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Athens,	I	would	like	75,	11855	Athens	Appl.	Sci.	2019,	9	(12,)	2571;	Received:	May	21,	2019/Revised:	June	14,	2019/Accepted:	June	17,	2019/Published:	June	25	cycle	in	several	thermodynamic	systems.	This	document	is	a	review	of	experimental	investigations	on	supercrytic	operations	taking	into	account	both	heat	to	heat	and	power	to	power
systems.	Experimental	works	are	reported	and	then	analyzed.	The	main	findings	can	be	summarized	as:	Rankine	steam	cycles	does	not	show	many	studies	in	the	literature,	Organic	transcrotic	cycles	Rankine	are	intensely	investigated	and	few	plants	are	already	in	line,	the	carbon	dioxide	is	considered	a	promising	slope	to	closed	cycles	for	closed
cycles	Brayton	and	Rankine,	but	their	the	only	properties	require	a	new	thought	in	the	cycle	components	design.	Transcromal	heat	pumps	are	widely	used	in	domestic	and	industrial	applications,	but	supercrytic	heat	pumps	with	a	work	fluid	other	than	CO2	are	scarce.	Increase	the	adoption	rate	of	supercrytic	thermodynamic	systems	I	don't	know.	♪♪
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arap	acit​Ãrcrepus	n³Ãicarepo	al	a	azalpsed	es	euq	eniknaR	ocis¡Ãlc	olcic	le	noc	ralimis	n³Ãiculove	anu	obuh	euq	raton	etnaseretni	sE	.]7,6[	rolac	ed	etneuf	al	ed	odarutpac	odneis	rolac	s¡Ãm	y	acimr©Ãt	aicneicife	main	option	for	a	refrigerant.	Ammonãaco	systems	were	preferred	on	CO2	systems	since	they	had	good	efficiency,	however,	CO2	systems
are	small	and	do	not	pose	toxicity	risks.	In	a	one	Heat	pump,	the	coolant	always	remains	under	the	critical	point	and	heat	rejections	are	made	by	condensation.	While,	in	a	transcritical	cycle,	heat	rejection	occurs	at	a	supercritical	pressure	from	a	sensitive	cooling	of	a	single	phase.	The	difference	in	pressure	levels	in	a	transcritical	CO2	system	is	much
higher	compared	to	a	conventional	subcritical	system.	This	brings	with	it	additional	thermodynamic	losses	and	break.	However,	the	large	pressure	difference	allows	the	use	of	an	expansion	work	recovery	device	that	partially	offsets	losses	in	a	CO2	transcritic	heat	pump	[11].	In	what	follows	the	supercritical/transcritic	heat	pump	will	be	discussed	in
addition	to	the	supercritical/transcritic	ORC	as	many	of	the	features	are	shared.	A	workflow	achieves	a	supercritical	state	(i.e.,	it	becomes	a	supercritical	fluid)	when	the	pressure	and	temperature	is	at	or	above	its	critical	pressure	and	temperature.	In	the	steam	generator	of	an	ORC,	the	critical	pressure	work	fluid	heats	from	the	subcooled	conditions
through	the	critical	point	that	ends	in	a	supercritical	state.	During	this	process	the	temperature	of	the	work	fluid	increases	and	during	the	subcooling	phase	follows	the	liquid	saturation	curve	closely.	This	property	is	exploited	by	recovering	energy	from	sensitive	heat	currents.	It	is	known	that	the	heat	profiles	that	are	closely	matched	(see	Figure	1)
are	beneficial	to	increase	the	thermal	efficiency	(higher	average	temperature	of	the	workflow)	and	increase	the	recovered	energy	(cooled-flavor	heat	current	at	a	lower	temperature)	[6].	For	water,	both	critical	temperature	(647.096	K)	and	critical	pressure	(22.064	MPa)	are	high	while	for	CO2	critical	temperature	(304.36	K)	is	low	and	critical
pressure	(7.38	MPa)	is	low.These	high	pressures	generate	technical	challenges	and	additional	costs	of	material	[12].	In	addition,	complex	multi-stage	pumps	are	required	to	achieve	al	ne	otnemua	nu	,sodalucniv	etnematcerid	n¡Ãtse	arutarepmet	al	y	n³Ãiserp	al	,esaf	ed	oibmac	ed	n³Ãiger	al	ne	euq	a	odibeD	.selbisnes	rolac	ed	otneimanecamla	y
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adazilitu	aicnetop	us	,sajab	nos	sabmob	sal	ed	saicneicife	sal	iS	.senoiserp	the	cycle	inevitably	increases	the	overall	pressure	ratio.	Supercritical	steam	compression	cycles	are	inherently	free	from	this	limitation.	Supercritical	heat	pumps	for	industry	application	are	mainly	studied	in	a	theoretical	basis	in	theLi	et	al.	[16]	proposed	a	supercritical	heat
pump	with	two	evaporators	with	CO2	as	work	fluid	for	drying	application.	Klocker	et	al.	[17]	made	a	comparison	between	the	benefits	of	a	supercritical	CO2	heat	pump	with	a	heating	system	of	the	ctric	eligion	and	found	that	the	savings	in	energy	of	up	to	65%	can	be	achieved	using	an	optimized	supercrytic	heat	pump.	Diaby	et	al.	[18]	used	a	CO2
heat	pump	transcrytic	cycle	to	evaluate	the	performance	of	two	heat	pumps	at:	i)	heater	yield	(COP)	between	two	and	three.	After	the	reduction	of	fluorid	fluids	in	the	refrigeration	sector	in	Europe,	the	inter	-site	of	CO2	has	grown.	In	comparison	with	other	commonly	used	work	fluids,	CO2	is	a	natural	work	fluid	with	low	PCA	(=	1)	and	without	PaO.	It
is	also	flammable,	not	explosive	and	cheap	comparison.	It	is	clear	that	there	is	still	a	gap	for	work	fluids	that	have	low	temperature	and	pressure.	Table	1	lists	some	refrigerants	with	zero	pao	that	show	potential	for	the	supercrytic	operation	of	RDC.	However,	the	majority	of	organic	fluids	have	low	stability	of	the	fluid,	high	flammability	and	corrosivity
nearby	or	in	supercritical	pressure	operation	[19].	From	the	previous	analysis	it	is	clear	that	supercrytic	and	transcrytic	cycles	offer	possibilities	to	improve	the	performance	of	heat	systems	to	power	and	heat	to	heat.	However,	the	experimental	results	are	scarce	in	the	literature	and	for	the	authors	there	is	no	exhaustive	review	available.	Therefore,	in
what	follows,	there	will	be	a	general	vision	of	experimental	research	on	heat	cycles	to	supercrytic	and	transcrytic.	The	generation	of	From	the	heat	of	the	waste	it	is	usually	economically	feasible	when	the	temperature	of	the	heat	source	is	greater	than	150	°	C.	The	main	power	to	power	heat	systems	can	be	classified	as	conventional	conventional
conventional	(Rankine-base,)	Direct	power	conversion	(turbo-compounding)	and	advanced	technology	(teg	among	others).	Among	the	cycles	of	mechanical	power,	the	Rankine	Steam	Cycle	(SRC)	and	the	Organic	Rankine	(ORC)	cycle,	both	following	the	same	configuration,	are	widely	developed;	They	only	differ	in	the	work	fluid	[20].	There	are	several
more	to	improve	the	technical	efficiency	of	a	Rankine	cycle.	One	way	to	increase	the	efficiency	of	the	cycle	is	to	increase	the	temperature	of	the	steam	that	enters	the	turbine.	However,	this	temperature	is	restricted	by	metal	limitations	imposed	by	the	materials	and	design	of	the	components	and	the	primary	pipe.	The	equipment	and	pipes	must
withstand	high	pressures	and	large	tensions	at	high	temperatures.	With	new	material	development	it	is	possible	to	go	at	higher	temperatures	during	overheating	and	overheating.	To	balance	that	with	moisture	in	the	last	stages	of	the	turbine,	the	most	high	boiler	pressure	is	required.	The	majority	of	the	technical	centrals	are	currently	designed	to
operate	in	the	supercrytic	rankine	cycle	(that	is,	with	steam	pressures	greater	than	the	chrotic	water	pressure	22.1	MPA,	and	turbine	input	temperatures	greater	than	374	°	C).	Supercrynic	energy	plants	have	efficiencies	around	43.%	In	addition,	48%	efficiencies	are	reached	for	very	complex	carbon	energy	plants	that	operate	to	pressures	â	€	œ	ultra



-character	(that	is,	about	30	MPA)	and	use	reheating	of	multiple	stages	(vé	©	ase	Figure	2)	[21].	Although	the	majority	of	the	supercrytic	units	are	carbon,	in	2014,	the	organization	of	scientific	and	industrial	research	of	the	Commonwealth	(CSIRO)	of	Australia	established	a	world	cord	in	the	generation	of	steam	Solar	with	a	more	than	600	directional
mirrors	(heliosteats)	aimed	at	two	towers	that	house	ocip	ocip	le	noc	ritepmoc	ed	laicnetop	le	eneit	ralos	le	euq	³Ãrtsomed	osap	ed	oibmac	etsE	.]22[	C°Â	075	y	aPM	5.32	ed	n³Ãiserp	anu	a	ropav	odnareneg	,sanibrut	y	seralos	Fuel	fuel	sources	capacities.	A	very	efficient	way	of	improving	the	performance	of	classical	energy	plants	are	the
configurations	of	the	combined	cycle	gas	turbine	system	(CCGT).	The	obtaining	of	greater	general	technical	efficiency	of	the	CCGT	requires	optimizing	the	entire	plant	and	the	three	main	components:	the	gas	turbine	(GT),	the	heat	recovery	steam	generator	(HRSG)	and	the	steam	turbine	(ST)	.	However,	among	the	three	components	of	the	CCGT
plants,	the	GT	performance	enters	first	as	the	predominant	performance	in	performance;	with	which	plant	efficiency	can	address	the	55%	objective	and	more	[23].	Another	concept,	proposed	by	Xu	et	al.	[24],	investigate	a	supercrytic	supercrytic	energy	generation	system	of	1000	MW	that	incorporates	a	complementary	regenerative	supercererative
CO2	cycle.	The	general	efficiency	of	the	proposed	system	system	reached	as	high	as	46.0%,	0.4%higher	than	that	of	the	reference	energy	plant	and	could	rise	to	46.9%when	the	gas	temperature	of	the	exhaust	pumps	fell	to	100.0	°	C.	As	mentioned	in	the	previous	section,	the	Sãusic	Syndic	Cycle	of	Rankine	(ORC)	presents	exactly	the	same
configuration	as	the	Supercrytic	Rankine	Steam	Cycle	(see	Figure	3),	however,	the	work	fluid	is	a	fluid	is	a	fluid	alternative	instead	of	water.	Organic	fluids	that	can	be	used	in	temperatures	below	400	°	C	do	not	need	to	be	highly	overheated	in	the	majority	of	cases,	a	fact	that	leads	to	greater	efficiency	of	the	cycle	[25].	This	allows	low	-degree	heat
sources	that	otherwise	will	be	wasted.	However,	unlike	the	large	-scale	utility	vapor	power	plants	where	the	use	of	supercrytic	cycles,	in	small/medium	-sized	systems,	using	a	supercrytic	orc,	the	selection	of	the	selection	of	appropriate	components	become	very	challenging.	In	addition,	the	low	temperature	operation	(under	100	°	C)	brings	some
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work,	although	limited,	has	provided	some	important	results	on	the	efficiency	of	the	cycle	and	the	production	of	energy	under	transcritical	conditions.	Several	tests	carried	out	by	Kosmadakis	et	al.	[35]	in	the	laboratory	have	demonstrated	a	cycle	efficiency	of	4.4%	in	supercritical	conditions,	when	in	the	subcritical	operation	it	reached	a	value	of	7%.
However,	the	supercritical	operation	was	difficult	to	achieve	and	only	when	the	cooling	water	flow	rate	decreased,	the	engine	could	operate	and	maintain	such	conditions.	In	these	conditions,	the	frequency/speed	of	the	expander	was	low,	maintaining	a	pressure	ratio	close	to	the	designed	one,	but	leading	to	a	low	expansion	efficiency.	However,	the
actual	test	data	and	their	study	provide	good	arguments	if	a	supercritical	orc	can	be	really	more	efficient	than	a	subcritical	cycle,	and	if	the	theoretical	results	can	be	verified.	The	thermal	efficiency	results	in	the	CPV-T	system	field	showed	that	the	ORC	operated	only	under	subcritical	conditions.	The	most	important	findings	of	the	laboratory	tests
were	that	such	an	orc	engine	with	a	capacity	of	only	3	kW	can	achieve	adequate	thermal	efficiency	when	operated	at	very	low	temperature.	In	Landelle	et	al.	[37]	Tests,	the	ORC	displacement	expander	was	able	to	produce	up	to	6	kwe	gross,	with	a	supercritical	R-134A	supply	and	has	demonstrated	good	performance,	however,	the	ORC	engine
performance	was	insufficient,	with	a	net	thermal	efficiency	of	only	1%.	However,	it	showed	a	good	potential	for	the	residual	heat	recovery	application,	as	it	worked	better	than	"the	same	orc	power	scale	for	abrupt	exerc	recovery	efficiency.	Hsieh	et	al.	[38]	The	experimental	results	showed	that	your	attempt	to	use	a	screw	expander	in	a	transcritical
orc	wassince	it	turned	low	-grade	heat	into	approximately	20	kW	of	power.	The	experimental	results	also	demonstrated	a	natural	efficiency	(gross	rich	efficiency)	of	(5.7.%)	2.66%	(5.38.%)	and	2.63%	(5.28%)	for	heat	source	temperatures	of	90	°C,	95	°C	and	100	°C	respectively.	Demierre	et	al.	[39]	have	demonstrated	the	viability	of	the
turbomachinery-based	thermal	pump	on	a	small	scale	demonstrated	and	the	turbine	used	achieved	a	efficiency	of	0.75	as	well	as	the	compressor.	However,	the	energy	losses	between	the	turbine	and	the	compressor	reached	~30.%	A	summary	of	the	above-mentioned	experimental	prototypes	is	presented	in	table	2.	The	main	designs	of	the	ORC
supercritical	engine,	as	described	in	the	prototypes	mentioned	above.	Carbon	dioxide	has	interesting	properties	for	waste	heat	recovery	with	many	beneficial	features	as	shown	in	table	3	[43,44,45]:	very	low	critical	point,	non-toxic,	non-identifiable,	widely	available,	zero	ODP,	low	PCA	by	definition,	etc.	A	projection	of	the	files	shows	large	amounts	of
studies	on	this	topic,	so	the	Rankine	CO2	cycles	will	be	discussed	separately	here.	Pilot	research	on	the	small-scale	transcritical	CO2	Rankine	cycle	has	been	conducted	since	2000.	The	first	attempts	were	made	at	Doshisha	University,	Japan,	and	considered	a	solar-powered	average	temperature	system.	And	since	then,	few	other	systems	have	been
built	and	tested,	mainly	for	heat	recovery	applications.	Table	4	contains	a	list	of	various	designs	and	comments	in	the	following	paragraphs.	Zhang	et	al.	[43,44,45,46]	conducted	pilot	research	on	a	solar-powered	CO2	transcritical	cycle.	In	principle,	your	system	uses	a	solar	collector	matrix	and	direct	evaporation,	a	microturbine,	a	capacitor,	a	CO2
feeding	pump	and	is	designed	to	operate	in	CHP	mode.	Due	to	the	lack	of	n³Ãtsip	n³Ãtsip	ed	abmob	anu	³Ãrgetni	eS	.n³Ãicaregirfer	ed	errot	anu	rop	odaregirfer	,rodasnednoc	omoc	nevris	eires	ed	n³Ãicarugifnoc	al	ne	sodatcenoc	rolac	ed	serodaibmacretni	soD	.ametsis	led	aicnetop	ed	adilas	al	ramitse	arap	n³Ãicauce	anu	noratnemelpmi	e	n³Ãisnapxe
ed	aluvl¡Ãv	anu	noralatsni	,n³Ãisnapxe/anibrut	ed	adaiporpa	the	working	fluid	through	the	cycle.	Pan	et	al.	[47]	proposed	a	small-scale	transcritical	system	in	which	they	integrated	a	2	kW	piston	expander	coupled	to	a	generator,	shell	and	tube	heat	exchangers	that	can	withstand	a	pressure	of	20	MPa	such	as	evaporator	and	regenerator	and	another
that	can	withstand	a	lower	pressure	like	8	MPa	as	a	capacitor.	A	piston	pump	was	used	with	a	nominal	pressure	of	20	MPa	as	a	power	pump.	A	34	kW	cooling	unit	that	provides	5	°C	of	cold	water	was	connected	to	the	capacitor.	An	oil	loop	with	an	electric	heater	produced	hot	fluid	at	an	approximate	temperature	of	210	°C.	A	test	facility	was	built	for
research	on	small-scale	transcritic	CO2	Rankine	cycles	by	Ge	et	al.	[48].	It	includes	a	CHP	80	kW	microturbine	unit,	an	oil	loop,	an	integrated	Rankine	engine	and	a	dry	cooling	system.	The	CO2	turbine	was	an	axial,	with	a	single	stage	and	a	reaction	ratio	of	0.5.	It	was	designed	for	5	kWe	output	power,	0.281	kg/s	of	mass	flow	and	has	a	diameter	of
144	mm.	The	CO2	feed	pump	was	a	trillion	bomb.	The	temperature	of	the	hot	oil	and	the	flow	rate	of	mass	were	varied	through	the	CHP	power	output	and	the	speed	of	the	variable	pump,	respectively.	As	its	system	was	designed,	four	two-way	valves	were	installed	to	prevent	the	recoverer	when	necessary.	Therefore,	the	system	parameters	could	be
measured	in	both	configurations:	with	and	without	recoverer.	Li	et	al.	[49]	decided	to	build,	test	and	compare	a	small-scale	transcritical	CO2	Rankine	cycle	using	R245fa.	The	system	investigated	by	Ge	et	al.	[50]	was	complemented	by	an	ORC	engine.	The	ORC	engine	uses	copper	pipes	instead	of	stainless	steel	as	regards	the	CO2	test	platform.	ORC
turbineHe	was	axial	with	one	stage.	The	working	fluid	pump	was	a	diaphragm	pump	coupled	with	a	1,1	kW	asynchronous	engine,	and	two	separate	air	capacitors	mounted	and	controlled	by	variable	speed	fans.	As	both	engines	were	driven	by	the	same	heat	source,	two	valves####
################################################################################	I	mean,	I	don't	know.The	water	showed	that	the	supercrytic	carbon	dialog	had	better	heat	transfer	characteristics	[44].	The	estimated	output	power	was	820	W.	The	maximum	temperature	and	the	pressure	of	around	187
°	C,	and	9.26	MPa	were	reached	and	the	system	produces	a	general	efficiency	of	around	9%,	well	above	that	of	that	of	A	solar	cup,	8.2%	[43].	Pan	et	al.	[47]	They	used	bulbs	as	an	eligric	load	and	the	investigated	system	produced	around	1	kW	of	electrical	power,	and	produced	an	efficiency	of	5%.	They	discovered	that	the	pistoner	of	the	piston	worked
badly	and	showed	an	isentropic	efficiency	as	low	as	22%,	and	concluded	that	it	was	not	adequate.	In	addition,	they	indicated	that	an	increase	in	mass	flow	causes	the	pressure	on	the	evaporator	to	increase.	Ge	et	al.	[48]	​​â	€	oth	â	€	‹evaluated	the	experimental	performance	of	a	low	-grade	heat	driven	CO2	-driven	cycle	and	few	results	were	obtained.
The	test	results	showed	a	correlation	between	the	mass	flow	rate	of	the	CO2	cycle	and	the	input	and	output	pressures	of	the	turbine	and	subsequently	with	the	power	generated.	The	output	power	varied	with	the	workflow	of	work	fluid	and	the	rmico	dough.	The	maximum	isentrópic	efficiency	of	the	turbine	was	45%	and	showed	low	yield	when	the
CO2	mass	flow	rate	increased.	Of	the	experimental	results	obtained,	these	authors	were	able	to	develop	and	implement	a	model	in	Trnsys	to	predict	the	impact	of	ambient	air	temperature	on	the	system.	Li	et	al.	[49]	Probó	transcrotic	and	subcrytic	cycles	R245FA	R245FA	driven	â	€	‹â	€‹	by	the	same	heat	source	in	view	of	the	performance	comparison.
The	entrance	paras	€	-	0.3	kg/s	work	fluid	flow,	oil	temperature	139	°	C	and	130	°	C	for	CO2	and	R245FA,	and	ambient	air	temperature	24	°	C	and	17	°	C	respectively.	The	test	results	in	both	configurations	showed	that	the	pressure	in	different	parts	of	the	system,	energyand	turbine	efficiency	increased	with	the	rate	of	mass	flow	of	work,	while	cycle
temperatures	decreased	with	an	increase	in	mass	flow	rates	and	poor	turbine	yields	were	observed.	The	maximum	pressure	of	the	recorded	cycle	was	around	90	bar	for	the	transcritical	cycle,	that	is,	more	than	seven	times	that	of	the	subcritic,	12	bar.	The	heat	transfer	analysis	in	the	evaporator/gas	heater	showed	that	the	transcritic	cycle	has	the
potential	to	function	better	than	the	subcritic	configuration.	Positive	variation	of	heat	input,	affects	both	temperature	and	cycle	pressure.	The	istropic	efficiency	measures	of	the	expansors	were	less	than	40%.	However,	the	authors	failed	to	achieve	significant	results,	such	as	the	output	power	of	the	cycle	and	the	efficiency	of	the	system	of	both
systems	in	similar	conditions	for	a	significant	comparison.	Shi	et	al.	[50]	aimed	at	improving	the	transcritic	operation	by	modification	of	the	cycle	architecture	and	comparing	four	configurations:	basic	cycle	(b),	regeneration	cycle	(R),	preheater	cycle	(P)	and	cycle	with	regenerator	and	preheater	(PR).	They	were	able	to	demonstrate	that	integrating	a
regenerator	and	preheater	is	the	best	option,	as	it	provided	the	best	performance:	34	kW	power	output,	7.8%	thermal	efficiency	and	17.1%	exergy	efficiency.	It	should	be	noted	that	of	all	configurations,	the	core	cycle	showed	lower	performance.	However,	the	results	were	not	realistic	as	the	system	did	not	produce	any	work,	and	the	yields	were
overestimated.	Li	et	al.	[51]	proposed	evaluating	the	dynamic	behavior	of	a	transcritical	system	by	massive	flow	and	variation	of	the	expansion	relationship.	The	variation	of	the	fluid	mass	flow	rate	was	obtained	by	the	variation	of	the	pump	speed,	while	theof	the	pressure	relationship	could	be	achieved	by	opening	the	expansion	valus.	The	decrease	in
mass	flow	induced	an	increase	in	pressure	at	the	entrance	of	the	vines	and	an	increase	in	temperature.	A	decrease	in	the	opening	of	the	voyement	led	to	an	increase	in	pressure	and	and	at	the	valve¢Ã​Â​Âs	inlet,	a	decrease	in	mass	flow	was	also	observed	despite	fixed	pump	rpm.	Overall,	the	system	showed	good	dynamic	response	with	average	time
response	below	62	s.	Heat	transfer	optimization	is	an	important	issue	in	CO2	transcritical	cycles.	Shi	et	al.	[52]	in	their	research	tackled	the	issue	by	integrating	a	preheater	in	their	system.	They	kept	different	pumps	at	fixed	speeds	and	varied	the	pressure	in	the	gas	heater,	in	the	range	7.57¢Ã​Â​Â10.35	MPa	and	obtained	a	gas	heater	efficiency	of
73¢Ã​Â​Â80%	and	a	preheater	efficiency	of	about	90%.	They	suggested	further	work	to	improve	the	gas	heater,	and	proposed	engine	coolant	pump	frequency	selection	as	way	of	optimizing	preheater¢Ã​Â​Âs	operation.	A	Brayton	cycle	can	be	implemented	with	working	fluids	such	as	carbone	dioxide	(CO2),	air,	helium	(He),	ethane	(C2H4),	sulphur
hexafluoride	(SF6),	xenon	(Xe),	methane	(CH4)	and	nitrogen	(N2).	The	standard	configuration	can	be	modified	to	give	birth	to	other	layouts	with	the	aim	of	increasing	the	cycle	efficiency.	More	than	a	dozen	layouts	have	been	investigated	so	far	throughout	the	literature	[54,55,56,57,58,59]:	standard	Brayton,	pre-compression,	recompression,	split
expansion,	partial	cooling,	cascade,	simple	reheat,	double	reheat,	etc.	These	architectures	are	meant	to	be	applied	for	power	generation	from	various	heat	sources	including	coal	combustion,	thermonuclear	reaction,	solar	radiation	harvesting	and	waste	heat	recovery	[49,60].	Mecheri	and	Le	Moullec	[61]	investigated	the	possibility	of	applying	Brayton
cycles	for	heat	recovery	in	coal	power	plants.	Several	possibilities	with	supercritical	carbon	dioxide	were	screened	of	which	the	recompression	cycle	emerged	as	the	best	option	with	an	efficiency	increase	of	about	4.5%pt	in	comparison	with	the	standard	Brayton	cycle.	Concentrating	solar	power	developers	are	also	seeking	for	competitive	designs,
and	efficiency	increase	through	Brayton	cycle	have	been	proposed.	et	al.	[62]	investigated	the	Brayton	cycles	for	solar	power	plants	centered	in	line	with	several	work	fluids.	MA	and	Turchi	[63]	argue	that	replacing	the	Rankine	steam	by	SCO2	Brayton	on	the	tower	plants	has	many	benefits:	compatibility,	modularity	and	efficiency.	Stein	and	Buck	[64]
compared	several	options	for	solar	energy,	and	Brayton	appeared	as	a	promising	option,	but	it	has	not	yet	been	confirmed	by	demonstration	plants.	Brayton's	cycle	is	being	researched	intensely	and	attracts	a	lot	of	interest	in	the	nuclear	industry	for	use	in	fourth-generation	nuclear	power	reactors	[54.65.66.67]:	Sodium-cooled	fast	reactor,	lead-cooled
fast	reactor,	gas-	Cooled	fast	reactor,	super-critical	water-cooled	reactor,	gas-cooled	reactor	at	very	high	temperature	and	cast	salt	reactor.	It	could	be	well	adapted	for	temperature	in	the	range	of	500	€	-	600	°	C,	with	an	efficiency	of	about	50%.	Brayton	cycle	performance	is	affected	by	several	factors,	including	turbine	input	temperature	and
pressure	ratio.	Performance	can	also	vary	depending	on	the	cycle	architecture,	and	the	repressive	cycle	was	proposed	as	an	appropriate	option	for	the	maximum	cycle	temperature	of	around	500	€-600	°	C,	pre-compression	and	partial	cooling	are	the	right	options	for	processes	over	600	°	C	Since	the	1960s,	several	testing	facilities	have	been	built	in
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seviecer	Rosserpmoc	eht	ot	ot	ot	olhw	eht	erah	led	to	turbulent	flow	in	the	axis.	Vojacek	et	al.	[68]	In	CVR,	Czech	Republic	built	a	small	-scale	test	installation	within	the	framework	of	the	Susen	project.	The	installation	is	intended	to	be	used	for	component	tests	at	temperature	up	to	550	°	C	and	pressure	up	to	30	MPa.	The	test	platform	built	in	CVR,
aimed	at	trying	heat	and	turbomachininary	exchangers.	The	compressor	worked	as	expected	while	the	closed	loop	operation	of	the	simple	Brayton	cycle	was	not	possible	due	to	the	excess	pressure.	The	1	MW	recovered	cycle	built	on	Swri	[72]	saw	its	first	tests,	and	the	turbine	reached	a	temperature	of	550	°	C	to	21	krpm.	Future	experimental
investigations	are	planned	and	will	focus	on	taking	the	temperature	to	the	point	of	design	set	at	715	°	C/25	MPa.	Anselmi	et	al.	[77]	reported	on	the	development	of	a	test	platform	at	the	University	of	Cranfield	(United	Kingdom)	if	they	had	the	intention	of	testing	several	components	integrated	into	a	CO2	loop.	In	South	Korea,	Kaeri,	Kaist	and	Postech
have	joined	to	carry	out	research	on	Brayton	supercrytic	cycles.	They	have	developed	an	integral	test	installation	S-CO2	(Sciel)	with	the	objective	of	operating	test	cycle	and	components.	Two	projects	were	launched	for	a	high	and	low	compression	relationship	[54,78].	The	first	test	platform	was	a	Brayton	recovered	with	two	-stage	compression	and
two	-stage	expansion.	The	turbines	were	designed	for	a	low	pressure	relationship.	(2)	and	could	support	a	temperature	as	high	as	500	°	C,	well	adapted	for	an	SFR.	The	second	was	a	simple	Brayton	cycle.	In	the	Kier,	a	research	plan	was	established	to	investigate	the	Rankine	and	Brayton	transcrotic	cycles.	Several	cycle	architectures	with	different
power	outputs	should	be	tested	and	evaluated	[79.]	Selected	architectures	Brayton	were	closed	is	Brayton	and	Dual	Brayton.	In	the	course	of	your	designed	experiment	and	built	a	small	high	-speed	turbo	generator	(1	kWe,	200	KRPM)	for	a	multipro	-troprop	test	loop	that	could	work	at	high	speed	at	high	speed	speed	(500	°	C)	as	simple	and	low
temperature	Brayton	(200	°	C)	as	a	transcrytic	cycle	of	Rankine	[80].	The	first	system	designed	by	Echogen	was	a	10	MW	SCO2	plant	based	on	an	innovative	recovered	cycle.	The	tests	were	carried	out	in	its	installation	of	EPS100,	which	integrates	the	printed	circuit	heat	exchangers	(PCHE)	as	a	recovery	and	refrigerator,	fine	tube	designer	heater,	a
turbopuerta	that	consists	of	a	heritically	sealed	unit	and	An	eligric	turbine	coupled	to	an	eligric	turbine	of	four	poles	with	four	poles.	Generator	[72].	The	initial	tests	took	place	without	the	power	turbine,	and	the	performance	outside	the	component	design	is	measured	and	the	data	registered	in	comparison	with	the	model's	predictions	were	shown	in
good	agreement.	In	the	Kaeri,	a	simple	Brayton	was	proven	[79,80].	The	test	platform	comprises	an	oil	loop,	a	double	pressure	motor	unit,	a	power	turbine	(200	kW	output	power)	and	a	pre	-holder.	The	turbine	was	designed	to	support	a	pressure	of	up	to	12.5	MPA,	a	temperature	of	around	435	°	C	and	has	an	80	kRPM	axis	speed.	Compressor
performance	maps	were	drawn,	transitory	analysis	and	cycle	operation	were	performed.	After	registering	the	cycle	parameters,	they	were	able	to	draw	the	thermodynamic	cycle	in	a	TS	diagram	and	managed	to	produce	1.2	kW	output	power.	Heat	pumps	for	heat	recovery	applications	have	been	proposed,	updating	their	heat	supply	at	temperatures
up	to	150	°	C	or	Mãs	[81].	The	majority	of	the	commercial	and	experimental	units	are	based	on	subcranatic	cycles,	with	few	examples	available	in	the	literature	that	operates	in	transcrytic	conditions.	A	typic	cycle	design	of	a	transcrytic	heat	pump	that	uses	an	internal	heat	exchanger	to	increase	cycle	performance	and	table	corresponding	pressure
diameter	is	shown	in	Figure	4.	Most	of	the	relevant	applications	refer	to	a	CO2	heat	pump	as	its	working	fluid,	with	few	more	using	the	alternatives.	These	are	presented	below.	Heat	pumps	that	work	in	a	transcritical	cycle	with	CO2	as	work	fluid	attracting	much	attention	especially	in	the	domestic	sector.	The	main	reason	is	the	high	temperature	lift
of	these	type	of	heat	pumps	and	their	high	volumetric	heating	capacity,	making	them	suitable	for	hot	water	heating	applications.	This	large	lift	is	possible	even	with	a	single-stage	cycle,	reducing	the	system	complexity	and	cost.	However,	they	need	low	temperature	in	the	evaporator	side,	so	as	to	keep	the	boiling	process	within	the	two-phase	region
(practically	lower	than	about	25¢Ã​Â​Â30	​Ã°ÂC),	which	is	usually	supplied	by	ambient	air.	This	restricts	their	use	in	the	industrial	sector	for	heat	recovery	in	cases	where	the	heat	source	is	from	low-temperature	wastewaters	or	from	the	rejected	heat	of	refrigeration	units	[81].In	general,	heat	production	of	CO2	transcritical	heat	pumps	is	limited	to	a
temperature	below	100	​Ã°ÂC,	being	suitable	for	a	limited	number	of	industrial	processes,	such	as	for	drying	applications	[16,17,82].	Their	performance	is	greatly	increased	when	the	CO2	temperature	at	the	gas	coolers	is	reduced	as	much	as	possible	[83],	exploiting	most	of	the	thermal	content	of	the	high-pressure	gas.	Heat	production	at	different
temperatures	in	the	gas	coolers	is	also	possible.	At	the	same	time,	it	is	ensured	that	the	working	fluid	after	the	expansion	process	is	within	the	two-phase	region.The	experimental	studies	of	this	type	of	heat	pumps	for	the	production	of	process	heat	are	limited.	Although	there	are	numerous	experimental	test-rigs	for	hot	water	heating	mostly	for
buildings	[84,85,86],	its	industrial	application	has	not	been	examined	so	extensively	[87].	This	has	mostly	to	do	with	the	heat	recovery	process,	requiring	lower	temperatures	as	the	ones	available	in	most	waste	heat	recovery	applications,	as	previously	explained.	Moreover,	the	maximum	heat	sink	temperatures	usually	restricted	below	100¢Ã​Â​Â120
​Ã°ÂC,	limit	the	possible	applications	[88]	mostly	for	air	preheating	or	drying	purposes	[16].	It	should	mentioned	that	heat	pumps	based	on	subcrytic	cycles	and	with	other	refrigerants,	both	HFC	and	HFO,	can	reach	more	high	heat	temperatures	from	the	process	well	above	100	°	C,	even	reaching	150	°	C,	expanding	its	possible	Integration	into
industrial	units	[81,89,	90].	The	CO2	heat	pump	for	heat	recovery	can	be	an	air	source,	using	the	technical	air	of	the	exit	air	of	the	drying	or	heat	processes	rejected	from	the	refrigeration	units	(possibly	within	the	same	unit	for	the	same	unit	for	simultaneous	production	of	heating	and	cooling).	Those	of	water/brine	are	scarce	due	to	the	need	to
maintain	the	evaporation	temperature	below	the	criticism.	The	ground	source	systems	have	also	been	examined	[91],	which	show	good	potential	for	heating	and	cooling	applications,	once	they	recover	the	heat	of	the	soil	[92].	To	reach	a	temperature	elevator	of	approximately	80	â‚¬:	100	°	C,	a	single	-stage	configuration	is	adequate,	to	keep	the
complexity	of	the	system	low,	which	is	one	of	the	main	advantages	of	transcrstic	heat	pumps	of	CO2	.	An	internal	heat	exchanger	can	also	be	used,	as	shown	in	Figure	4,	to	exploit	the	heat	content	of	the	pressurized	gas,	with	more	small	performance	improvements	as	in	the	cycles	of	the	subcrytic	heat	pump	.	In	addition,	the	big	pressure	difference
that	even	reaches	80	bars	of	100	bar	makes	the	compression	process	very	demanding	in	terms	of	technology	and	compressor	performance.	Relevant	to	this	characteristic	of	this	type	of	heat	pumps,	different	technology	are	developed	and	tested	in	the	laboratory	scale	units,	mainly	applicable	for	heat	pumps	in	the	national	sector,	with	the	aim	of
increasing	flexibility	and	COP	[93]	.	However,	these	can	even	be	applied	Big	heat	pumps	for	heat	recovery,	with	heat	supply	of	different	sources	in	the	air.	These	two	configurations	that	lead	to	design	variants	are	briefly	present	below,	without	restricting	the	use	of	additional	variations	(being),	such	as	the	use	of	internal	heat	exchanger,	cascade
cycles	or	economizers	economizers	The	big	pressure	difference	makes	it	appropriate	to	oar	expansion	devices	to	recover	some	energy	from	the	co2	expansion	process	at	the	gas	cooler	output.	This	power	covers	a	fraction	of	the	power	input	required	for	the	compression	process.	even	if	this	device	operates	with	low	efficiency	of	19%	[96],	due	to	the
operation	of	two	phases	and	other	losses	(e.g.	mechanical,)	the	potential	for	job	recovery	is	significant.	baek	et	al.	[97]	reached	an	even	lower	isyntropic	efficiency	of	11%	using	a	reciprocal	piston	expander,	probably	due	to	internal	leaks,	resulting	in	an	increase	of	10.%	li	et	al.	[98]	oó	un	expansor	de	piston	rodante,	achieves	an	isyntropic	efficiency	of
58%	and	a	cop	increases	in	more	than	10,%	without	having	any	effect	on	the	cooling	capacity.	Similar	findings	have	also	been	achieved	by	tian	et	al.	[99.]	was	experimentally	observed	even	a	greater	improvement	with	larger	expansion	machines	based	on	types	of	displacement	by	kohsokabe	et	al101.	[100,]	the	second	design	to	improve	the
performance	of	the	cycle	that	is	developing	is	to	hear	an	ejector	to	increase	the	pressure	of	the	overheated	co2.	This	design	is	often	called	thermos	compression	cycle	and	performance	improvement	depends	to	a	large	extent	on	the	ejector	characteristics	[102].	Efficiency	of	the	ejector	is	usually	limited	to	less	than	30	€:	35%	[103,104],	which	leads	to	a
cop	improvement	of	up	to	10%	[105],	or	even	higher	in	variable	operating	conditions	[106]	and	the	use	of	multiple	ejectors	[107	]	minetto	et	al.	have	le	le	arap	setnaveler	sojabart	largetni	n³ÃisiveR	.n³Ãicacirbul	ed	sotcepsa	sol	n©Ãibmat	odnacatsed	,]801[	.o±Ãesid	etse	noc	sodallated	sovitarepo	samelborp	####
###################################################################################	the	the	COP	can	be	about	10%	higher	as	in	a	CO2	transcritical	heat	pump	under	the	same	heat	source/sink	temperatures.	On	the	other	hand,	Dayma	et	al.	[114]	simulated	a	transcritical	heat	pump	using	N2O,	which
has	similar	properties	as	CO2.	The	resulting	COP	is	about	5%	higher	as	with	CO2,	showing	however	lower	volumetric	heating	capacity	and	thus	requires	larger	component	for	delivering	the	same	useful	heating.Except	from	the	two	above	theoretical	works,	Wang	et	al.	[115]	tested	in	the	laboratory	under	controlled	conditions	a	heat	pump	using	R125,
operating	at	either	subcritical	conditions	or	near	the	critical	point.	Its	main	advantage	over	CO2	heat	pump	is	the	lower	working	pressures	and	the	potential	to	reach	higher	performance.All	these	studies	are	mostly	intended	for	cooling	or	heating	applications	supplied	with	ambient	air.	However,	this	is	a	small	sample	of	the	features	of	this	technology,
mostly	fitting	other	applications	than	heat	recovery.Energy	demands	are	ever	growing,	and	methods	of	the	past	no	longer	prove	viable.	Power	production	through	the	use	of	coal	has	been	prevalent	and	was	reported	to	produce	41%	of	all	the	electricity	produced	globally	in	2013	[116].	The	International	Energy	Agency¢Ã​Â​Âs	(IEA)	¢Ã​Â​ÂWorld	Energy
Outlook	2015¢Ã​Â​Â	reports	that	the	source	of	highest	percentage	of	CO2	emission	are	coal	power	stations.With	the	European	Union	determined	in	phasing	out	coal	to	reduce	its	carbon	footprint,	new	technologies	harnessing	cleaner	sources	of	energies	like	solar,	wind	and	geothermal	are	emerging	in	response.	Meanwhile,	attempts	are	being	made	to
improve	existing	technologies	and	finding	new	ways	to	produce	power	that	satisfies	the	demand.	Supercritical	power	plants	are	an	example	of	such	technological	improvements.The	first	commercial	supercritical	unit	in	operation	was	the	steam	generator	from	the	American	Electric	Power¢Ã​Â​Âs	(AEP)	Philo	Plant	Unit	6,	installed	in	1957.	It	could
deliver	120	MW	of	power	at	85	kg/s	and	31	MPa	and	was	supplied	by	The	Babcock	and	Wilcox	Co.	Philadelphia	Electric	Co.	developed	a	dual	reheat	steam	generator	that	could	deliver	325	MW	at	252	kg/s	and	34.5	MPa.	This	equipment	was	manufactured	using	stainless	steel	materials	and	helped	pave	the	way	for	supercritical	boilers.	It	is	evident	by
now	that	supercritical	(SC)	and	ultra-supercritical	(USC)	power	plant	technologies	are	very	efficient	techniques	of	generating	power	[117].There	are	some	supercritical	ORCs	in	commercial	use	as	well,	some	of	which	have	been	enumerated	in	Table	5.	Even	though	highly	efficient	in	theory,	it	is	difficult	to	demonstrate	the	operation	and	exercise
control	over	CO2	supercritical	power	plants.	Hence,	supercritical	pilot	power	plants	with	long	operational	background	that	can	display	cycle	feasibility	are	scarce.	Data	available	to	the	research	community	are	produced	by	very	few	labs	as	discussed	in	Section	2.3	and	Section	2.4.With	an	interest	in	CO2	as	a	working	fluid,	a	number	of	heat	pump
systems	have	been	in	use	in	commercial	operation	and	research	studies.	Mayekawa	[118]	and	Mitsubishi	Electric	[119],	for	example,	produce	commercial	heat	pump	systems	that	operate	on	waste	water	sources	and	provide	hot	and	cold	water.The	use	of	water	as	a	working	fluid	in	supercritical	power	plants	is	the	largest	application	of	any	fluid	at
supercritical	pressures	in	an	industry.	However,	there	are	a	number	of	areas	where	other	supercritical	fluids	are	used	currently,	or	can	show	performance	benefits	in	the	near	future	[120,121,122]	as	given	below:Supercritical	carbon	dioxide	as	a	refrigerant	in	air	conditioning,	refrigerating	systems	and	power	systems.Supercritical	refrigerants	in
thermodynamic	cycles	for	heat	and	power	conversion.Supercritical	carbon	dioxide,	near-critical	helium	and	liquid	hydrocarbon	used	as	cooling	media.However,	at	the	moment	there	is	no	general	adoption	of	supercritical	fluids	in	thermodynamic	cycles.	is	primarily	due	to	the	unknown	behavior	of	the	supercritical	fluid	in	the	heat	exchangers	at	design
and	during	operation.	It	is	known	that	in	the	supercritical	region	the	thermophysical	properties	change	drastically	with	temperature	and	pressure.	The	near-critical	point	is	actually	a	region	around	the	critical	point	where	all	thermophysical	properties	of	a	pure	fluid	exhibit	rapid	variations.	In	contrast	to	the	refrigerants	used	in	ORCs	or	heat	pumps,
supercritical	heat	transfer	has	only	been	investigated	in	some	detail	already	for	CO2	and	water	[123,124].	An	example	of	data	found	for	water	is	given	in	Figure	6.	These	unknowns	now	pose	a	high	risk	for	potential	manufacturers	which	are	typically	small	to	medium	sized	companies.In	addition,	there	are	regions	of	heat	transfer	enhancement	(HTE)
and	heat	transfer	deterioration	(HTD)	[125].	However,	even	for	CO2	and	water,	there	is	no	consensus	on	the	physical	explanation.	Yet,	it	is	clear	that	these	effects	lead	to	flow	instabilities	during	operation	and	they	complicate	the	design	of	heat	exchangers.	For	ORCs	this	becomes	even	more	of	an	issue	as	the	heat	source	frequently	shows	intermittent
behavior	as	waste	heat	availability	and	solar	irradiation	changes.	As	such,	understanding	the	flow	behavior	during	heat	transfer	to	supercritical	refrigerants	is	a	crucial	step	to	design	supercritical	ORCs	and	to	avoid	unstable	operation.	Unfortunately,	this	specific	research	is	mostly	lacking	in	scientific	literature.Another	technology	that	influences	the
economy,	safety	and	reliability	of	a	high-pressure	plant	and	sits	at	its	core	are	the	high-pressure	pumps	and	compressors	[126].	The	challenge	in	designing	pumps	operating	at	high	pressure	include	proper	sealing,	fatigue,	wear,	installation	and	vibration	which	come	up	in	such	applications.	In	these	conditions,	high	stresses	and	strains	are	generated
in	the	liquid	containing	parts	leading	to	fatigue	and	hence,	non-conventional	and	design	and	manufacturing	techniques	are	required.	From	the	point	of	view	of	the	increase	in	the	efficiency	of	the	energy	plant	by	increasing	the	pressure	and	temperature	of	the	steam	input,	there	is	a	reduction	in	the	energy	demand	of	almost	all	auxiliary	equipment,
except	the	feeding	pump	of	the	boiler.	The	reason	detriment	of	this	is	the	linear	dependence	on	the	power	necessary	to	conduct	the	pressure	pump	to	the	pressure.	This	results	in	a	substantial	increase	in	the	power	pumping	power	of	feeding	water,	although	there	is	an	increase	in	pump	efficiency	[126].	When	compressors	are	used	to	work	in	a
transcrytic	or	supercrytic	cycle	of	the	heat	pump,	due	to	the	leakage	of	extremely	high	pressure	differences,	it	becomes	an	important	problem	and	affects	the	performance	of	the	compressor.	Although	much	is	known	about	the	design	and	the	technology	of	the	turbine,	there	is	limited	information	and	there	is	limited	information	and	operational
experience	of	supercrytic	CO2	power	turbines.	Operating	with	CO2	at	a	critical	point	with	rosely	variable	properties	is	a	relatively	new	and	unexplored	ride	for	turbomacin	design.	The	design	challenges	faced	here	are	somewhat	similar	with	those	found	during	the	pump	design,	for	example,	reliability	and	coatings	of	materials,	stamps,	bearings,
corrosion,	erosion	and	cooling	of	blades,	especially	in	applications	with	a	high	turbine	input	temperature.	The	challenges	on	material	reliability	include	carburization	and	sensitization,	high	temperature	corrosion,	erosion,	creep	and	tismal	fatigue.	Although	the	temperatures	below	the	temperatures	of	500	°	C	CO2	are	inert,	the	studies	have	suggested
the	corrosion	and	the	carburement	of	the	steel	and	nickle	alloys	in	the	presence	of	CO2	at	high	temperatures,	especially	when	the	water	present	even	in	a	small	amount,	or	any	other	contaminant	for	the	case.	[127,128,129].	Degradation	mechanisms	and	long-term	behaviour	of	corrosion	and	carbiization	should	be	further	investigated.	Concerns	about
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theof	a	gas	turbine	in	a	natural	gas	pipe,	Copco	Atlas	and	district	power.	[13]	2507500	BUTANE	TABLE	3.	Physical	properties	of	the	Carbon	diaxide.	Table	3.	Physical	properties	of	supercrytic	carbon	dial.	M	(g/mol)	BP	(°	C)	CP	(°	°	C/MPa)	AshraeodPGWP100	Yearathm.	Life	(Year)	LFL%44âˆ’78.431/7.38a101	Confined	50	None	Table	4.	A	list	of
experimental	studies	and	main	design.	Table	4.	A	list	of	experimental	studies	and	main	design.	Authorheat	Transference/Gas	Heaterturbine/Expansion	Devicefluidsfluid	Pumpcooling	Systemaplication	Li	et	al.	[49]	Lychid	gas	of	a	unit	of	80	kWe	chp	/	oil	Type	heat	rmicocamcamocamcamcamient	refrigerated	et	al.	[48]	​​Lychid	gas	of	a	unit	of	80	kWe
CHP	/	Rmico	Type	(124-144	°	C)	5	KWECO2triplex	Plungal	Heat	Exchanger	Refrigerated	air	Recriguer	Recovery	Heat	Pan	et	al.	[47]	Oil	Heater/Themal	Oil/Shell	and	Tube	Hx2	Kw	Rolling	Piston	Expanderco2Planger	Pump	(2/20	MPa)	Threshold	and	HX	tube/Frão	water/refrigeration	unit	Heat	refrigeration	Shi	et	al.	[50]	Lychid	gas	of	the	gascalent
engine	of	gas	/	double	expansiconald	water	(€	7â	€	13	°	C)	of	a	refrigeration	unit	of	heat	recovery	of	heat	li	et	al.	[51]	four	-cylinder	diesel	motor	gas	gas	(refrigerated	water)	tube	in	vigulat	tube	Hxexpanionco2	Bomba	of	©	Molo	of	reciprocation	reciprocation	shave	HX,	cold	water	(7â	€	“13	°	C)	of	a	refrigeration	unit	Recovery	Recovery	Recovery	Heat
Shi	et	al.	[52]	Refrigerant	water	and	gas	of	influence	of	the	DieselPrecalent	engineer	and	gas	heater	/	double	expansioncold	water	(7â	€	13	°	C)	of	a	refrigeration	unit	of	heat	recovery	zhang	et	al.	[43],	Zhang	and	Yamaguchi	[44]	Evacuated	tube	solar	collectors	Valus	o±ÃA)Wk(	o±ÃA)Wk(	tuptuOdiulF	ojabart	ed	opiTaserpme/atnalp	al	ed	erbmoN
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