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Global	GDP		
			($Trillion)	

Unimaginable,	Increasingly	Egalitarian,	Global	Prosperity	

IMF	



Made	Possible	By	Abundant	Low	Cost	Fossil	Hydrocarbons	



Prosperity	has	been	possible	because	of	our	use	
of	solar	energy	stored	in	the	carbon	of	fossil	fuels		



			45	GJ/ton	
3.2	tons	CO2/ton	
71	kg	CO2/GJ	
	

			55	GJ/ton	
2.8	tons	CO2/ton	
51	kg	CO2/GJ	
	

If	not	for	the	35	billion	tons	per	year	
(Gta)	of	CO2,	fossil	fuels		

could	be	uClized	for	the	benefit	
of	society	unCl	they	became	more	

expensive	than	alternaCves.	
à“TransiRon	OpRon”	

			20-30	GJ/ton	
2.3	tons	CO2/ton	
92	kg	CO2/GJ	

−CHx  + yO2  →  CO2  +  H2O  +  Heat

There	is	no	evidence	that	economically	sustainable	alternaCves	
to	fossil	fuels	exist	today;	atmospheric	CO2	conCnues	to	rise	



			2016	
~	17	TW	

Oil	(5.3)	

Coal	(4.9)	

Gas	(3.6)	

Sustainables	(3.2)	

				2XXX??	
			30+?	TW	

Hydro(44%CF)		
480	GWelec(16%)	
	14	GWelec/y		

Nuclear(90%CF)		
330	GWelec	(~11%)		

	13	GWelec/y		Wind(39%CF)		
144	GWelec(~4%)		
	10	GWelec/y		Solar(21%CF)		

13	GWelec(~0.6%)		
	3	GWelec/y		

Wave		 Geothermal		

Someday,	increasingly	rare	fossil	resources	will	be	too	costly	to	burn.	
Probably	before	then,	the	CO2	emissions	from	combusRon	will	cause	

harm	to	parts	of	our	global	ecosystem	and	people.	

Global	Diversified	Risk	Management	
•  Protect	Against	Fossil	Fuel	Price/Supply	Risk	
•  Address	Environmental	and	Climate	Risk	
à  Increase	Efficiency		
à  Increase	CO2-free	power	generaRon	

None	of	the	technology	opRons	are	new	
All	rely	on	sustained	nuclear	reacRons.	



	
Without	cost-effecRve	opRons,	significant	CO2	
emission	reducRons	will	not	be	achievable.	

	
If	severe	consequences	occur,	

the	poor	will	be	harmed		
far	worse	than	the	wealthy.	

					



$0.1/kg	
20-30	GJ/ton	

$2-3/GJ	

~	9.5	Gta	of	C	in	Hydrocarbons	Are	Combusted	For	Low	Cost	Heat	

−CH2x  + yO2  →  CO2  +  xH2O  +  Heat

			$0.3/kg	
45	GJ/ton	
			$7-8/GJ	

			$0.2/kg	
55	GJ/ton	
		$3-4/GJ	

3.3	M	kta	C	 				9.5	M	kta	C	
						9.5	Gta	

$	80	Trillion	
Global	GDP	

~35	Gta	CO2	
Emissions.	
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Present	“Strategy”:	Hydrocarbon	CombusCon	For	Low	Cost	Heat	
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$	80+Trillion	
Global	GDP	

9.5++	Gta	C	

35+	Gta	CO2	
		Emissions	

Gas	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Coal	

Oil	

Reserves	1,000	Gt	+	

Reserves	250	Gt	+	

Reserves	140	Gt	+++	

Massive	ExisRng	Infrastructure	
Global	Trade	RelaRons	
Known	Scale-up	
	

BUT,	if…....	

−CH2x  + yO2  →  CO2  +  xH2O  +  Heat



Plan	B:		Hydrocarbons	for	Low	Cost	Heat	Without	CO2	
−CH2x  + yO2  →  C +  xH2O  +  Heat
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$	80+Trillion	
Global	GDP	

19++	Gta	C	
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Coal	

Oil	

Reserves	1,000	Gt	+	

Reserves	250	Gt	+	

Reserves	140	Gt	+++	

Massive	ExisRng	Infrastructure	
Global	Trade	RelaRons	
Known	Scale-up	
	



CO2		+		xH2O	

-CH2x 

~	35	Gta	CO2	
Emissions.	

Plan	B:		~2x	fossil	resources		For	Heat	

C	+		xH2O	

Zero	CO2	

19	Gta	C	

More	strategic	use	of	our	fossilized	solar	resources	may	
be	more	reasonable	than	no	use	at	all	or	CCS.	



Massive	QuanRRes	of	Methane	are	Available	
Worldwide > 7000 tcf Natural Gas Reserves (non-hydrate) ~ 250 TW-y 

We	are	
interested	in	

finding	ways	of	
efficiently	
using	CH4	
without	

producing	CO2	



CO2		+	2H2O	

~	2	Gta	of	methane	is	burned	in	abundant	oxygen	to	produce	heat	
+	small	contribuRon	to	the	0.4	Gta	of	organic	chemicals	made	largely	from	petroleum.		

			

O=	C	=O	

O2	(H2O)	

H2O	(O2)	
CO/CO2	+	H2	

CH3OH	

		
Olefins/Arom	 Paraffin’s,	HC’s	

+		0.5-1	tons	CO2/ton	C	

Ammonia	

N2	

		

+		2.8	tons	CO2/ton	C	

Natural	Gas	URlizaRon:	Past	=	Present	

CH4 

H	 H	
O	

O	=	O	



	
	

Heat	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Transport	

Electricity	
		9.5	Gta	C	

Gas	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Coal	

Oil	

Organic	Chemicals	(0.3	Gta	PlasCcs)	
									Metals	(1.5	Gta	steel)	

0.4	Gta	

~	3	Gta	CO2	
		Emissions	

2.8	Gta	

Sustainable	Chemical	ProducRon	Is	A	RelaRvely	Minor	Problem		
But	poten<ally	large	opportunity	



O2	(H2O)	

H2O	(O2)	
CO/CO2	+	H2	

CH3OH	

		
Olefins/Arom	 Paraffin’s,	HC’s	

+		0.5-1	tons	CO2/ton	C	

Ammonia	

N2	

		

CH4 

“SelecRve”	ParRal	OxidaRon	of	Methane	for	Chemicals	



C(-4)	

		

CH4 

SelecRve	ParRal	OxidaRon	of	Methane	for	Chemicals	

CH4 + 1
2 O2 ⎯→⎯  1

2 C2H4  + H2O

OxidaCve	Coupling		
of	Methane	(OCM)	

C2	selecCvity	

C2	Yield	

HC	Yield	

Chemistry	Le,ers,	1986,	3,	p	1981-1984	

Academic	“Holy	Grail”	



 
f = k2

k1
= rate of secondary product oxidation with O

rate of first C-H bond transformation
   

                      f= k2
k1

   CAN'T BE SMALL !     

To	Dream	the	Impossible	Dream	
OCM	With	O2:		Thermochemically	and	KineCcally	Not	Sensible			(Bell-Evans-Polanyi)	

J.	Natural	Gas	Chem.2012	
Vol.	21	Issue	(3)	:308-313		
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f=0.5		
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CH 4

k1
O−M⎯ →⎯⎯ C−2 k2

O−M⎯ →⎯⎯ →→COx + H2O
gas phase

O2
⎯ →⎯⎯⎯ ⎯→⎯ →→→→COx + H2O

High	Yields	Not	Possible	
k1<k2	

k2
k1

≥ 2
1

      → S+C ≤  100%

k2
k1

≥ 1
10

       → Yield < 75%

S	+	C	<100%	
Not	good	enough	



CnHm		

ΔH,ΔG	700K,	1atm	

½	C2H4	+	H2					
106,60	CH4					

Methane	for	Chemicals	

What	We	Really	Want	to	Do	

(1-x)/2	C2H4	+	(1-x)H2O	+	xCO2	
What	We	Actually	Do	

	CO2+2H2O						-800,-800		
What	We	Don’t	Want	To	Do		

½	C2H4	+	H2O				
-139,-148	

CH4	+	nO2	
	

What	We	Have	Been	Trying	to	Do	

H2		

O	=	O	



CH4 

~	2	moles/s-kta	

-4	

~	-	1500	kW/kta	
Heat	

Philosophical	approach	à		maintain	the	electron’s	chemical	potenRal	

C(-4)	

CO2	+	2H2O	

O=	C	=O	O(-2)	

O	=	O	

-(C H2)- 
-2	

-C-  
0	

Organic	Chemicals	

-C-  
+4	

~	1.5	Million	Amps/kta			à	

e-	 e-	 e-	 e-	 e-	 e-	 e-	 e-	



CH4 -(C H2)- 
-4	 -2	

-C-  
0	

e-	 e-	 e-	 e-	

Do	not	allow	complete	C	oxidaRon:	Different	ReacRon	Environments	

~	-	775	kW/kta	
Heat	

O=	C	=O	



CnHm		

ΔH,ΔG	700K,	1atm	

Methane	for	Organic	Chemicals	

½	C2H4	+	H2					106,60	

½	C2H4	+	2HI				94,36	

½	C2H4	+	2HCl				-80,-137	Cl2	

I2	 2HX		

H2	

CH4	+	nX2	
	

½	C2H4	+	H2O				-139,-149	
O2	

H2O		

Oxygen	is	not	the	only	electrophile	!	



Halogens	Suppress	Complete	OxidaCon	
flame	retardants:		

						1)	OxidaBve	dehydrogenaBon	+			
	2)	Suppresses	oxycombusBon	

-CH2-CHBr-CH2-	-	-	-	---	-	-	CH2-CH2-CH2-	
	

HBr		+	O2		à		HOO*	+		Br*		
								HOO*	+	HBr	à		H2O2	+	Br*	
																				H2O2	à		2OH		
													OH	+	HBr	à		H2O	+	Br*	

HydrodebrominaCon(ODH)	

-CHBr-CH2-		à		-CH=CH-	+	HBr	T	

HCl		+	O2		à		HOO*	+		Cl*		

HBr		+	O2		à		HOO*	+		Br*		

HI		+	O2		à		HOO*	+		l*	
	
				HI	is	the	fastest		



Fredrick	Rust,	Industrial	&	engineering	chemistry	
		1949	vol:41	iss:11	pg:2595	

Alkylhalides	are	Easy	To	Make	and	Easy	To	Separate	
OxyhalogenaBon/DehydrohalogenaBon	for	ParBal	OxidaBon	

Shell	1960’s	(I2-ODH)		
	-		90%	Sel.,	80%	Conv.	



More	Separable	Intermediates	
React	for	Show,	Separate	for	Dough	

CH4		+	XY									à					H3C-X/HnCm						+					HY	
		

XY	 Intermediates	 HY	
O2					 CH4	,	N2,	COx			CHyOx		 H2O,	H2	

S	 CH4			CH3SH			CS2		 H2S,	H2	

NOx	 CH4			N2,	NO,	COx		 H2O	

SOx	 CH4				SO2	CH3SO3H	 H2O			SO2	H2SO4	

I,	Br,	Cl	 CH4				CHn-Xm	 HX,	H2	

Less	“efficient”	or	less	direct	reacCon	pathways	with	more	separable	products	are	oqen		
more	desirable	than	more	reacCon	efficient	and	direct	pathways.	



CH4 -(C H2)- 
e-	 e-	-4	 -2	

Organic	Chemicals	

+ 2HX 

-C-  
e-	 e-	 0	

+ 4HX 

Transfer	of	Hydrogen	(e-)	to	Hydrogen	Halide	Offers	Significant		
Process	Flexibility	and	Preserves	Chemical	PotenRal	

X2	

Heatout	
+/-	eV	

O2	

eV	+/-		
Heatinput	

1-2	H2	
2HI

2HBr
2HCl

 0.2−1.5Volt⎯ →⎯⎯⎯ H2 +
I2

Br2

Cl2

2HI
2HBr
2HCl

 + 1
2

O2 ⎯→⎯ H2O+
I2

Br2

Cl2

+ Heat (or eV)



SAPO	à	Light	Olefins		
(ethylene/propylene)	

ZSM5	à	AromaCcs	

CH3OH	à	(-CH2-)	+	HOH	
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Chem.Com.	2004,	566,	658	Phys.	Chem.Chem.Phys.	2011,	13,2550	

CH3Br			à	(-CH2-)	+	HBr	

Alkylhalides	Are	Readily	Transformed	Into	Organic	Chemicals	
Using	Known	Alcohol	Pathways	(MTO,MTG)	



Polyhalides	?				InteresRng	New	(old)	Chemistry	

CH2Br2
H2⎯ →⎯ CH3Br H2⎯ →⎯ CH4

ACS	Catal.	(2012),	2,	479−486	

CH2Br2
H2⎯ →⎯ *CH −HBr⎯ →⎯⎯ *C2H5 −HBr⎯ →⎯⎯ *CnHm

Pd/SiO2	

nCH2Br2	à	-CnHm	+	2nHBr	



hsps://www.youtube.com/watch?v=44OU4JxEK4k	

What	you	want	on	surfaces		for	oligomers	
are		-CH	and	-CH2			(Fischer-Tropsch)	

ACS	Catal.	(2012),	2,	479−486	



A	General	Playorm	for	Methane	Conversion	without	CO2	

CH4	

CH4	

+		0.5-1	tons	CO2/ton	C	

No	CO2	

C2+	

C2+	



Methane 

Ethane
Propane

Methanol/DME
Olefins
BTX+

Ethanol
Glycol
Ethylene
BTX+

Olefins
Ethoxylates

Propanol
Propylene
BTX

AcRvaRon:	
R-H+Br2àR-Br+HBr			

Conversion:	
R-Br	àR’	+	HBr	

RegeneraRon:	
O2+HBr	à	Br2	+H2O	
HBr	à	Br2	+	H2	

		

HBr	
Br2	

O2/Electricity/Photons	
H2O	/	H2	

Demonstrated	Br2/HBr	Playorm	

	
Without	CO2	

	
But	…....	

Chem.	Com.	2004,	2100	

Catalysis	Today	2004,	98,	317	

Chem.Com.	2004,	566,	658	

Phys.	Chem.Chem.Phys.	2011,	13,2550	

ACS	Catal.	2012,	2,	479−486	



2	Gta	

					Fe3O4….,						



3Fe0	

H - Cl 

8FeCl3				à			8FeCl2	

					Fe3O4….,						

8	
eV	

8FeCl3+	

9FeCl2	
2FeCl3	
	
	

4	



																	In	Press	
Chemical	Engineering	Journal	

But	…...	you	sRll	need	CO2	free	electricity	



3Fe0	

H - Cl 

1FeCl2	

8	

2FeCl3	

3C0	

2	

3	

3CH4   + 2FeCl3+ FeCl2 → 3C + 3Fe + 8HCl + 2H2

Halogen	Facilitated	Thermal	ReducRon	



	
	

Heat	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Transport	

Electricity	

$	80	Trillion	
Global	GDP	

		9.5	Gta	C	

35	Gta	CO2	
		Emissions	

Gas	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Coal	

Oil	

InteresRng	chemistry,	but	the	few	Gta	of	CO2	from	
chemical	producRon	is	NOT	the	problem	



ΔH,ΔG	700K,	1atm	

C	+	4HCl				-228/-382	
Cl2	

C	+	4HI						60/-34		
I2	

2HX		

C	+	2H2					106,60	 H2	

CH4	+	nX2	
	

C	+	2H2O				-406/-405	

O2	

H2O		

We	Want	CO2-free	Low	Cost	Fuels	and	Heat		

NH3	
C	+	NH3	+	½H2				15/44	

N2	

C	+	NH3+	HCl			-62,-59	N2+Cl2	



1943	Belgium	
NH3	Bus	

X-15	NH3	Supersonic	

NH3	Toyota	GT86-R	

Korean	NH3	
Subcompact	

    CO2  free combustion
3
2

O2  +  2NH3 → N2 + 3H2O

Heat	of	CombusCon	~	Methanol	



	
à NH3		~	$15	-$20/GJ	
	
c/w	methanol	@$300/ton	
															$15/GJ	
	

Increased	NH3	producRon	à	Decreased	Food	Prices	



Hydrogen	as	the	ulRmate		sustainable	electron	
acceptor			CH4	à	C	+	2H2	

	

CH4	+	2O2	à	CO2	+	2H2O	

CH4	à	C	+	2H2	 2H2	+	O2	à	2H2O	



2 moles CH4

sec

1kta CH4

4 moles H2O
sec

+  2 moles CO2

sec

+  1500 kW Heat  →  750kWelec

Less	Heat	but	No	CO2	

2CH4   + 4O2 →  2CO2  + 4H2O

2X	operaRng	cost.	How	much	more	capital?	

2 moles C
sec

4 moles H2O
sec

 

+ 1,000 kW Heat
- 225 kW
= 775 kW→ 387 kWelec

4 moles H2

sec

2CH4   →  2C + 4H2

4H2   + 2O2 →   4H2O
-	225	kW	

8
3

 moles NH3

sec

4
3

 moles N2

sec

+	142	kW	

4 moles H2O
sec

 +  4
3

 mole N2

sec

+ 842 kW Heat
- 225 kW
+ 142 kW Heat
=  760 kW→ 380 kWelec

8
3

NH3   + 2O2 →   4H2O + 4
3

N2



The	Carbon	“Problem”	

CH4	
(C-4)	

CH4   + nX →  C +  H4 Xn   



Inspired	By	Nature	



Understanding	and	Controlling	ReacRons	and	Processes		
in	Complex	Melts	
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Hydrocarbon	Chemistry	in	Molten	Halide	Salts	
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C	(graphite)	

Equilibrium	for	pyrolysis	favored	at	lower	temperature	when	halogens	present	

H2	(remainder	HI)	

Higher	carbon	yield	when	I2	is	present	
(higher	methane	conversion)	



Molten	salts	used	for	environmental	control	of	
reacCve	surface	sites		

Ethane	 Ethylene	 Oxygen	 Water	

J.	Phys.	Chem.	C,	2015,	119	(16),	pp	8681–8691	



Molten	Metal	Methane	Pyrolysis	
CH4	à	C	+	2H2	

2H2	



T=	1000	oC	

Pt -
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Sn!+

Sn!+
Sn!+

Sn!+

Sn!+
Sn!+

e- e-

e-
e-

e-

e-
Tu

rn
ov
er
	F
re
qu

en
cy
	



Commercially	PracRced	Systems	



CH 4
heat /catalyst⎯ →⎯⎯⎯ C + 2H2

H2 −>Heat⎯ →⎯⎯⎯ C + 5
3 H2 +

1
3 H2O

Submized	
Chemical	Engineering	Journal	
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EAF Catalytic 
Pyrolysis

SMR
SMR”	adjusted	price	of	H2	for	Internal	
Rate	of	Return	(IRR)	=	10%.	
Other’s	use	same	H2	price.			

Thermochemical	Hydrogen	
ProducRon	Can	Beat	SMR	
SMR	vs	Pyrolysis		US	Gas	Price	$2/GJ	





A	Car	of	“the	future”:	On	Board	Thermal	Pyrolysis?	
	

H2	

C	
CH4		

Or	other	HC	
	

ICE/Hybrid	

Carbon	Holding	Tank	

Today’s	~	48	mpg	hybrid	

Tomorrow’s	~	0	CO2	
~24	mpg	hybrid**	

Challenge:		Cost	effecRve	modular	reactor	system	
CatalyBc	converters	~	$100.	



CH4  +  1
2

N2  + nX →  NH3 +C + HX

500	kta	Haber	Bosch	Ammonia	Facility	

Our	Grand	Challenge:	Direct	Methane	to	Ammonia	(Fuel	and	Foods)	

CH4  +  H2O →  3H2  + CO
  2N2  + 3H2 →  2NH3



Summary	

•  Fossil	hydrocarbons	remain	the	lowest	cost	source	of	power	and	organic	
chemicals	and	conRnue	to	make	possible	global	prosperity.	

	
•  We	do	not,	presently,	have	cost	compeRRve	alternaRves.	
	
•  If	the	global	society	ever	places	a	meaningful	cost	on	carbon	dioxide	
emissions	and	conRnues	to	unnecessarily	restrict	innovaRon	in	
commercial	nuclear	power,		alternaRve	means	of	using	fossil	resources	
may	provide	the	least	costly	processes	for	CO2	emissions	reducRons	unRl	
the	inevitable	increasing	scarcity	drives	up	their	cost.		

	
•  AlternaRve	conversion	pathways	have	many	interesRng	fundamental	
mechanisRc	quesRons	and	pracRcal	challenges	that	should	be	interesRng	
to	chemical	scienRsts,	engineers,	and	students.	



QuesRons	? 
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