtained	from	the	TGA	showed	that	the	
ash	had	a	 low	 impact	on	 the	 reactivity	of	 the	 coke.	However,	 the	 coal	 structure	of	 the	
coke	had	a	great	impact	on	the	reactivity	behaviour.		

Keywords:	 Bio-coke,	 bio-coal,	 leaching,	 ash,	 coke	 quality,	 carbon	 structures,	 torrefied	
sawdust	
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SAMMANFATTNING	

Under	de	senaste	åren	har	klimatpåverkan	och	ökandet	av	de	fossila	utsläppen	blivit	allt	
mer	uppmärksammat.	För	att	stoppa	den	globala	uppvärmningen	krävs	det	att	de	fossila	
utsläppen	minskar	markant.	En	av	de	åtgärder	som	Sverige	beslutade	om	för	att	minska	
den	 negativa	 klimatpåverkan	 var	 att	 sätta	 upp	 en	 nollvision	 för	 de	 fossila	
koldioxidutsläppen	 år	 2045.	 För	 att	 kunna	 uppnå	 detta	 krävs	 stora	 insatser	 och	
förändringar	 både	 i	 invånarnas	 sätt	 att	 leva	 men	 främst	 i	 industrin.	 De	 tunga	
industrierna	i	Sverige	så	som	stålindustrin,	cementindustrin	och	raffinaderier	står	för	ca	
15-20%	av	landets	totala	koldioxidutsläpp.		

I	stålindustrin	genereras	den	stora	mängden	fossil	koldioxid	främst	från	användandet	av	
fossilt	kol.	Det	 fossila	kolet	 tillsätts	 i	masugnen	vid	 ståltillverkning	 i	 form	av	koks	och	
kolpulver	 som	 reducerar	 järnet	 och	 avger	 värme.	Kvalitén	 på	 koksen	 är	 viktig	 då	 den	
fungerar	 som	 reduktionsmedel,	 ger	 ett	 mekaniskt	 stöd	 till	 bädden	 i	 masugnen	 samt	
möjliggör	gasens	 flöde	upp	genom	ugnen,	möjliggör	 löst	kol	 i	 järnet	och	ger	energi	 till	
kemiska	 reaktioner	 och	 smältning.	 På	 grund	 av	 dessa	 faktorer	 är	 masugnsprocessen	
beroende	av	koks	för	att	det	ska	kunna	fungera,	vilket	innebär	att	hela	processen	måste	
bytas	ut	ifall	stålproduktionen	ska	ske	utan	fossilt	kol.	Däremot	finns	det	många	studier	
som	visat	positiva	resultat	av	att	ersätta	en	del	av	det	fossila	kolet	med	bio-kol,	det	vill	
säga	 kol	 som	 är	 framtaget	 från	 biomassa.	 Om	 en	 del	 av	 det	 fossila	 kolet	 skulle	 gå	 att	
ersätta	med	en	del	bio-kol,	skulle	det	innebära	att	de	fossila	koldioxidutsläppen	minskar	
och	 leder	 till	 en	 minskad	 klimatpåverkan.	 Fortfarande	 skulle	 processen	 generera	
koldioxid	men	däremot	skulle	ett	kretslopp	bildas.	När	biomassa	odlas	tas	koldioxid	upp	
av	 till	 exempel	 träden	 som	odlas	 för	 detta	 ändamål.	Däremot,	 har	 bio-kol	 inte	 samma	
egenskaper	som	fossilt	kol	vilket	i	sin	tur	påverkar	kvalitén	på	koksen.	Bio-koks	är	mer	
reaktivt	och	mer	poröst	än	vad	fossil	koks	är.	För	att	kunna	ersätta	fossil	koks	med	bio-
koks	 krävs	 det	 sannolikt	 att	 bio-kolet	 förbehandlas	 innan	 det	 ersätter	 en	 del	 av	 det	
fossila	kolet	i	kokstillverkningen.		

Bio-kol	innehåller	aska	som	fungerar	som	en	inre	katalysator.	En	teori	är	att	om	det	går	
att	producera	ett	bio-kol	med	askfri	kolstruktur	kommer	den	sedan	att	kunna	användas	
vid	 produktion	 av	 koks	 utan	 att	 ha	 en	 stor	 inverkan	 på	 koks	 kvalitén.	 I	 detta	 projekt	
studerades	askans	 inverkan	på	bio-kolets	egenskaper	 i	koks.	Tidigare	studier	har	visat	
att	 lakning	är	en	effektiv	metod	för	att	avlägsna	aska	från	bio-kol.	Det	kan	lakas	på	tre	
olika	sätt,	antingen	med	vatten,	svag	syra	eller	syra.	Däremot	har	det	visat	sig	att	lakning	
med	syra	har	en	viss	påverkan	på	själva	kolstrukturen.	Av	den	anledningen	valdes	 två	
bio-kols	sorter,	torrifierat	grot	(restmaterial	från	skogen)	samt	torrifierat	sågspån,	som	
lakades	 både	med	 vattenlakning	men	 även	med	 svagsyra	 lakning	 i	 syfte	 att	 uppnå	 en	
askfri	 kolstruktur.	 Den	 syra	 som	 valdes	 var	 ättiksyra,	 då	 den	 har	 testats	 för	 liknande	
ändamål	 i	 tidigare	studier.	Lakningens	effektivitet	analyserades	genom	ICP-OES	analys	
på	 laklösningen	efter	 lakning.	Enligt	 resultatet	hade	en	hel	del	av	askan	 lakats	ut	men	
lakningen	 med	 svag	 syra	 var	 betydligt	 mer	 effektiv	 än	 vattenlakningen.	 För	 att	
säkerhetsställa	 att	 kolstrukturen	 inte	 förändrats	 gjordes	 ljusoptiskt	 mikroskopi	 som	
visade	att	strukturen	var	intakt.	Det	gick	däremot	inte	att	avgöra	om	porstorlekarna	var	
förändrade	 efter	 lakningen	 och	 det	 är	 därför	 relevant	 att	 undersöka	 detta	 vidare.	 De	
lakade	 bio-kolen	 ersatte	 sedan	 5	 %	 av	 det	 fossila	 kolen	 i	 kolblandingen	 för	
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kokstillverkning.	Utöver	detta,	gjordes	även	koks	med	enbart	askan	från	de	två	bio-kolen	
för	 att	 se	 vilken	 påverkan	 bara	 askan	 i	 sig	 har	 på	 koks	 kvalitén.	 Resultatet	 från	 TGA	
visade	att	askan	inte	hade	någon	större	betydelse	för	koksens	reaktivitet,	istället	visade	
det	sig	vara	kolstrukturen	i	bio-kolet	som	ökar	reaktiveten	hos	koksen.		

Nyckelord:	Bio-koks,	bio-kol,	aska,	kokskvalité,	kolstruktur,	torriferat	sågspån	
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NOMENCLATURE	

Variables	 	 Full	notation	 	 	 Unit	

A	 	 Pre-exponential	factor	 	 	 s-1	

Cconv.%	 	 Carbon	conversion	 	 	 wt.%	

CEffective	 	 The	effective	carbon	in	coke	 	 %	

CFix	 	 Fixed	Carbon	 	 	 %	

Ea	 	 The	activation	energy	 	 	 kJ/mole	

K,	ρa	 	 Rate	constant		 	 	 g/gs	

m0	 	 The	amount	of	coal	before	coke	production	 g	

m1	 	 The	remaining	mass	of	coal	after	coke	production		 g	

R	 	 The	universal	gas	constant	 	 J/mole*K	

r	 	 Carbon	loss	at	any	time	 	 	 g/s	

T	 	 Temperature	 	 	 °C	or	K	

t	 	 Time	 	 	 	 s	or	min	

W	 	 Remaining	amount	of	carbon	in	sample	 g	or	mg	

λ	 	 The	wavelength	of	the	x-ray	source	at	XRD	

β	 	 The	full	width	at	half	maximum	at	XRD	

θ	 	 The	corresponding	Bragg	angle	 	 °	

Abbreviations	 Full	notation	

Coke	A	 	 Reference	coke	without	bio-coal	

CokeB_ref	 	 Coke	with	5%	Grot	

CokeB_H2O	 	 Coke	with	5%	water	leached	Grot	

CokeB_HAc	 	 Coke	with	5%	acetic	acid	leached	Grot	

CokeB_Ash	 	 Coke	with	ash	from	5%	Grot	

CokeC_ref	 	 Coke	with	5%	TSD	

CokeC_H2O	 	 Coke	with	5%	water	leached	TSD	

CokeC_HAc	 	 Coke	with	5%	acetic	acid	leached	TSD	

CokeC_Ash	 	 Coke	with	ash	from	5%	TSD	
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CSR	 	 The	coke	strength	after	reaction	

CRI	 	 The	cokes	reactivity	

dW/dt	 	 Rate	of	carbon	loss	at	time	t	

Grot	 	 Limbs,	twigs	and	frames	from	trees	

ICP-OES	 	 Inductively	Coupled	Plasma-	Optical	Emission	Spectrometry	

IMDC	 	 The	inertinite	maceral	derived	components	in	coke	

LECO	 	 Combustion	analysis	

RMDC	 	 The	reactive	maceral	derived	components	in	coke	

TGA	 	 Thermogravimetric	analysis	

TSD	 	 Torrefied	sawdust	

XRD	 	 X-ray	diffraction	

XRF	 	 X-ray	fluorescence	

	

Chemical	components	 Full	notation	

Al2O3	 	 Aluminium	oxide	

C	 	 Carbon	

Ca	 	 Calcium	

CaCO3	 	 Calcium	carbonates	

CaO	 	 Calcium	oxide	

CH4	 	 Methane	

Cl	 	 Chlorine	

CO	 	 Carbon	monoxide	

CO2	 	 Carbon	dioxide	

Fe	 	 Iron	

H	 	 Hydrogen	

K2O	 	 Potassium	

MgO	 	 Magnesium	oxide	

MnO	 	 Manganese	dioxide	
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N	 	 Nitrogen	

Na2O	 	 Sodium	oxide	

P2O5	 	 Phosphorus	pentoxide	
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SiO2	 	 Silicon	dioxide	
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1	INTRODUCTION	

This	 project	was	made	 as	 a	master	 thesis	 during	 spring	 2019,	with	 supervisors	 from	
SWERIM	in	Luleå	and	Luleå	University	of	Technology.	In	this	chapter	the	background	of	
the	thesis	as	well	as	its	objective	and	scope	will	be	presented.	

1.1	BACKGROUND	

In	 Sweden,	 there	 is	 a	 zero	 vision	 for	 carbon	 dioxide	 emission	 to	 be	 achieved	 at	 year	
2045[1,	2].	To	achieve	the	Swedish	climate	targets	should	emissions	of	fossil	greenhouse	
gases	within	Sweden’s	borders	be	reduced	by	at	least	85%	compared	to	the	1990	level	
[1].	It	is	the	heavy	industry	in	Sweden,	such	as	the	production	of	steel,	cement	industry	
and	 refineries	 that	 generates	15-20%	of	 the	 total	 carbon	dioxide	 emission	 in	 Sweden.		
For	 a	 carbon	 dioxide-neutral	 Sweden,	 emissions	 need	 to	 decrease	 sharply	 in	 the	
industry,	even	though	it	takes	long	time	and	can	mean	major	changes	[2].	

One	of	 the	main	 causes	 to	 the	produced	 carbon	dioxide	 is	 the	use	of	 fossil	 coal	 in	 the	
industry	processes.	Coke	and	coal	functions	as	reduction	agent	and	also	supplies	energy	
for	 the	reactions	and	smelting.	 	At	present,	85%	of	 the	steel	 industry's	 total	emissions	
come	from	the	coke	and	coal	used	for	the	reduction	of	iron	ore.		In	order	to	reduce	fossil	
emissions	from	steel	production	there	are	following	options	[1];	

! The	process	is	completely	replaced	by	a	process	that	is	not	dependent	on	coal	
! Carbon	dioxide	is	captured	and	used	for	chemical	production	such	as	methanol	

or	stored	
! Some	of	the	fossil	coal	can	be	replaced	by	bio-coal	in	cokes	

Developing	a	new	process	takes	time	and	it	is	therefore	of	great	interest	to	develop	bio-
coke	containing	bio-coal	as	a	solution	for	the	near	future.	The	development	of	bio-coal	
requires	 the	 availability	 of	 suitable	 coking	 coal	 raw	 material,	 processes	 for	 the	
production	of	bio-coal	and	access	to	biomass	for	the	production	of	bio-coal.	However,	a	
limited	 access	 of	 biomass	 causes	 emission	 if	 long-distance	 transport	 of	 biomass	 is	
necessary	 [1,	3].	Further,	 the	cost	using	bio-coal	should	be	substantially	exceeding	 the	
one	 for	 using	 fossil	 coal.	 However,	 the	 cost	 of	 fossil	 carbon	 dioxide	 emissions	 will	
increase,	which	makes	the	use	of	bio-coal	more	attractive	since	the	costs	are	equivalent	
[1].	

Biomass	provides	a	carbon	content	that	can	be	compared	to	fossil	coal	but	it	also	has	a	
lower	density	and	high	content	of	volatile	matter.	 If	 the	biomass	 is	used	to	create	bio-
coal	with	pre-treatment,	the	characteristic	will	be	similar	to	fossil	coal.	However,	there	is	
a	crucial	difference	between	bio-coal	and	fossil	coal	since	it	affects	the	coke	quality	such	
as	increasing	the	coke	reactivity.	Therefore,	only	a	small	amount	of	fossil	coal	in	bio-coke	
can	be	replaced	by	bio-coal.			

The	ash	in	the	bio-coal	contains	mainly	of	SiO2	and	Al2O3	but	also	some	FeO,	CaO,	MgO,	S-
compounds,	 P2O5	 and	 alkalis	 (K2O).	 These	 compounds	 are	 expected	 to	 increase	 the	
reactivity	of	the	coke	with	an	increased	amount	of	bio-coal	ash	present,	since	it	works	as	
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an	 internal	 catalyst	 [4,	5].	 In	order	 to	 increase	 the	amount	of	bio-coal	 in	bio-coke,	 the	
impact	of	ash	on	the	coke	needs	to	be	investigated.		

At	the	department	of	Process	metallurgy	of	the	company	Swerim,	some	researches	are	
conducted	on	how	the	proportion	of	bio-coal	can	increase	in	bio-coke	without	having	a	
negative	 effect	 on	 coke	 properties.	 Making	 bio-coke	 on	 an	 ash-free	 bio-coal	 and	
comparing	it	with	bio-coke	containing	only	the	ash	of	the	bio-coal,	a	clearer	insight	can	
be	obtained	on	how	the	ash	affects	the	coke.	By	succeeding	to	create	an	ash-free	carbon	
structure	 for	 the	 bio-coal,	 it	 will	 hopefully	 create	 opportunities	 for	 increasing	 the	
amount	of	bio-coal	in	bio-coke	in	the	future.	

1.2	OBJECTIVES	

The	purpose	with	this	thesis	work	was	to	evaluate	the	impact	of	the	ash	content	in	bio-
coal	 for	coke	production.	This	 information	was	obtained	by	two	different	ways	to	pre-
treat	the	bio-coals	before	production	of	coke.	To	create	an	ash-free	carbon	structure	in	
the	bio-coal,	 two	different	 leaching	methods	were	 investigated.	Leaching	can	affect	the	
carbon	 structure	 and,	 for	 that	 reason,	 water	 leaching	 and	 weak	 acid	 leaching	 were	
chosen	as	a	pre-treatment	method	before	the	bio-coals	were	used	in	coke	production.	To	
be	 able	 to	 evaluate	 the	 impact	 of	 the	 ash	 from	 bio-coal	 on	 coke	 quality	 and	 coke	
properties,	 the	bio-coals	were	heated	until	everything	else	except	 the	ash	was	burned.	
The	remaining	ash	was	 later	use	 to	create	coke.	The	cokes	with	5%	of	 the	coking	coal	
replaced	by	the	leached	bio-coals	were	compared	to	the	cokes	containing	only	the	ashes	
from	the	bio-coals.	This	gave	information	about	how	the	ash	behaves	and	its	impact	on	
the	coke	quality.	This	project	was	a	part	of	main	project	called	Bio-coal	as	a	raw	material	
in	coke	for	reduced	CO2-emission,	which	was	made	by	Swerim	in	cooperation	with	Luleå	
University	of	Technology	in	order	to	develop	an	improved	bio-coke	for	metal	production	
financed	by	FORMAS.	

1.3	SCOPE	

In	 this	 project	 the	 bio-coals	 with	 different	 pre-treatment	 were	 evaluated	 in	 different	
ways.	Two	types	of	bio-coal	were	used	during	this	thesis,	 torrefied	sawdust	(TSD)	and	
torrefied	Grot.	 	The	 leachates	after	water-leaching	and	weak	acid-	 leaching	of	 the	bio-
coals	were	investigated	by	ICP-OES	analysis.	The	ashes	from	the	bio-coals	were	analysed	
with	 XRD	 in	 order	 to	 evaluate	 which	 elements	 and	 phases	 that	 existed	 in	 the	 ash.		
Further,	the	leached	bio-coals	were	analysed	with	light	optical	microscopy	to	investigate	
if	the	carbon	structure	had	been	affected	by	the	leaching.	Moreover,	the	qualities	of	the	
different	bio-cokes	produced	from	pre-treated	bio-coals	were	evaluated	using	TGA	to	be	
able	to	measure	the	reactivity	of	the	coke.	Lastly,	 the	cokes	were	analysed	by	XRF	and	
LECO	 to	 obtain	 information	 about	 the	 chemical	 composition	 of	 each	 coke.	During	 this	
project,	the	strength	of	coke	after	reaction	has	not	been	taken	into	account.		 	
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2	LITERATURE	REVIEW	

In	this	chapter,	fundamentals	of	the	coke	production	process,	the	properties	and	quality	
of	coal	and	coke	are	presented.	Also,	information	from	earlier	studies	about	leaching	bio-
coals	 and	 bio-coal	 in	 coke	was	 investigated.	 Lastly,	 the	 theoretical	 background	 of	 the	
analysis’s	techniques	used	in	this	project	will	be	described.	

2.1	COKE	FUNDAMENTALS	

2.1.1	APPLICATIONS	

Coke	is	an	important	material	for	metal	and	energy	production	[6].	It	is	used	in	the	blast	
furnace	during	steelmaking	as	a	reduction	agent.	Also,	it	 is	used	in	production	of	other	
base	 metals,	 such	 as	 production	 of	 copper,	 lead	 and	 ferroalloys.	 There	 are	 many	
applications	for	coke.	

One	of	the	main	uses	for	coke	is	in	the	blast	furnace	process	in	steel	making.	The	Blast	
furnace	produces	70%	of	coke	the	steel	consumed	in	the	world,	which	makes	 it	 to	 the	
primary	source	in	steel	production	worldwide.	It	enables	high	production	volumes	and	
is	 therefore	 preferable	 to	 use.	 Iron	 ore	 in	 form	 of	 lump	 ore,	 sinter	 and	 pellets	 with	
reducing	 agents	 such	 as	 coal,	 coke	 and	 natural	 gas	 are	 used	 to	 convert	 oxides	 to	 hot	
metal	in	the	blast	furnace.	Also,	a	slag	phase	is	formed	with	a	lower	dense	than	iron.	An	
overview	of	the	blast	furnace	is	illustrated	in	Figure	1.	The	materials	are	charged	at	the	
top	of	the	blast	furnace	and	oxygen	enriched	hot	blast	air	together	with	pulverized	coal	
are	 injected	 through	 tuyeres	 at	 the	 lower	 part	 of	 the	 furnace.	 Reducing	 gases	 are	
produced	during	the	incomplete	combustion	at	the	lower	part	of	the	furnace.	Thereafter	
the	gases	go	up	through	the	furnace	and	heating	the	ingoing	material	from	the	top,	and	
reducing	the	ferrous	material	 in	a	counter	current	process.	The	slag	and	the	hot	metal	
(iron)	 that	 are	 produced	 during	 this	 process,	 differ	 in	 density,	 which	makes	 the	 slag	
phase	floating	on	the	top	of	the	hot	metal.	Due	to	the	density	difference,	the	slag	and	hot	
metal	 can	easily	be	 removed	 from	each	other.	After	 the	blast	 furnace,	 the	hot	metal	 is	
converted	to	steel	firstly	by	removing	undesirable	elements	e.g.	sulphur,	carbon,	silicon,	
phosphorus	and	manganese	[7].	Coke	has	been	used	for	many	years	in	the	blast	furnace	
process	and	has	four	main	tasks	its	need	to	fulfil:	

! It	 mainly	 reduces	 FeO	 but	 also	 other	 oxides	 such	 as	 SiO2	 and	 MnO	 by	 the	
formation	 of	 CO	 from	 coke.	 The	 following	 reactions	 occurs	 during	 direct	
reduction:	
	
𝐶!"#$ + 𝐶𝑂!(!) → 2𝐶𝑂(!)	 	 	 	 (1)	
𝐶𝑂(!) + 𝐹𝑒𝑂 → 𝐹𝑒!"# + 𝐶𝑂!(!)		 	 	 (2)	
	

! As	heat	supply	needed	for	direct	reduction	and	melting,	since	the	combustion	of	
carbon	in	the	coke	is	an	exothermic	reaction	

! The	coke	works	as	a	mechanical	support	for	the	burden	
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! In	 order	 to	make	 the	 gas	 flow	 up	 through	 the	 burden	 as	 the	 same	 time	 as	 the	
molten	melt	flows	downstream	in	a	counter	current	process,	it	is	important	that	
the	coke	provides	a	good	permeability.		

	

FIGURE	1	AN	OVERVIEW	OF	THE	BLAST	FURNACE	AND	ITS	DIFFERENT	ZONES	

The	gas	produced	during	the	blast	furnace	process	is	removed	at	the	top	of	the	furnace	
and	 cleaned	 before	 used	 further.	 It	 is	 common	 to	 take	 care	 of	 the	 gas	 in	 Sweden	 to	
produce	energy.	However,	 the	heating	value	 is	approximately	3.24	(MJ/Nm3),	which	 is	
low	and	 it	 is	 therefore	necessary	 to	blend	 the	blast	 furnace	 gas	with	 another	 gas	 that	
contains	a	higher	heating	value.	In	Sweden	it	is	common	to	blend	the	blast	furnace	gas	
with	 the	 gas	 that	 is	 obtain	 from	 the	 coke	 production	 process,	 where	 coal	 is	 used	 to	
produce	 coke.	This	process	 is	 explained	 in	 section	2.1.2	Coke	production.	The	 coke	gas	
consists	 mainly	 of	 hydrogen,	 methane	 and	 a	 small	 amount	 of	 carbon	 monoxide	 and	
nitrogen.	 Due	 to	 the	 composition	 of	 the	 coke	 gas	 constitutes	 a	 high-value	 fuel	 for	
effective	power	generation	[8].	

The	blast	furnace	process	accounts	for	the	largest	carbon	dioxide	emissions	in	Sweden.	
However,	 the	process	 is	 characterised	by	high	carbon	efficiency	and	 the	off	 gases	 that	
are	produced	from	the	processes	are	important	for	the	energy	production	in	Sweden.	It	
is	 therefore	 of	 great	 interest	 to	 find	 a	 substitute	 from	 renewable	 source	 for	 the	 fossil	
coal	that	does	not	generate	the	same	amount	of	fossil	carbon	dioxide.	By	replacing	some	
of	the	fossil	coal	with,	for	example,	bio-coal,	the	use	of	fossil	coal	would	decrease,	since	
the	bio-coal	is	a	carbon	dioxide	neutral	source	of	carbon	[9].	

2.1.2	COKE	PRODUCTION	

Coke	is	produced	by	carbonisation	coal,	at	high	temperature	in	an	atmosphere	without	
access	of	oxygen.	The	coal	that	is	used	for	production	of	coke	is	mainly	bituminous	coals	
with	 coking	 properties.	 There	 is	 three	 types	 of	 bituminous	 coal;	 high,	medium	or	 low	
volatile	coal.	Since	the	properties	of	coal	affect	the	properties	of	the	coke,	all	these	types	
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of	 coking	 coal	 is	 often	 blended	 to	 maintain	 a	 medium	 value	 of	 the	 volatile	 content.	
Therefore,	different	coals	are	blended	to	obtain	a	desirable	coal	mixture.	For	some	cases,	
the	coal	mixture	is	packed	or	prepared	by	oil	to	achieve	an	increased	bulk	density.	The	
average	densities	that	are	common	in	the	industry	are	720-760	kg/m3	[4,	9].		

The	coke	production	is	important	to	obtain	the	right	properties	of	the	coke.	Firstly,	the	
blend	of	coking	coals	is	heated	up	and	the	water	is	driven	off.	Normally,	coal	contains	of	
6-8%	moisture,	but	 it	 can	vary.	When	 the	dried	coal	 increases	 in	 temperature	 to	350-
400˚C,	a	plastic	phase	 takes	 form.	This	stage	has	 the	greatest	 impact	on	 the	coke	pore	
structure	 and	 takes	 apart	 in	 four	 steps.	 Firstly,	 within	 the	 larger	 coal	 particles	 pore	
nucleation	 forms	 following	by	 intra	particulate	pore	growth.	Further,	post	 fusion	pore	
growth	takes	place	until	it	reach	maximum	size.	Lastly,	when	the	temperature	is	close	to	
the	re-solidification,	the	structure	will	compaction,	which	decreases	the	pour	size.	At	the	
same	time	are	tars	and	oil	driven	off	to	the	off-gas.	 In	the	next	stage,	the	plastic	 layers	
have	 solidified	 to	 semi-coke	 at	 450-500˚C	 and	 the	 gases	 such	 as	 methane	 and	 other	
volatile	gases	starts	to	drive	off.	The	gas	released	and	the	diffusion	rate	gives	an	internal	
pressure,	which	has	an	impact	on	the	pore	formation	[4,	10].	Furthermore,	methane	and	
hydrogen	are	reported	to	the	off-gas	at	500-1000˚C	and	the	semi-coke	starts	 to	shrink	
and	fissures.	Thereafter,	the	final	coke	has	a	temperature	approximately	at	1000-1100˚C	
and	volatile	matter	content	less	than	1	%	[4,	6].	The	transformation	from	coal	to	coke	is	
illustrated	in	figure	2.		

To	 summarize,	 approximately	 75%	 of	 the	 coal	 depending	 on	 the	 volatile	 matter	 is	
converted	to	coke	and	the	remaining	25%	of	the	coal	is	converted	to	gas.	To	produce	1	
kg	 coke	 around	1.25	 to	 1.4	 kg	 coking	 coal	 are	 required.	 It	 is	 common	 that	 the	 off-gas	
from	 coke	 oven	 is	 purified	 from	 tar,	 sulphur	 and	 benzene.	 These	 by-products	 are	
valuable	 and	 can	 be	 sold	 and	used	 in	 other	 applications.	 The	 off-gas	 is	 often	 used	 for	
heating	the	coke	oven	or	is	used	in	energy	production.	Also,	if	the	need	for	coke	is	low	
during,	for	example,	recession,	more	of	high	volatile	coal	can	be	used	to	produce	coke	in	
order	to	achieve	a	higher	amount	of	coke	gas	[11].	
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FIGURE	2	OVERVIEW	OF	THE	COKEMAKING	PROCESS	[4]	

The	coke	plants	at	SSAB	in	Sweden	are	designed	as	the	illustration	in	Figure	3,	where	the	
different	coal	types	are	stored	in	separate	piles.	Before	the	coal	mixture	is	created,	the	
coal	is	crushed.	The	final	mixture	is	charge	at	the	top	of	the	coke	oven	by	a	charge	car.	
Further,	the	coke	production	takes	place	during	approximately	18	hours.	The	final	coke	
has	 reach	a	 temperature	around	1030	degrees.	 Furthermore,	 the	 coke	 is	 cooled	down	
with	water	in	quenching	tower.	In	other	countries,	it	is	more	common	to	cool	down	the	
coke	with	inert	gas	or	with	a	dry	cooling	plant.	The	produced	coke	is	used	in	the	blast	
furnace	 for	 steelmaking.	 Also,	 some	 gas	 is	 produce,	 which	 later	 is	 used	 for	 energy	
production	[7].	

	

FIGURE	3	CROSS	SECTION	OF	A	COKE	PLANT	BATTERY	
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2.1.3	COKE	STRUCTURE	AND	TEXTURE	

Coke	 can	 be	 describing	 as	 a	macroporous	material,	which	 contains	 different	 forms	 of	
carbon.	These	 forms	 are	 called	micro-textures,	which	 can	be	divided	 into	 two	 groups.	
One	of	the	two	textures	is	the	reactive	maceral	derived	components	(RMDC).	RMDC	act	
as	a	binder	during	coke	 formation,	which	 is	 a	 solidified	product,	 created	 from	organic	
material	that	fuses.	The	other	texture	depends	on	the	semi-fusible	and	non-fusible	coal	
macerals	are	not	significantly	affected	by	the	coke-making	production	and	will	therefore	
maintain	 a	 similar	 texture	 in	 the	 coke	 which	 is	 called	 the	 inertinite	 maceral	 derived	
components	(IMDC)	[12].	

The	 coal	 texture	 is	 varying	 in	 the	 coke,	 it	 has	 some	moderate	 crystallized	 anisotropic	
parts	and	some	amorphous	isotropic	parts.	The	anisotropic	texture	can	be	divided	into	
mosaic	and	flow-type	texture.	A	summary	of	the	carbon	texture	and	their	impact	on	the	
coke	properties	is	listed	in	table1	[4,	12].	

TABLE	1	COKE	CHARACTERISTIC	OF	COKE	PROPERTIES	DEPENDENCE	ON	COAL	TEXTURE	

Coal	texture	 Mechanical	Strength	 Resistance	to	CO2	
attack		

Resistance	to	Alkali	
attack	

Isotropic	 Weak	 Weak	 Strong	
Mosaic	 Medium	 Strong	 Medium	
Flow-type	 Strong	 Medium	 Weak	
	

As	 it	 can	 be	 seen	 from	 Table	 1,	 the	 coal	 texture	 affects	 the	 mechanical	 strength,	 the	
resistance	to	CO2	attack	and	alkali	attack	in	different	ways.	This	can	be	controlled	when	
the	 coal	 types	 are	 selected	 for	 the	 coal	 blend.	 High	 ranked	 coals	 produce	 a	 more	
crystallized	 coke	with	mosaic	 texture	 or	 flow-type	 texture.	Moreover,	 the	 low	 ranked	
coals	produce	a	coke	with	isotropic	texture,	which	has	weaker	coke	strength	and	subject	
for	 higher	 CO2	 attack	 compared	 to	 the	 others.	 However,	 the	 mechanical	 strength	 is	
strongest	 for	 the	 flow	 type	 texture	 but	 is	 the	 weakest	 against	 alkali	 attack.	 Also,	 the	
mosaic	texture	has	lower	resistance	to	alkali	attack	compared	to	the	isotropic	but	it	has	
the	strongest	resistance	to	CO2	attack	[4,	13].	

2.1.4	COKE	PROPERTIES	

Coke	 is	often	used	 for	reduction	and	as	energy	source	 for	reactions	and	smelting.	 It	 is	
preferable	 to	 have	 low	 contents	 of	 ash,	 sulphur	 and	 volatile	 matter	 but	 high	 carbon	
content.		Since	energy	is	consumed	for	melting	coke	ash,	sulphur,	alkalis	and	associated	
fluxes,	the	fixed	carbon,	CFix,	is	calculated	according	to	the	following	formula:	

𝐶!"# = 100− (𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 %+ 𝑎𝑠ℎ %+ 𝑠𝑢𝑙𝑝ℎ𝑢𝑟 %)	 	 (3)	

The	fixed	carbon	is	usually	used	when	measure	the	coal	rank.	An	increased	value	of	fixed	
carbon	and	a	 low	volatile	matter	generates	a	high	 coal	 rank.	The	 remaining	 carbon	 in	
coke	that	is	used	for	energy	and	reduction	is	called	the	effective	carbon	in	coke,	CEffective,	
and	it	is	the	fixed	carbon	excluding	the	internal	requirements,	which	is	usually	assumed	
to	be	10%.		



8	
		

𝐶!""#$%&'# = 𝐶!"# − 10%	 	 	 	 	 (4)	

Something	that	is	important	for	the	quality	of	the	coke	is	the	thermoplastic	property	of	
coking	coals.	As	it	was	mention	before,	the	bituminous	coals	are	the	most	common	coal	
type	 that	 is	 used	 for	 coke	making	due	 to	 it	 softens	 and	becomes	plastic	when	heated.	
During	the	plasticity	phase,	both	chemical	and	physical	changes	occur.	The	plasticity	is	
the	 foundation	 of	 the	 transformation	 from	 coal	 to	 be	 polymerized	 to	 a	 solid	 coke.	
However,	 the	thermoplastic	properties	of	 the	coke	depends	on	the	coke	blend	and	can	
be	affected	of	several	parameters	such	as	the	amount	of	each	coal	type	in	the	coal	blend,	
the	particle	size	distribution	of	 the	blended	coal,	 the	maximum	fluidity	temperature	of	
each	 coal	 and	 the	 temperature	 profile	 during	 coking.	 These	 have	 an	 impact	 on	 the	
interaction	 between	 the	 different	 coal	 types	 in	 the	 blend	 during	 the	 carbonization	 at	
coke	production.	 	 If	 the	particle	size	 is	 too	 large	 the	 interaction	between	 the	coals	are	
low.	It	is	therefore	advantageous	to	have	a	particle	size	distribution	between	0.1-1mm.	
To	be	able	to	have	a	good	interaction	between	the	coals	it	is	important	that	the	coal	rank	
is	quite	similar	in	the	blend	for	each	coke.		Otherwise,	if	there	is	a	big	difference	between	
the	coal	ranks,	the	 low	ranked	coal	will	accelerate	the	solidification	of	the	high	ranked	
coal.	This	prevents	a	good	interaction	between	the	coal	types	[4,	13].	

To	maintain	the	quality	of	the	coke,	two	parameters	are	important	to	take	into	account.	
The	two	parameters	are	the	hot	strength	of	coke	after	reaction,	CSR,	and	the	reactivity	of	
the	coke,	CRI.	These	two	parameters	are	related,	since	a	high	CRI	value	results	in	a	low	
CSR	and	vice	versa.	CRI	increases	nonlinearly	with	an	increase	in	ash	content	of	the	coke,	
according	to	earlier	studies	[14].	However,	if	the	ash	contains	mainly	SiO2	and	Al2O3	the	
opposite	may	 be	 the	 case.	 It	 is	 desirable	 that	 the	 coke	 has	 a	 high	 CSR	 and	 a	 low	 CRI	
because	the	coke	should	have	time	to	sink	into	the	furnace	before	it	reacts.	Otherwise,	
the	coke	reacts	significantly	in	the	shaft	of	the	furnace	and	therefore	less	is	available	for	
reactions	 with	 the	 molten	 melt	 in	 the	 blast	 furnace	 lower	 part.	 Additionally,	 lower	
strength	and	reduced	size	may	influence	its	capability	to	support	the	burden	and	secure	
gas	and	liquid	permeability.	The	most	important	parameters	that	affect	the	CSR	and	CRI	
are	 coal	 rank,	 coal	 rheology,	 coking	 conditions	 and	 coal	 composition.	 In	 coking	 is	 the	
temperature	 of	 great	 important,	 a	 higher	 coking	 temperature	 results	 in	 a	 higher	
graphitisation.	A	high	graphitisation	generates	a	coke	with	low	reactivity	and	low	coke	
strength	due	to	that	it	is	important	that	the	coking	temperature	is	not	too	high.		

Since	these	two	factors	are	so	important	for	the	coke's	properties,	standardized	tests	are	
carried	 out	 both	 on	 a	 pilot	 scale	 and	 in	 industrial	 scale	 to	 evaluate	 the	 CSR	 and	 CRI.	
During	this	projected	was	only	CRI	taken	into	account.	

2.1.5	COKE	GASIFICATION	

An	important	reaction	in	power	generation	and	in	the	blast	furnace	that	is	obtained	by	
the	coke	 is	 the	Boudouard	reaction.	 It	describes	 the	reaction	of	 coke	carbon	with	CO2,	
which	is	presented	in	equation	5:	

𝐶𝑂!(!) + 𝐶(!) ↔ 2𝐶𝑂(!)	 	 	 	 	 (5)	
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This	reaction	is	also	called	the	coke	gasification.	One	important	factor	to	evaluate	from	
the	coke	gasification	is	the	carbon	conversion	and	can	be	calculated	from	the	following	
equation	6:	

𝐶!"#$.% = !!!!!
!!

∙ 100	 	 	 	 	 (6)	

The	 carbon	 conversion	 describes	 how	 much	 of	 the	 available	 carbon	 in	 coke,	m0	 has	
reacted	during	the	gasification	in	relation	to	the	mass	loss.	The	remaining	mass	after	a	
specific	temperature	and	time	is	called	m1.	 	During	the	coke	gasification	three	different	
reaction	 zones	 are	 considered,	 the	 CO2	reactant	 and	 the	 CO	 product	 are	 conveyed	 by	
mass	transport	across.	Also,	the	CO2	is	transported	via	pores	from	the	external	surface	of	
the	coke	to	the	reaction	site.	Instead,	CO	is	transported	through	pores	from	the	reaction	
site	to	the	particle	surface.	At	the	reaction	site,	CO2	is	adsorbed	to	the	carbon	surface	and	
CO	is	desorbed	from	the	carbon	surface.	The	three	mentioned	zones	are	defined	by	the	
Arrhenius	equation	(7):	

𝑘 = 𝐴𝑒!
!!
!"		 	 	 	 	 	 (7)	

The	Arrhenius	equation	describe	 the	dependence	of	 the	rate	constant,	k,	of	a	chemical	
reaction	 on	 the	 temperature	 in	 Kelvin,	 T,	 a	 pre-exponential	 factor,	 A,	 the	 activation	
energy,	Ea,	and	the	universal	gas	constant,	R.	The	pre-exponential	factor	describes	how	
great	the	probability	 is	 for	the	reaction	to	happen	in	a	specific	temperature	 interval.	 If	
the	pre-exponential	factor	is	high,	the	reaction	is	likely	to	occur.	Usually,	the	Arrhenius	
equation	is	usually	described	as	follows	when	the	reaction	rate	is	examined	in	coke.	

𝑙𝑛𝜌! = − !!
!"
+ 𝑙𝑛𝐴	 	 	 	 	 (8)	

Where	the	rate	constant,	k,	is	replaced	by	ρa,	which	describes	the	apparent	reaction	rate.		

The	three	zones	are	illustrated	in	figure	4.	Zone	I	is	chemical	reaction	controlled	at	low	
temperature,	where	the	rate	is	controlled	by	adsorption	of	CO2	and	desorption	of	CO	at	
the	 reaction	 site.	 In	Zone	 II	 the	 temperature	 is	 lower	 than	 in	Zone	 III	 but	higher	 than	
Zone	I.	Zone	III	is	a	high	temperature	zone	controlled	by	the	mass	transport	of	CO2	and	
CO	across	the	gas	film	surrounding	the	coke	particle.	The	zone	II	is	mixed	control	where	
the	rate	is	controlled	by	a	mixed	of	the	stages	that	controls	zone	I	and	II.	Between	each	
zone	there	are	transition	areas,	which	are	marked	in	the	figure	[6].	
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FIGURE	4	THE	THREE	ZONES	OF	GAS-CARBON	REACTION	IN	THE	ARRHENIUS	PLOT	[6]	

In	order	to	measure	the	reaction	rate	from	the	Arrhenius	equation	(8),	the	reaction	can	
be	 assumed	as	 a	 first	 order	 reaction.	Due	 to	 this	 assumption,	 the	 activation	 energy	 at	
time	t	can	be	calculated	by	following	equation	(9):	

𝜌! =
!
!
!"
!"
	 	 	 	 	 (9)	

Where	W	 is	 the	 remaining	 amount	 of	 carbon	 in	 the	 sample	 and	 dW/dt	 is	 the	 rate	 of	
carbon	 loss	 at	 time	 t.	 Moreover,	 the	 apparent	 reaction	 rate	 is	 also	 described	 by	 the	
difference	of	the	rate	of	carbon	loss,	r,	at	any	time	and	the	change	in	mass,	which	can	be	
seen	in	equation	(10).	

𝜌! =
!

!!!!∆!
		 	 	 	 (10)	

The	mc0	is	the	initial	mass	and	Δm	describes	the	difference	in	mass	loss	at	time	Δt.	Also,	
the	rate	of	carbon	loss	at	any	time	can	be	easily	determined	by	equation	(11).	

𝑟 = !
!"
(𝑚!! −𝑚!!)	 	 	 	 (11)	

Lastly,	from	the	Arrhenius	plot	(figure	4),	each	zone	gives	a	linear	function	e.g.	a	trend	
line,	 which	 can	 be	 used	 to	 determine	 the	 activation	 energy	 and	 the	 pre-exponential	
factor.	The	linear	function	is	in	form	of	following	equation	(12):	

𝑦 = 𝑘𝑥 +𝑚	 	 	 	 	 (12)	

The	log	of	reaction	rate	is	described	by	y,	and	the	k	is	the	same	as	Ea/R,	1/T	is	equal	to	x	
and	lastly	the	lnA	is	described	as	m.	The	k	and	m	is	constant	for	the	specific	zone.		
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2.1.6	ASH	IN	COKE	

In	blast	furnace	coke	the	ash	content	is	varying	between	8-13%	depending	on	the	coal	
type.	The	ash	in	blast	furnace	coke	contains	mainly	of	acid	compound	such	as	SiO2	and	
Al2O3	but	also	iron	oxides	and	basic	oxides	e.g.	CaO,	MgO,	sulphur	compounds,	P2O5	and	
alkalis	 (K2O,	Na2O).	Approximately	75	%	of	 the	alkalis	 in	blast	 furnace	origin	 from	the	
coke	ash	and	the	recommendation	for	the	alkali	content	should	be	maximum	0.3	wt.%	to	
avoid	these	negatively	effects.	It	has	an	impact	on	the	blast	furnace	efficiency	since	the	
alkalis	works	as	catalyst	 for	 the	coke	gasification	but	also	decrease	the	strength	of	 the	
coke.	It	is	also	important	that	the	ash	content	keeps	low	due	to	an	increased	amount	of	
ash	 in	 the	 coke	 results	 in	 higher	 amounts	 of	 slag	 formers	 need	 to	 be	 added	 since	 the	
ashes	decreases	the	calorific	value	of	the	coke.	The	amount	of	slag	forms	that	 is	added	
affects	the	amount	of	slag	that	is	produces	[4].	

2.2	BIO-COAL	BASED	COKE	PRODUCTION	

2.2.1	REDUCTION	OF	FOSSIL	CARBON	DIOXIDE	EMISSIONS	WITH	BIO-COAL	

It	 is	 of	 great	 important	 to	 reduce	 the	 emission	 of	 fossil	 carbon	 due	 to	 the	 growing	
greenhouse	 gas	 emissions	 and	 climate	 change.	 	 Figure	 5	 shows	 a	 summary	 of	 the	
industries	 that	 cause	 CO2	 emissions	 in	 Sweden	 at	 year	 2017	 and	 how	 much	 of	 the	
emissions	 the	 various	 industries	 represent.	 All	 the	 industries	 in	 Sweden	 at	 year	 2017	
produced	 33	 %	 of	 the	 total	 CO2	 emissions.	 It	 can	 be	 seen	 that	 the	 iron	 and	 steel	
production	caused	36	%	of	the	CO2	emissions	of	the	total	industries	emission	following	
by	 the	 mineral	 industry	 that	 caused	 18	 %.	 Since	 this	 type	 of	 industries	 significantly	
contributes	 to	 the	 carbon	 dioxide	 emissions,	 new	 methods	 that	 are	 more	
environmentally	 friendly	are	necessary	to	 find	for	replacement	of	 the	old	ones	 later	 in	
the	future	[15].	

	

FIGURE	5	CO2	EMISSION	FROM	INDUSTRIES	IN	SWEDEN	AT	YEAR	2017	[15]	
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Bio-coal	has	several	advantages.	Using	bio-coal	instead	of	fossil	coal	in	the	production	of	
coke	 is	a	one	way	to	reduce	carbon	dioxide	emissions.	When	some	of	 the	 fossil	coal	 is	
replaced	by	bio-coal	during	coke	production,	the	type	of	coke	that	is	produced	is	called	
bio-coke.	Bio-coal	is	produced	from	biomass	by	either	torrefaction	or	pyrolysis	in	order	
to	achieve	similar	properties	as	fossil	coal	[9,	16,	17].	Materials	based	on	biomass	are	a	
part	of	a	continuous	balanced	cycle.		If	the	biomass	is	grown	sustainably,	the	production	
and	utilization	of	the	biomass-based	material	are	almost	CO2	neutral.	The	balanced	cycle	
can	be	described	into	three	parts:	

1. When	 biomass	 is	 growing,	 the	 biomass	 adsorb	 and	 storage	 CO2	 from	 the	
atmosphere	

2. During	the	harvesting	and	utilization	of	the	biomass,	CO2	will	occur	
3. CO2	in	the	atmosphere	will	be	recycled	by	adsorption	of	the	new	planted	biomass	

[17]	

In	a	 theoretical	 investigation	done	 in	Sweden,	pulverized	coal	 (PC)	 from	fossil	 sources	
was	partially	replaced	by	bio-coal	 in	metallurgical	sub-models	 for	each	zone	 in	a	blast	
furnace.	Three	different	cases	were	investigated:	

! PC	was	fully	replaced	by	charcoal	from	pyrolysis	
! Torrefied	material	replaced	22.8%	of	the	PC	injection	
! 20%	of	the	PC	was	replaced	by	pelletized	wood	

By	 using	 charcoal	 instead	 of	 PC	 the	 on-site	 emission	 were	 reduced	 by	 28.1%.	 The	
emissions	were	reducing	by	6.4%	and	5.7%	when	PC	was	replaced	by	torrefied	material	
and	wood	pellets	respectively	[16].	

2.2.2	CONVERSION	OF	BIOMASS	TO	BIO-COAL	

Biomass	 contains	 cellulose,	 hemicellulose	 and	 lignin.	 In	 order	 to	 obtain	properties	 for	
biomass	 that	 is	 similar	 as	 for	 fossil	 coal	 it	 is	 necessary	 to	 pre-treat	 the	 biomass	with	
torrefaction,	 pyrolysis,	 gasification	 or	 carbonization.	 Bio-coal	 achieves	 similar	 carbon	
content	 as	 coking	 coal,	 but	 lower	 content	of	 volatile	matter.	One	of	 the	most	 common	
pre-treatment	is	the	torrefaction	and	this	pre-treatment	method	of	biomass	had	the	bio-
coals	that	were	used	in	this	project.	Torrefaction	is	when	the	biomass	is	heated	normally	
between	100	to	300	degrees	during	absence	of	oxygen	and	can	be	described	as	a	mild	
pyrolysis.	Further,	the	torrefecation	removes	moisture	and	a	part	of	the	volatile	matter	
from	the	biomass	and	also	decompose	hemicellulose.	Due	to	the	low	temperature	during	
torrefaction,	 the	 cellulose	 and	 lignin	 are	 not	 affected.	 Therefore,	 the	 mechanical	 and	
physical-chemical	are	slightly	affected.	However,	the	bio-coal	that	has	been	treated	with	
torrefaction	has	lower	carbon	content	and	higher	content	of	volatile	matter	compared	to	
coking	coal.		

In	this	project	bio-coals	that	are	produce	by	torrefaction	of	biomass	are	used.	Torrefied	
Sawdust	has	earlier	been	studied	for	coke	production	by	Swerim	and	is	also	included	in	
this	project.	Sawdust	 is	a	by-product	from	the	forest	 industry.	 It	 is	produced	when	the	
tree	 trunks	 are	 sawed.	 There	 are	 different	 application	 for	 sawdust	 for	 instance	 as	
heating	 supply	 by	 produce	 wood	 pellets	 from	 the	 sawdust.	 It	 can	 also	 be	 used	 for	
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furniture	manufacturing	[18].	Also,	torrefied	limbs,	twigs	and	frames	from	trees,	which	
is	called	Grot	was	used	during	this	project.	

2.2.3	BIOMASS	AVAILABILITY	FOR	BIO-COAL	PRODUCTION	

Biomass	is	of	great	interest	to	several	different	industries	in	order	to	be	able	to	replace	
the	fossil	coal	 in	whole	or	in	part	of	the	process.	In	some	parts	of	Europe,	the	biomass	
resources	are	limited.	Since	the	use	of	biomass	in	coke	is	needed	to	reduce	fossil	carbon	
dioxide	 emissions,	 it	 is	 important	 that	 long	 transport	 distances	 do	 not	 cause	 major	
emissions.	A	study	was	done	to	evaluate	the	availability	of	biomass	in	Sweden	in	order	
to	replace	some	of	the	fossil	coal	during	steel	production.	The	study	showed	that	there	is	
a	potential	for	increasing	the	use	of	biomass	in	industry.	However,	demand	for	biomass	
will	 increase	as	more	 industries	are	 interested	 in	replacing	fossil	 fuels	with	renewable	
energy	[3,	16].	

The	availability	of	biomass	in	Europe	meets	the	demand	from	pulp	and	paper	industry,	
electricity	 and	 power	 generation	 plants,	 sawmills	 and	 in	 steel	 production.	 However,	
some	 countries	 such	 as	Belgium,	Germany,	 Spain,	Great	Britain,	 Italy	 and	Netherlands	
would	need	to	import	biomass	from	other	countries	in	the	EU	[3].	

2.2.4	CHALLENGES	WITH	REPLACING	FOSSIL	COAL	WITH	BIO-COAL	

One	of	the	main	problems	with	bio-coal	is	the	higher	content	of	volatile	matter	and	the	
lower	 density.	 It	 will	 have	 an	 impact	 on	 the	 coke	 properties	 and	 behaviour	 such	 as	
decrease	 the	coke	yield,	or	yield	of	 the	carbonization	of	 the	coals,	 compared	 to	a	coke	
without	bio-coal.		Bio-coal	is	inert	during	coking	and	has	a	negative	effect	on	the	quality	
of	 the	 coke.	 Also,	 bio-coal	 has	 larger	 volume	 per	 kg,	 which	 probably	 contributes	 to	 a	
greater	 effect	 per	weight	 percentage	 that	 is	 added	when	 compared	 to	 inert	 coal.	 The	
coke	 yield	 is	 a	 relation	 between	 the	 amount	 of	 coal	 in	 the	 mixture	 before	 coke	
production	and	the	remaining	mass	after	coke	production.	A	high	coke	yield	means	that	
the	coal	content	is	high,	which	results	in	a	low	amount	of	produced	by-products.	In	order	
to	measure	the	coke	yield,	the	following	formula	is	normally	used:	

𝐶𝑜𝑘𝑒 𝑦𝑖𝑒𝑙𝑑 % = !!
!!∙(!!!"#$%&'(%∙!.!")

			 	 (13)	

Where	m1	 is	the	remaining	mass	of	coal	after	coke	production	and	m0	 is	the	amount	of	
coal	 before	 coke	 production.	 Also,	 the	 moisture	 content	 is	 important	 to	 take	 into	
account.	 In	 order	 to	 generate	 the	 same	 yield	 as	 for	 fossil	 coal,	 a	 large	 amount	 of	 raw	
biomass	is	necessary	to	add	[19].	

At	combustion	and	gasification	 temperature,	bio-coal	generally	generates	high	rates	of	
ash	slagging	and	agglomeration	if	the	ash	content	is	high	but	also	it	increases	corrosion	
and	 hazardous	 emission.	 It	 is	 caused	 by	 the	 alkali	 metals	 that	 are	 associated	 with	
chloride	 and	 silica.	 It	 had	 been	 proved	 that	 these	 elements	 could	 be	 removed	 by	
leaching,	 which	 is	 described	 in	 section	 2.2.4.1	 Leaching	 biomass	 for	 ash	 removal	 [5].	
Moreover,	in	studies	about	bio-coke	has	shown	that	the	ash	content	and	the	particle	size	
of	the	bio-coal	has	a	great	impact	on	the	coke	properties	such	as	strength	after	reaction	
(CSR)	and	the	coke	reactivity	index	(CRI).	Also,	the	thermoplastic	properties	of	the	coal	
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blend	can	be	affected	of	these	parameters	in	the	presence	of	bio-coal	in	the	coal	blend.	
Further,	 the	 coal	 fluidity	 can	 be	 reduced	 by	 addition	 of	 bio-coal.	 To	 avoid	 this,	 it	 is	
necessary	to	pre-treat	the	bio-coal	to	obtain	a	low	content	of	volatile	matter	and	a	high	
value	of	fixed	carbon.	

	

2.2.5	PRE-TREATMENT	OF	BIO-COAL	

2.2.5.1	LEACHING	BIOMASS	FOR	ASH	REMOVAL	

Inorganic	matter	such	as	alkali	(K,	Li,	Na,	Rb)	and	alkaline	earth	metals	(Mg,	Ca,	Sr,	Ba)	
act	 as	 a	 catalyst	which	 isn’t	 a	 preferable	 property	 for	 coke,	 since	 these	 elements	will	
increase	the	reaction	rate	of	the	coke.	These	elements	also	reduce	the	overall	molecular	
weight	and	yield	of	vapours	through	secondary	cracking	reactions	or	by	increasing	the	
char	 yield.	 Moreover,	 these	 elements	 forms	 ashes	 that	 are	 related	 to	 damage	 on	
equipment	 wear	 in	 industrial	 process	 such	 as	 corrosion	 [20,	 21,	 22].	 To	 avoid	 the	
negatively	 effect	 of	 these	 elements	 on	 the	 coke	 behaviour	 and	 the	 equipment	 it	 is	
necessary	to	remove	them	from	the	biomass.	In	earlier	studies	these	elements	has	been	
removed	by	leaching	the	biomass	before	further	uses.	It	exist	different	types	of	inorganic	
matter	 in	 biomass,	 such	 as	 minerals	 (SiO2),	 which	 are	 not	 chemically	 bonded	 to	 the	
organic	 structure.	 Another	 type	 of	 inorganic	 matter	 that	 is	 normal	 in	 the	 biomass	
structure	 is	 metal	 ions,	 such	 as	 alkali	 and	 alkaline	 earth	 metals.	 These	 are	 ionically	
bonded	in	the	biomass	structure	and	are	ion-exchangeable	with	protons.	It	means	that	
ions	 are	 exchange	 between	 a	 solid	 phase	 and	 a	 solution	 at	 electroneutral	 conditions.	
This	 reaction	 is	 reversible.	 Also,	 phosphorus	 and	 sulphur	 are	 present	 in	 the	 biomass	
structure	with	covalent	bonds.	From	a	study	done	by	 leaching	softwood	at	85	 °C	 in	an	
aqueous	solution	with	5	wt.%	acetic	acid	for	30	to	90	minutes,	it	was	found	that	the	ash	
content	decreased	with	increasing	leaching	time.	After	90	minutes	the	ash	content	had	
decreased	 from	3.5%	 to	1.5%	ash.	 Ion-exchange	 able	 elements	 are	 reduced	over	 time	
and	 also	 the	 content	 of	minerals	 such	 as	 SiO2.	 For	 the	 ion-exchangeable	 elements	 the	
mass	 transfer	 is	 controlled	 by	 the	 diffusion	 rate	 of	 dissolved	 alkali	 and	 alkaline	 earth	
metals	 ions	 and	 the	 ion-exchange	 reaction	 rate.	 The	 removal	 of	 minerals	 is	 only	
controlled	 by	 the	 diffusion	 rate.	 However,	 this	 leaching	 doesn’t	 remove	 all	 the	 ashes	
from	the	biomass	due	to	the	mild	condition.	Mainly	remaining	inorganic	element	in	the	
biomass	is	SiO2	[20].	

A	 rinsing	 step	 is	 necessary	 to	 have	 after	 acid	 leaching	 due	 to	 the	 biomass	 retains	
approximately	three	times	its	own	dry	mass	in	liquid.	This	is	important	to	remove	since	
the	liquid	contains	the	dissolved	minerals	and	residues	from	the	acid	[21].		

Also,	 leaching	 biomass	 with	 only	 distilled	 deionized	 water	 generates	 in	 lower	 ash	
content.	 According	 to	 earlier	 studies	 by	 Yu	 C.	 et.	 Al.	 the	 water	 leaching	 results	 in	 a	
removal	of	K,	Na	and	Cl.	In	order	to	remove	a	higher	content	of	ashes	from	the	biomass	it	
is	necessary	to	leach	the	material	with	acid	[5].	Earlier,	the	impact	on	physicochemical	
structure	in	biomass	by	different	leaching	methods	has	been	investigated.	It	is	efficiency	
to	 remove	 the	 undesirable	minerals	 by	 leaching,	where	 strong	 acid	 leaching	 removes	
more	minerals	than	water	leaching.	But	it	is	of	great	important	that	the	physicochemical	
structure	 in	biomass	change	due	to	 it	might	have	an	 impact	on	the	biomass	behaviour	
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during	coke	production.	Leaching	with	water	 is	preferable	according	 to	 the	 lower	cost	
than	acid	leaching	and	has	a	minimal	impact	on	the	structure	of	biomass.	An	advantage	
with	acid	leaching	is	that	it	increases	the	removal	of	alkali	and	alkaline	earth	metals	due	
to	 the	possibility	 to	 leach	 even	water	 insoluble	minerals.	 The	major	drawback	of	 acid	
leaching	 is	 that	 there	 is	a	risk	 that	some	acid	soluble	hydrocarbons,	hemicellulose	and	
cellulose	 constituents	 of	 biomass.	 This	 removal	 results	 in	 a	 change	 in	 the	
physicochemical	 structure	 of	 the	 biomass.	 In	 a	 comparison	 between	 water	 leaching,	
weak	acid	leaching	and	strong	acid	leaching	of	biomass	difference	can	be	seen	between	
these	 methods.	 Most	 of	 the	 minerals	 contained	 in	 biomass	 are	 composed	 of	 water-
soluble	 component.	 These	 components	 are	 mainly	 in	 forms	 of	 chlorides,	 nitrates,	
carbonates	 and	 phosphates.	 As	 it	 was	 mention	 before,	 also	 some	 hydrocarbons	 are	
leached	 during	 acid	 leaching,	 which	 decreases	 the	 C/H	 wt.%	 ratio.	 Calcium	 and	
Magnesium	 are	 mostly	 present	 as	 unsoluble	 salts	 in	 biomass	 and	 they	 are	 almost	
completely	leached	by	acid	leaching.		

By	 physical	 structure	 evolution	 with	 SEM	 (scanning	 electron	 microscope)	 images,	
showed	that	the	raw	biomass	has	a	clear	structure	with	many	small	particles.	After	the	
biomass	has	been	treated	with	water	leaching,	the	structure	was	still	clear	but	smaller	
particles	 were	 removed.	 The	 biomass	 that	 had	 been	 leached	 by	 acetic	 acid	 and	
orthoposphoric	acid,	which	are	weak	acids,	differs	from	the	raw	material	and	the	water	
leached	biomass.	Also	here,	the	smaller	particles	and	some	of	the	bigger	particles	were	
removed	by	the	leaching.	The	largest	differences	in	the	structures	were	in	the	materials	
that	had	been	leached	with	a	strong	acid	such	as	hydrochloric	acid,	sulphuric	acid	and	
nitric	acid.	The	structures	had	become	fuzzy	and	eroded	after	leaching.	In	addition,	the	
bigger	particles	 that	were	 visible	 in	 the	 SEM	 images	were	decreased	 compared	 to	 the	
other	leaching	methods.		The	area	of	the	samples	were	decreased	and	the	average	pore	
diameter	of	 the	samples	were	 increased	due	to	the	minerals	 that	had	exist	 in	the	pore	
structure	were	removed.	On	the	other	hand,	when	leaching	with	H2SO4	the	surface	area	
and	 the	 total	 pore	 volume	 were	 increased	 while	 the	 average	 pore	 diameter	 was	
decreased.	 This	 might	 be	 due	 to	 that	 the	 leaching	 has	 created	 a	 large	 number	 of	
micropores	and	mesopores.	Pores	can	be	divided	into	three	different	classes	due	to	size:	

! Micropores	(pore	size	<	2	nm)	
! Mesopores	(2nm	<	pore	size	<	50nm)	
! Macropores	(pore	size	>	50nm)	

The	 surface	 area	 is	 reflected	 by	micropores	 and	 the	 total	 pore	 volume	 is	 reflected	 by	
mesopores	 and	macropores.	The	overall	 conclusions	 that	were	drawn	 from	 this	 study	
were	 that	 strong	 acid	 leaching	 has	 an	 impact	 on	 the	 structure	 that	 is	 non-negligible.	
Weak	acid	leaching	had	insignificant	impact	on	the	physical	structure	of	biomass.		

When	 looking	 from	 the	 chemical	 point	 of	 view,	 it	 could	 be	 seen	 that	 the	 overlapping	
stretching	vibration	of	C-H	bonds	were	affected	by	acid	treatments.	No	sign	of	this	could	
be	 recognised	 for	 the	materials	 that	have	been	 treated	with	water	 leaching.	However,	
orthophosphoric	 and	 other	 strong	 acids	 (hydrochloric	 acid,	 sulphuric	 acid	 and	 nitric	
acid)	might	add	P,	Cl,	 S	and	N	 to	 the	biomass	during	 leaching	which	 is	not	preferable.	
Acetic	acid	consists	of	C,	O	and	H	so	it	cannot	add	undesirable	elements	to	the	biomass.	
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Moreover,	 the	acetic	acid	removes	potassium	and	sodium	better	than	deionized	water.	
Therefore,	the	acetic	acid	was	chosen	as	a	leaching	reagent	for	this	project	[22].	

2.3	CHARACTERIZATION	OF	BIO-COAL	AND	BIO-COKE	

2.3.1	X-RAY	FLUORESCENCE,	XRF	

In	 many	 cases,	 it	 is	 important	 to	 know	 the	 chemical	 composition	 of	 a	 material.	 One	
common	method	for	analysing	the	chemical	composition	is	by	XRF.	XRF	is	an	analytical	
technique	 that	 analysis	 the	 element	 distribution	 in	 a	 sample	 from	 beryllium,	 Be	 to	
uranium,	U.	 It	can	handle	different	 types	of	sample	such	as	solids,	 liquids,	slurries	and	
loose	powders.	Moreover,	 it	 can	also	measure	 the	 thickness	and	composition	of	 layers	
and	coatings	[23].	

From	the	result	obtained	from	XRF,	the	element	distribution	is	calculated	by	emission	of	
fluorescent	X-rays	with	a	specific	energies	characteristic	of	the	elements	present	in	the	
sample	caused	by	a	primary	x-ray	beam	from	an	x-ray	tube	[23].	

2.3.2	ICP-OES	

Inductively	 Coupled	 Plasma-Optical	 Emission	 Spectrometry	 (ICP-OES)	 is	 a	 common	
analysing	method	 for	 estimate	 and	quantifies	 trace	 elements	 in	both	 liquids	 and	 solid	
samples	 [24,	 25].	 This	 technique	 has	 been	 used	 since	 year	 1974	 and	 estimates	 the	
composition	of	elements	by	using	a	spectrometer	and	plasma.		The	ICP-OES	analyse	the	
sample	firstly	by	conducted	the	solution	with	a	pump	into	a	spray	chamber.	Further,	the	
solution	 is	 leading	 into	 argon	plasma	 at	 a	 temperature	 around	6000-7000	K,	where	 a	
magnetic	 field	 is	 induced.	The	electrons	are	accelerated	 into	a	 circular	path	caused	by	
the	magnetic	field,	which	leads	to	collisions	between	the	electrons	ionization	and	argon	
atoms,	which	makes	the	electrons	to	reaches	excited	state.	Further,	the	electrons	go	back	
from	excited	state	to	the	normal	level	of	energy,	which	generates	light	that	is	analysed	
by	 the	 spectrometer.	 The	 spectrometer	 measures	 the	 wavelength,	 which	 is	 used	 to	
determine	 the	 present	 elements	 in	 the	 sample	 due	 to	 every	 element	 has	 its	 own	
characteristic	emission	spectrum	[24].		

2.3.3	X-RAY	DIFFRACTION,	XRD	

X-ray	 diffraction,	 XRD,	 is	 a	 common	 analyse	 technique	 for	 analysing	 the	 mineral	
composition	and	the	structure	of	a	mineral.	This	analysis	method	analyses	the	sample	by	
expose	the	sample	with	X-rays	with	a	wavelength	of	1	Å.	The	angles	of	the	X-rays	varying	
between	 2-70°.	 When	 the	 X-rays	 strike	 the	 sample,	 the	 rays	 are	 reflected	 back	 in	
different	 ways	 depending	 on	 which	 crystalline	 structures	 exist	 in	 the	 sample.	 This	
specific	 angle	 that	 occurs	 when	 the	 x-rays	 are	 reflected	 can	 be	 used	 to	 identify	 the	
present	 phases	 in	 a	 sample,	 which	 also	 can	 be	 called	 the	 Bragg	 angle.	 Moreover,	 the	
technique	is	based	on	Bragg’s	low,	which	is	described	in	following	equation:	

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)																														(11)	
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In	equation	(11),	the	wavelength	is	described	by	λ,	θ	is	the	angle	between	the	surface	if	
the	 crystal	 and	 the	 incident	 rays	 and	d	 is	 the	 space	 between	 the	 layers	 of	 atoms.	 The	
constructive	interference	occurs	when	n	is	an	integer	[26].		

Figure	6	shows	an	overall	picture	of	which	parts	an	XRD	consists	of.	The	X-rays	comes	
from	an	X-ray	source	that	sends	the	X-ray	through	some	slits	until	it	reached	the	sample	
in	the	sample	holder.	These	slits	can	be	of	different	dimension	and	is	significant	for	the	
analysis	since	it	improves	the	focus	of	X-ray	beam	on	the	sample.	The	selected	slit	size	is	
based	on	the	type	of	sample	being	analysed.	When	the	X-ray	has	reached	the	sample	it	is	
reflected	to	the	detector	via	slits.	Also,	the	anode	tube	can	exist	of	different	material	and	
is	selected	based	on	the	substances	the	sample	consists	of.	However,	the	most	common	
anode	tube	is	made	of	copper	since	the	copper	generates	the	shortest	wavelength	above	
1	Å	[26].	

	

FIGURE	6	THE	DIFFERENT	PARTS	IN	THE	XRD	[26]	

2.3.4	LIGHT	OPTICAL	MICROSCOPY	

Optical	microscopy	is	a	technique	that	provides	images	on	a	sample	in	order	to	evaluate	
the	 structure	 such	 as	 arrangement	 of	 fibres.	 Also,	 it	 is	 possibly	 to	 see	 how	 different	
particles	are	associated	with	each	other	e.g.	 a	mineral	 sample.	The	optical	microscopy	
can	 be	 used	 in	 different	ways.	However,	 the	 two	most	 common	 settings	 to	 use	 either	
reflected	or	transmitted	light.	When	using	reflected	light	microscopy,	the	surface	of	the	
sample	is	investigated.	Therefore,	if	the	sample	is	mould	it	is	of	great	important	that	the	
surface	of	the	sample	is	polished	[27].	

For	 transmitted	 light	 microscopy	 is	 the	 sample	 optically	 transparent	 or	 translucent,	
which	 makes	 it	 possible	 for	 light	 to	 pass	 through	 them	 [27].	 In	 this	 project	 optical	
microscopy	with	reflected	light	was	chosen.		
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2.3.5	COMBUSTION	ANALYSES,	LECO	

The	 LECO	 analysis,	 which	 is	 a	 combustion	 analyses	 provides	 information	 about	 the	
content	 of	 carbon,	 sulphur,	 nitrogen	 and	 oxygen	 in	 the	 sample.	 	 This	method	 is	 very	
useful	when	the	samples	are	small	or	that	the	detection	limits	are	low.	To	characterize	
coke	 and	 investigate	 the	 coke	 quality	 is	 the	 content	 of	 carbon	 and	 sulphur.	 This	
information	is	obtained	in	the	LECO	test	by	heating	a	pulverized	sample	with	a	known	
mass	in	the	presence	of	pure	oxygen.		During	the	heating,	the	carbon	and	sulphur	starts	
to	combust	when	it	reacts	with	the	oxygen.	Both	carbon	and	sulphur	oxidizes	to	CO2	and	
SO2,	which	makes	 it	 possible	 to	measure	 the	 total	weight	 percent	 of	 these	 substances	
[28].	

2.3.6	THERMOGRAVIMETRIC	ANALYSIS,	TGA	

Thermogravimetric	 analysis,	 TGA,	 can	 measure	 the	 mass	 change	 in	 a	 solid	 or	 liquid	
sample	as	a	function	of	both	temperature	and	time.	This	can	also	be	executed	in	different	
pressures	and	gas	compositions.	 	This	method	 is	useful	 in	order	to	evaluate	a	samples	
thermal	stability	and	composition.	All	the	information	that	can	be	obtained	from	the	TGA	
is	[29,	30]:	

! Thermal	stability	
! Mass	loss	due	to	

o Reaction	such	as	reduction,	dehydration	
o Physical	processes	such	as	desorption,	evaporation,	sublimation	
o Decomposition	to	evolved	gases	

! Thermokinetics	(for	irreversible	process)	
! Mass	gain	due	to	reaction	such	as	oxidation	
! Decomposition	rate	(DTG)	

TGA	is	a	common	analysis	method	for	studying	coke	and	its	reaction	rate.	TGA	system	
studies	the	reactivity	of	coke	and	is	similar	to	the	CRI	test	[6].	
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In	figure	7,	a	simple	schematic	illustration	of	the	different	parts	in	TG	is	presented.	The	
sample	 is	 lying	 in	 the	 sample	 holder,	 which	 stands	 on	 a	 thermobalance	 in	 order	 to	
measure	 the	 mass	 change	 during	 cooling	 or	 heating	 in	 the	 furnace.	 Moreover,	 the	
environment	 is	 controlled	 with	 different	 parameters	 such	 as	 heating	 rate,	 gas	
atmosphere,	flow	rate	and	crucible	type	[29,	30].	

	

FIGURE	7	AN	INTERSECTION	OF	THE	TG	EQUIPMENT	
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3	METHOD	

In	this	chapter	is	the	methodology	for	the	thesis	described.	In	figure	8	is	a	summary	of	
the	thesis	project	presented.	The	project	can	be	divided	into	two	parts.	Firstly,	the	pre-
treatment	of	bio-coals	were	done	in	two	different	ways	and	was	followed	by	analysis	to	
characterize	the	pre-treated	bio-coal	and	the	ash.	The	second	part	of	the	project	was	the	
coke	making	step,	where	the	pre-treated	bio-coals	replaced	5	%	of	the	fossil	coal.		

	

FIGURE	8	THE	SUMMARY	OF	THE	DIFFERENT	PARTS	IN	THE	MASTER	THESIS	

3.1	MATERIALS	

In	this	section	are	the	materials	that	have	been	used	during	this	project	presented.	Two	
different	bio-coals	were	used,	torrefied	sawdust	(TSD)	and	torrefied	Grot,	which	consist	
of	torrefied	limbs,	twigs	and	frames	from	trees.	The	Grot	was	provided	by	Sveaskog	AB	
and	 later	 torrefied	 by	 AB	 Torkapparater.	 The	 TSD	 was	 provided	 by	 BioEndev	 AB.	 An	
image	of	the	various	bio-coals	is	presented	in	figure	9.	

Coke	
9	coal	blends:	1	without	bio-coal	

and	8	with	bio-coal	
Produce	9	different	cokes	from	

the	mixed	blends.	
Characterization	of	the	coke:	

TGA,	XRF	

Pre-treatment	of	bio-coals	
Water	and	acid	

leaching	of	the	bio-
coals	to	obtain	an	ash-
free	coal	structure	

Recovery	of	bio-coal	
ash	by	ashing		

Characterization	of	the	
leached	bio-coals	:	

Optical	microscopy	and	
ICP-OES	

Characterization	of	ash:	
XRD	
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FIGURE	9	BIO-COALS	USED	FOR	THIS	PROJECT	(TSD	TO	THE	LEFT	AND	GROT	TO	THE	RIGHT)	

Proximate	 and	ultimate	 analyses	of	 the	bio-coals	 are	presented	 in	 table	2.	 	 These	 two	
bio-coals	were	 chosen	 due	 to	 differ	 in	 content	 of	 both	 ash	 and	 volatile	matter,	which	
could	have	an	impact	on	the	ash	behaviour	and	later	also	affect	coke	quality	in	different	
ways.	Also,	the	fixed	carbon	was	lower	for	the	Grot.			

TABLE	2	PROXIMATE	AND	ULTIMATE	ANALYSIS	FOR	THE	BIO-COALS	

Proximate	analysis	[wt.%]	
Type	of	bio-coal:	 TSD	 Grot	
Ash,	550	C	 0.4	 2.2	
Moisture,	105	C	 6.2	 1.6	
Volatile	matter	(VM)db	 73.5	 75.0	
Fixed	carbon	 22.9	 21.2	

Ultimate	analysis	[wt.%]	
C	tot	(db),	1050C	 57.5	 58.0	
H,	1050C	 5.5	 5.30	
N,	1050	 	 4.0	
O	 36.5	 34.0	
S	tot.	Db	 0.01	 0.03	
P	 0.01	 0.12	
Heating	value,	HHV(MJ/kg)	 20.3	 22.8	
	

The	chemical	assays	of	 the	bio-coals	used	 in	 this	project	are	presented	 in	 table	3.	The	
main	different	between	the	bio-coals	were	the	higher	content	of	CaO,	K2O,	MgO,	SiO2,	N	
and	P	for	the	Grot.		
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TABLE	3	CHEMICAL	ASSAY	OF	THE	BIO-COALS	

Compound	 TSD	[%]	 Grot	[%]	
CaO	 0.156	 0.740	
MgO	 0.023	 0.110	
SiO2	 0.028	 0.070	
Al2O3	 0.005	 	
TiO2	 	 0.001	
V2O5	 0.000	 0.001	
Na2O	 0.002	 0.019	
K2O	 0.073	 0.240	
S	 0.010	 0.030	
P	 0.006	 0.120	
Mn	 0.013	 0.010	
Fe	 0.005	 0.010	
C	 57.000	 58.000	
H	 5.800	 5.300	
O	 36.700	 34.000	
N	 0.100	 0.480	
Zn	 0.002	 0.010	
	

In	order	to	be	able	to	compare	the	bio-coals	with	each	other,	the	materials	were	sieved	
to	 achieve	 the	 same	 particle	 size	 distribution.	 This	 particle	 size	 distribution	 has	 been	
used	in	earlier	studies	for	bio-coals	that	have	been	used	in	coke	production	at	Swerim	
[18].	The	particle	size	distribution	is	illustrated	in	figure	10.		

	

FIGURE	10	THE	PARTICLE	SIZE	DISTRIBUTION	FOR	BIO-COAL	

For	the	coke	production	three	different	bituminous	coals	were	used	provided	by	SSAB	in	
Luleå.	 These	were	 ranked	 based	 on	 the	 quantity	 of	 volatile	matter;	 high	 volatile	 coal	
(HV),	medium	volatile	coal	(MV)	and	low	volatile	coal	(LV).		
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3.2	PRE-TREATMENT	OF	BIO-COAL		

The	method	for	the	different	pre-treatments	that	were	carried	out	during	the	project	is	
explained	 in	 this	section.	Also,	 the	methods	 for	analysing	 the	pre-treated	bio-coals	are	
presented.		

3.2.1	ASHING	OF	MATERIAL	

Dried	 torrefied	 sawdust,	 TSD,	 was	 distributed	 between	 two	 alumina	 oxide	 crucibles	
respectively.	Further,	the	two	crucibles	were	put	into	a	muffle	furnace	in	order	to	ashing	
the	material,	which	means	that	all	materials	were	burned	out	except	the	ash.	This	was	
done	at	Swerim	with	the	temperature	profile	described	in	figure	11.	Firstly,	the	material	
was	heated	with	a	heating	rate	of	15°C/min	until	500	°C	was	reached.	The	temperature	
was	kept	constant	for	30	minutes.	Furthermore,	the	material	was	heated	again	with	the	
same	heating	rate	to	815	±	15	°C	and	was	kept	for	2	hours.			

	

FIGURE	11	THE	TEMPERATURE	AND	TIME	PROFILE	FOR	ASHING	OF	TSD	AND	GROT	

Thereafter,	the	crucibles	with	the	material	were	cooled	down	at	room	temperature	for	
18	hours.	The	same	procedure	was	done	on	dried	Grot.	

In	order	to	evaluate	the	phases	in	the	ashes,	XRD	analysis	was	made	on	the	ash	samples	
with	 a	 PANAlytical	 Empyrean	 X-ray	 diffractometer	 equipped	 with	 a	 Cu	 X-ray	 tube	 at	
Luleå	University	 of	Technology.	 Further,	 the	 sample	holders	were	back-filled	with	 the	
ash	and	the	instrument	was	set	according	to	the	settings	presented	in	table	4.	The	total	
time	for	the	analysis	was	29	min	in	the	angle	range	of	10-	90.02	°2θ.		
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TABLE	4	SETTINGS	FOR	XRD	

Start	angle	 10		°2θ	
End	angle	 90.02	°2θ	
Step	size	 0.026°	Continuous	
Time	per	step	 140.3	s	
Number	of	steps	 3047	
Total	time	 29	min	08s	
Soller	slits	 0.04	rad.	
Fixed	incident	beam	mask	 10	mm	
Angle	 1/2°	
Anti-scatter	slit	 Fixed	slit	1°,	6.4	mm	
	

Later,	the	results	from	XRD	were	evaluated	in	the	software	High	Score	plus.		

3.2.2	LEACHING	BIO-COAL	

The	bio-coals	were	 leached	at	Luleå	University	of	Technology	 in	 two	different	ways	 in	
order	to	be	able	to	compare	which	of	leaching	method	that	is	most	suitable	for	the	bio-
coals,	 with	 the	 purpose	 to	 replace	 some	 of	 the	 fossil	 coal	 with	 the	 bio-coals	 in	 coke	
production.	 To	 avoid	 any	 major	 changes	 in	 the	 carbon	 structure,	 water	 leaching	 and	
weak	acid	leaching	were	chosen.	The	acid	leaching	was	done	with	an	aqueous	solution	
contained	5	wt%	acetic	acid	during	2	hours	with	stirring	in	a	closed	batch	glass	reactor	
system,	which	can	be	seen	in	figure	12.	The	total	volume	of	the	liquids	for	leaching	was	
10	mL/g	 sample.	 	 Further,	 the	 leachates	 and	 the	bio-coals	were	 separated	by	 vacuum	
filtration.	 In	 order	 to	 remove	 the	 remaining	 residue	 from	 the	 leachate,	 the	 bio-coals	
were	washed	with	mili-q	water.	The	 same	amounts	of	wash	water	were	used	on	both	
bio-coals.			

For	 the	 water	 leaching,	 the	 total	 volume	 of	 the	 leaching	water	 was	 10	mL/g	 sample.	
Further,	 the	 leaching	were	performed	 in	 the	same	way	as	 the	acid	 leaching	except	 the	
temperature	was	constant	at	80°C.	After	the	leaching,	the	bio-coals	were	separated	from	
the	leachates	by	vacuum	filtration.		



25	
	

	

FIGURE	12	THE	LEACHING	SET-UP	

Thereafter,	 the	 bio-coals	 were	 dried	 in	 an	 oven	 at	 105	 °C	 for	 24	 hours.	 In	 order	 to	
measure	the	elements	that	were	leached,	the	leachate	from	the	different	leaching	were	
analysed	 in	 iCAP	 7200	 ICP-OES	 Duo	 at	 Luleå	 University	 of	 Technology.	 When	 the	
solutions	were	cooled,	 the	samples	were	diluted	100	and	200	times	based	on	 ICP-OES	
requirements.	

Further,	the	bio-coals	and	the	leached	bio-coals	were	investigated	by	optical	microscopy	
at	Luleå	University	of	Technology	to	investigate	if	there	were	any	changes	in	the	carbon	
structure	 caused	 by	 leaching.	 Before	 the	 bio-coals	 could	 be	 analysed	 in	 optical	
microscopy,	 it	 was	 necessary	 to	mould	 the	material	 in	 epoxy	moulds.	 Thereafter,	 the	
epoxy	moulds	were	polished	in	order	to	get	a	clean	surface.	Further,	the	samples	were	
investigated	 in	 the	 optical	 microscopy	 with	 magnification	 of	 both	 2.5X	 and	 5X.	 The	
magnification	 2.5	 X	 was	 used	 to	 get	 an	 overall	 picture	 of	 each	 sample	 and	 the	
magnification	5X	was	used	to	be	able	to	investigate	the	carbon	structure	more	deeply.			

3.3	COKE	PRODUCTION	

Five	 different	 coal	 blends	 were	 prepared	 for	 coke	 production	 in	 Tamman	 furnace	 at	
Luleå	 University	 of	 technology.	 The	 leached	materials	 were	 used	 to	 produce	 coke	 by	
replacing	5%	of	 the	 fossil	 coal	 in	 the	 coal	blends.	 Further,	 two	 cokes	were	made	with	
replacing	5	%	of	the	fossil	coal	in	the	coal	blends	with	ash	that	represent	5%	of	each	bio-
coal.	 In	 order	 to	 investigate	 if	 the	 leaching	 was	 a	 good	 way	 to	 improve	 the	 bio-coal	
before	using	 it	 for	 coke	production,	 a	 reference	 coke	was	 also	made	 for	 each	bio-coal	
type.	 Also,	 a	 reference	 coke	without	 bio-coal	was	 used	 to	 evaluate	 the	 bio-cokes.	 The	
following	 blends	 (Table	 5)	 were	 used	 during	 coke	 production	 with	 a	 coal	 mixture	
containing:	
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TABLE	5	EXPLANATIONS	AND	ABBREVIATIONS	FOR	THE	PRODUCED	COKES	

Coke	
name		

Coke	type	 Abbreviation	

Coke	A	 Reference	coke	without	bio-coal	 Coke	A	
Coke	B	 Coke	with	5%	Grot	 CokeB_ref	

Coke	with	5%	water	leached	Grot	 CokeB_H2O	
Coke	with	5%	acetic	acid	leached	Grot	 CokeB_HAc	
Coke	with	ash	from	5%	Grot	 CokeB_Ash	

Coke	C	 Coke	with	5%	TSD	 CokeC_ref	
Coke	with	5%	water	leached	TSD	 CokeC_H2O	
Coke	with	5%	acetic	acid	leached	TSD	 CokeC_HAc	
Coke	with	ash	from	5%	TSD	 CokeC_Ash	

	

Compositions	 of	 the	 coal	 mixtures	 in	 weight	 percent	 are	 presented	 in	 table	 6.	 Total	
masses	of	500	g	of	each	coal	mixture	were	prepared.			

TABLE	6	COMPOSITION	OF	COAL	MIXTURES	FOR	COKE	PRODUCTION	

	 Weight-%	
Low	Volatile	coal	 38.0	
Medium	Volatile	coal	 30.4	
High	Volatile	coal	 26.6	
Bio-coal	 5.0	
Total	 100.0	

	

The	coal	mixtures	were	packed	in	a	graphite	crucible	with	a	bulk	density	of	800	kg/m3.	
Firstly,	215.4	g	was	weighed	up	and	packed	so	that	the	height	of	the	material	reached	7	
cm.	Further,	 a	 thermocouple	was	placed	at	 the	 surface	of	 the	material.	Thereafter,	 the	
same	 amount	with	 215.4	 g	 of	 the	 coal	mixture	was	 added	 to	 the	 crucible	 and	 packed	
around	 the	 thermocouple.	 Further,	 the	 packed	 crucible	 was	 placed	 in	 the	 Tamman	
furnace	with	two	thermocouples	on	both	sides.	Alumina	tubes	were	used	to	protect	the	
thermocouples	from	the	released	gases.	The	set	up	for	the	Tamman	furnace	is	illustrated	
in	figure	13.		
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FIGURE	13	THE	SET	UP	FOR	THERMOCOUPLES	AND	THE	SAMPLE	CRUCIBLE	IN	THE	TAMMAN	FURNACE	
[18]	

The	furnace	was	controlled	based	on	the	temperature	curve	described	in	figure	14.	The	
temperature	profile	describes	the	temperature	that	should	occur	in	the	packed	bed	from	
room	temperature	up	to	approximately	1050	°C.	Firstly,	the	coal	bed	was	heated	with	a	
heating	 rate	 of	 5	 °C/min.	When	 the	 bed	 had	 reach	 100	 °C,	 the	 temperature	was	 kept	
stable	for	1.5	hour.	Thereafter,	the	heating	rate	increased	to	15	°C/min,	and	at	the	same	
time	a	gas	burner	was	started	to	avoid	emissions	of	carbon	monoxide.	Nitrogen	gas	was	
added	with	 a	 gas	 flow	 of	 10	 l/min	 to	 obtain	 an	 inert	 atmosphere.	 After	 the	 coal	 bed	
reached	the	temperature	of	1050	°C,	the	temperature	was	kept	stabile	for	additional	1.5	
hour.		Furthermore,	the	furnace	was	turned	off	and	the	material	was	cooled	down	in	the	
furnace	during	addition	of	nitrogen	gas.		

	

FIGURE	14	TEMPERATURE	PROFILE	AT	COKE	PRODUCTION	
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After	 the	coke	had	been	recovered,	 the	coke	yields	were	calculated	based	on	the	mass	
change	 according	 to	 equation	 (13)	 in	 section	2.2.4	Challenges	with	replacing	 fossil	coal	
with	bio-coal,	in	order	to	evaluate	the	coke	making.		

3.4	CHARACTERIZATION	OF	COKE	

In	this	section	are	the	different	methods	for	characterization	of	coke	described.	The	goal	
was	to	find	out	the	reaction	rate	of	the	coke	and	also	evaluate	which	elements	that	were	
present	in	the	different	cokes.			

3.4.1	TGA	

Before	 the	 samples	 were	 analysed,	 a	 correction	 file	 was	 made	 in	 order	 to	 reduce	
deviations	 that	 the	environment	 creates.	Two	alumina	 crucibles	were	used	during	 the	
analysis,	where	one	of	them	was	empty	and	act	as	a	reference.	The	other	one	contained	
the	sample.	The	temperature	profile	for	TG	analysis	is	presented	in	figure	15.	Firstly,	the	
sample	was	heated	up	to	600	°C	with	a	heating	rate	of	20°C	/min.	Further,	the	heating	
rate	was	decreased	 to	3	 °C	/min	until	 the	 temperature	of	 the	sample	 reached	1200°C.	
Lastly,	the	sample	was	cooled	down	to	25	°C	with	cooling	rate	20°C.	The	total	time	for	
the	 each	 analysis	 was	 279	 min.	 However,	 the	 analysis	 was	 executed	 with	 a	 carbon	
dioxide	atmosphere,	with	180	ml/min	as	gas	flow.		

	

	

FIGURE	15	TEMPERATURE	PROFILE	FOR	TGA	
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3.4.2	XRF	AND	LECO	

To	be	able	to	perform	the	XRF	and	LECO	analysis	 it	was	necessary	to	grind	some	coke	
pieces	of	each	coke	to	obtained	pulverized	samples.	The	grinding	was	done	at	Swerim	in	
a	laboratory	ring	mill	during	10	seconds.	Further,	the	LECO	test	was	done	at	Swerim	and	
the	chemical	assays	were	executed	at	SSAB	in	Luleå.	
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4	RESULTS	AND	DISCUSSION	

In	the	 following	section,	 the	results	 from	characterization	of	 the	ashes,	 the	pre-treated	
bio-coals	and	the	coke	presented.	The	results	are	presented	in	the	following	order:	

1. The	ashes	from	the	bio-coals	
	The	result	from	production	of	ash	from	each	bio-coals	were	investigated	and	the	
ashes	were	 analysed	 by	 XRD	 in	 order	 to	 obtain	 information	 about	 the	 present	
phases	in	the	ash.	

2. The	leaching	of	bio-coals	
The	 leachates	 were	 analysed	 by	 ICP-OES	 following	 by	 evaluation	 about	 which	
elements	were	leached	and	which	were	not.	Further,	the	leached	bio-coals	were	
investigated	with	optical	microscopy.		

3. Coke	production	
The	 coke	 production	was	 evaluated	 by	 investigate	 the	 temperature	 profile	 and	
coking	time.	Moreover,	the	produced	coke	were	evaluated	by	XRF,	TGA		
	

4.1	ASH	IN	BIO-COAL	

After	 ashing	 the	 bio-coals	 in	 the	 muffle	 furnace,	 the	 remaining	 ash	 amount	 were	
measured.	The	amount	of	ash	 is	presented	 in	 table	7	 for	both	bio-coals.	 It	can	be	seen	
that	the	calculated	ash	content	was	higher	than	the	chemical	assay	that	was	made	on	the	
material	before	ashing.	This	may	be	due	to	the	fact	that	the	chemical	analysis	produced	
by	the	companies	does	not	correspond	to	that	part	of	the	material	that	was	used	in	this	
project.	 It	 can	 also	 be	 because	 of	 some	material	 that	 should	 have	 been	 burned	 away	
stayed	in	the	sample.	

TABLE	7	ASH	CONTENT	AFTER	ASHING	THE	BIO-COAL	

Bio-coal	type	 In	[g]	 Out	[g]	 Ash	wt.%	
TSD	 164.54	 1.07	 0.65	
Grot	 127.8	 2.02	 1.58	
	

An	interesting	notice	was	that	the	colour	differed	between	the	two	produced	ashes.	As	it	
can	be	seen	in	figure	16,	the	ash	from	TSD	had	a	dark	brown	colour	compared	with	the	
ash	 from	 Grot	 that	 had	 a	 light	 grey	 almost	 greenish	 colour.	 This	 indicates	 that	 the	
composition	of	the	ashes	differs	between	the	bio-coals	and	needs	further	investigation.		
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FIGURE	16	THE	ASH	FROM	TSD	(TO	THE	LEFT)	AND	ASH	FROM	GROT	(TO	THE	RIGHT)	

The	 present	 phases	 of	 the	 ashes	 were	 investigated	 with	 XRD	 at	 Luleå	 University	 of	
technology.		From	the	analysis	of	the	XRD	result	in	High	score	plus,	showed	that	the	ash	
from	Grot	clearly	existed	of	CaO	since	it	had	high	intensity.	This	was	expected	due	to	the	
chemical	 analysis	 on	 the	 original	Grot.	 In	 figure	 17,	 the	 result	 for	 XRD	 analysis	 of	 the	
Grot	is	presented.	The	peaks	for	CaO	have	a	high	intensity	and	are	therefore	reliable.		

	

FIGURE	17	PHASES	DETECTED	IN	ASH	FROM	GROT	

The	 results	 obtain	 from	 the	 XRD	 analysis	 done	 on	 TSD	 is	 presented	 in	 figure	 18.	 In	
comparison	with	the	result	of	the	Grot	the	intensity	is	considerably	lower.	This	may	be	
that	the	sample	is	not	so	crystalline	but	consists	of	a	more	amorphous	structure	instead.	
However,	this	means	that	the	result	is	not	as	credible	as	it	is	more	difficult	to	determine	
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which	 phases	 exist.	 The	 phases	 that	 were	 found	 in	 High	 Score	 plus	 were	 Calcium	
Magnesium	Iron	Silicates	and	some	Zincite.		

	

FIGURE	18PHASES	DETECTED	IN	ASH	FROM	TSD	

Based	on	the	phases	that	have	been	investigated	for	the	ashes	in	the	two	different	bio-
coals,	there	is	a	clear	difference	between	the	ashes	of	these	bio-coals.	The	ash	from	Grot	
was	clearly	dominated	by	CaO	and	was	more	crystalline	compare	to	the	ash	from	TSD.	
The	TSD	ash	was	 less	crystalline	and	contained	Calcium	Magnesium	Iron	Silicate.	Also,	
Zincite	was	detected.		

4.2	THE	LEACHED	BIO-COAL	

In	order	to	evaluate	the	material	after	leaching,	the	masses	were	measured	before	and	
after	leaching.	During	the	leaching	process	it	could	be	seen	that	the	bio-coal	increased	in	
volume	by	 absorbing	 the	 leachate.	Between	 the	masses	 (table	8),	 there	was	 a	marked	
difference	 in	weight	 after	 leaching.	 Another	 observation	 that	 could	 be	made	was	 that	
TSD	 was	 difficult	 to	 handle	 after	 leaching	 due	 to	 the	 large	 volume	 increase,	 which	
resulted	in	large	mass	losses.		Also,	the	TSD	material	was	more	difficult	to	leach	due	to	
its	low	density,	the	material	would	tend	to	float	on	the	surface	of	the	leaching	solution.	
On	the	contrary,	the	Grot	took	long	time	to	filter,	which	is	not	particularly	advantageous	
if	this	were	to	be	carried	out	on	a	large	scale.		
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TABLE	8	A	COMPARISONS	ON	THE	MASS	DURING	LEACHING	

Bio-coal	type	 Leaching	
method	

In	[g]	 Out	wet	[g]	 Out	dried	[g]	

TSD	 Water	 100	 299.6	 91.4	
5%	Acetic	acid	 100	 325.2	 92.3	

Grot	 Water	 100	 395.1	 97.3	
5%	Acetic	acid	 100	 299.1	 97.8	

The	leachates	from	the	leaching	with	acetic	acid	are	presented	in	figure	19.	The	leachate	
from	the	leaching	of	Grot	was	darker	than	for	TSD.	Also,	similar	colours	on	the	leachate	
were	obtained	from	the	water	leaching.	

	

FIGURE	19	THE	LEACHATES	FROM	THE	ACID	LEACHING.	(LEFT:	LEACHATE	FROM	TSD.	RIGHT:	
LEACHATE	FROM	GROT)	

After	 leaching,	 the	 leach	 solutions	 were	 investigated	 by	 ICP-analysis.	 	 The	 amount	 of	
each	element	that	was	present	 in	 the	 leachate	after	 leaching	100	g	of	each	bio-coals	 is	
describe	in	table	9.	
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TABLE	9	THE	AMOUNT	OF	EACH	ELEMENT	THAT	IS	PRESENT	IN	THE	LEACHATE	AFTER	LEACHING	100	
G	

Element	 Water-leached	
Grot	[mg]	

Acid	–leached	
Grot	[mg]	

Water	leached	
TSD	[mg]	

Acid	leached	TSD	
[mg]	

Ca	 10.68	 285.97	 19.88	 36.28	
Mg	 2.14	 32.18	 2.74	 5.27	
Mn	 0.03	 2.46	 1.72	 9.35	
K	 70.71	 115.92	 32.24	 27.93	
Zn	 0.17	 3.87	 12.03	 64.77	
Si	 1.01	 0.73	 0.47	 2.41	
Pb	 -	 0.67	 0.00	 1.93	
P	 14.54	 26.75	 5.71	 2.88	
Fe	 -	 1.02	 -	 8.18	
Al	 -	 0.25	 -	 1.06	
Na	 7.10	 6.11	 3.36	 1.57	
Ba	 -	 0.62	 -	 0.58	
Cd	 	 0.01	 -	 0.02	
Co	 -	 0.02	 -	 0.05	
	

What	 can	 clearly	 be	 distinguished	 from	 table	 9	 is	 that	 acid	 leaching	 has	 been	 more	
effective	 than	 water	 leaching	 on	 both	 bio-coals,	 due	 to	 that	 a	 higher	 amount	 of	 each	
element	 were	 leached	 by	 acid.	 In	 general,	 Grot	 contains	 more	 ash	 and	 therefore	
generally	 leaches	 a	 larger	 amount	 of	 each	 element.	 It	 also	 indicated	 that	 the	 calcium	
content	was	higher	in	the	Grot	compared	to	TSD.	On	the	contrary,	TSD	clearly	contained	
more	 Zn	 than	Grot.	 This	was	 also	 confirmed	 in	 the	 result	 from	 the	XRD	on	 the	 ashes.	
Moreover,	the	two	leaching	methods	were	successfully	for	removal	of	calcium	from	the	
bio-coals	 although	 the	 amount	 removed	 was	 higher	 for	 the	 acid	 leaching.	 The	 same	
pattern	was	 for	all	 elements	except	Si	 and	Na,	which	 instead	had	a	higher	 removal	by	
water	leaching	instead	of	acid	leaching.	However,	the	acid	leaching	generated	a	removal	
of	Pb,	Fe,	Al,	Ba,	Cd	and	Co,	which	was	not	possible	during	the	water	 leaching	because	
these	substances	are	not	water-soluble.	Although,	 the	acid	 leaching	was	more	efficient	
than	 the	 water	 leaching,	 it	 is	 preferable	 to	 use	 water	 leaching	 because	 it	 is	 more	
applicable	in	the	industry.	Also,	the	water	leaching	has	the	lowest	impact	on	the	carbon	
structure	 according	 to	 earlier	 studies	 that	 were	 described	 in	 section	 2.2.5.1	 Leaching	
biomass	for	ash	removal.	 	When	only	using	water	the	costs	are	lower	compared	to	acid.	
Also,	acid	leaching	increases	the	risk	of	corrosion,	which	in	the	long	run	can	lead	to	large	
cost	
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4.2.1	OPTICAL	MICROSCOPY	

The	optical	microscopy	was	done	at	Luleå	University	of	Technology	to	evaluate	the	coal	
structure	of	 the	bio-coals.	The	 leached	bio-coals	were	compared	with	 the	original	bio-
coals	 to	 investigate	 if	 the	 leaching	 has	 affected	 the	 coal	 structure.	 In	 figure	 20	 the	
different	between	the	original	bio-coals	can	be	seen.	Since	the	Grot	consists	of	different	
parts	of	 the	 tree,	 the	grot	has	a	 large	variety	of	 structures.	Generally,	 the	TSD	 is	more	
homogeneous	and	has	a	carbon	structure	with	a	much	 larger	pore	size	 than	Grot.	The	
dark	spots	in	the	pores,	which	can	be	seen	in	all	the	images	from	optical	microscopy	is	
epoxy.	It	does	not	belong	to	the	carbon	structure	and	was	therefore	not	included	in	the	
evaluation	of	the	result.		

	
FIGURE	20	OVERVIEW	OF	THE	COAL	STRUCTURE	
IN	THE	BIO-COALS	(LEFT:	GROT		RIGHT:	TSD)	
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It	is	of	interest	to	know	if	the	carbon	structure	has	been	affected	by	the	leaching	since	a	
change	 in	 the	structure	can	 later	affect	 the	properties	of	 the	coke	when	using	 the	bio-
coal	in	coke	production.	In	figure	21	the	TSD	are	compared	with	the	water	leached	and	
acetic	 acid	 leached	 TSD	 with	 a	 magnification	 of	 5X.	 In	 Appendix	 II	 images	 with	
magnification	 of	 2.5X	 of	 the	 leached	 bio-coals	 are	 also	 presented.	 	 A	 conclusion	 that	
could	be	drawn	after	investigated	the	Grot	with	optical	microscopy	was	that	there	are	no	
clear	 differences	 in	 the	 carbon	 structure	 regardless	 of	 whether	 the	 Grot	 has	 been	
leached	or	not.		

	

	
FIGURE	21	A	COMPARISONS	WITH	ORIGINAL	AND	
LEACHED	GROT.	(ON	TOP:	UNLEACHED,	LEFT:)	
WATER	LEACHED,	RIGHT:	ACID	LEACHED)	

	

	

	 	



37	
	

Also,	 the	 leached	 and	 original	 TSD	were	 compared	 by	 optical	microscopy	 (figure	 22),	
which	showed	that	the	coal	structure	hasn’t	been	affected	of	the	leaching.	On	the	other	
hand,	 the	 pore	 size	 may	 have	 slightly	 increased	 by	 the	 leaching	 but	 it	 is	 difficult	 to	
determine	and	therefore	need	further	investigation.		

	

	

	

	
FIGURE	22	A	COMPARISONS	WITH	ORIGINAL	AND	
LEACHED	TSD.(ON	TOP:	ORIGINAL,	LEFT:	WATER	
LEACHED,	RIGHT:	ACID	LEACHED)	

	

	

4.3	COKE	PRODUCTION	

After	 the	 coke	 production	 in	 Tamman	 furnace	 at	 Luleå	 University	 of	 technology,	 the	
temperature	 profile	 for	 each	 coke	 production	 over	 time	 were	 plotted,	 which	 is	
illustrated	in	figure	23.		
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FIGURE	23.	THE	AVERAGE	TEMPERATURE	PROFILE	OVER	TIME	DURING	COKE	PRODUCTION	

The	 heating	 rates	 for	 different	 temperatures	 interval	 during	 the	 coke	 production	 are	
presented	in	table	10.			

TABLE	10	THE	HEATING	RATE	AT	DIFFERENT	TEMPERATURES	DURING	COKE	MAKING	

Coke	Sample	 Bio-coal	type	 Heating	rate	[°C/min]	in	
specific	temperature	
interval	

Highest	reached	
temperature	
[°C]	

200-400	°C	 500-1000°C	
CokeA	 Without	bio-coal	 8.3	 81.5	 1044	
CokeB_ref	 Grot	 4.6	 28.0	 1080	
CokeB_H2O	 Grot	 8.4	 20.2	 1048	
CokeB_HAc	 Grot	 6.0	 56.2	 1074	
CokeB_Ash	 Grot	 6.0	 24.4	 1066	
CokeC_ref	 TSD	 8.6	 85.9	 1075	
CokeC_H2O	 TSD	 9.8	 51.4	 1061	
CokeC_HAc	 TSD	 6.4	 44.9	 1127	
CokeC_Ash	 TSD	 6.1	 29.8	 1038	
	

According	 to	 the	 temperature	 profile	 in	 figure	 23	 and	 table	 10,	 the	 cokes	 had	 a	
significant	difference	 in	heat	 rates.	The	heating	 rate	 for	 the	 first	 temperature	 interval,	
200	to	400	°C,	had	the	CokeB_ref	the	lowest	heat	rate	at	4.6	°C/min.	However,	the	water	
leached	bio-coals	 had	 the	highest	 heating	 rate	8.4	 °C/min	 for	Grot	 and	9.8	 °C/min	 for	
TSD	during	this	specific	temperature	interval.	Also,	CokeC_ref	had	a	high	heating	rate	at	
8.6	°C/min.	In	the	temperature	interval	of	500	and	1000	°C,	both	CokeA	and	CokeC_ref	
reached	the	highest	heating	rate	at	81.5	°C/min	and	85.9	°C/min,	respectively.		
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The	highest	reached	temperature	for	the	CokeC_Ash	was	approximately	1038	°C,	which	
was	 lower	compared	 to	 the	others.	 	Due	 to	difficulty	 in	controlling	 the	 temperature	 in	
the	furnace,	the	temperature	of	CokeC_HAc	reached	1127°C.	This	high	temperature	may	
have	affected	the	carbon	structure	in	the	coke,	which	also	could	have	an	impact	on	the	
reactivity	 of	 the	 coke	 and	 the	 strength.	 For	 the	 cokes	 contained	 Grot	 there	 was	 a	
significant	 difference	 between	 the	 CokeB_ref	 and	 the	 others.	 The	 heating	 rate	 was	
significant	slower	for	CokeB_ref,	and	it	may	due	to	the	settings	in	the	Tamman	furnace	
or	that	there	existed	some	crystal	water	in	the	Grot	that	absorbed	energy	during	heating.	

	To	be	able	to	confirm	the	cause	for	the	slow	heating	rate	of	CokeB_ref,	it	is	necessary	to	
produce	a	new	coke	with	 the	 same	content	 and	use	 the	 same	setting	 for	 the	Tamman	
furnace.	 In	 order	 to	 evaluate	 the	 coke	 production	 further,	 the	 coke	 yields	 were	
calculated	 for	 each	 sample	 according	 to	 equation	 13,	 presented	 in	 section	 2.2.4	
Challenges	with	replacing	fossil	coal	with	bio-coal.		

TABLE	11.	COKE	YIELD	

Sample	 In	[g]	 Out	[g]	 Coke	yield	[%]	
Coke	A	 	 	 77.8	
CokeB_ref	 430.8	 302.9	 70.4	
CokeB_H2O	 430.8	 303.1	 70.4	
CokeB_HAc	 430.8	 303.2	 70.4	
CokeB_Ash	 430.8	 311.3	 72.3	
CokeC_ref	 430.8	 299.3	 69.5	
CokeC_H2O	 430.8	 305.4	 70.9	
CokeC_HAc	 430.8	 307.6	 71.5	
CokeC_Ash	 430.8	 312.4	 72.6	
	

According	to	table	11,	where	the	coke	yields	are	listed,	it	can	be	seen	that	the	cokes	with	
the	 representative	 ash	 content	 from	 5%	 Grot	 and	 TSD	 had	 the	 highest	 coke	 yields,	
72.31%	and	72.57%	respectively.	The	coke	yield	indicates	that	these	two	samples	had	a	
lower	 mass	 loss	 during	 coke	 production	 in	 comparison	 with	 the	 other	 samples.	 One	
observation	made	was	that	the	coke	yield	 increased	for	TSD	from	69.51%	with	TSD	to	
71.45%	with	acid	 leached	TSD.	The	differences	between	 the	cokes	contained	Grot	and	
were	 lower	 than	 0.1%	 in	 coke	 yield.	 Figure	 24	 shows	 an	 image	 of	 the	 produced	
CokeC_ref.	
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FIGURE	24	THE	PRODUCED	COKEC_REF	

4.3.1	THE	CHEMICAL	COMPOSITION	OF	COKE	

The	chemical	assays	for	each	coke	are	presented	in	table	12.	It	can	be	seen	that	the	CaO	
content	varying	between	the	different	type	of	Coke	B.	CokeB_HAc,	which	contained	Grot	
leached	by	acid	had	a	 lower	content	of	CaO,	0.14	%	compared	to	the	others	of	Coke	B,	
0.17-0.18%.		Since,	the	acid	leaching	of	the	bio-coal	managed	to	remove	CaO	it	resulted	
in	a	lower	CaO	content	in	the	produced	coke.	This	was	also	confirmed	in	the	result	from	
ICP-OES.	 No	 noticeable	 difference	 could	 be	 seen	 for	 the	 different	 Coke	 C	 in	 the	 CaO	
content.	Moreover,	the	Al2O3	content	varies	a	lot	between	the	cokes.	For	the	Coke	B	with	
acid	 leached	Grot,	 the	Al2O3	 content	was	2.88%,	which	 is	 a	bit	 lower	 compared	 to	 the	
reference	and	the	water	 leached	Coke	B,	which	were	2.93%	and	3.02%	respectively.	A	
significant	different	was	that	the	Al2O3	content	was	3.22%	in	Coke	B	containing	only	the	
ash	 from	 5%	 Grot.	 It	 indicates	 that	 the	 ash	 from	 Grot	 contains	 significant	 amount	 of	
Al2O3.	 Because	 the	 content	 for	 CokeB_Ash	 differ	 significantly	 from	 the	 others	 a	 new	
analysis	should	be	done	to	exclude	contamination.	For	coke	C	was	the	content	of	Al2O3	
lower	for	the	coke	with	leached	TSD	than	for	the	reference.	It	might	be	that	the	Al2O3	has	
been	 leached	 out	 during	 the	 pre-treatment	 on	 the	 bio-coal.	 The	 pattern	 for	 the	 Fe	
content	 in	 the	cokes	 indicates	 that	 the	 iron	remains	 in	 the	bio-coal	after	 leaching,	and	
therefore	the	iron	content	is	slightly	increasing	for	the	coke	with	leached	bio-coal.	Lastly,	
the	MgO	content	for	Coke	B	with	ash	from	5%	Grot	was	higher	than	the	others.	It	must	
depends	on	the	ash	that	were	produced	contains	a	higher	amount	of	MgO.	

	 	



41	
	

	

TABLE	12	THE	CHEMICAL	ASSAYS	FOR	EACH	COKE	

Coke	
sample	

CaO	 SiO2	 Al2O3	 Fe	 MnO	 MgO	 P2O5	 S	 K2O	 TiO2	 Na2O	 Sum		

Coke	A	 0.03	 5.46	 2.79	 0.44	 0.04	 0.05	 0.05	 0.54	 0.15	 0.19	 0.05	 	9.71	
CokeB_
ref	

0.17	 5.86	 2.93	 0.41	 0.04	 0.08	 0.07	 0.61	 0.16	 0.18	 0.05	 10.43	

CokeB_
H2O	

0.18	 5.86	 3.02	 0.48	 0.05	 0.08	 0.07	 0.61	 0.15	 0.19	 0.05	 10.64	

CokeB_
HAc	

0.14	 5.76	 2.88	 0.47	 0.04	 0.08	 0.07	 0.60	 0.15	 0.18	 0.05	 10.32	

CokeB_
Ash	

0.15	 6.40	 3.22	 0.41	 0.03	 0.14	 0.06	 0.60	 0.16	 0.19	 0.05	 11.29	

CokeC_
ref	

0.07	 6.10	 3.26	 0.39	 0.04	 0.07	 0.05	 0.60	 0.15	 0.19	 0.05	 10.84	

CokeC_
H2O	

0.06	 6.16	 3.08	 0.41	 0.04	 0.07	 0.06	 0.59	 0.15	 0.19	 0.05	 10.74	

CokeC_
HAc	

0.07	 5.92	 2.99	 0.47	 0.05	 0.07	 0.06	 0.60	 0.14	 0.19	 0.05	 10.51	

CokeC_
Ash	

0.08	 6.00	 3.07	 0.43	 0.05	 0.07	 0.07	 0.61	 0.15	 0.19	 0.05	 10.65	

	

In	figure	25	is	the	weight	percent	of	the	total	oxide	content	and	silica	illustrated.	All	the	
cokes	that	contained	bio-coal	had	a	higher	sum	of	oxides	then	Coke	A.	This	indicates	that	
the	addition	of	bio-coal	increases	the	oxide	content	in	the	coke.	Most	likely,	the	bio-coal	
consisted	of	more	oxides	compared	to	fossil	coal.	The	sum	of	oxide	can	be	assumed	to	be	
the	same	as	the	total	amount	of	ashes.	For	both	Coke	B	and	Coke	C	containing	leached	
bio-coals	by	acid,	it	can	be	notice	that	the	SiO2	content	was	lower	than	the	others.	It	may	
also	depend	on	the	successfully	acid	 leaching	that	the	water	 leaching	didn’t	manage	to	
remove.	However,	the	silica	content	was	slightly	lower	for	the	Coke	A.		

	

	

	 	
FIGURE	25	TOTAL	CONTENTS	OF	OXIDES	AND	SILICA	IN	COKE	

The	content	of	alkali	and	potassium	in	the	different	cokes	are	presented	in	figure	26.	As	
it	can	be	seen	there	were	no	major	differences	of	alkali	and	potassium	content	between	
coke	types.	For	Coke	B	with	leached	bio-coal	were	the	content	of	these	elements	slightly	
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lower	compared	to	CokeB_ref	and	CokeB_Ash.	It	may	be	because	a	very	small	number	of	
alkali	 and	 potassium	 were	 leached	 away,	 which	 led	 to	 the	 coke	 had	 a	 slightly	 lower	
content	of	these.	However,	 for	Coke	C	it	was	only	the	coke	that	contained	acid	 leached	
TSD	that	had	a	slightly	 lower	content	compared	to	 the	others.	This	confirmed	that	 the	
acid	leaching	was	more	efficient	than	the	water	leaching.		

	

FIGURE	26	THE	CONTENT	OF	ALKALI	AND	POTASSIUM	IN	COKE	

In	order	to	evaluate	the	coke	further,	a	LECO-test	were	done	on	all	the	coke	types.	This	
analysis	 gave	 information	 about	 the	 carbon	 and	 sulphur	 content	 in	 each	 coke.	 These	
contents	are	described	in	table	13.		

TABLE	13	CARBON	AND	SULPHUR	CONTENT	IN	EACH	COKE	

Sample	 Carbon	content	[%]	 Sulphur	content	[%]	
CokeA	 87.3	 0.662	
CokeB_ref	 87.4	 0.635	
CokeB_H2O	 86.1	 0.634	
CokeB_HAc	 88.0	 0.624	
CokeB_Ash	 86.9	 0.735	
CokeC_ref	 88.4	 0.630	
CokeC_H2O	 84.8	 0.694	
CokeC_HAc	 86.4	 0.691	
CokeC_Ash	 86.7	 0.717	
	

It	can	be	seen	from	table	13	that	the	carbon	contents	were	highest	for	CokeB_HAc	and	
CokeC_ref,	88.0%	and	88.4%,	respectively.	The	explanation	for	the	high	carbon	content	
in	CokeB_HAc	was	the	acid	leaching	that	removed	undesirable	elements	and	generated	
an	almost	ash-free	carbon	structure.	CokeB_H2O	had	86.1	%	carbon	content	compared	
to	CokeB_ref	with	87.4%,	 it	means	 that	 the	water	 leaching	was	not	 preferable	 for	 the	
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coke	 yield.	 This	 was	 also	 confirmed	 for	 the	 cokes	 with	 TSD.	 CokeC_H2O	 had	 84.8%	
compared	to	CokeC_ref	that	had	88.4%.		

4.3.2	THE	REACTION	RATE	OF	COKE	

In	 order	 to	 estimate	 the	 reactivity	 of	 the	 coke	 and	 parameters	 such	 as	mass	 loss	 and	
activation	 energy	 in	 a	 carbon	 dioxide	 atmosphere,	 a	 TGA	was	made.	 The	 TG	 analyses	
were	carried	out	at	Luleå	University	of	technology	on	8	cokes	produced	in	this	project	
except	 coke	 A.	 The	 temperature	 interval	was	 from	 room	 temperature	 to	 1200	 °C.	 	 In	
figure	27,	the	mass	loss	for	all	cokes	are	illustrated	in	relation	to	temperature.		

	

FIGURE	27	MASS	LOSSES	FOR	EACH	COKE	IN	CARBON	DIOXIDE	ATMOSPHERE	IN	RELATION	TO	
TAMPERATURE	

The	mass	loss	curve	in	figure	27	indicates	the	behaviour	of	each	coke.	The	mass	losses	
followed	 the	 same	 pattern	 for	 all	 of	 CokeC.	 CokeC_ref	 had	 a	 slightly	 slower	mass	 loss	
rate.	 It	 can	 be	 seen	 that	 there	 were	 a	 significant	 difference	 between	 the	 different	
varieties	of	coke	B,	which	contained	different	pre-treatments	of	Grot.	CokeB_H2O	started	
to	lose	mass	slightly	before	the	others	and	with	a	higher	mass	loss	rate	until	it	reached	a	
temperature	of	around	900°C,	where	 the	mass	 loss	rate	was	decreased.	To	 investigate	
this	further,	the	mass	loss	and	the	DTA	were	plotted	against	temperature	in	order	to	see	
if	any	reaction	occurred	at	this	time	interval.	The	DTA	and	mass	loss	curve	for	CokeB_ref	
and	 CokeB_H2O	 are	 illustrated	 in	 figures	 28	 and	 29,	 respectively.	 The	 curves	 for	 the	
remaining	cokes	are	available	to	see	in	Appendix	III.		
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FIGURE	28	MASS	LOSS	AND	DTA	COMPARED	TO	TEMPERATURE	FOR	COKEB_REF	IN	TGA	

	

FIGURE	29	MASS	LOSS	AND	DTA	COMPARED	TO	TEMPERATURE	FOR	COKEB_H2O	IN	TGA	

The	mass	 loss	 for	 CokeB_ref	 had	 an	 almost	 non-existent	 drop	 at	 900	 °C	 compared	 to	
CokeB_H2O.	In	a	comparison	of	their	DTA	curves	it	can	be	seen	that	peaks	occurred	at	
900	°C	for	both	curves,	but	was	slightly	higher	for	CokeB_H2O.	The	peak	indicated	that	
an	endothermic	reaction	occurred	at	this	temperature.	Most	likely,	it	is	the	calcination	of	
carbonates	 that	 took	 place	 and	 gave	 off	 energy	 [31].	 This	 reaction	 has	 the	 following	
formula:	

𝐶𝑎𝐶𝑂!(!) → 𝐶𝑎𝑂(!) + 𝐶𝑂!(!)	 	 	

In	order	to	evaluate	the	mass	loss	behaviour	for	each	coke	a	summary	of	the	mass	losses	
at	different	temperatures	is	presented	in	table	13.	
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TABLE	14	THE	REMAINING	MASS	AT	DIFFERENT	TEMPERATURE	AT	CO2	ATMOSPHERE	

Coke	Sample	 The	remaining	mass	[%]	at	different	temperatures	
950	°C	 975	°C	 1000	°C	 1100	°C	 1200	°C	

CokeB_ref	 95.3	 93.4	 90.6	 73.3	 51.5	
CokeB_H2O	 91.8	 90.5	 88.4	 73.8	 51.7	
CokeB_HAc	 93.9	 92.5	 90.4	 73.7	 47.9	
CokeB_Ash	 97.8	 96.5	 94.5	 75.9	 49.5	
CokeC_ref	 96.3	 95.3	 93.6	 79.7	 53.2	
CokeC_H2O	 96.9	 95.5	 93.3	 76.1	 49.7	
CokeC_HAc	 97.4	 95.7	 93.2	 76.4	 50.0	
CokeC_Ash	 98.6	 97.1	 94.9	 77.1	 50.1	
	

In	general,	Coke	C	had	slower	mass	loss	rate	in	the	temperature	range	from	950	to	1100	
°C,	according	to	table	14,	which	shows	that	Coke	C	had	higher	amount	of	remaining	mass	
at	these	temperatures	compared	to	Coke	B.	The	cokes	that	only	contained	ash	from	each	
bio-coal,	CokeB_Ash	and	CokeC_Ash	did	not	have	as	much	mass	loss	as	those	containing	
bio-coal.	However,	CokeB_H2O	had	a	significant	lower	mass	content	at	the	temperature	
range	of	950	to	1000	°C	due	to	the	calcination,	thereafter	the	mass	loss	was	decreased	
and	at	1200	°C	the	mass	was	almost	the	same	as	for	the	CokeB_ref	and	CokeB_HAc.	No	
major	differences	could	be	observed	between	the	CokeB_ref	and	CokeB_HAc.	CokeC_ref	
had	a	slightly	higher	amount	of	remaining	mass	between	950	to	1100	°C	compared	to	
CokeC_H2O	and	CokeC_HAc.		

The	reaction	rates,	ρa,	or	the	gasification	rates	for	all	cokes	were	investigated	by	plotting	
the	rates	in	relation	to	the	temperature	from	the	TGA	results,	which	can	be	seen	in	figure	
30.		
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FIGURE	30	GASIFICATION	RATE	AT	START	OF	REACTION	TO	1000	DEGREES	

What	has	already	been	seen	from	previous	results	but	also	confirmed	from	the	reaction	
rate	is	that	 it	was	considerably	higher	for	CokeB_H2O	until	900	°C,	where	it	decreased	
strongly.	The	reaction	of	calcination	starts	at	800	°C	and	most	likely	all	carbonates	have	
been	consumed	after	900	°C.	One	observation	was	that	the	other	coke	began	to	react	at	
approximately	 the	 same	 temperature	 but	 CokeB_ref	 and	 CokeB_HAc	 had	 significant	
higher	 reaction	 rate	 between	 850	 °C	 and	 900	 °C.	 This	 may	 also	 be	 because	 of	 the	
calcination	 of	 carbonates.	With	 great	 probability,	which	 can	 also	 be	 confirmed	 by	 the	
chemical	assays	of	the	bio-coal	type	Grot,	the	Grot	contained	more	CaO	than	TSD	which	
in	turn	forms	carbonates	that	later	were	cracked	between	800	°C	and	900	°C.	In	order	to	
evaluate	 the	 reaction	 between	 carbon	 dioxide	 and	 the	 coal	 from	 the	 gasification	 rate	
without	 including	 the	 calcination,	 the	 temperature	 interval	was	 restricted	 to	 950	 and	
1000	°C	(Figure	31).	
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FIGURE	31	THE	GASIFICATION	RATE	BETWEEN	950	AND	1000	DEGREES	

From	 the	 illustration	of	 the	gasification	 rate	between	950	and	1000	 °C,	 it	 can	be	 seen	
that	 CokeB_ref	 had	 the	 highest	 gasification	 rate,	 followed	 by	 CokeC_HAc.	 The	 lowest	
gasification	 rate	 had	 CokeC_ref	 and	 thereafter	 CokeB_Ash.	 A	 conclusion	 that	 can	 be	
drawn	is	that	cokes	containing	leached	grot	had	lower	gasification	rate.	On	the	contrary,	
cokes	with	leached	TSD	had	a	higher	gasification	rate	in	comparison	with	CokeC_ref.		

The	 carbon	 conversion	 at	 different	 temperature	 for	 each	 coke	 obtained	 from	 the	TGA	
results	is	described	in	table	15.	It	is	calculated	from	the	equation	(6)	that	was	presented	
in	section	2.1.5	Coke	gasification.	

TABLE	15	THE	CARBON	CONVERSION	AT	DIFFERENT	TEMPERATURES	

Coke	Sample	 Start	of	mass	
loss	

temperature[°C]	

Carbon	
conversion	at	
start	of	mass	
loss	[wt.%]	

Carbon	
conversion	at	
975	°C	[wt.%]	

Carbon	
conversion	at	
1100	°C	[wt.	

%]	
CokeB_ref	 836	 0.03	 7.25	 30.6	
CokeB_H2O	 813	 0.04	 10.3	 29.6	
CokeB_HAc	 836	 0.03	 7.42	 28.9	
CokeB_Ash	 865	 0.02	 3.30	 27.0	
CokeC_ref	 843	 0.02	 3.81	 21.4	
CokeC_H2O	 854	 0.03	 4.53	 27.5	
CokeC_HAc	 854	 0.02	 4.71	 27.1	
CokeC_Ash	 891	 0.03	 3.40	 26.4	
	

From	table	15	 it	was	obtained	 that	 the	conversion	at	 start	of	mass	 loss	were	between	
0.02-0.03	wt.	%	except	CokeB_H2O	that	had	a	slightly	higher	value	of	0.04	wt.%.	At	975	
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°C	 the	 carbon	 conversion	 for	 CokeB_H2O	 was	 10.3	 wt.%,	 which	 was	 higher	 than	
CokeB_ref	 and	 CokeB_HAc	 that	 had	 a	 value	 around	 7	 wt.%.	 All	 the	 types	 of	 Coke	 C	
together	with	CokeB_Ash	had	values	between	3-5	wt.%	in	carbon	conversion.	Further,	at	
1000	°C	all	of	coke	B	had	values	between	26-31	wt.%,	where	CokeB_ref	had	the	highest	
value	of	30.55	wt.%	and	CokeB_Ash	had	the	lowest	value	of	27.0	wt.%.	For	Coke	C	it	was	
a	 greater	difference	between	 the	values.	The	 lowest	 value	was	21.4	wt.%	obtained	by	
CokeC_ref	and	the	highest	value	had	CokeC_H2O	with	27.5	wt.%.		

In	order	to	calculate	the	activation	energy	for	the	cokes,	Arrhenius	plots	were	made.	In	
figure	32	the	Arrhenius	plots	for	CokeC_ref	is	illustrated.	The	others	varieties	of	Coke	C	
had	almost	the	same	pattern	as	the	reference,	and	can	be	seen	in	Appendix	IV.			

	

FIGURE	32ARRHENIUS	PLOT	FOR	COKEC_REF	

From	the	Arrhenius	plot	 in	 figure	32	 it	 can	be	seen	 that	 the	curve	can	be	divided	 into	
three	 different	 zones.	 The	 first	 zone	 that	 has	 the	 red	 colour	 is	 chemically	 controlled,	
followed	by	the	second	zone	that	has	the	grey	colour,	which	is	a	mixed	zone.		Lastly,	the	
third	 zone	 in	 yellow	 is	 diffusion	 controlled.	 The	 shape	 of	 the	 slope	 for	 this	 coke	 is	
common	for	the	gasification	of	coking	coals,	which	was	mentioned	in	section	2.1.5	Coke	
gasification	 figure	 4.	 Also,	 the	 CokeB_Ash	 had	 a	 similar	 look	 and	 is	 presented	 in	
Appendix	 IV.	 For	 the	 variations	 that	 existed	 of	 Coke	 B,	 had	 a	 different	 pattern	 of	 the	
slope	 compared	 to	 Coke	 C.	 The	 plots	 for	 CokeB_ref	 and	 CokeB_H2O	 are	 presented	 in	
figures	33	and	34,	respectively.		
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FIGURE	33	ARRHENIUS	PLOT	FOR	COKEB_REF	

	

FIGURE	34	ARRHENIUS	PLOT	FOR	COKEB_H2O	

The	graphs	(figures	33	and	34)	showed	a	clear	transition	between	the	three	zones.	The	
curve	tends	to	flat	out	between	each	zone.	Otherwise,	zone	1	and	2	had	similar	pattern	
as	the	ones	for	Coke	C.	However,	the	first	zone	had	an	arcuate	shape	due	to	the	cracking	
of	 carbonates	 during	 the	 chemical	 controlled	 phase,	 that’s	 also	 the	 reason	 why	
CokeB_H2O	had	more	arcuate	shape	than	CokeB_ref.	 In	appendix	 is	 the	Arrhenius	plot	
for	CokeB_HAc	presented,	which	had	a	similar	shape	as	the	curve	for	CokeB_ref.		
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In	 table	 16	 are	 the	 activation	 energy	 for	 all	 cokes	 at	 the	 chemical	 controlled	 zone	
gathered.	Also,	the	temperature	interval	for	the	first	zone	is	presented.		

TABLE	16	THE	ACTIVATION	ENERGY	AND	THE	TEMPERATURE	INTERVAL	AT	THE	CHEMICAL	
CONTROLLED	ZONE	

Coke	Sample	 Activation	energy,	Ea	
[kJ/mole]	

Temperature	interval	
	[°C]	

CokeB_ref	 239	 841-909	
CokeB_H2O	 138	 816-928	
CokeB_HAc	 153	 842-948	
CokeB_Ash	 259	 894-959	
CokeC_ref	 127	 854-922	
CokeC_H2O	 140	 857-925	
CokeC_HAc	 214	 865-907	
CokeC_Ash	 253	 890-949	
	

The	activation	energies	 for	 the	cokes	showed	 that	 the	cokes	with	 the	ashes	 from	each	
bio-coal	 had	 the	highest	 activation	 energies	 and	highest	 start	 temperatures	 at	 zone	1,	
259	 kJ/mole	 at	 the	 temperature	 of	 894	 °C	 for	 CokeB_Ash	 and	 253	 kJ/mole	 at	 the	
temperature	 of	 890	 °C	 for	 CokeC_Ash.	 For	 the	 cokes	 of	 CokeB	 that	 contained	 leached	
grot,	had	lower	activation	energies	than	the	reference,	but	the	start	temperature	of	the	
reaction	 were	 841°C	 and	 842	 °C	 for	 CokeB_ref	 and	 CokeB_HAc,	 respectively.	 The	
activation	energy	and	the	start	temperature	of	reaction	were	138	kJ/mole	and	816	°C	for	
CokeB_H2O,	which	was	lower	than	the	rest	of	the	cokes.	It	was	the	opposite	pattern	for	
Coke	C,	the	reference	had	the	lowest	activation	energy	at	127	kJ/mole.	Both	of	the	cokes	
that	contained	leached	TSD	had	increased	activation	energy,	which	was	140	kJ/mole	for	
the	CokeC_H2O	and	214	kJ/mole	for	the	CokeC_HAc.	The	temperature	at	start	of	reaction	
was	 followed	by	 the	 same	order	which	was	854	 °C,	 857	 °C	 and	865	 °C,	 for	CokeC_ref,	
CokeC_H2O	and	CokeC_HAc	respectively.	Due	to	the	calcination	that	occurred	during	the	
chemical	 controlled	 zone,	 the	 activation	 energies	 for	 this	 zone	 are	not	 included	 in	 the	
evaluation	 of	 the	 reaction	 between	 coal	 and	 carbon	 dioxide.	 Further,	 the	 activation	
energies	and	temperature	intervals	for	zone	II	and	III	are	presented	in	table	17.		

TABLE	17	ACTIVATION	ENERGIES	AND	TEMPERATURE	INTERVALS	FOR	ZONE	II	AND	III	

Coke	Sample	 Zone	II	 Zone	III	
Activation	
energy,	Ea	
[kJ/mole]	

Temperature	
interval	
	[°C]	

Activation	
energy,	Ea	
[kJ/mole]	

Temperature	
interval	
	[°C]	

CokeB_ref	 210	 910-1029	 105	 1030-1205	
CokeB_H2O	 220	 929-1035	 121	 1036-1206	
CokeB_HAc	 219	 949-1033	 130	 1034-1206	
CokeB_Ash	 225	 960-1050	 120	 1051-1209	
CokeC_ref	 199	 923-1019	 152	 1020-1206	
CokeC_H2O	 215	 926-1032	 128	 1033-1206	
CokeC_HAc	 212	 908-1023	 131	 1024-1206	
CokeC_Ash	 229	 951-1022	 133	 1023-1207	
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It	 can	 be	 seen	 from	 table	 17	 that	 the	 activation	 energies	 for	 zone	 III	 were	 generally	
lower	 than	 for	 zone	 I	 and	 II,	 which	 is	 common	 reactivity	 behaviour	 for	 cokes	 as	 the	
reaction	is	to	significant	part	diffusion	controlled	at	higher	temperature.	One	interesting	
observation	was	that	the	activation	energies	for	both	CokeB_H2O	and	CokeB_HAc	were	
approximately	the	same.	Also,	the	activation	energies	were	approximately	the	same	for	
CokeC_H2O	 and	 CokeC_HAc.	 The	 references	 had	 lower	 activation	 energies	 than	 the	
others	and	the	cokes	that	contained	ash	from	bio-coals	had	still	the	highest	values.	For	
zone	III	the	CokeB_ref	had	the	lowest	value	for	the	activation	energy	but	the	rest	of	Coke	
B	had	values	 that	were	close.	However,	 for	coke	C	 the	reference	had	the	highest	value	
and	the	others	had	a	similar	value	of	the	activation	energy.	
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5	OVERALL	DISCUSSION	

5.1	PRE-TREATMENT	OF	BIO-COALS	

By	 leaching	 the	 bio-coals	 as	 a	 pre-treatment	 method	 to	 achieve	 an	 ash-free	 carbon	
structure	 in	 the	 bio-coals	 has	 been	 tested	 before	 according	 to	 earlier	 studies	 that	 are	
mentioned	 in	 the	 literature	 study.	 Since	 the	 purpose	 was	 to	 investigate	 the	 ash's	
influence	on	coking,	 it	was	 important	 that	 the	carbon	structure	not	be	changed	by	 the	
pre-treatment	method.	To	achieve	this,	the	bio-coals	were	leached	with	water	and	with	a	
weak	acid	(acetic	acid).	It	was	previously	known	that	all	ashes	are	not	removed	by	this	
method	but,	 on	 the	other	hand,	 the	 amount	of	 ash	 is	 greatly	 reduced	and	 is	 therefore	
acceptable.	By	accepting	that	part	of	the	ash	remains,	the	carbon	structure	is	maintained.	
Another	 option	would	 have	 been	 to	 leach	 the	 bio-coals	with	 a	 strong	 acid	 to	 achieve	
lower	ash	content,	but	this	would	destroy	the	carbon	structure.	Since	the	intention	is	to	
be	able	 to	evaluate	 the	ash's	 influence	on	the	quality	of	 the	coke,	 the	carbon	structure	
must	be	kept	intact.		

According	to	the	ICP-OES	analysis	the	leaching	was	successful.	As	expected,	the	leaching	
with	weak	acid	was	more	effective	than	leaching	with	water.	However,	Ca,	K	and	P	were	
for	the	most	part	leached,	which	was	believed	to	lower	the	reactivity	of	the	coke	as	these	
substances	 act	 as	 internal	 catalyst.	 Generally,	 larger	 quantities	were	 leached	 from	 the	
Grot	but	it	is	most	likely	due	to	the	fact	that	Grot	contained	more	ash	from	the	beginning.	
After	examining	the	ashes	of	the	various	bio-coals,	it	was	clear	that	these	differed	from	
each	other.	The	ash	from	Grot	was	more	crystalline	than	the	ash	from	the	TSD.	The	ash	
from	Grot	 contained	mainly	 of	 CaO	 according	 to	 the	 XRD	 analysis.	 Since	 the	 TSD	was	
highly	amorphous,	another	assay	method	was	required	to	investigate	its	composition.	It	
would	also	have	been	beneficial	to	carry	out	a	complementary	analysis	on	the	Grot	ashes	
to	confirm	its	composition.	

	It	was	difficult	to	check	whether	the	carbon	structure	was	affected	by	the	leaching	with	
light	optical	microscopy.	What	was	observed	from	the	analysis	was	that	the	leaching	did	
not	destroy	the	carbon	structure,	but	on	the	other	hand	it	was	not	possible	to	discern	if	
the	sizes	of	the	pores	in	the	structure	had	changed	by	the	leaching.	This	is	necessary	to	
be	 further	 evaluated	 by	 either	 using	 a	 different	 type	 of	 optical	 microscopy	 or	 SEM	
(Scanning	electron	microscopy)	analysis.	Since	the	reactivity	of	 the	cokes	with	 leached	
bio-coal	is	higher	than	the	cokes	with	unleached	bio-coal,	it	indicates	that	something	had	
change	in	the	carbon	structure.		

	If	this	is	applied	later	in	the	industry,	it	is	advantageous	to	use	water	leaching	instead	of	
acid	 leaching.	This	 is	because	 the	 costs	 are	 cheaper	by	using	only	water	and	easier	 to	
apply	 in	 production.	 If	 acid	 leaching	 is	 used	 in	 the	 industry,	 it	 is	 required	 that	 the	
equipment	 is	 not	 sensitive	 to	 corrosion	 and	 that	 the	 acid	 is	 evenly	 distributed	 in	 the	
leaching	solution.	Due	to	increased	wear	on	the	equipment	as	the	acid	increases	the	risk	
of	 corrosion,	 the	 costs	 will	 be	 higher	 to	 maintain	 the	 equipment's	 good	 condition.	
Another	parameter	that	is	important	to	take	into	account	is	the	volume	increasing	of	the	
bio-coal	 that	 occurs	 during	 leaching.	 The	 volume	 increased	 by	 almost	 300	 %	 during	
leaching,	which	made	the	material	difficult	to	handle	in	lab	scale,	therefore	the	leached	
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bio-coal	requires	to	be	dried	before	using	it	in	coke	production.	For	that	reason,	leaching	
as	 a	 pre-treatment	 step	 requires	 a	 large	 space	 if	 it	 is	 applied	 in	 the	 industry.	 Since	
industries	 rarely	have	 large	 spaces	 vacant	 in	 their	 existing	production,	 this	 is	 a	major	
disadvantage.	However,	 it	 is	advantageous	 if	a	method	 is	 found	where	 it	 is	possible	 to	
leach	bio-coal	with	a	smaller	amount	of	water	and	get	a	reduced	volume.	One	possibility	
that	could	be	interesting	to	test	is	to	use	filter	press	to	reduce	the	volume.	

5.2	THE	COKEMAKING	AND	THE	QUALITY	OF	THE	COKE	

During	the	coke	making,	CokeC_HAc	was	high	in	temperature	at	the	end.	It	reached	the	
temperature	 of	 approximately	 1100	 °C	 instead	 of	 around	 1050	 °C.	 This	 may	 have	
affected	 the	 degree	 of	 graphitization	 in	 the	 coke	 but	 there	 is	 nothing	 that	 has	 been	
noticed	in	subsequent	analyses.	Another	thing	that	was	observed	during	the	production	
of	 coke	 was	 that	 CokeB_ref	 took	 longer	 time	 to	 increase	 in	 temperature	 until	 the	
temperature	over	500	 °C	was	 reached	compared	 to	 the	other	cokes.	Most	 likely,	 there	
was	crystal	water	bound	in	the	coal	mixture	and/or	enclosed	water	in	the	pores,	which	
were	 released	during	 the	 coke	making	 and	 consumed	 energy,	 hence,	 it	 took	 longer	 to	
reach	the	right	temperature.	It	could	also	depend	on	the	Tamman	furnace,	as	there	was	a	
small	difference	in	the	settings	for	only	this	coke.	Therefore,	it	cannot	be	concluded	that	
more	crystal	water	exists	in	the	Grot	compared	to	TSD	and	would	therefore	need	to	be	
further	investigated	by	making	a	new	coke	with	5%	Grot.		

In	general,	the	results	from	the	TGA	showed	that	Coke	C,	which	contained	TSD	had	lower	
reactivity	 of	 the	 coke	 than	 coke	 B,	 which	 is	 preferable.	 Instead	 of	 the	 coke	 being	
improved	 by	 the	 leached	 bio-coal	 type	 TSD,	 the	 result	 was	 instead	 the	 opposite.	 The	
reactivity	 of	 the	 coke	 increased	 by	 leaching	 the	 bio-coal.	 	 In	 comparison	 between	 the	
coke	 that	 contained	only	 the	 ash	 from	TSD	and	 the	 cokes	 that	 contained	 leached	TSD	
showed	that	the	reactivity	was	lower	for	the	coke	with	only	the	ash.	Moreover,	the	coke	
with	 the	ash	was	even	 lower	 in	 reactivity	 than	 the	 coke	with	TSD	without	 leaching.	A	
conclusion	 can	 be	 drawn	 that	 the	 ashes	 from	 TSD	 had	 a	 negligible	 effect	 on	 coke	
reactivity.	However,	the	carbon	structure	of	the	TSD	seems	to	have	a	great	impact	on	the	
reactivity	of	the	coke	according	to	the	results.		

For	 the	 cokes	 that	 contained	 Grot,	 interesting	 effects	 from	 the	 leaching	 of	 Grot	 was	
found.	For	the	coke	that	only	contained	ash	from	grot	had	similar	result	as	the	coke	with	
ash	from	TSD.	The	leaching	of	Grot	had	a	great	impact	on	the	coke	reactivity	behaviour.	
The	rates	of	the	reactivity	were	increased	for	the	cokes	containing	leached	Grot	until	the	
temperature	of	900	°C	was	reached.		This	may	due	to	the	calcination	of	carbonates	which	
occurs	around	850	°C.	Also,	the	coke	contained	unleached	Grot	had	tendencies	to	similar	
reactivity	 behaviour.	 One	 theory	 is	 that	 the	 carbonates	 become	 more	 available	 for	
reaction	after	leaching	and	therefore	affect	the	coke	more	than	the	coke	that	contained	
the	Grot	that	had	not	been	leached.		One	observation	that	was	made	was	that	the	water	
leaching	 had	 a	 greater	 impact	 than	 the	 acid	 leaching	 on	 the	 increased	 reactivity	 rate.	
That	may	be	due	to	that	the	acid	leaching	was	more	successful,	which	resulted	in	a	lower	
content	 of	 elements,	 which	 is	 involved	 in	 forming	 carbonates,	 such	 as	 calcium.	
Therefore,	a	smaller	amount	of	calcium	was	available	to	form	carbonates,	which	gave	the	
acid	leached	grot	a	lower	impact	on	the	coke	reactivity	behaviour	compared	to	the	water	
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leached	grot.	After	 the	calcination,	approximately	after	900	 °C	 the	reactivity	rate	were	
decreased	for	the	cokes	and	no	major	differences	could	be	discerned.			

One	conclusion	that	can	be	drawn	is	that	the	ashes	had	almost	a	negligible	impact	on	the	
coke	reactivity	behaviour.		Something	that	has	not	been	investigated	during	this	project	
is	if	the	ash	from	the	bio-coal	has	any	effect	on	the	coke's	strength.	The	ash	effect	on	the	
coke's	strength	 is	something	that	 is	of	 interest	 to	 investigate	 in	 the	 future.	 	Otherwise,	
since	the	ash	impact	on	coke	reactivity	can	be	excluded	is	it	the	carbon	structure	of	bio-
coal	 that	 causes	 the	 negative	 effect	 on	 the	 coke	 reactivity	 when	 using	 it	 in	 the	 coal	
mixture	for	coke	production.	The	two	bio-coal	types	had	different	large	impacts	on	the	
coke	 reactivity,	 since	 their	 carbon	 structures	 differ,	 which	 could	 be	 observed	 by	 the	
results	from	light	optical	microscopy.		

	It	 is	 always	 beneficial	 to	 minimize	 the	 amount	 of	 ash	 in	 the	 bio-coal	 to	 avoid	 the	
addition	of	unwanted	substances	later	in	the	process.	However,	based	on	the	impact	of	
bio-coal	on	the	reactivity	of	the	coke,	it	is	necessary	to	find	a	method	to	lower	the	impact	
from	the	carbon	structure	in	the	bio-coal.	It	is	then	important	to	take	into	account	that	
the	 carbon	 structure	 of	 the	 bio-coal	most	 likely	 has	 a	 large	 impact	 on	 the	 strength	 of	
coke	after	reaction.		
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6	CONCLUSIONS	

6.1	PRE-TREATMENT	OF	BIO-COALS	

" Leaching	was	a	 successful	method	 for	 removing	unwanted	substances	 from	the	
bio-coals	without	destroying	 the	carbon	structure,	which	was	confirmed	by	 the	
ICP-OES	analysis	on	the	leachate	and	the	investigation	of	the	carbon	structure	by	
light	optical	microscopy.	
	

" Acid	 leaching	 was	 more	 effective	 than	 water	 leaching	 because	 more	 elements	
were	leached	in	a	higher	proportion	than	in	water	leaching,	which	was	obtained	
from	the	ICP-OES	analysis	results.	
	

" Both	 the	 carbon	 structure	 and	 the	 ash	 content	 differed	 between	 the	 bio-coals.	
The	TSD	was	more	homogenous	and	consisted	of	pieces	with	similar	pore	sizes	
and	 shape.	 On	 the	 contrary,	 the	 Grot	 contained	 of	 pieces	with	 different	 shapes	
with	different	pore	sizes.	The	ash	 in	grot	consisted	mostly	of	calcium	oxide	and	
had	 a	higher	degree	of	 graphitisation	 than	 the	 ash	 from	TSD.	 Furthermore,	 the	
ash	 from	TSD	contained	some	calcium	oxide	and	also	some	zincite	according	to	
the	result	from	XRD	and	the	ICP-OES	.	However,	the	credibility	of	result	from	XRD	
on	the	ash	from	TSD	was	quite	low	due	to	the	low	intensity	of	the	result.		
	

" One	drawback	is	that	if	bio-coal	leaching	is	applied	in	the	industry,	it	will	require	
a	large	space	when	the	bio-coal	increases	300	times	in	volume	and	the	bio-coals	
must	 be	 dried	 after	 leaching,	 which	 leads	 to	 an	 increased	 cost.	 This	 can	 be	
avoided	if	filter	installation	is	possible	and	had	been	tested	for	leaching	bio-coal	
with	good	result.	
	

" It	 is	more	 preferable	 to	 use	water	 leaching	 instead	 of	 acid	 leaching	 due	 to	 the	
increased	risk	of	corrosion	and	inferior	work	environment	for	the	staff.		

6.2	THE	COKEMAKING	AND	THE	QUALITY	OF	THE	COKE	

" In	general,	the	different	coke	types	that	contained	of	TSD	had	lower	reactivity	of	
the	coke	with	a	carbon	dioxide	atmosphere	compared	to	the	cokes	with	Grot.		
	

" According	to	the	results	obtained	from	the	TGA,	it	was	clear	that	the	ashes	in	the	
bio-coals	 had	 a	 low	 impact	 on	 the	 reactivity	 of	 the	 coke.	 However,	 no	
investigation	was	done	to	evaluate	how	the	ash	affects	the	strength	of	coke	after	
reaction.		
	

" One	conclusion	that	could	be	drawn	from	the	result	was	that	 the	coal	structure	
had	a	great	 impact	on	 the	 reactivity	of	 the	coke,	 therefore,	other	pre-treatment	
methods	of	the	bio-coal	are	required	in	order	to	achieve	similar	properties	as	the	
fossil	coal.	

	 	



56	
	

7	FURTHER	WORK		

7.1	FURTHER	INVESTIGATION	OF	PRE-TREATMENT	OF	BIO-COALS	

" Continued	 investigation	of	how	the	pore	sizes	 in	 the	bio-coals	were	affected	by	
leaching.	 The	 result	 obtained	 from	 light	 optical	microscopy	 during	 this	 project	
would	 need	 to	 be	 supplemented	with	 another	 type	 of	microscopy	method,	 e.g.	
scanning	electron	microscope	(SEM).	
	

" Find	 a	 reliable	method	 for	 analysing	 the	 leached	 bio-coal	 in	 order	 to	measure	
how	many	percent	of	the	various	elements	actually	were	leached	and	how	much	
was	retained	in	the	bio-coal	after	leaching.		
	

" Another	method	 for	 analysing	 the	TSD	ash	 is	 required	 in	 order	 to	 evaluate	 the	
composition	and	mineral	phases	of	the	ash.	It	was	difficult	to	analyse	the	ash	with	
XRD	due	to	the	ash	was	amorphous.		

7.2	FURTHER	INVESTIGATION	OF	THE	ASH	IMPACT	ON	COKE	QUALITY	

" Evaluate	if	the	ash	content	in	different	bio-coals	has	an	impact	on	the	strength	of	
coke	after	reaction.	
	

" Investigate	if	the	leaching	is	advantageous	for	bio-coals	with	a	higher	ash	content	
	

" Find	another	pre-treatment	method,	 that	affects	the	structure	of	 the	bio-coal	so	
that	it	obtains	similar	properties	as	fossil	coal	
	 	



57	
	

8	REFERENCES	

[1]	 Jernkontoret.	 Climate	 roadmap,	 for	 a	 fossil-free	 and	 competitive	 steel	 industry	 in	
Sweden.	2018		

https://www.jernkontoret.se/globalassets/publicerat/stal-stalind/climate-roadmap---
summery.pdf	[Retrieved	2019-02-04]	

	[2]	 Regeringskansliet.	 En	 CO2-	 neutral	 tung	 industri	 –	 Sammanfattning.	
https://www.regeringen.se/497dd1/contentassets/2e4c292ef515405cbe4158650587e
599/en-co2-neutral-tung-industri.pdf	[Retrieved	2019-02-04]	

	[3]	 Mandova	 H,	 Leduc	 S,	 Wang	 C,	 Wetterlund	 E,	 Patrizio	 P,	 Gale	 W,	 Kraxner	 F.	
Possibilities	for	CO2	emission	reduction	using	biomass	in	European	integrated	steel	plants.	
Biomass	and	Bioenergy,	Elsevier:	2018	Vol.155	(231-243)		
	
[4]	 Björkman	 B.	 Iron	 and	 Steelmaking	 Section	 1,	 Ironmaking.	 Luleå,	 Sweden:	 Luleå	
University	of	Technology;	2017	

	
[5]	Yu	C,	Thy	P,	Wang	L,	Anderson	SN,	VanderGheynst	JS,	Upadhyaya	SK,	et	al.	Influence	
of	 leaching	 pretratment	 on	 fuel	 properties	 of	 biomass.	 Fuel	 Processing	 Technology.	
Elsevier,	USA:	2014;	Vol.	128	(43-53)	
	
[6]	 Jayasekara	 AS,	 Monaghan	 BJ,	 Longbottom	 RJ.	 The	 kinetics	 of	 reaction	 of	 coke	
analogue	in	CO2	gas.	Fuel.	Australia:	2015;	Vol.	154	(45-51)	
	
[7]	 Geerdes	M,	 Lingiardi	 O,	 Ricketts	 J,	 Chaigneau	 R,	 Kurunov	 I.	Modern	 Blast	 Furnace	
ironmaking,	an	introduction.	3	ed.	Amsterdam:	IOS	Press	BV;	2015.	ISBN	978-1-61499-
499-2	
	
[8]	 Clark	 Energy.	 	 Steel	 production	 gas	 for	 power	 production.	 https://www.clarke-
energy.com/steel-production-gas/	[Retrieved	2019-05-08]	
	
[9]	 Xing	 X.	 Pore	 structure	 and	 integrity	 of	 a	 bio-coke	 under	 simulated	 blast	 furnace	
conditions.	Energy	&	Fuels:	2019;	Vol.	33	(2133-2141)	
	
[10]	 Ghosh	 B,	 Sahoo	 BK,	 Niyogi	 OS,	 Chakraborty	 B,	 Manjhi	 KK,	 Das	 TK,	 et	 al.	 Coke	
Structure	Evaluation	for	BF	Coke	Making.	International	Journal	of	Coal	Preparation	and	
Utilization.	India:	2017;	Vol.	38	(6)	ISSN	1939-2699	
	
[11]	Gupta	S,	Singh	B.	Coal	production	and	processing	technology-	Coal	to	metallurgical	
coke.	JSW	Steel	Limited;	2005	
	
[12]	Lomas	H,	Roest	R,	Thorley	T,	Wells	A,	Wu	H,	 Jiang	Z,	 et	 al.	Tribological	 testing	of	
metallurgical	coke:	Coefficient	of	friction	and	relation	to	coal	properties.	Energy	&	Fuels:	
2018;	Vol.	32	(12021-12029)	
	



58	
	

[13]	 Loison	 R,	 Foch	 P,	 Boyer	 A,	 Coke	 quality	 and	 production.	 England:	 Butterwoths,	
Borough	Green,	1989	ISBN:	0-408-02870	
	
[14]	Gulyaev	VM,	Barskii	VD,	Rudnitskii	AG.	European	Quality	Requirements	on	Blast-
Furnace	Coke.	Coke	and	chemistry.	Ukraine:	2012;	Vol.	55	(13-17)	ISSN	1068-364X	
	
[15]	 Naturvårdsverket.	 Utsläpp	 av	 västhusgaser	 från	 industrin.	
https://www.naturvardsverket.se/Sa-mar-miljon/Statistik-A-O/Vaxthusgaser-utslapp-
fran-industrin/		[Reterived		2019-05-20]	
	
[16]	Wang	C,	Mellin	P,	 Lövgren	 J,	Nilsson	L,	 Yang	W,	 Salman	H,	 et	 al.	Biomass	as	blast	
furnace	injectant	–	Considering	availability,	pretreatment	and	deployment	in	the	Swedish	
steel	industry.	Energy	Conversion	and	Management,	Elsevier,	Sweden:2015	
	
	
[17]	 Mathieson	 J,	 Somerville	 MA,	 Deev	 A,	 Jahanshahi	 S.	 Utilization	 of	 biomass	 as	 an	
alternative	 fuel	 in	 ironmaking.	 Iron	 ore:	 Mineralogy,	 Processing	 and	 Environmental	
Sustainability,	Elsevier:	2015	(581-613)		
	
[18]	 Robles	 A.	 Bio-coal	 pre-treatment	 for	 maximized	 addition	 in	 briquettes	 and	 coke.	
Luleå	University	of	Technology,	Sweden:	2017	
	
[19]	Wang	C,	Wei	W,	Mellin	P,	Weihong	Y,	Hultgren	A,	Salman	H,	Utilization	of	biomass	
for	blast	 furnace	 in	 Sweden	 -	Report	 I:	Biomass	availability	and	upgrading	 technologies,	
KTH,	Industrial	Engineering	and	Management,	2013.	

	
	[20]	Persson	H,	Kantarelis	E,	Evangelopoulos	P,	Yang	W.	Wood-derived	acid	leaching	of	
biomass	 for	 enhanced	 production	 of	 sugars	 and	 sugar	 derivatives	 during	 pyrolysis:	
Influence	 of	 acidity	 and	 treatment	 time.	 Journal	 of	 Analytical	 and	 Applied	 Pyrolysis.	
Stockholm,	Sweden:	2017;	Vol.	127	(329-334)	

[21]Oudenhoven	SRG,	van	der	Ham	AGJ,	van	den	Berg	H,	Westerhof	RJM,	Kersten	SRA.	
Using	 pyrolytic	 acid	 leaching	 as	 a	 pretreatment	 step	 in	 a	 biomass	 fast	 pyrolysis	 plant:	
Process	 design	 and	 economic	 evaluation.	 Biomass	 and	 Bioenergy.	 Elsevier.	 The	
Netherlands:	2016;	Vol.	95	(388-404)	

[22]	Long	Jiang,	Song	Hu,	Lun-shi	Sun,	Sheng	Su,	Kai	Xu,	Li-mo	He,	Jun	Xiang.	Influence	of	
different	 demineralization	 treatments	 on	 physicochemical	 structure	 and	 thermal	
degradation	of	biomass.	 Bioresource	Technology.	 Elsevier.	 China:	 2013;	Vol.	 146	 (254-
260)	

	[23]	 Malvern	 Panalytical.	 Introduction	 to	 x-ray	 fluorescence	 XRF.	
https://www.malvernpanalytical.com/en/products/technology/x-ray-fluorescence	
[Retrieved	2019-04-14]	

[24]	 Radboud	Universiteit	Nijmegen.	 ICP-OES.	 https://www.ru.nl/science/gi/facilities-
activities/elemental-analysis/icp-oes/	[Retrieved	2019-04-23]	



59	
	

	[25]	 ThermoFisher	 Scientific.	 iCAPTM	 7200	 ICP-OES	 Analyser.	
https://www.thermofisher.com/order/catalog/product/842320072001?gclid	
[Retrieved	2019-04-23]	

	[26]	 Jones	 MP.	 	 Applied	 mineralogy:	 a	 quantitative	 approach.	 Springer	 Netherlands:	
1987	ISBN:	978-0-86010-510-7	

[27]	 Harwood	 J,	 Harwood	 R.	 Testing	 of	 natural	 textile	 fibres.	 Handbook	 of	 Natural	
Fibres:	2012;	Vol.	1	(345-390)	

[28]	SGS	MSi.	LECO	combustion	analysis.	http://www.msitesting.com/leco-combustion-
analysis.html	[Retrieved	2019-05-20]	

[29]	 Netzsch	 Thermal	 Academy.	 Methods	 –	 Thermogravimetric	 Analysis.		
https://www.netzsch-thermal-academy.com/en/advanced-materials-
testing/methods/thermogravimetric-analysis/	[Retrieved	2019-05-03]	

[30]	 Perkin	 Elmer	 (2015)	 Beginners	 guide	 to	 thermogravimetric	 analysis.	
https://www.perkinelmer.com/lab-solutions/resources/docs/faq_beginners-guide-to-
thermogravimetric-analysis_009380c_01.pdf	[Retrieved	2019-05-03]	

[31]	Basu	P,	Achayra	B,	Dutta	A.	Study	of	calcination-	carbonation	of	calcium	carbonate	in	
different	fluidizing	mediums	for	chemical	looping	gasification	in	circulating	fluidized	beds.	
Department	of	mechanical	engineering,	Dalhousie	University;	Canada	(2011)	

	

	 	



60	
	

APPENDIX	I	

The	 particle	 size	 distribution	 for	 the	 bio-coals	 TSD	 and	 Grot	 used	 during	 this	master	
thesis	is	presented	in	table	18.	

TABLE	18	THE	PARTICLE	SIZE	DISTRIBUTION	OF	BIO-COAL	

Particle	size	[mm]	 Mass	[g]	 Weight	%	 Cumulative	finer	%	
+4.00	 6.1	 9.1	 90.0	
-4.00+2.80	 5.0	 7.5	 83.4	
-2.80+2.00	 5.6	 8.4	 75.0	
-2.00+1.40	 13.7	 20.5	 54.4	
-1.40+1.00	 10.4	 15.6	 38.8	
-1.00+0.71	 10.6	 15.9	 22.9	
-0.71+0.50	 6.4	 9.6	 13.3	
-0.50+0.13	 8.5	 12.7	 0.6	
-0.13	 0.4	 0.6	 	
Total	 66.7	 100	 	
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APPENDIX	II	

Overview	images	that	were	obtained	from	the	light	optical	microscopy	are	presented	in	
figures	35	to	38.	The	magnification	of	all	images	was	2.5X.	

	

FIGURE	35	WATER	LEACHED	GROT	
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FIGURE	36	ACID	LEACHED	GROT	

	

	

FIGURE	37	WATER	LEACHED	TSD	
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FIGURE	38	ACID	LEACHED	TSD	
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APPENDIX	III	

The	curves	for	mass	loss	and	DTA	in	relation	to	temperature	during	the	TGA	are	
presented	in	figures	39	to	44.	

	

FIGURE	39	THE	MASS	LOSS	AND	DTA	PLOTTED	IN	RELATION	TO	TEMPERATURE	FOR	COKEB_HAC	

	

FIGURE	40	THE	MASS	LOSS	AND	DTA	PLOTTED	IN	RELATION	TO	TEMPERATURE	FOR	COKEB_ASH	
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FIGURE	41THE	MASS	LOSS	AND	DTA	PLOTTED	IN	RELATION	TO	TEMPERATURE	FOR	COKEC_REF	

	

FIGURE	42THE	MASS	LOSS	AND	DTA	PLOTTED	IN	REALTION	TO	TEMPERATURE	FOR	COKEC_H2O	
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FIGURE	43	THE	MASS	LOSS	AND	DTA	PLOTTED	IN	RELATION	TO	TEMPERATURE	FOR	COKEC_HAC	

	

FIGURE	44	THE	MASS	LOSS	AND	DTA	PLOTTED	IN	RELATION	TO	TEMPERATURE	FOR	COKEC_ASH	
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APPENDIX	IV	

In	appendix	IV,	is	the	remaining	Arrhenius	plots	obtained	from	the	TGA	illustrated	in	figures	45	
to	49.	

	

FIGURE	45	ARRHENIUS	PLOT	FOR	COKEC_H2O	

	

FIGURE	46	ARRHENIUS	PLOT	FOR	COKEC_HAC	
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FIGURE	47	THE	ARRENHIUS	PLOT	FOR	COKEC_ASH	

	

FIGURE	48	THE	ARRHENIUS	PLOT	FOR	COKEB_HAC	
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FIGURE	49	THE	ARRHENIUS	PLOT	FOR	COKEB_ASH	

	

	

	

	

	

	

	


