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Abstract	

This	 article	 briefly	 reviewed	 several	 basic	 points	 about	 the	 2‐parameter	 and	 3‐
parameter	critical	power	models	and	some	standard	testing	methods	currently	used	for	
critical	 power	 estimation.	Moreover,	 the	 last	 section	 of	 this	 article	 provides	 a	 brief	
overview	of	the	process	of	W’	balance	model	development	and	its	current	applications.	
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1. INTRODUCTION	

Since	 the	 first	 description	of	 the	hyperbolic	 relationship	between	 race	 speed	 and	 time	 in	
running	and	swimming	by	Archibald	Hill	[1],	almost	a	hundred	years	have	passed.	Of	note,	the	
concept	of	‘critical	power’	(CP)	was	first	presented	by	Monod	and	Scherrer	in	1965	through	a	
series	of	measurements	of	work‐	time	to	exhaustion	for	groups	of	muscles	[2].	In1981,	Moritani	
and	his	colleagues	extended	the	CP	concept	to	be	applied	in	whole‐body	ergometer	cycling	[3].	
Since	then,	CP	has	been	studied	considerably	in	many	sports	areas	and	some	newer	derivative	
concepts	have	also	emerged,	such	as	critical	load	[4]	and	W’balance	models	[5,	6].	
Despite	the	CP	model	thriving	today,	it	faces	many	problems	[7]	and	doubts	abound	[8,	9].	

This	article	was	briefly	to	review	and	summarize	some	essential	points	about	the	CP	model.	

2. LITERATURE	REVIEW	

2.1. The	critical	power	(CP)	model	

Popularly,	 CP	 is	 a	 decent	 amount	 of	 power	 output	 that	 a	 subject	 can	 maintain	 for	 a	
considerable	time	when	exercising.	Studies	reported	that	people	could	exercise	for	roughly	30	
minutes	on	average	at	CP	intensity	in	the	opening	time	test;	However,	there	was	a	vast	individual	
difference	 [10,	 11].	 Other	 studies	 reported	 that	 all	 participants	 could	 complete	 at	 least	 24	
minutes	of	cycling	exercises	at	CP	intensity	without	duress	in	a	time‐fixed	test	[12,	13].	
There	are	the	two‐parameter	(2‐p)	CP	model	(Figure	1)	and	the	three‐parameter	(3‐p)	CP	

model	[14]	(Figure	2)	based	on	the	parameter	number	categorisation	of	CP	models.	The	2‐p	CP	
model	 is	 straightforward	and	 it	 can	be	expressed	by	Equation	 (Eq.)	1,	 2,	 3	 [2,	 15].	The	 two	
parameters	refer	to	CP	and	W’.	 	
 

Tlim=	 W’/	 (CP	 ‐	 P)	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (1)	
 

P	=	W’/	Tlim	+	CP	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (2)	
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P	=	CP	∙	Tlim	+	W′	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (3)	

	
The	parameters	in	Equations	1,2,	and	3	represent	the	same:	P	is	the	power	output,	 	
Tlim	is	the	time	to	exhaustion	under	power	output	P,	W’	is	the	energy	reserve,	and	CP	is	the	

critical	power.	

	
Figure	1.	The	2‐parameter	critical	power	model	

	
The	3‐p	model	(Eq.5)	allowed	the	existence	of	a	negative	time	asymptote	k	(Eq.4)	based	on	

the	2‐p	model.	And	the	third	parameter	refers	to	maximal	instantaneous	power	(Pmax)	when	
time	equals	zero	[14].	Morton’s	original	intention	was	to	make	improvements	for	the	2‐p	CP	
model,	 as	Morton	 assumed	 there	 should	be	 a	Pmax	at	Tlim	 =	0	 and	 it	was	proportional	 to	W’	
instantly	[14].	Moreover,	another	remark	for	the	2‐p	model	is	that	the	time	asymptote	is	zero,	
thus,	 theoretically,	 the	 time	can	be	 infinitely	close	 to	zero	but	cannot	be	zero,	which	gives	a	
plausible	expression	 that	when	 the	 time	 is	 infinitely	 close	 to	zero,	 the	power	output	 can	be	
infinitely	large.	Undoubtedly,	this	explanation	is	physiologically	untenable.	
	

k	=	W’/	(CP‐	Pmax)	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (4)	
 

	 	 Tlim	=	W’/	(P	‐	CP)	+	W’/	(CP‐	Pmax)	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (5)	
 

that	is,	when	Tlim	=	0,	P	=	Pmax.	
Studies	reported	that	the	accuracy	of	the	3‐p	model	is	promising	[16,	17],	especially	since	the	

3‐p	model	is	a	better	descriptor	when	high	power	output	and	short	exhaustion	time	(Tlim	<	2	
minutes)	trials	were	involved	[18,	19].	However,	the	2‐p	model	is	still	the	most	used	model,	as	
it	requires	as	less	as	two	time	to	exhaustion	(TTE)	trials	for	plotting	a	CP	model.	In	contrast	to	
the	 2‐p	 model,	 the	 3‐p	 model	 requires	 at	 least	 three	 TTE	 trials	 as	 it	 has	 three	 unknown	
parameters	(Eq.5).	However,	usually	more	trials	(>3	trials)	were	taken	for	premises	of	accuracy	
[16,	20],	which	makes	the	testing	procedure	complex	and	demanding.	 	 	 	 	 	 	 	 	
Furthermore,	the	extreme	exercise	intensity	represented	by	Pmax	is	not	much	compatible	with	

the	 CP	model’s	 original	 intention	 to	 study	 ‘exercise	without	 fatigue,’	which	may	 be	 another	
reason	why	the	3P	model	is	less	commonly	used	(Figure	2).	
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Figure	2.	A	comparison	between	the	3‐p	CP	model	(left)	and	the	2‐p	CP	model	(right).	

2.2. Testing	methods	for	CP	 	 	

Since	the	first	experiment	that	proposed	the	concept	of	CP	[2],	it	was	inseparable	from	time	
to	exhaustion.	All	kinds	of	CP	test	methods	[21,	22]	are	exhaustive	tests.	In	general,	there	are	
five	types	of	CP	test	methods:	the	constant	work	test,	the	constant	time	test,	the	three	minutes	
all‐out	 test	 (3AOT),	 the	 ramp	 all‐out	 test	 (RAOT),	 and	 the	 last	 one	 is	 to	 extract	 data	 from	
maximal	power	from	daily	training	and	races	to	fit	an	individual	CP	model.	Cycling	is	often	the	
exercise	 selected	 for	 measuring	 power	 output	 and	 time	 to	 exhaustion.	 Ergometers	 with	
electromagnetic	brakes	are	usually	the	implements.	
The	constant	work	tests	
The	constant	work	test	(Figure	3)	is	known	as	the	time‐to‐exhaustion	trial	(TTE).	It	has	an	

extra	 ramp	 incremental	 test	 for	 determining	 the	 peak	 power	 output	 (Ppeak)	 before	 the	
subsequent	 TTE	 trials	 [18,	 23].	 Subjects	 are	 required	 to	 exercise	 at	 several	 predetermined	
constant‐work	rates	(CWR)	derived	from	the	peak	power	output	to	exhaustion;	various	power	
outputs	(P)	and	times	to	exhaustion	(Tlim)	obtained	in	the	series	of	trial	can	be	plotted	into	the	
CP	model.	Usually,	it	is	recommended	choose	CWR	that	could	elicit	exhaustion	between	2‐15	
minutes	[24,	25].	The	power	output	corresponding	to	this	time	interval	is	about	around	120%‐
85%	Ppeak	[18].	Of	note,	the	percentage	of	Ppeak	given	above	is	just	a	rough	reference	based	on	
the	published	data.	Actual	conditions	may	vary	from	person	to	person.	Typically,	24	‐	72	hours	
of	recovery	between	each	TTE	trial	is	required	[19,	21].	 	
	

	
Figure	3.	The	ramp	incremental	test	(left)	and	the	constant	work	test	at	predetermined	

rates	(right).	
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The	constant	time	tests	 	
The	constant	time	test	(Figure	4)	is	also	known	as	time	trials	(TTs),	which	is	similar	to	the	

TTE	trials,	but	it	does	not	require	any	ramp	incremental	test	in	advance.	Therefore,	it	is	more	
commonly	used	in	current	practice	than	TTE	trials.	Another	advantage	of	TTs	is	that	it	is	a	self‐
pacing	test,	and	a	study	reported	self‐pacing	rhythm	could	improve	athletic	performance	[26].	
The	participant	should	undergo	at	least	two	exhaustive	trials	with	full	power	output	within	the	
prescribed	 time	 limit	 to	 exhaustion	 (usually	 ranging	 from	 2	 ‐15	 minutes)	 for	 an	 accurate	
estimation	of	CP	and	W’[27,	28].	 	
	

	
Figure	4.	The	constant	time	test	at	predetermined	time	

	
Three	 or	 more	 exhaustive	 trials	 are	 required	 to	 estimate	 CP	 accurately	 for	 participants	

unfamiliar	with	the	test.	Nonetheless,	those	repetitive	demanding	tests	are	disadvantageous	for	
the	application	and	research	of	CP,	especially	for	asking	untrained	participants	to	push	to	their	
physiological	limit	multiple	times.	
The	three	minutes	all‐out	tests	
The	3AOT	[29]	method	was	developed	to	lessen	the	burden	for	the	test	takers	through	CP	

estimation	process,	as	 the	CP	and	W’	can	be	estimated	by	only	one	maximal	effort	 test.	The	
subject	is	required	to	put	full	power	in	the	three	minutes	of	cycling.	The	theoretical	basis	for	
this	 test	 is	 that	 it	 assumes	 a	 relative	 long	duration,	 un‐paced	 full	 power	output	 cycling	will	
completely	deplete	 the	subject’s	W’	 in	 the	 first	2.5	minutes	of	 the	test;	As	 the	power	output	
continues	 to	decrease	and	W’	 is	 fully	depleted,	 the	 subject	 could	only	maintain	 the	exercise	
power	output	at	CP	in	the	last	30	seconds	of	the	test	(Figure	5).	Therefore,	the	CP	is	determined	
by	the	average	power	output	at	the	last	30s	of	the	test,	and	W’	is	referred	to	by	the	total	work	
done	above	CP	through	the	test	[30].	

	
Figure	5.	The	three	minutes	all‐out	test.	
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However,	because	of	the	accuracy	limitations,	the	CP	was	usually	overestimated	[31,	32],	and	
the	 W’	 was	 reported	 to	 be	 underestimated	 [33].	 3AOT	 is	 used	 quite	 limitedly	 in	 scientific	
research	compared	to	practice	[22].	
The	ramp	all‐out	test	
The	 ramp	all‐out	 test	 (RAOT)	 (Figure	6)	 is	 another	 invented	method	 for	estimating	CP	 to	

reduce	the	burden	of	repeated	trials	based	on	the	3AOT	method	[34].	Simply	put,	RAOT	is	a	
ramp	 incremental	 test	 immediately	 following	a	 three‐minute	maximal	efforts	sprint.	A	ramp	
incremental	 test	 is	 taken	 for	 depleting	 the	 W’	 completely.	 After	 completing	 the	 ramp	
incremental	test,	CP	could	be	determined	by	the	power	output	plateau	of	the	last	three‐minute	
maximal	 efforts	 sprint,	 and	W’	 is	 determined	by	 the	 total	work	done	above	CP	 [22,	 34].	An	
advantage	of	RAOT	is	that	CP	can	be	determined	through	one	lab	visit,	and	preliminary	tests	are	
not	 required.	Due	 to	 the	 ramp	 incremental	 test	was	undertaken,	more	 information	could	be	
obtained	at	once,	such	as	gas	exchange	threshold	(GET)	and	VO2max.	The	most	importantly,	the	
ramp	incremental	test	is	a	much	more	reliable	“exercise”	for	completely	depleting	W’	compared	
to	the	first	2.5	minutes	of	3AOT,	as	3AOT	test	is	not	always	a	valid	test	due	to	many	factors,	such	
as	power	prematurely	drop	below	the	end	power	which	led	to	W’	reconstitution	during	the	first	
2.5	minutes	of	the	test,	or	power	output	failed	to	plateau	at	the	last	30	seconds	[35].	
	

	
Figure	6.	The	ramp	all‐out	test.	

	
The	past	racing	data	
A	widespread	concern	for	all	four	tests	mentioned	above	is	that	a	subject	could	underperform	

during	 the	 tests	 for	 various	 reasons,	 but	 he/she	 is	 not	 possible	 to	 overperform	beyond	 the	
ability.	Thus,	there	is	always	a	risk	of	underestimating	CP	or	W’[22].	Using	past	training	and	
racing	data	could	ease	this	issue	to	a	certain	extent	(Figure	7),	as	the	data	comes	from	multiple	
events	over	a	relatively	long	period,	which	makes	the	estimation	of	CP	and	W’	more	confident.	
Still,	the	time	to	exhaustion	range	should	be	2	–	15	minutes.	
One	unresolved	issue	about	using	past	data	for	determining	CP	and	W’	is	that	there	are	no	

clear	guidelines	for	the	validity	period	of	collecting	data.	As	the	physiological	state	of	an	athlete	
changes	 significantly	 among	 different	 training	 phases,	 it	 remains	 unclear	 how	 long	 is	
considered	a	reasonable	period	that	the	data	can	be	collected	and	involved	in	CP	estimations.	
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Figure	7.	Estimation	of	CP	based	on	the	past	racing	data.	

2.3. The	W’	balance	model	and	its	prospects.	

The	first	two	articles	that	proposed	critical	power	[2]	and	critical	speed	(CS)[36],	respectively,	
realised	 the	 existence	 of	 energy	 reconstitution;	 However,	 this	 understanding	 of	 the	 energy	
reconstitution	was	not	reflected	in	their	proposed	linear	equation.	Therefore,	strictly	speaking,	
the	2‐parameter	CP	model	can	only	be	applied	when	subjects	exercise	at	an	intensity	greater	
than	or	equal	to	their	CP	at	any	given	moment.	Otherwise,	uncalculated	energy	reconstitution	
will	affect	the	accuracy	of	the	CP	model	(we	assume	that	there	is	a	negligible	amount	of	energy	
reconstitution	when	exercising	above	CP).	Other	scholars	had	the	same	view	[37].	
Since	 the	 turn	 of	 the	 millennium,	 various	 W’	 balance	 models	 have	 been	 proposed	 for	

intermittent	exercise.	In	2004,	Morton	and	Billat	first	raised	a	new	model	(Eq.6)	for	intermittent	
exercises	[38].	
 

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (6)	

	

Eq.6	 was	 very	 ground‐breaking	 as	 it	 tried	 to	 calculate	 the	 total	 endurance	 time	 for	 an	
intermittent	exercise	with	various	power	outputs	and	time	segments	of	varying	lengths.	In	Eq.6,	
T	refers	to	the	total	endurance	time.	n	is	the	total	number	of	work‐rest	cycles.	Tw	and	Tr	are	
durations	 for	 work	 and	 rest,	 respectively.	 Pw	 and	 Pr	 are	 power	 outputs	 for	 work	 and	 rest,	
respectively.	Please	note	that	at	any	‘rest’	interval,	Pr	does	not	necessarily	to	be	zero	but	must	
be	less	than	CP.	Moreover,	the	mean	power	output	for	the	whole	exercise	should	greater	than	
CP.	This	is	the	prerequisite	for	W’	reconstitution,	which	can	be	expressed	as	Eq.7	[38].	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 (Pw	 Tw	 +	 Pr	 Tr)/	 (Tw	 +	 Tr)	 >	 CP	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (7)	
	 	 	 	 	 	

The	work	of	Morton	and	Billat	was	highly	innovative.	They	substituted	the	measured	n,	Tw,	
Tr,	Pw,	and	Pr	into	Equation	6	to	estimate	the	CP	and	W’	for	intermittent	exercises	was	strange,	
as	 this	behaviour	did	not	compatible	with	the	definition	of	CP.	Because	 it	seemed	they	were	
trying	 to	 estimate	 multiple	 new	 CP	 and	 W’	 based	 on	 each	 intermittent	 exercise,	 this	 is	
burdensome	compared	to	calculating	the	Tlim	for	each	intermittent	exercise	and	not	logical.	
Nonetheless,	the	biggest	problem	of	the	model	developed	by	Morton	and	Billat	was	that	they	

believed	that	W’	recovery	could	be	expressed	linearly	as	(CP	‐	Pr)	Tr	in	Eq.6.	This	misconception	
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was	understandable	at	the	time.	However,	it	was	proved	that	W’	recovery	was	curvilinear,	and	
it	 was	 influenced	 by	 recovery	 durations	 and	 intensity	 [6,	 39,	 40],	 while	 the	 kinetics	 of	W’	
reconstitution	was	not	entirely	clear.	
In	2012,	Skiba	and	his	colleagues	first	raised	an	integral	formed	W’	balance	model	(W’BAL‐

INT)[5],	which	also	refers	as	the	SK1	model	(Eq.8	&	9).	
	

ܹ′௕௔௟ ൌ	 ܹ′଴ െ	 ׬ ሺܹ′௘௫௣ሻሺ݁ିሺ௧ି௨ሻ/ఛೢᇲ
௧
଴ ሻ 	 ൈ 	ݑ݀ 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (8)	

	

߬௪ᇱ	 ൌ 546݁ሺି଴.଴ଵ஽೎೛ሻ ൅ 316	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (9)	
	

In	Eq.8	&	9,	W’bal	refers	to	the	remaining	W’	at	time	t,	W’0	is	the	subject’s	initial	W’,	W’exp	is	the	
expanded	W’,	t‐u	is	the	recovery	durations,	 ߬௪ᇱ	 is	the	constant	of	W’	reconstitution	from	total	
depletion,	Dcp	is	the	difference	between	CP	and	power	output.	
The	 SK1	model	 has	 serval	 limitations.	 The	 first	 was	 that	 in	 Eq.8,	 both	 sides’	 units	 were	

unequal.	On	the	left	side	of	the	equation	is	Joule,	and	the	right	side	is	Joule	–	Joule	x	Seconds	
[41].	Furthermore,	the	difficulties	in	calculating	the	instantaneously	varied	Dcp,	and	the	doubted	
numeric	coefficients	 in	Eq.9	made	the	model	difficult	 in	practical	applications.	Furthermore,	
Skiba’s	team	has	reservations	about	the	SK1	model’s	reliability	for	sports	applications	outside	
of	cycling	[6].	Overall,	the	SK1	model	performed	mediocrely	reported	in	other	validation	studies	
and	it	did	not	meet	expectations	[42,	43].	
In	 2015,	 Skiba	 and	 his	 team	 came	 up	 with	 an	 ordinary	 differential	 equation	W’	 balance	

model(W’BAL‐ODE)	[6],	which	also	refers	as	the	SK2	model	(Eq.10).	
	

ܹ′balൌ	 ܹ′0െܹ′௘௫௣݁ି஽೎೛௧/ௐᇱబ	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (10)	

	

In	Eq.10,	W’bal	refers	to	the	W’balance	at	time	t,	W’0	is	the	initial	W’	of	the	subject,	W’exp	is	the	
expanded	W’	prior	time	t,	and	Dcp	is	the	difference	between	power	output	and	CP.	
A	very	noticeable	change	was	that	 ߬௪ᇱ	 in	Eq.8	&	9	was	replaced	by	W’0/Dcp,	which	simplified	

the	process	of	calculating	W’balance,	as	 ߬௪ᇱ	 was	reported	to	highly	variable	among	individuals	
[5,	6].	
At	present,	the	more	commonly	used	model	is	the	SK2	model,	but	in	general,	all	current	W’BAL	

models	are	still	immature	in	practical	use	[42‐47].	 	 	
Despite	 the	 many	 limitations	 of	 the	 current	 W’	 balance	 models,	 with	 extreme	 model	

development	difficulties,	its	prospects	are	undeniable	as	W’	balance	models	greatly	expand	the	
range	of	applications.	Skiba	had	a	very	positive	outlook	on	the	future	of	W’	balance	models	in	
2012	 as	 he	 believed	 that	 the	W’	 balance	 models	 could	 be	 cooperated	 in	 specific	 wearable	
devices	to	give	athletes	real‐time	feedback	on	recharging	or	discharging	W’	during	training	or	
competitions	in	the	future	[48].	

3. SUMMARISATION	

At	present,	the	2‐p	CP	model	is	still	a	commonly	used	model	across	practice	and	research.	
However,	the	3‐p	CP	model	is	more	reliable	for	CP	and	W’	estimation	when	short‐period	(<2	
minutes),	high‐intensity	trials	get	involved.	As	for	the	testing	methods	for	CP,	each	method	has	
its	pros	and	cons,	and	it	should	be	selected	carefully	based	on	the	context.	The	prospects	of	W’	
balance	models	are	promising.	It	has	attracted	much	attention	from	researchers.	However,	it	is	
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still	 in	 the	development	 stage,	and	 there	 is	probably	quite	 some	 time	before	 it	 is	 applied	 in	
practice.	
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