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BACKGROUND	
Energy	independence	and	climate	change	are	likely	to	drive	energy	policy	in	the	U.S.	during	the	21st	century.			
Worldwide	 recognition	 of	 global	warming	 has	 placed	 greater	 emphasis	 than	 ever	 before	 on	moving	 away	
from	 carbonaceous	 forms	 of	 energy	 into	 more	 environmental	 friendly	 solutions.	 	 	 The	 result	 has	 been	 a	
renewed	 interest	 in	 green	 energy	 approaches	 using	 solar,	 wind,	 and	 hydroelectric	 power.	 	 The	 historical	
challenges	 of	 using	 these	 forms	 of	 green	 energy	 has	 been	 primarily	 operational	 economics	 and	 not	
technological	deficiencies,	although	technological	advancements	can	and	have	improved	efficiency	and	have	
helped	to	make	the	systems	more	economical.		

The	 primary	 challenge	 with	 solar	 and	 wind	 energy,	 is	 how	 to	 store	 the	 energy	 for	 use	 during	 periods	 of	
inactivity,	when	the	wind	isn’t	blowing	or	the	sun	isn’t	shining,	or	simply	when	excess	power	is	not	needed.		
Battery	 systems	 are	 a	 growing	 technology	 for	 energy	 storage,	 and	 can	 function	 effectively	 on	 a	 small	
(automotive)	scale,	but	are	limited	for	grid-scale	electricity	storage.		Also,	over	50%	of	the	electricity	you	start	
with	is	lost	when	transferred	to	a	battery.		In	addition,	there	are	environmental	issues	associated	with	battery	
disposal.	

The	process	proposed	by	the	authors	is	to	convert	green	energy	into	hydrogen,	which	can	be	stored	in	large	
volumes	and	subsequently	reconverted	into	electricity.		The	proposed	concept	relies	on	a	patented	system	of	
using	hydrostatic	pressures	to	provide	energy-free	compression,	storage	of	large	volumes,	and	transportation	
of	hydrogen	gas	to	a	power	generating	facility	on	a	demand-driven	basis.		This	patented	process	will	provide	
the	most	cost	efficient	utilization	of	hydrogen	as	a	power	generating	fuel	source.	

HYDROGEN	AS	AN	ENERGY	CARRIER	AND	FUEL	SOURCE	
The	 electric	 power	 industry	 is	 the	major	 contributor	 to	 carbon	 dioxide	 and	 other	 harmful	 emissions	 that	
contribute	to	damaging	climate	change.	According	to	the	EPA,	the	power	industry	accounts	for	about	33%	of	
the	total	emissions.	Hydrogen	derived	from	renewable	sources	is	a	clean	energy	resource.	 	 	Since	burning	it	
produces	only	heat	and	water,	it	can	greatly	mitigate	harmful	emissions	when	utilized	as	a	power	generating	
fuel.	Hydrogen	can	also	function	as	an	energy	carrier.		Just	like	electricity	carries	energy	by	transmission	lines	
from	power	plants	to	the	end	users,	hydrogen	can	be	employed	to	carry	energy	from	its	source	point	to	the	
end	users	by	pipelines.	

From	an	energy	perspective,	hydrogen	is	an	attractive	fuel	since	it	has	the	highest	mass	energy	content	of	any	
current	fuel	source.		With	a	specific	energy	content	of	142	MJ	per	kg,	it	is	3	times	greater	than	natural	gas	and	
oil	and	over	5	times	greater	than	coal	(see	Figure	1).	 	The	stable	chemistry	of	hydrogen	also	means	you	can	
store	its	energy	longer	than	any	other	medium.	
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Figure	1.		Hydrogen	is	an	attractive	fuel	because	of	its	high	mass	energy	density.	

There	are	several	ways	of	producing	hydrogen.		Fossil	fuels	are	currently	the	dominant	source	of	producing	
industrial	hydrogen,	often	by	thermal	processes	such	as	steam	reforming	of	methane	or	natural	gas,	where	
the	 gas	 reacts	 with	 steam	 at	 high	 temperatures	 in	 the	 presence	 of	 a	 catalyst	 to	 produce	 hydrogen.		
Unfortunately,	 the	 byproduct	 of	 this	 production	 method	 is	 carbon	 dioxide.	 	 From	 a	 climate	 control	
perspective,	 the	goal	 is	 to	produce	carbon-neutral	hydrogen.	Carbon-neutral	hydrogen	can	be	produced	by	
electrolysis.	

Electrolysis	is	the	passage	of	a	direct	electric	current	through	an	ionic	substance	that	is	either	molten	or	
dissolved	in	a	suitable	solvent,	resulting	in	chemical	reactions	at	the	electrodes	and	separation	of	materials.		
When	water	is	the	substance,	hydrogen	and	oxygen	are	dissociated,	thereby	providing	a	means	of	hydrogen	
generation	(Figure	2).	The	application	of	green	energy	sources	such	as	solar	and	wind	to	power	the	
electrolysis,	provides	a	green	energy	solution	to	hydrogen	
production.		

The	total	electricity	consumption	of	the	United	States	in	the	year	
2015	was	4	trillion	kWh.		Assuming	a	gas	turbine	efficiency	of	
58%,	the	total	hydrogen	potential	from	renewables	(solar	
and	wind)	in	USA	was	about	6.7	times	the	annual	electricity	
consumption	of	USA	in	2009.		Renewable	energy	continues	to	
increase	by	several	pct	each	year.	Therefore,	from	a	supply	
perspective,	a	hydrogen	power	generating	capacity	is	feasible.	

HYDROGEN	STORAGE	
In	general,	liquid	fuels	such	as	gasoline,	have	much	higher	energy	
content	than	gaseous	fuels,	such	as	natural	gas	or	hydrogen.	
While	hydrogen	has	a	high	mass	energy	density,	its	volumetric	
energy	density	(10	BTU/liter)	is	one	third	that	of	natural	gas	(30	
BTU/liter)	and	three	orders	of	magnitude	below	gasoline	(30,000	
BTY/liter).		As	such,	storage	of	hydrogen	for	commercial	grid-
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Figure	 2.	 Electrolysis	 is	 a	 proven	
technology	for	producing	hydrogen.	
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scale	power	generation	requires	the	gas	to	be	either	liquefied	(through	cryogenics)	or	compressed	to	
relatively	high	pressures.	

To	deliver	high-pressure	hydrogen,	3-5	stages	of	compression	are	typically	required.	Compression	
requirements	depend	on	the	hydrogen	production	technology,	delivery	requirements,	and	the	energy	
application.	For	the	pipeline	delivery,	gas	is	typically	compressed	to	75	atmospheres	(about	1,000	psi)	for	a	
delivery	pressure	of	30	atmospheres	(440	psi).		Higher	pressures	may	be	desirable	for	reducing	storage	
space.		Hydrogen	applications	for	automotive	and	transportation	systems	target	pressures	of	5,000	psi.		
Gaseous	hydrogen	compressors	are	major	contributors	to	capital,	storage,	and	operating	costs	of	hydrogen	
utilization.	

INNOVATIVE	HYDROGEN	COMPRESSION	AND	STORAGE	METHOD	
The	proposed	concept	is	to	use	fluid	mechanics,	specifically	hydrostatic	pressure,	as	a	means	to	pressurize	a	
volume	 of	 hydrogen	 gas	 that	 is	 captured	 in	 a	 closed	 chamber.	 	 Hydrostatic	 pressure	 is	 defined	 as	 the	
pressure	 exerted	 by	 a	 fluid	 at	 equilibrium	 at	 a	 given	 point	 within	 the	 fluid,	 due	 to	 the	 force	 of	 gravity.	
Hydrostatic	pressure	increases	in	proportion	to	depth	measured	from	the	surface	because	of	the	increasing	
weight	 of	 fluid	 exerting	 a	 downward	 force	 from	 above.	 	 The	 pressure	 is	 independent	 of	 the	 shape	 of	 the	
container,	or	the	path	the	water	takes	from	the	higher	elevation	to	the	lower	elevation.	

The	 basic	 concept	 is	 illustrated	 in	 Figure	 3.	 	 	 A	water	 reservoir	 is	 connected	 to	 a	 lower	 elevation	 storage	
chamber	filled	with	unpressurized	gas.		The	hydrostatic	pressure	provided	by	the	water	will	compress	the	gas	
in	 the	 storage	chamber	until	 the	gas	pressure	equals	 the	hydrostatic	pressure.	 It	provides	a	pressurization	
system	that	is	energy	free,	plentiful,	recyclable,	and	pollution	free.	

	

Figure	3.		Illustration	of	the	concept	of	using	hydrostatic	pressure	to	pressurize	gas	in	a	store	chamber.	
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A	 series	 of	 diagrams	 are	 used	 to	 describe	 how	 the	
patented	system	of	storing	green	energy	works.	 	 In	
this	discussion,	various	icons	represent	key	features	
of	 the	 system.	 In	 Figure	 4,	 the	 icons	 in	 the	 upper	
right	 corner	 represent	 a	 solar	 and	 a	 wind	 farm,	
supplying	 electricity	 to	 the	 commercial	 electrical	
grid.	This	is	the	current	state-of-the-art	of	solar	and	
wind	 power	 generation.	 The	 system	 is	 functional	
and	 provides	 green	 energy	 as	 long	 as	 the	 sun	 is	
shining	or	the	wind	is	blowing.	 	When	the	sun	isn’t	
shining	 or	 the	 wind	 isn’t	 blowing,	 the	 electrical	

energy	 must	 come	 from	 conventional	 sources,	
namely,	 fossil	 fuels	 such	 as	 coal	 or	 natural	 gas.	
Excess	 electrical	 power	 from	 the	 solar	 and	 wind	
farm	 can	 also	 be	 used	 to	 power	 a	 hydrogen	
generator	 as	 shown	 in	 Figure	 5	 that	 would	 most	
likely	be	some	type	of	electrolyzer	or	fuel	cell.		

Figure	 6	 shows	 an	 underground	 chamber.	 These	
chambers	would	typically	be	6	to	20-ft	in	diameter	
and	 1000	 to	 2000	 ft	 deep.	 	 The	 surrounding	 rock	
reinforces	 the	 chamber’s	 wall	 so	 that	 very	 high	
pressures	 can	 be	 contained	 within	 the	 chamber.	
These	 chambers	 would	 be	 drilled	 into	 the	 earth	
using	 the	 same	 technology	 as	 is	 used	 to	 construct	
mine	 shafts	 in	 underground	 mines.	 	 As	 shown	 in	
Figure	 6,	 the	 chamber	 is	 connected	 to	 a	 lake	 by	 a	
pipe	 line	 that	 is	 extends	 to	 the	 bottom	 of	 the	
chamber.		From	this	pipeline,	the	chamber	is	flooded	
with	water.	

In	 the	 illustration	 Figure	 7,	 the	 red	 line	 depicts	
hydrogen	 being	 pumped	 from	 the	 hydrogen	
generator	into	the	top	of	the	underground	chamber.			
As	 the	 gas	 accumulates	 in	 the	 top	 of	 the	 chamber	
and	increases	in	volume,	some	of	the	water	is	forced	
out	of	the	bottom	of	the	chamber	and	back	into	the	
lake	through	the	same	pipe	that	was	used	to	fill	the	
chamber.	 	This	 is	what	 is	referred	to	as	hydrostatic	
pressure.		At	any	given	time,	the	gas	pressure	in	the	
chamber	 is	 determined	 by	 the	 difference	 in	 the	
water	level	elevation	in	the	chamber	and	water	level	
elevation	in	the	lake.	In	this	example	at	a	water	level	
depth	of	600	ft,	the	gas	pressure	is	258	psi.		As	more	
and	more	gas	 is	 forced	 into	 the	chamber,	more	and	
more	water	is	forced	out	of	the	chamber.	Hydrostatic	
pressure	 increases	 at	 a	 rate	 of	 43	 psi	 per	 100	 ft	 of	
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Figure	4.		Solar	and	wind	power	provide	electricity	to	the	
commercial	grid.	

Figure	 5.	 	 Solar	 and	wind	 power	 can	 also	 be	 used	 to	 power	 a	
hydrogen	generator.	

Figure	 6.	 Underground	 storage	 chamber	 is	 sealed	 and	
flooded	with	water.	
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Figure	7.	Gas	entering	the	sealed	chamber	causes	water	to	be	
removed	 from	 the	 chamber,	 which	 produces	 hydrostatic	
pressurization	of	the	gas.	
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depth.	When	the	2000	ft	deep	chamber	above	is	completely	filled	with	gas,	the	gas	pressure	would	be	867	psi.		

When	 the	 sun	 is	 not	 shining	 and	 the	 wind	 is	 not	
blowing,	 or	 during	 a	 peak	 load	 demand	 by	 the	
electrical	 grid,	 the	 stored	hydrogen	 can	be	 released	
from	 the	 storage	 chamber	 and	 transported	 to	 an	
electric	 power	 plant	 or	 fuel	 cell,	 where	 it	 is	
converted	back	into	electricity	by	either	burning	the	
gas	 or	 the	 chemical	 conversion	 of	 hydrogen	 into	
electricity	in	the	fuel	cell.		As	the	gas	continues	to	be	
removed	 from	 the	 chamber,	 water	 flows	 back	 into	
the	 chamber.	 	 The	 water	 flowing	 back	 into	 the	
chamber	acts	a	piston	pushing	out	the	gas	under	the	
hydrostatic	pressure	created	by	the	in	rush	of	water.		
This	 process	 acts	 in	 reverse	 to	 the	 filling	 of	 the	
chamber	with	gas.	 	As	more	gas	 is	removed	and	the	
water	 rises	 in	 the	 chamber,	 the	 gas	 pressure	
decreases	 accordingly.	 	 But	 at	 all	 times,	 the	 gas	
remains	 pressurized	 to	 some	 degree.	 	 For	 example,	
when	the	water	level	reaches	the	1,000	ft	depth,	the	
hydrostatic	 pressure	 and	 gas	 pressure	would	 equal	
430	psi.		Once	all	of	the	gas	has	been	removed	from	
the	chamber,	 the	chamber	 is	once	again	completely			
flooded	and	the	cycle	can	be	repeated	over	and	over.		

It	 is	 this	 feature	 of	 the	 exchange	 of	water	 between	
the	 surface	 reservoir	 and	 the	 gas	 chamber	 that	
results	 in	 an	 energy	 free	 system	 to	 maintain	 the	
pressurized	 storage	 and	 subsequent	 transportation	
of	 the	 gas	 for	 usage	 when	 needed	 that	 makes	 this	
integrated	system	unique.	

When	 the	 hydrogen	 is	 converted	 back	 into	
electricity,	 the	 process	 efficiency	 can	 be	 greatly	
increased	by	using	pure	oxygen	rather	 than	pulling	
oxygen	from	the	atmosphere.	When	water	is	broken	
down	into	hydrogen	gas	by	electrolysis,	oxygen	gas	
is	 also	 produced.	 It	 is	 a	 simple	 matter	 to	 construct	
additional	 underground	 storage	 chambers	 to	 also	
store	the	oxygen	gas,	shown	by	the	orange	gas	in	the	
chamber	on	the	 far	right	 in	 the	diagram	in	Figure	9.	
Also	shown	are	two	hydrogen	storage	chambers.		The	reason	for	this	is	because	when	water	is	broken	down	
by	electrolysis,	there	are	two	molecules	of	hydrogen	produced	for	every	atom	of	oxygen.	

	

This	shows	that	it	is	possible	to	store	large	amounts	of	pressurized	hydrogen	and	oxygen	gases	produced	by	
electrolysis	and	using	hydrostatic	water	pressure	to	keep	it	pressurized	in	an	underground	chamber.		In	the	
drawing	 in	Figure	10,	 the	electrolysis	process	 is	moved	 from	 the	 surface	 to	 the	bottom	of	an	underground	

Figure	 8.	 When	 the	 gas	 is	 released	 from	 the	 chamber,	 the	
water	re	enters	the	chamber	acting	as	a	piston	to	force	the	gas	
out	of	the	chamber	under	pressure.	
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Figure	 9.	 	 Electrolysis	 produces	 twice	 as	 much	 hydrogen	 as	
oxygen.		Additional	chambers	can	be	added	to	store	both	gases.	
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production	chamber	very	similar	to	one	of	the	storage	chambers.		By	doing	this,	both	hydrogen	and	oxygen	is	
generated	under	pressure,	improving	the	efficiency	of	the	gas	production.		As	shown	in	the	enlarged	area	on	
the	 bottom	 right,	 the	 hydrogen	 and	 oxygen	 is	 captured	 in	 tubes	 to	 keep	 them	 separate.	 As	was	 illustrated	
previously,	the	gas	is	transported	and	stored	in	other	underground	chambers.			

A	full-scale	production	system	would	likely	incorporate	several	hydrogen	and	oxygen	storage	chambers	fed	
by	one	or	more	central	production	units.	 	Operationally,	 the	system	can	be	designed	to	sequence	the	 filling	
and	removal	of	gases	from	the	storage	chambers.	 	 In	such	a	design,	 the	hydrogen	and	oxygen	supply	to	the	
power	plant	can	be	uninterrupted.	

Hydrogen	provides	a	mean	of	converting	and	storing	the	green	energy	capacity	of	solar	and	wind	resources	to	
be	used	as	needed	to	provide	fuel	for	electric	power	generation	in	a	gas	turbine	power	plant	or	through	a	fuel	
cell	conversion.		The	patented	system	requires	no	mechanical	compression	of	the	gases	as	would	be	utilized	
in	compressed	air	energy	storage	system	or	power	to	pump	water	as	would	be	used	in	pumped	hydro	storage	
systems.		This	makes	this	process	more	efficient	than	all	other	green	energy	storage	systems.	

	

400 Ft 

200 Ft 

600 Ft 

800 Ft 

1000 Ft 

1200 Ft 

1400 Ft 

1600 Ft 

1800 Ft 

2000 Ft 

Grid 

Electrolysis 
powered by 
solar & wind 

Production 
Chamber 

O2 O2 O2 
H H H 

100 Ft 200 Ft 300 Ft 400 Ft 500 Ft 600 Ft 700 Ft 800 Ft 900 Ft 1000 Ft 

Solar & Wind  
Farm 

H O2 

Power plant 
or Fuel Cell 

Figure	 10.	 	 	 The	 electrolysis	 can	 be	 incorporated	 into	 an	 underground	 chamber	 creating	 a	 production	
chamber	for	both	hydrogen	and	oxygen	which	is	subsequently	stored	in	separate	chambers.	
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Enhanced	Hydrostatic	Pressure	System:		Since	hydrostatic	pressure	is	dependent	only	on	the	elevation	
difference	between	the	chamber	and	not	the	diameter	or	shape	of	the	chamber,	a	small	diameter	pilot	hole	
can	 be	 drilled	 to	 a	 greater	 depth	 than	 the	 large	 diameter	 storage	 chamber	 (Figure	 11).	 	 The	 increased	
pressure	from	the	small	diameter	pilot	hole	can	then	be	used	to	intensify	the	pressure	in	the	larger	diameter	
storage	 chamber	 section.	 	 The	 storage	 chambers	 can	 be	 located	 either	 above	 ground	 or	 underground	 as	
shown	in	the	illustration.			
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	Figure	11.	A	small	diameter	borehole	can	be	used	to	intensify	the	hydrostatic	pressure.		
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Method	 of	 Maintaining	 Constant	 Pressure	 in	 the	 Storage	 Chamber:	 There	 are	 a	 variety	 of	
configurations	of	the	system	that	can	be	utilized.		In	this	section,	a	method	of	maintaining	constant	pressure	
in	 the	storage	chamber	will	be	described	using	 the	diagram	in	Figure	12.	 	 In	 the	previous	descriptions,	 the	
hydrogen	pressure	increased	as	the	water	was	displaced	from	the	chamber,	reaching	a	maximum	equivalent	
to	the	hydrostatic	pressure	only	when	the	chamber	was	full	of	gas	and	the	water	was	removed.		In	this	design,	
the	hydrogen	pressure	is	maintained	at	a	constant	pressure	at	all	times.	

	

Figure	12.		Method	to	maintain	constant	pressure	in	storage	chamber.	

Shown	is	a	wind	farm	which	constantly	supplies	electricity	to	the	electrical	grid.	Whenever	grid	demand	falls	
below	the	wind	farm's	capacity,	the	excess	electricity	is	diverted	to	a	high-pressure	PEM	electrolyzer	where	
pressurized	hydrogen	gas	is	produced.	

For	this	discussion,	it	is	assumed	that	the	desired	pressure	inside	of	the	elctrolyzer	is	5,000	psi.	It	is	therefore	
essential	 that	 the	pressure	 inside	 of	 the	 electrolyzer	 be	maintained	 at	 5,000	psi	while	 the	hydrogen	 gas	 is	
being	produced	and	removed	from	the	electrolyzer	for	storage.	This	can	be	done	by	allowing	the	pressurized	
hydrogen	gas	to	exit	the	electrolyzer	through	a	series	of	pipes,	one-way	relief	valves	and	one-way	gate	valves	
and	into	an	underground	storage	chamber,	all	of	which	will	stay	at	a	constant	5,000	psi	pressure	during	the	
hydrogen	gas	production	and	removal	from	the	electrolyzer.	

As	the	5,000	psi	gas	enters	the	top	of	the	storage	chamber,	water	begins	to	be	removed	from	the	completely	
flooded	chamber.	For	the	displaced	water	to	leave	the	chamber,	it	must	flow	through	an	opening	in	a	pipe	at	
the	bottom	of	the	underground	storage	chamber,	through	a	relief	valve	and	into	a	water	reservoir	located	on	
the	surface.	

When	 the	 stored	 hydrogen	 is	 needed,	 a	 valve	 is	 opened	 at	 the	 top	 of	 the	 storage	 chamber	 allowing	 the	
pressurized	gas	to	be	directed	to	its	final	destination,	most	likely	a	hydrogen	fueled	electric	power	plant	or	a	
fueling	station	for	hydrogen	powered	vehicles.	
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The	sequencing	of	control	valves	for	the	operation	of	this	system	is	described	as	follows.	

Hydraulic	 Valve	A:	 	This	 is	an	automatic	normally	closed	one-way	valve	 that	 is	 set	 to	open	and	stay	open	
once	the	pressure	in	the	electrolyzer	equals	or	exceeds	5,000	psi.	Pressurized	hydrogen	can	only	flow	from	
the	electrolyzer	to	the	storage	chamber	as	long	as	the	pressure	in	the	electrolyser	stays	above	5,000	psi.	If	the	
pressure	falls	below	5,000	psi,	the	valve	closes,	trapping	the	pressurized	gas	in	the	storage	chamber.		

Hydraulic	Valve	B:		This	is	a	manually	controlled	valve	that	is	in	the	open	position	when	hydrogen	is	being	
stored	in	the	storage	chamber	and	closed	when	the	stored	hydrogen	is	being	removed	from	the	chamber.	

Hydraulic	Valve	C:	 	This	is	a	manually	controlled	valve	that	is	 in	the	closed	position	when	the	hydrogen	is	
being	stored	in	the	storage	chamber	and	is	in	the	open	position	when	the	hydrogen	is	being	removed.	

Water	Valve	D:	 	This	is	an	automatic	normally	closed	one-way	valve	that	is	set	to	open	and	stay	open	once	
the	water	pressure	 in	 the	pipe	coming	 to	 this	valve	 from	the	storage	chamber	equals	or	exceeds	5,000	psi.	
This	 valve	 maintains	 a	 gas	 pressure	 in	 the	 storage	 chamber	 of	 at	 least	 5,000	 psi	 while	 the	 pressurized	
hydrogen	gas	coming	into	the	top	of	the	storage	chamber	displaces	water	from	the	bottom	of	the	chamber,	up	
the	water	pipe	and	into	the	water	tank.	

Water	Valve	E:		This	valve	allows	water	to	flow	from	the	water	tank	back	into	the	storage	chamber	after	the	
gas	pressure	in	the	chamber	falls	below	a	certain	point.	It	is	an	automatic	normally	closed	one-way	valve	that	
is	set	to	open	when	the	water	pressure	in	the	pipe	coming	to	this	valve	from	the	storage	chamber	falls	below	
the	water	pressure	in	the	pipe	on	the	water	tank	side	of	the	valve.	As	more	gas	is	removed	from	the	chamber,	
more	water	will	 flow	 into	 the	 chamber.	 This	 process	will	 continue	 until	 all	 of	 the	 hydrogen	 gas	 has	 been	
removed	and	the	chamber	is	once	again	completely	flooded.	

UNDERGROUND	STORAGE	CHAMBER	CONSTRUCTION	
A	 key	 element	 of	 the	 system	 is	 the	 underground	
storage	 chambers.	 While	 the	 construction	 of	 such	
chambers	 may	 at	 first	 seem	 challenging,	 the	 mining	
industry	 routinely	 constructs	 ventilation	 shafts	 and	
this	 same	 technology	 can	 be	 used	 to	 construct	 these	
underground	 storage	 chambers.	 	 The	 underground	
storage	 and	 production	 chambers	 can	 be	 drilled	 by	
using	 a	 method	 called	 Blind	 Bore	 Shaft	 Drilling	
(Abergeldie	 Complex	 Infrastruture).	 	 This	 manner	 of	
shaft	 construction	 allows	 for	 all	 work,	 including	 the	
drilling	 and	 the	 lining	 of	 the	 shaft,	 to	 be	 safely	 done	
from	the	surface,	with	no	underground	access	needed.		
The	drill	bits	used	 in	 this	method	of	shaft	drilling	are	
quite	 large	 and	 often	 weigh	 several	 tons	 (see	 Figure	
13).	They	are	usually	 transported	 to	 the	worksites	 in	
sections	and	assembled	on	site.		

Figure	13.	 	Drill	 bit	 shown	 that	 is	used	 to	 construct	mine	
ventilation	 shafts	 (Photo	 courtesy	 of	 Abergeldie	 Complex	
Infrastructure). 
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The	 chambers	 that	 are	 drilled	 with	 this	 method	
commonly	 range	 in	 size	 from	 6	 to	 20	 feet	 in	
diameter	 and	 can	be	drilled	 to	depths	of	 2000	 ft.		
The	 shafts	 can	 be	 constructed	 in	 any	 kind	 of	
underground	 strata.	 Mining	 shafts	 are	 also	
commonly	 lined	 with	 steel.	 	 Figure	 14	 shows	 a	
steel	 liner	 being	 readied	 for	 inserting	 into	 the	
shaft.	 	 In	 mining,	 these	 liners	 provide	 added	
stability	to	the	shaft	by	resisting	ground	pressures	
as	 the	 shafts	 are	used	 for	 ventilation	of	 the	mine	
workings	 and	 remain	 open	 and	 functional	
throughout	the	life	to	mine,	which	can	be	a	decade	
or	longer.			

While	 the	 chambers	 in	 the	 patented	 hydrogen	
storage	 system	 are	 internally	 pressurized	 with	
either	gas	or	water,	 a	 similar	procedure	 could	be	
used	 to	 install	 liners	 to	 provide	 additional	
reinforcement	 from	 the	 underground	 strata	 and	
also	provide	a	 sealing	 function	 to	prevent	 leakage	of	 the	pressurized	gas	 in	 the	 chambers.	 	 It	 is	noted	 that	
materials	such	as	composites	could	be	used	in	lieu	of	steel	for	the	hydrogen	storage	application.	

Figure	 15	 shows	 a	 completed	 shaft.	 The	 major	
difference	 between	 constructing	mine	 shafts	 and	
underground	 storage	 chambers	 is	 that	 the	
chambers	 will	 need	 to	 be	 capped	 and	 sealed	 so	
that	they	can	contain	highly	pressurized	hydrogen	
gas	 or	 oxygen	 gas.	 	 This	 capping	 process	 is	 also	
routinely	done	in	the	mining	industry	whenever	a	
mine	is	shut	down	and	its	ventilation	shafts	are	no	
longer	needed.			

In	 conclusion,	 the	 construction	 of	 the	
underground	 chambers	 uses	 existing	 equipment	
and	methods	that	are	practiced	world	wide	in	the	
mining	 industry.	 	 For	 a	 point	 of	 reference,	 it	 is	
noted	 that	 deep	water	 oil	 drilling	 can	be	done	 to	
depths	 of	 30,000	 ft.	 	 Therefore,	 the	 chamber	
construction	 is	 not	 considered	 a	 barrier	 to	 the	
proposed	patented	system	of	hydrogen	storage.	

	 	

Figure	14.		Installation	of	steel	liner	into	a	mine	ventilation	
shaft	 (Photo	 courtesy	 of	 Abergeldie	 Complex	
Infrastructure). 

Figure	15.		Installation	of	steel	liner	into	a	mine	ventilation	
shaft	 (Photo	 courtesy	 of	 Abergeldie	 Complex	
Infrastructure). 
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STORAGE	 AND	 ENERGY	 CAPACITIES:	 	 One	 of	 advantages	 of	 this	 system	 is	 that	 is	 easily	
scalable	and	can	be	used	 to	 support	 full	power	generation	at	both	 the	commercial	grid	 scale	or	micro-grid	
scale	and	can	be	scaled	to	provide	full	energy	requirements,	base	load	requirements,	or	anything	in	between.		
It	 can	also	be	used	 to	provide	hydrogen	 storage	 to	 support	hydrogen	powered	automotive	vehicles	or	 any	
other	 transportation	 sector	needs.	 	The	 capacity	 requirements	 are	 simply	 a	matter	of	 selecting	 the	needed	
chamber	 size	 (diameter	 and	 depth)	 and	 the	 number	 of	 chambers	 relative	 to	 energy	 requirements	 of	 the	
application.	Since	the	energy	output	of	the	stored	hydrogen	is	determined	by	the	hydrogen	mass,	the	energy	
content	will	be	correlated	to	both	the	chamber	volume	and	chamber	depth.	The	chamber	limits	are	dictated	
by	the	drilling	requirements	and	although	extreme	depths	can	be	drilled	when	required,	this	analysis	will	be	
limited	to	conventional	mine	shaft	drilling,	which	is	a	20-ft-diameter	chamber	to	a	depth	of	2,000	ft.			

Some	examples	of	chamber	requirements	are	identified	as	follows:	

Full	Capacity	500	MW	Coal	Fired	Power	Plant:	 	A	500	MW	coal	fired	power	plant	will	burn	3,337	tons	
of	coal	a	day	to	provide	this	capability.		The	energy	content	of	one	ton	of	coal	is	about	19	million	BTU,	which	
means	3,337	tons	of	coal	provides	about	65	billon	BTU	of	energy	or	approximately	19	million	kWh.		Since	1	kg	
of	 hydrogen	 provides	 33.33	 kWh	 of	 energy,	 approximately	 572,000	 kg	 of	 hydrogen	 is	 needed	 to	 provide	
equivalent	energy.		As	previously	noted,	the	amount	of	hydrogen	that	can	be	stored	in	a	give	volume	depends	
on	the	gas	pressure.		Using	the	deepest	chamber	available	under	conventional	drilling	technology,	2000	ft,	the	
hydrostatic	 pressure	 would	 equate	 to	 860	 psi.	 	 Using	 the	 Ideal	 Gas	 Law,	 this	 would	 result	 in	 a	 hydrogen	
energy	density	of	about	5	kWh/ft3.	 	 	Using	 the	 largest	diameter	chamber	(20	 ft)	 that	can	be	conventionally	
created,	 the	volume	of	 a	20-ft-diameter	by	2,000	 ft	 deep	 chamber	would	be	628,000	 ft3.	 	 Therefore	one	of	
these	chambers	could	contain	3,140,000	kWh	and	it	6	chambers	would	be	needed	to	provide	the	equivalent	
capability	of	the	3,337	tons	of	coal,	providing	the	capacity	to	operate	a	500	MW	power	plant	for	24	hours.	

100	MW	System:	 	A	smaller	scale	power	generating	system	might	be	on	the	order	of	100	MW.	 	Following	
the	 information	 provided	 in	 the	 example	 above,	 100	 MW	 translates	 into	 341	 million	 BTU/hr	 of	 required	
energy	 production.	 	 	 A	 single	 20-ft-diameter	 by	 2,000-ft-deep	 chamber,	 or	 five	 20-ft-diameter	 by	 1,000-ft-
deep	chambers	could	provide	about	95	pct	of	this	capability.			A	number	of	other	configurations	could	also	be	
used	to	provide	this	capability	for	a	24-hour	period.	

Micro	Grid	System:	 	A	microgrid	is	a	small	energy	system	capable	of	balancing	captive	supply	and	demand	
resources	 to	maintain	 stable	 service	 within	 a	 defined	 boundary.		 A	microgrid	 can	 connect	 and	 disconnect	
from	the	grid	to	enable	it	to	operate	in	both	grid-connected	or	island-mode.		Micro	grids	can	be	designed	to	
different	capacities,	but	generally	are	not	 larger	than	10	MW,	which	will	be	used	for	this	example.	 	A	single	
18-ft-diameter	chamber	that	is	only	250	ft	deep,	or	a	single	9-ft	diameter	chamber	that	is	500	ft	deep	could	
provide	this	capacity	for	a	24-hour	period.		If	longer	coverage	is	needed,	a	single	20-ft-diameter	by	2,000-ft-
deep	chamber	could	provide	this	energy	for	a	period	of	10	days.	

Fueling	Stations	for	Hydrogen	Powered	Vehicles:		An	underground	storage	chamber	2-ft-diameter	and	
and	 2000-ft-deep,	 pressurized	 to	 5,000	 psi	 (using	 the	 constant	 pressure	 system	 illustrated	 in	 Figure	 15)	
would	hold	4,151	kg	of	hydrogen.	Prototype	hydrogen	powered	cars	are	currently	being	designed	and	built	
with	4	to	5	kg	fuel	tanks.	That	means	a	2000-ft-deep	2-ft-diameter	chamber	pressurized	to	5,000	psi	would	
hold	enough	pressurized	gas	to	fill	the	fuel	tanks	for	800	to	1,000	hydrogen	powered	cars	vehicles.	
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A	FIRST	ORDER	COST	ANALYSIS	
The	 challenge	 of	 electrolytic	 generation	 of	 hydrogen	 for	 power	 consumption	 has	 always	 been	 one	 of	
economics.	 	 The	 cost	 of	 electrolytic	 hydrogen	 production	 is	 highly	 dependent	 upon	 the	 cost	 of	 electricity,	
accounting	for	as	much	as	60	to	70%	of	the	total	cost.	 	Solar	and	wind	energy	can	be	harnessed	to	provide	
clean	electricity	to	hydrogen-generating	electrolyzers.	In	this	way,	hydrogen	production	can	be	a	pathway	for	
using	renewable	domestic	energy	sources	to	contribute	directly	to	reducing	greenhouse	gases	and	to	reduce	
the	production	cost.		

Thermodynamically,	 it	 takes	 39	 kWh	 of	 electricity	 and	 8.9	 liters	 of	water	 to	 produce	 1	 kg	 of	 hydrogen	by	
electrolysis	at	25°C	and	1	atmosphere	pressure	(Kroposki,	2006).	Assuming	a	commercial	electrolyzer	system	
efficiency	ranging	56%–73%,	the	energy	requirement	for	producing	electricity	from	electrolysis	ranges	from	
54–67	kWh/kg	(Figure	16).		For	comparison	purposes,	1	kg	of	hydrogen	has	about	the	same	energy	content	
as	1	gallon	of	gasoline.			

The	cost	of	renewable	wind	and	solar	energy	continues	to	decline	as	more	and	more	systems	come	on	aboard	
and	the	cost	of	the	technology	drops.			Currently	in	2017,	the	cost	of	wind	energy	is	about	$0.025	per	kWh	and	
solar	 energy	 about	 twice	 that	 or	 $0.050	 per	 kWh.	 	 As	 the	 chart	 in	 figure	 **	 shows,	 this	 translates	 into	 a	
hydrogen	 production	 cost	 ranging	 from	 about	 $1.35	 to	 $1.75	 per	 kg	 of	 hydrogen	 for	 wind	 powered	
electrolysis	and	about	$2.65	-	$3.70	for	solar	powered	electrolysis	for	the	high	(73	pct)	and	low	efficiencies	
(56	pct)	for	current	commercial	electrolysis	systems.		

Figure	16.		Cost	of	hydrogen	production	based	on	cost	of	electricity.	
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Adding	 to	 these	 production	 costs,	 $1.30	per	 kg	 for	 capital	 costs	 and	 $0.37	per	 kg	 for	 fixed	 operations	 and	
maintenance	costs	brings	the	total	hydrogen	production	costs	to	$3.02-$3.42	for	wind	powered	electrolysis	
and	$4.32-	$5.37	for	solar	powered	electrolysis.	

Since	hydrogen	has	an	energy	content	of	10.28	kWh/kg,	using	wind	power	to	produce	hydrogen	at	a	cost	of	
$1.35	 -	 $1.75	per	kg,	 the	 resulting	energy	value	equates	 to	$0.13/kWh	 -	 $0.17/KWh.	 	Likewise,	 the	energy	
value	of	hydrogen	produced	by	solar	power	would	be	$0.26/kWh	-	$0.36/kWh.		However,	the	hydrogen	must	
first	be	converted	back	into	electricity,	which	is	discussed	in	the	next	section.	

CONVERTING	THE	HYDROGEN	BACK	INTO	ELECTRICITY	
Electricity	can	be	generated	from	hydrogen	by	a	number	
of	 ways	 and	 the	 process	 continues	 to	 evolve	 as	 new	
technologies	 are	 developed.	 	 A	 brief	 discussion	 of	 the	
most	common	methods	follows.		A	common	requirement	
for	all	systems	is	to	generate	and	store	large	volumes	of	
hydrogen.	 The	 potential	 for	 electric	 power	 generation	
from	 hydrogen	 is	 largely	 untapped	 and	 is	 likely	 to	
increase	significantly	in	the	next	25	years.	

Fuel	 cells:	 A	 significant	 amount	 of	 research	 has	 been	
pursued	in	the	development	of	fuel	cell	technology.		Fuel	
cells	are	designed	specifically	to	transform	hydrogen	and	
oxygen	 into	 electricity.	 	While	 economies	 of	 scale	 are	 a	
consideration	for	conversion	of	hydrogen	into	grid-scale	
electricity	 using	 fuel	 cell	 technology,	 there	 are	 no	
technological	 barriers	 to	 combining	 a	 number	 of	 fuel	
cells	to	provide	the	desired	electric	output.	 	A	benefit	of	
the	hydrogen	 fuel-cell	approach	 is	 that	chemical	energy	 is	directly	converted	 into	electricity.	 	Furthermore,	
the	electric	power	generation	does	not	involve	any	mechanical	moving	parts.	Thus,	the	conversion	efficiency	
of	 hydrogen	 fuel	 cells	 is	 much	 higher	 (60	 to	 80%)	 then	 gas	 turbine	 conversion	 which	 typically	 has	 an	
efficiency	 of	 15	 –	 25%,	 however	 combined	 cycle	 power	 generation	 systems	 that	 are	 currently	 being	
developed	can	raise	the	efficiency	to	over	50%.	

Direct	 Combustion	with	 Gas	 Turbines:	The	world’s	 first	 commercial-scale	 hydrogen	power	plant	was	
developed	by	Italy	and	became	operational	 in	2010	(Figure	17).	This	power	plant	has	a	capacity	of	12	MW	
and	 burns	 hydrogen	 gas	 in	 a	 turbine	 that	was	 specifically	 developed	 in	 partnership	with	 General	 Electric.	
While	 this	 facility	 has	 demonstrated	 the	 feasibility	 of	 direct	 gas	 power	 generation	 with	 a	 gas	 turbine,	
additional	 research	and	development	 is	being	pursued	 to	 enhance	 the	design	and	 capability	of	 gas	 turbine	
technologies.		This	is	necessary	because	of	the	significantly	higher	temperatures	at	which	the	hydrogen	burns	
compared	to	natural	gas.			

The	first	generation	of	hydrogen-fired	gas	turbines	combust	the	gas	with	air,	similar	to	conventional	gas-fired	
power	plants.	A	negative	consequence	of	 this	method	 is	 that	 it	produces	nitrogen	oxides,	which	 cause	acid	
rain.	 	 Research	 is	 being	 conducted	 to	 develop	 burner	 technologies	 that	 can	 generate	 the	 lowest	 possible	
missions	 at	 the	 highest	 possible	 combustion	 temperatures.	 	 Since	 oxygen	 is	 captured	 as	 part	 of	 the	
electrolysis	 process,	 replacing	 the	 air	 with	 oxygen	 in	 the	 burning	 process	 can	 significantly	 alleviate	 this	
problem.	

Figure	 17.	 The	 world's	 first	 commercial	 scale	
hydrogen	power	plant	was	developed	 in	Italy	and	
became	operational	2010. 
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Combined	Cycle	Systems:	Combined	cycle	is	an	assembly	of	heat	engines	that	work	in	tandem	off	the	same	
source	of	heat.		The	exhaust	of	one	engine	is	used	as	the	heat	source	for	another,	thus	extracting	more	useful	
energy	 from	 the	heat,	 thereby	 increasing	 the	 system’s	overall	 efficiency.	 	Combined	cycle	 systems	 typically	
burn	natural	gas	as	the	primary	heat	engine.		A	temporary	solution	to	the	gas	turbine	approach	is	to	integrate	
hydrogen	in	the	turbines	in	these	combined	cycle	systems	to	further	improve	efficiency	and	reduce	emissions.			
In	other	applications,	the	hydrogen	is	used	in	methanization	to	produce	synthetic	gas.		

Enhancing	 Carbon	 Sequestration	 Processes:	 Currently,	 combined	 cycle	 systems	 also	 rely	 heavily	 on	
carbon	 sequestration	 to	 remove	 the	 carbon	 dioxide	 from	 the	 process.	 	 	 The	 goal	 of	 these	 processes	 is	 to	
capture	 the	 carbon	 dioxide	 before	 it	 is	 combusted	 in	 the	 gas	 turbine	 system.	 	 The	 Integrated	 Gasification	
Combined	 Cycle	 (IGCC)	 process	 is	 a	 means	 of	 using	 coal	 and	 steam	 to	 produce	 hydrogen	 and	 carbon	
monoxide	(CO)	from	the	coal	and	these	are	then	burned	in	a	gas	turbine	with	a	secondary	steam	turbine	(i.e.	
combined	 cycle)	 to	 produce	 electricity.	 If	 the	 IGCC	 gasifier	 is	 fed	with	 oxygen	 rather	 than	 air,	 the	 flue	 gas	
contains	 highly	 concentrated	 CO2	 that	 can	 readily	 be	 captured	 after	 the	 combustion.	 	 Since	 oxygen	 is	 a	
byproduct	of	 the	electrolysis	process	and	 is	 captured	 in	 the	proposed	system,	 carbon	sequestration	can	be	
significantly	 enhanced.	 A	 number	 of	 oxyfuel	 systems	 are	 operational	 in	 the	 USA	 and	 elsewhere,	 and	 the	
FutureGen	2	project	involves	oxy-combustion.		

CLOSING	REMARKS	
The	hydrostatic	system	offers	a	unique	solution	to	the	ability	to	store	green	energy,	including	wind	and	solar	
power.	 	 By	 converting	 green	 energy	 into	 hydrogen	 through	 electrolysis,	 it	 can	 be	 stored	 indefinitely	 and	
utilized	as	needed	to	generate	electricity	or	to	power	transportation	vehicles.					

This	 invention	uniquely	 integrates	a	proven	method	of	electrolysis	 for	producing	hydrogen	and	oxygen	gas	
and	 integrates	an	“energy	 free”	system	for	developing	and	sustaining	 the	stored	gas	under	compression	by	
application	of	hydrostatic	pressure.		Connecting	the	gas	storage	unit	to	an	external	body	of	water	provides	the	
hydrostatic	pressure.		The	hydrostatic	pressure	is	constant	both	during	the	production	and	storage	of	the	gas	
as	well	as	the	removal	and	transportation	of	the	gas	from	the	storage	units.		At	an	energy	requirement	of	80	
kWh	 to	 compress	10	kg	of	hydrogen	 to	5000	psi,	 a	 savings	 in	 the	hundreds	of	 thousands	of	dollars	 can	be	
realized	by	 the	energy-free	hydrostatic	pressurization	 system	compared	 to	pressurizing	 this	volume	of	gas	
externally	through	conventional	compressors	by	mechanical	means.	

This	 unique	 process	 of	 manipulating	 the	 hydrostatic	 pressure	 without	 human	 intervention	 to	 sustain	 the	
hydrogen	gas	in	a	compressed	state	is	described	in	a	6-step	operational	cycle	as	follows:	

1. The	hydrogen	gas	generated	by	electrolysis	is	captured	in	a	sealed	underground	chamber.	

2. An	inlet	at	the	bottom	of	the	sealed	chamber	is	connected	by	a	conduit	to	a	surface	body	of	water	or	
reservoir,	 thereby	 providing	 hydrostatic	 pressure	 to	 the	 chamber	 in	 proportion	 to	 the	 chamber	
depth.	

3. As	the	generated	gas	from	the	electrolysis	accumulates	in	the	upper	part	of	the	chamber,	the	trapped	
gas	pressure	will	intensify	and	as	more	gas	is	generated	it	will	expand	in	volume.		

4. The	expansion	of	the	gas	volume	under	the	increased	pressure	causes	the	water	in	the	chamber	to	be	
displaced	 out	 of	 the	 chamber	 and	 back	 to	 the	 surface	 reservoir	 over	 a	 period	 of	 time	 as	 the	 gas	
generation	continues.		The	hydrostatic	pressure	acts	a	pressure	regulator	limiting	the	gas	pressure	to	
the	hydrostatic	pressure	with	the	maximum	pressure	occurring	when	the	water	is	fully	expelled	from	
the	chamber	leaving	the	chamber	full	of	pressurized	(hydrogen	or	oxygen)	gas.	
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5. Then	 when	 the	 pressurized	 gas	 is	 released	 from	 the	 sealed	 chamber,	 being	 expelled	 through	 a	
discharge	pipe	with	a	control	valve	connected	 into	 the	upper	portion	of	 the	chamber,	 the	chamber	
water	will	be	replenished	from	the	surface	reservoir	and	will	maintain	force	equilibrium	with	the	gas	
volume	and	work	to	push	the	gas	from	the	chamber	under	pressure.		

6. Following	 removal	 of	 hydrogen	 from	 the	 chamber,	 the	 chamber	 is	 again	 sealed,	 and	 the	 process	
repeats,	all	automatically	driven	by	conservation	of	energy	between	the	gas	pressure	and	the	water	
pressure,	without	the	need	for	any	man-made	intervention.		

It	is	this	feature	of	the	exchange	of	water	between	the	surface	reservoir	and	the	gas	chamber	that	results	in	an	
energy	 free	system	to	maintain	the	pressurized	storage	and	subsequent	transportation	of	 the	gas	 for	usage	
when	needed	that	makes	this	integrated	system	unique.			

Furthermore,	 the	 electrolyzing	 device	 can	 be	 powered	 from	 solar	 panels	 or	 windmill	 generators,	 thereby	
capturing	this	green	energy	for	on	demand	use,	including	periods	of	inactivity	such	as	no	wind	or	no	sun.	

The	 system	 can	 be	 designed	 to	 integrate	 as	 much	 storage	 volume	 as	 needed,	 utilizing	 several	 storage	
chambers	 if	necessary	and	scaled	according	 to	 the	specific	power	supplement	requirement.	 	At	 the	smaller	
scale,	 the	 system	 might	 be	 designed	 to	 supplement	 power	 during	 peak	 demands,	 and	 at	 the	 larger	 scale	
conceivably	could	be	scaled	to	provide	full	power	plant	capability	in	the	hundreds	of	MW	capacity	equivalent	
to	a	modern	coal-fired	power	plant.		
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