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ABSTRACT	
	 This	 paper	 discusses	 the	 background	 of	maintenance	 activities	 and	 styles	 in	 relation	 to	 Industry	 4.0	 and	
Reliability	4.0	capabilities	with	a	focus	on	cables	and	associated	insulators.	First	the	4.0	wave	is	 introduced	in	
comparison	 to	 the	preceding	waves.	Next	 the	basic	 of	maintenance	 strategies	 are	discussed	 in	 terms	of	 the	
hazard	 rate	 bathtub	 curve	 stages:	 teething,	 random	 failure,	 early	 failure	 (i.e.,	 fast	 wear)	 and	 normal	 wear.	
Subsequently,	 the	maintenance	 activities	 inspection,	 servicing	 and	 replacement	 are	 discussed	 for	 the	 three	
main	styles	corrective,	period	based	and	condition	based	maintenance	(respectively	CM,	PBM	and	CBM).		The	
principle	of	renewal	by	resetting	the	hazard	rate	with	PBM	and	CBM	and	their	 limitations	are	addressed.	It	 is	
argued	 that	none	of	 the	maintenance	 styles	 is	 superior	 to	 the	other	 styles.	 The	merits	of	 each	are	 situation	
dependent.	 The	 utility	 task	 is	 not	 confined	 to	 managing	 individual	 assets,	 but	 to	 maintain	 a	 power	 supply	
system.	In	this	respect,	repair	strategies	and	redundancy	are	important	aspects	that	have	to	be	considered	with	
the	 choice	 of	 maintenance.	 Reliability	 Centered	 Maintenance	 (RCM)	 is	 a	 methodology	 to	 optimize	 the	
maintenance	mix	given	the	system	configuration,	criticality	and	capabilities.	The	concept	of	the	4.0	wave	and	
RCM	 is	 then	 discussed	 in	 relation	 to	 three	 prime	 failure	 modes	 in	 cable	 systems:	 water	 treeing,	 partial	
discharge	and	thermal	breakdown.	The	final	discussion	addresses	the	lifetime	of	auxiliary	components	that	are	
required	 for	 the	 4.0	 wave	 capabilities,	 but	 may	 have	 a	 shorter	 lifetime	 than	 the	 planned	 lifetime	 of	 smart	
assets.		
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1.	INTRODUCTION	OF	INDUSTRY	4.0	AND	RELIABILITY	4.0	

	
	 The	term	‘Smart’	is	frequently	encountered	for	products	and	processes.	It	is	related	to	the	fourth	
industrial	revolution,	dubbed	Industry	4.0	which	succeeds	Industry	1.0,	2.0	and	3.0	(Table	1).	Industry	
4.0,	and	in	its	slipstream	Reliability	4.0,	concern	‘smart’	production	or	systems	that	incorporate	four	
themes	 [1],	 [2]:	 Interconnection	 (IoT,	 IoP	 and	 IoE,	 i.e.	 internet	 of	 things,	 people,	 everything),	
Information	 transparency	 (a.o.,	 digital	 twins,	 fusion	 of	 physical	 and	 virtual	 world),	 Technical	
assistance	 (Cyber	 Physical	 Systems	 (CPS),	 i.e.,	 sensoring,	 data	 storage,	 network	 compatible),	
Decentralized	decisions	(algorithms	and	rules).	

Industrial	 revolutions	 are	 usually	 triggered	 by	 breakthrough	 technologies	 on	 the	 one	 hand	 and	
societal/economic	 needs	 on	 the	 other	 hand.	 The	 roots	 of	 technologies	 and	 needs	 can	 be	 part	 of	
much	older	trends.	However,	through	the	ages,	generic	drives	to	implement	technologies	are	factors	
like	 adapting	 to	 crises,	 cost	 reduction,	 quality	 improvement,	 efficiency	 improvement	 and	 output	
increase.	

As	an	example	of	long	trends	and	breakthroughs,	there	was	already	a	centuries	long	trend	of	city	
lighting	 from	torches,	candles	 to	 lamp	oil,	 that	could	be	employed	with	 the	mechanical	 revolution.	
However,	only	after	the	start	of	the	mechanization	revolution,	coal	gas	(from	1783,	Minckelers)	and	
electrical	arc	light	(from	1809,	Davy)	and	light	bulbs	(from	1860,	Swan	and	others)	made	it	possible	to	
work	 through	 the	night.	 Steel	 has	 been	produced	 for	 thousands	of	 years,	 but	 energy-efficient	 and	
cheap	 mass	 production	 became	 possible	 since	 about	 1850	 (Siemens,	 Bessemer)	 which	 enabled	
compact	machines	that	took	transportation	to	a	higher	level	than	with	steam	engines.		

Computers,	data	storage	and	software	also	have	been	developed	over	thousands	of	years	from	
ancient	 calculators,	 algorithms	 (800’s),	 mechanical	 programmable	 devices	 (1800’s)	 and	 libraries	
(writing	 from	 before	 3000	 BC).	 From	 about	 1940	 the	 electrification	 of	 computers	 and	 semi-
conductive	material	technology	enabled	compact	and	increasingly	powerful	systems	which	triggered	
the	digitalization	revolution.	But	it	is	not	only	material	that	shapes	breakthroughs,	also	philosophies,	
visions	 and	 concepts	 direct	 developments,	 such	 as	 computer	 languages	 and	 software.	 The	 among	
others	 massive	 interconnection,	 integration	 of	 systems	 and	 information	 science	 and	 technology	
facilitated	 the	 smart	 revolution.	 Therefore,	 the	 fifth	 revolution	 may	 very	 well	 be	 in	 the	 making	
already,	but	it	may	take	several	decades	to	recognize	it.	The	beginnings	of	the	industrial	revolutions	
lie	120,	80	and	60	years	apart,	which	may	indicate	an	acceleration	of	revolutions.	

Revolutions	may	come	with	various	transitions	which	may	overlap	in	appearance.	At	present,	a	
transition	to	sustainability	 is	evident,	but	more	trends	are	materializing.	A	series	of	ongoing	trends	
and	transitions	are	shaping	the	world	of	energy	supply	and	maintenance	of	grids	(Table	2).	

	

	
Fig.	1			Loom	for	complex	weaves	invented	in	the	early	1800s.	The	weave	patterns	are	programmed	and	stored	on	punched	

cards	to	move	warp	yarns	automatically.	Being	a	typical	Industry	1.0	mechanical	device,	the	shown	example	started	
operation	in	the	late	1800s	all	through	the	Industry	2.0	period	(Picture	taken	at	the	Leonardo	Museum,	Milano,	Italy).	



Table	1			Overview	of	Industrial	revolutions.		

Industry	 Est.	Start	 Key	word	 Enabling	
Technologies	

Characteristics	

1.0	 1750	 Mechanization	 Steam	engine,	cast	
iron,	water	power	

Mechanization	of	labor,	investment	in	
upscaling,	factories,	mechanized	textiles	
production	

2.0	 1870	 Technology	 Electrical	light	and	
power,	combustion	
engine,	Steel,	oil	

Advanced	(material)	science	&	technology,	
Assembly	line,	Transportation	with	light-weight	
mechanical	power,	chemistry,	oil	derivatives	
and	synthetic	materials,	light	24	hr,	telegraph	

3.0	 1950	 Digitalization	 Computers,	
communication,	data	
storage	

Globalization,	software,	electronic	and	
magnetic	storage,	robots	for	precision	and	
routine	actions,	global	coordination	

4.0	 2010	 Smart	 IoT,	IoE,	big	data,	
wireless,	artificial	
intelligence,	virtual	
reality	

Connectivity	between	people	and	systems,	
interpretation	algorithms,	autonomous	
systems,	data	driven,	digital	twins,	proactive	
maintenance,	cobots,	multitasking	robots		

	
Table	2			Overview	of	transitions.		

Transition	 Generic	aspects	
Sustainability	 Replace	/	reduce	fossil	energy;	interaction	electricity	and	hydrogen,	sustainable	

materials,	recycling,	congestion	and	storage	
Security	of	Supply	 Network	development,	secure	strategic	interests	society,	congestion	and	storage,	

safety	and	resilience	
International	
Market	

Improve	affordability	and	competition,	commercialization,	supply	redundancy,	open	
access	to	producers	and	consumers	

Energy	Supply	
Chain	

Privatization	of	production	and	sales,	regulated	monopoly	on	grid,	segmentation	of	
energy,	both	fragmentation	and	mergers	

Asset	
Management	and	
System	operation	

Multiple	Business	and	maintenance	concepts,	security,	prognostics,	balance	of	
performance-business	(benefits	versus	efforts)-risk	appetite,	Asset	management	to	
provide	the	infrastructure,	System	Operation	to	run	the	system	for	power	supply	

Intelligence	 Connectivity	(communication),	digitalization,	data,	computation	and	automatization	
Materials	and	
Technology	

New	capabilities,	functionalities	and	options	(batteries,	superconductivity,	polymer,	
semiconductor	development,	production	techniques,	..)		

Public	Awareness	
and	impact	
acceptance	

Stakeholder	interest	to	overrule	optimum	technology,	policy	and	business	
considerations.	Examples:	overhead	line	visuals,	magnetic	field,	environment,	sound,	..	

Human	Capital	 Retiring	experts,	growing	need	of	skills	for	maintenance	activities,	robotizing	
	
	 One	 of	 the	 characteristics	 associated	with	 Industry	 4.0	 is	 proactive	maintenance.	 The	 4.0	wave	
capabilities	 enable	 smart	 maintenance.	 The	 quality	 assurance	 of	 power	 electronics,	 systems	 and	
applications	 is	 subject	 of	 the	 EU	 project	 Intelligent	 Reliability	 4.0	 (short:	 iRel4.0)	 which	 relates	 to	
Industry	 4.0.	 In	 this	 project,	 parties	 collaborate	 along	 the	 complete	 value	 chain	 from	 wafer	
production	to	system	integration	[3].	Data	driven	Physics	of	Failure	models	and	Empirical	Models	are	
combined	 with	 Health	 Management	 and	 Business	 Processes	 to	 generate	 Prognostics	 and	 Health	
Monitoring	 (PHM)	 aiming	 at	 higher	 reliability	 at	 lower	 costs.	 PHM	 is	 essentially	 both	 employing	
power	electronics	in	support	of	PHM	on	arbitrary	systems,	and	applying	PHM	to	power	electronics.	
One	of	the	use	cases	in	iRel4.0	is	UC-E1	that	aims	at	a	magnetic	partial	discharge	diagnostic	for	cable	
systems,	power	electronic	systems	and	associated	insulators.	

The	present	paper	discusses	smart	maintenance	with	diagnostics	and	replacement	strategies	at	a	
conceptual	level	in	order	to	understand	the	merits,	but	also	limits	of	this	approach.	
	
2	 BASICS	OF	MAINTENANCE	STRATEGY		



	
Like	other	waves,	Industry	4.0	c.q.	Reliability	4.0	has	a	big	impact	on	society	and	processes.	The	

asset	management	of	 electrical	 grids	 is	 no	exception	and	 the	perspectives	 are	 very	promising.	But	
previous	 industrial	 revolutions	 also	 came	 with	 downsides	 and	 not	 all	 implementations	 were	
successful.	E.g.,	Industry	1.0	made	production	more	efficient,	but	also	caused	unemployment	and	the	
associated	 costly	 upscaling	 came	 with	 financial	 risks	 and	 bankruptcies	 as	 well.	 It	 is	 therefore	
recommendable	 to	grasp	 the	principles	of	maintenance	 in	order	 to	materialize	 the	added	value	of	
the	4.0	revolution,	but	also	to	avoid	pitfalls	that	may	come	with	it.	

Therefore,	we	will	 first	 lay	a	 foundation	on	maintenance	practice.	We	start	with	reviewing	the	
stage	 of	 asset	 and	 system	 lifecycles.	 Next,	 we	 will	 briefly	 review	 the	 essentials	 of	 maintenance	
actions	and	styles.	We	then	 include	the	 impact	of	 redundancy	and	repair.	Then	we	will	discuss	 the	
integral	concept	of	reliability	centered	maintenance	and	perspectives	of	smart	maintenance.		
	
2.1		 Life	stages	of	assets	and	systems	
	
	 The	 failure	 behavior	 of	 product	 batches	 is	 characterized	 by	 a	 combination	 of	 statistical	
distributions.	Each	distribution	can	be	characterized	by	its	cumulative	failure	distribution	function	𝐹,	
reliability	 function	𝑅,	 distribution	density	 function	𝑓,	 	 or	 the	hazard	 rate	ℎ = 𝑓/𝑅.	 The	 cumulative	
function	𝐹(𝑡)	simply	represents	the	fraction	of	the	batch	that	failed	at	time	𝑡.	The	reliability	function	
𝑅(𝑡)	 represents	 the	 portion	 that	 survived	 at	 𝑡	 and	 is	 the	 complement	 of	 𝐹,	 i.e.	𝑅 = 1 − 𝐹.	 The	
density	 function	𝑓	 is	 the	 rate	 at	which	 the	 failed	 fraction	grows	which	 is	 equivalent	 to	 the	 rate	 at	
which	the	surviving	fraction	declines	absolutely.	In	mathematical	terms,	𝑓	is	the	time	derivative:		

𝑓 =
d𝐹
d𝑡

= −
d𝑅
d𝑡

	 Eq.	1	

The	hazard	rate	is	the	rate	at	which	the	so	far	surviving	fraction	declines	relatively,	i.e.	the	probability	
per	 unit	 time	 that	 so	 far	 surviving	 products	 fail.	 This	 looks	 very	 much	 like	 distribution	 density	 𝑓.	
However,	with	𝑓	 the	 decline	 is	 compared	 to	 the	 initial	 total	 population	 and	with	ℎ,	 the	 decline	 is	
relative	 to	 the	 remaining	 functioning	 products.	 In	 mathematical	 terms,	 𝑓	 is	 to	 be	 divided	 by	 the	
surviving	fraction	𝑅:	

ℎ =
𝑓
𝑅
=
1
𝑅
∙
d𝐹
d𝑡

= −
1
𝑅
∙
d𝑅
d𝑡

	 Eq.	2	

The	 two	 functions	 are	 particularly	 different	 near	 end	 of	 life	 of	 the	 total	 product	 batch.	 The	
surviving	 fraction	𝑅	 runs	 low	as	most	products	have	 failed	and	the	probability	of	 the	 last	 survivors	
may	run	up.	Generally,	𝑓	approaches	0	while	ℎ	runs	up	to	infinity	when	assets	wear	out.		

The	 batch	 life	 cycle	 can	 be	 discussed	 conveniently	 by	means	 of	 the	 hazard	 rate	 plot.	Often	 (at	
least)	4	failure	categories	are	encountered,	namely	teething,	random,	early	wear	and	wear	(cf.	§2.4.5	
and	§2.5.3	in	[4],	[5]):		

• Teething:	 a	mechanism	 that	 often	originates	 from	production.	 Such	 a	 process	 is	 also	 called	
child	disease	or	child	mortality.	It	dominates	early	failures	but	loses	importance	over	time.	If	
the	 ruling	 distribution	 is	Weibull,	 then	 the	 shape	parameter	β < 1.	 The	occurrence	of	 such	
failures	is	commonly	prevented	by	adequate	quality	control	and	burn-in	(i.e.,	accelerated	pre-
aging).	Resetting	products	 to	 as	 good	as	new	by	maintenance	has	 an	adverse	effect	on	 the	
reliability.	

• Random	failure:	any	failure	mechanism	that	is	not	related	to	operational	time	and	aging,	thus	
having	a	constant	hazard	rate.	Often	 this	kind	of	 failure	 is	 triggered	by	external	 impact,	 like	
digging,	 radiation,	 lightning	 impact	etc.	 If	 the	 ruling	distribution	 is	Weibull,	 then	β = 1.	 The	
occurrence	 of	 such	 aging	 is	 reduced	 by	 protective	measures	 like	mechanical	 shields,	 surge	
arrestors,	 etc.	 Except	 for	 assuring	 the	 protective	measures,	 resetting	 to	 as	 good	 as	 new	by	
maintenance,	 has	 no	 impact	 on	 expected	 life	 and	 quality	 control	 with	 burn-in	 processes	
cannot	prevent	random	failure.	



• Wear:	 a	 failure	mechanism	 related	 to	 degradation	 that	weakens	 products	 over	 time.	Wear	
leads	to	product	end-of-life.	Wear	may	be	accelerated	by	enhancing	the	applied	stress,	e.g.,	
electrical	 treeing	 with	 voltage	 and	 thermal	 aging	 with	 current.	 Various	 laws	 define	
acceleration	 factors	 compared	 to	 a	 reference	 stress	 (e.g.,	 the	 power	 law).	 The	 hazard	 rate	
increases	 and	 if	 the	 ruling	 distribution	 is	Weibull,	 then	 the	 shape	 parameter	β > 1.	 	 If	 the	
condition	can	be	restored	to	as	good	as	new,	then	life	can	be	extended.	This	 is	the	basis	for	
servicing	in	maintenance.	

• Fast	 wear	 or	 Early	 wear:	 a	 type	 of	 early	 failures	 that	 is	 not	 teething.	 If	 encountered,	 it	 is	
usually	 deviant	 behavior	 of	 a	 fraction	 of	 the	 batch	 products	 due	 to	 imperfections	 from	
manufacturing,	 transport	 or	 installation	 [4].	 Early	 wear	 has	 an	 increasing	 hazard	 rate	 in	
contrast	with	 teething	 having	 a	 decreasing	 hazard	 rate.	 If	 the	 ruling	 distribution	 is	Weibull,	
then	 the	 shape	parameter	β > 1,	 but	 the	 scale	parameter	α	 is	 usually	 considerably	 smaller	
than	 normal	 wear.	 If	 early	 wear	 occurs	 repeatedly,	 an	 urgent	 issue	may	 be	 how	 large	 the	
fraction	of	defective	products	is	and	whether	repair	or	preventive	replacement	of	all	products	
is	necessary	(cf.	[6]).	

If	 processes	 compete	 and/or	 the	 product	 batch	 is	 a	 mix	 of	 product	 qualities,	 the	 failure	
distribution	 of	 the	 batch	 will	 be	 an	 entanglement	 of	 the	 individual	 distributions.	 If	 individual	
competing	hazard	rates	ℎ! 	are	known,	then	the	total	hazard	rate	ℎ!"!	is	the	sum	Σℎ!.For	instance,	if	
all	products	in	the	batch	are	subject	to	teething	(with	ℎ!),	random	(with	ℎ!)	and	wear	(with	ℎ!)	then	
ℎ!"!	(Fig.	2)	is:	

ℎ!"! = ℎ! + ℎ! + ℎ!	 Eq.	3	

This	is	the	well-known	bathtub	curve.	Expressions	for	functions	𝐹,𝑅, 𝑓	and	𝐻	(cumulative	ℎ)	are	
given	in	§2.5.1	in	[4].	The	momentary	expected	life	θ	is	the	inverse	hazard	rate:	θ = ℎ!"!!! .	When	the	
product	batch	 consists	of	differing	 fractions	and	 the	hazard	 rates	ℎ! 	 of	𝑚	 product	 fractions	𝑝! 	 are	
known,	then	the	hazard	rate	of	the	mix	ℎ!"#,	can	be	put	in	a	mathematical	expression:	

ℎ!"# =
𝑓
𝑅
=

𝑝! ∙ 𝑓!!

𝑝! ∙ 𝑅!!
	 Eq.	4	

Here	 𝑓! 	 and	 𝑅! 	 are	 the	 probability	 density	 function,	 respectively,	 reliability	 function	 of	 the	
individual	processes	𝑗	with	𝑗 = 1, . . ,𝑚.	For	expressions	of	the	other	functions,	see	§2.5.2	in	[4].	For	
instance,	if	the	batch	contains	a	fraction	of	defective	products	that	suffer	from	early	(fast)	wear	(with	
ℎ!")	instead	of	normal	wear,	then	the	bathtub	curve	will	feature	a	hump	(Fig.	3).	The	height	of	the	
hump	depends	on	the	size	of	 the	defective	 fraction.	 If	all	products	are	defective,	 then	the	batch	 is	
homogeneous	and	normal	wear	is	completely	replaced	by	early	wear.	As	a	consequence,	the	bathtub	
curve	is	shortened.	The	momentary	expected	life	θ	can	be	defined	again	as:	θ = ℎ!"#!! .	

The	 main	 lesson	 is	 that	 a	 lifecycle	 consists	 of	 various	 stages	 that	 each	 require	 a	 specific	
approach.	 Maintenance	 to	 rejuvenate	 assets	 and	 extent	 operational	 life,	 is	 particularly	 aiming	 at	
wear.	It	does	not	work	for	random	or	teething.	With	random	processes	the	auxiliary	measures	may	
require	 servicing	 to	 keep	 the	 constant	 hazard	 rate	 low.	 Random	 failure	 may	 also	 be	 reduced	 by	
better	precautions	like	protection,	which	may	require	maintenance.	With	teething,	effective	quality	
control	itself	may	require	maintenance.	Extended	burn-in	may	be	considered	to	also	eradicate	early	
wear.		



	
Fig.	2			Bathtub	shaped	hazard	rate	for	a	batch	where	all	products	are	subject	to	teething,	random	failure	and	wear.	The	

hazard	rates	of	the	individual	processes	are	also	shown.	The	total	hazard	rate	is	their	sum.	

	
Fig.	3			Bathtub	shaped	hazard	rate	for	a	batch	that	contains	a	fraction	of	defective	products	with	early	wear	failure.	

	 As	mentioned	above,	the	teething	phase	is	dealt	with	before	products	are	supplied	to	the	market.	
Testing	and	accelerated	aging	are	to	ensure	that	the	hazard	rate	drops	to	levels	that	are	comparable	
to	 random	 aging.	 For	 instance,	 the	 products	 in	 the	 first	 case,	 namely	 of	 Fig.	 2,	may	 be	 subject	 to	
enhanced	 stresses	 such	 that	 aging	 in	 a	 few	 hours	 represents	 0.1	 year.	 The	 teething	 products	 that	
would	otherwise	fail	at	customers,	are	now	taken	out	in	factory.	The	surviving	products	of	the	batch	
are	 supplied	 to	 the	market	 and	have	a	 low	hazard	 rate.	As	 for	 customers,	 the	 life	of	 the	products	
starts	after	installation,	but	the	actual	life	in	this	example	is	0.1	year	longer.	
	 Quality	control	may	not	be	able	to	prevent	early	failure.	In	the	case	of	Fig.	3,	screening	until	the	
equivalent	of	0.1	year	may	again	prevent	teething	failures	to	enter	the	market.	However,	fast	wear	
may	not	be	noticeable	during	the	screening	period,	but	may	pop	up	shortly	after	the	products	seem	
to	work	well.	This	 is	characteristic	 for	a	degradation	process	that	takes	time	to	develop	(i.e.	wear),	
but	it	happens	much	earlier	if	products	are	weaker	than	normal.			
	
	
2.2		 Maintenance	activities	and	styles	
	
	 Maintenance	consists	of	activities	which	can	be	employed	by	different	styles.	The	4.0	revolution	
can	offer	changes	to	the	way	activities	are	conducted	as	well	as	styles	are	implemented.		

Maintenance	are	categorized	here	as	Inspections,	Servicing	and	Replacement.	In	short:	
• Inspections	 aim	 at	 assessing	 the	 condition	 of	 assets.	 The	 impact	 of	 the	 4.0	 revolution	 on	

inspections	 is,	 that	 sensors	 are	 increasingly	 used	 to	 monitor	 the	 asset	 condition.	 These	
sensors	 are	 often	 integrated	 into	 the	 asset	 and/or	 system	 and	 may	 communicate	 with	 a	



central	data.	Assets	and	systems	become	smart	when	the	data	is	also	analyzed,	and	feeds	into	
the	decision-making	and	planning	of	servicing	and/or	replacement.	

• Servicing	means	preventive	work	on	the	asset	 in	order	to	 improve	the	condition	(i.e.	reduce	
the	hazard	rate)	and	prolong	the	momentary	expected	life.	With	servicing,	the	4.0	revolution	
may	guide	the	activity	by	sensoring,	digital	twins	and	optimization.	

• Replacement	means	removal	of	an	asset	and,	granted	the	continuation	of	the	system	to	which	
it	 belongs,	 installation	 of	 a	 new	 asset.	 If	 the	 system	 (e.g.,	 circuit)	 is	 abandoned,	 then	
replacement	turns	into	removal	of	asset	and	use	of	the	space	for	another	purpose.	

	
The	maintenance	style	determines	the	planning	and	can	be	applied	to	most	activities:		
• Corrective	Maintenance	 (CM):	 CM	 is	 also	 called	 run-to-fail.	 The	 concept	 is	 to	 not	 interfere	

with	 the	asset	 condition	by	maintenance.	This	 can	be	a	 rational	decision	and/or	 sometimes	
the	 only	 option.	 There	 is	 no	 monitoring	 except	 for	 checking	 whether	 the	 asset	 is	 fit-for-
purpose	still.		

• Period	 Based	 Maintenance	 (PBM):	 also	 called	 plan-based	 or	 time-based	 maintenance.	
Activities	are	conducted	according	to	a	planning	 (time,	cycles,	etc.)	 that	applies	 to	all	assets	
alike.	

• Condition	Based	Maintenance	(CBM):	activities	are	undertaken	triggered	by	the	condition	of	
the	asset.	Condition	indicators	based	on	diagnostics	and	expert	rules	determine	the	necessity.		

Often	 Risk	 Based	maintenance	 is	 also	 distinguished	 as	 a	 maintenance	 style.	 Risk	 is	 introduced	
defined	as	probability	(hazard	rate)	times	damage.	We	will	not	discuss	RBM	as	separate	maintenance	
here	as	it	will	be	part	of	the	Reliability	Centered	Maintenance	(RCM)	approach	(see	§2.5	below).	
	
Table	3			Characteristics	of	the	maintenance	styles	CM,	PBM	and	CBM.	

Aspect:	 	 	 	 \				
Style:	

Corrective	(CM)	 Period	Based	(PBM)	 Condition	Based	(CBM)	

Keywords	 • Reactive		
• Malfunction	

• Preventive		
• Planning	for	group	

• Proactive		
• Individual	planning	
• Diagnostics	&	Expert	rules	

Criterion	for	
activity	

• Malfunction	 • Elapsed	period	(e.g.,	time,	
number	of	cycles	/	surges)	

• Condition	(hazard	rate,	
estimated	remaining	life)	

Statistics	&	info	 • Group	of	assets	 • Group	of	assets	 • Individual	asset	
Typical	data	 • Up	or	down	state	

• Historic	failure	data	
• Capital	&	repair	costs	

• Life	data	
• Operational	&	Capital	costs	
• Practical	experience	

• FMECA	expertise	
• Individual	conditions	
• Practical	experience	

Advantage	 • Use	of	full	asset	life	
• No	servicing	efforts	

• Life	extension	by	renewal	
• Predictable	activities	

• Life	extension	by	renewal	
• Acting	to	actual	condition	

Challenge	 • No	life	extension	
• Flexibility	to	respond	to	
surprise	failures	

• Optimization	of	cycle	
• Minimize	cost,	effort	

• Adequate	diagnostics,	
expertise	and	model	

• Flexibility	to	respond	to	
surprise	triggers	

Inspections	 • State	of	being	fit-for-
purpose	/	failure	

• According	to	guidelines	
• Can	trigger	CBM	servicing	
or	replacement	

• Tune	schedule	to	need	
• Can	trigger	CBM	servicing	
or	replacement	

Service	 • After	malfunction	 • Scheduled	ahead	 • Triggered	by	condition	
predicting	failure	

Replacement	
(Remove	asset)	

• After	failure	/	malfunction	 • Scheduled	removal	
• Sacrifice	life	for	reliability	

• Triggered	by	condition	
predicting	failure	

Condition	
representation	

• Malfunction	indicator	 • Elapsed	period	relative	to	
activity	cycle	

• Condition	indicator	

	



From	the	style	descriptions	follows	that	CM	is	reactive	to	malfunction.	E.g.,	a	cable	joint	or	cable	
termination	fails,	and	consequently,	power	supply	through	that	cable	is	interrupted.	This	situation	is	
to	be	corrected	by	 repair.	 The	 styles	PBM	and	CBM	both	 interfere	 in	order	 to	prevent	 failure.	The	
term	 proactive	 is	 also	 preventive,	 but	 is	 used	 to	 indicate	 that	 failure	 cause	 insight,	 condition	
indicators,	diagnostics	and	expert	rules	are	developed,	 i.e.	 it	 is	meant	to	be	a	more	knowledgeable	
interference	 and	 tuned	 to	 the	 individual	 asset.	 But	 the	 overall	 aim	 of	 PBM	 and	 CBM	 is	 the	 same,	
namely,	the	danger	of	failure	is	repeatedly	reduced.	In	statistical	terms,	the	hazard	rate	is	reduced	or	
even	reset.		

The	concept	of	reducing	the	hazard	rate	is	shown	in	Fig.	4.	With	reference	to	Fig.	2,	a	part	of	a	
bathtub	 curve	 is	 shown	 due	 to	 competition	 of	 teething,	 random	 failure	 and	 wear.	 If	 wear	 is	
serviceable,	 then	ℎ!	 can	 be	 reset	 (ideal	 case).	 If	 this	 is	 done	 repeatedly,	 then	 the	 bottom	 of	 the	
bathtub	 curve	 (Fig.	 2)	 gets	 the	 appearance	 of	 a	 sawtooth.	 If	 this	 sawtooth	 is	 approximated	 by	 its	
(running)	cycle	average,	an	elongated	bathtub	bottom	appears,	which	is	infinite	if	the	reset	is	ideal.	
The	average	hazard	rate	ℎ!"#	of	wear	hazard	rate	ℎ!	that	is	reset	at	times	𝑇	(i.e.,	PBM	approach),	is	
found	as	[7]:	

ℎ!"# =
1
𝑇
∙ ℎ! 𝑡 d𝑡

!

!
= −

ln 𝑅! 𝑇
𝑇

	 Eq.	5	

This	is	a	constant	and	the	actual	hazard	rate	would	fluctuate	around	ℎ!"#	(see	Fig.	4).	However,	in	
practice,	the	reset	will	not	be	perfect	or	not	all	wear	is	serviceable	and	then	the	average	hazard	rate	
will	 be	 increasing	 ultimately	 (Fig.	 5).	 This	 restores	 the	 bathtub	 appearance	 albeit	 with	 a	 longer	
bottom	than	with	a	CM	bathtub	(which	would	be	an	upward	continuation	of	the	first	sawtooth).	

	
Fig.	4			The	concept	of	life	extension	by	repeated	hazard	rate	reduction.	The	bathtub	shape	disappears	in	the	ideal	servicing	
approach.	The	non-zero	the	(average)	hazard	rate	reflects	that	failures	do	occur.	Maintenance	can	turn	a	wear	process	into	
a	random	failure	process	on	average.	This	is	how	the	useful	life	period	of	grid	components	subject	to	wear	can	be	managed.	

	
	



	
Fig.	5			As	in	Fig.	4	repeated	servicing	reduces	the	hazard	rate	by	resetting	serviceable	wear.	If	part	of	wear	is	non-

serviceable,	that	will	cause	the	bathtub	shape	in	the	average.	Note,	the	time	scale	is	logarithmic	as	in	Fig.	2.	

	
With	known	operational	costs	of	maintenance	activities	and	the	capital	costs	(asset	depreciation),	

the	PBM	cycle	can	be	optimized	[7].	The	wear	hazard	rate	and	the	bathtub	curve	apply	to	the	whole	
batch	which	will	undergo	maintenance	with	the	same	cycle.	 If	 replacement	 is	ruled	by	PBM,	assets	
will	be	replaced	after	a	given	period	irrespective	of	their	individual	condition.	For	some	assets	it	may	
be	a	close	call,	while	for	other	assets	much	operational	service	life	may	be	sacrificed	(cf.	Fig.	6).	
	 With	CBM,	this	is	different.	It	is	assumed	that	a	precursor	(signal)	can	be	detected	that	precedes	
failure.	 If	 this	 precursor	 appears	 sufficiently	 early	 and	has	 a	 known	 correlation	with	 the	 remaining	
time	until	breakdown,	then	it	may	act	as	an	alert	for	 imminent	failure	which	enables	prevention	of	
the	 failure	by	 servicing	 for	 instance.	CBM	 requires	 suitable	diagnostics	 and	expert	 rules	 to	pick	up	
and	interpret	the	precursor.	It	is	noteworthy,	that	the	statistics	to	breakdown	are	not	based	on	the	
group	hazard	rate	 (as	with	PBM),	but	 rather	on	the	existence	of	 the	 individually	given	alert	and	 its	
predictive	 value.	 The	 latter	 is	 because	 the	 diagnostic	 and	 the	 expert	 rules	 come	 with	 their	 own	
uncertainties	 and	 correlation	 with	 time	 to	 failure.	 Each	 individual	 asset	 will	 now	 have	 its	 own	
statistical	 distribution	 of	 failure	 depending	 on	 the	 precursor,	 diagnostics,	 expert	 rules	 and	 the	
prediction	model.	The	overall	concept	of	resetting	hazard	rate	and	prolonging	life	remains	(albeit	not	
scheduled	by	predetermined	cycles).	But	CBM	 is	 tuned	to	 the	 individual	asset	and	PBM	has	a	one-
size-fits-all	approach.	
	 	

	
Fig.	6			Example	of	PBM	and	CBM	for	two	different	product	groups.	For	both	groups,	PBM	replacement	is	at	ℎ = 10!!/𝑦	and	

chosen	at	the	same	time.	CBM	replacement	responds	to	the	individual	precursors.	Indicated	are	the	moments	that	the	
precursors	forecast	a	10!!	failure	probability.	The	wider	a	failure	distribution,	the	higher	the	gain	of	CBM	over	PBM.	



	
The	gain	of	CBM	over	PBM	tends	to	increase	when	the	failure	times	of	a	group	scatter	more.	Fig.	6	

shows	 an	 example	 of	 the	 failure	 behavior	 of	 two	 groups.	 The	 example	 is	 chosen	 such	 that	 PBM	
replacement	with	 criterion	ℎ = 10!!/𝑦	would	occur	at	 the	 same	 time.	Here,	Group	1	has	Weibull	
distribution	with	β! = 3.1	and	Group	2	has	β! = 2.2.	The	failure	times	of	Group	1	scatter	(much)	less	
than	of	Group	2,	e.g.	the	standard	deviations	are	σ! = 3𝑦	respectively	σ! = 17𝑦.	The	median	gain	of	
CBM	compared	to	PBM	of	Group	2	 is	about	4.8	that	of	Group	1.	 In	order	to	be	useful,	a	precursor	
should	show	well	in	advance	leaving	sufficient	time	to	mitigate	the	imminent	failure	(which	may	be	
tight	in	Fig.	6).	 In	case	replacements	costs	would	be	the	same,	Group	2	allows	more	investments	in	
diagnostics	and	expert	rules.	The	steeper	the	failure	distribution,	the	less	gain	from	CBM	over	PBM	as	
individuality	is	smaller.	The	intrinsic	better	plannability	of	PBM	and	possibly	less	required	resources,	
may	then	be	decisive.	This	is	to	be	considered	with	decision-making	about	maintenance	styles.	

	
	
2.4		 Redundancy	and	repair	
	
	 With	either	asset	maintenance	style,	the	hazard	rate	will	still	be	larger	than	zero	during	operation,	
i.e.	 a	 certain	 probability	 of	 asset	 failure	 remains.	 To	 reduce	 the	 probability	 of	 discontinuity	 in	 the	
power	 supply	 and	 increase	 the	 grid	 resilience,	 two	 important	 strategies	 are	 generally	 applied:	
redundancy	and	repair	policy.	

Grid	redundancy	means	that	alternative	routes	exist	to	supply	electric	power.	E.g.,	a	connection	
may	consist	of	two	parallel	circuits	that	each	can	carry	the	full	load	(cf.	Fig.	7).	If	one	circuit	fails,	the	
connection	still	remains	in	full	operation	and	ideally	even	without	disturbance.	The	connection	only	
fails	if	also	the	second	circuit	fails.	A	triple	circuit	system	can	keep	working	even	if	two	circuits	fail.	

The	quality	of	assets	may	be	expressed	in	terms	of	expected	reliability	and/or	remaining	life.	For	
reparable	 assets	 and	 systems	 quantities	 like	 momentary	 availability	 (𝐴 𝑡 ),	 long	 term	 availability	
(𝐴!)	 and	mean	 time	 between	 failures	 (MTBF)	 are	 often	 used.	 The	 availabilities	𝐴 𝑡 	 and	𝐴!	 are	
defined	as	the	functioning	time	(up	time)	divided	by	the	total	time,	i.e.	the	sum	of	failed	time	(down	
time)	 and	 up	 time.	 The	MTBF	 is	 defined	 as	 the	 interval	 between	 lowest	 repair	 level	 and	 the	 next	
failure.		

In	case	of	Fig.	7,	if	both	circuits	failed	(State	S2),	then	a	first	repair	would	take	the	system	to	State	
S1.	This	would	mark	the	start	of	the	time	interval	between	failures,	which	ends	when	the	system	falls	
back	into	State	S2,	whether	or	not	it	has	been	able	to	return	to	State	S0	in	between.	The	MTBF	can	be	
estimated	with	a	Markov-Laplace	method	(e.g.,	§8.6	in	[4]).	

	

	
Fig.	7			Redundancy	keeps	a	system	functioning.	Here	the	redundancy	consists	of	2	parallel	circuits	that	can	each	take	the	full	

load.	Only	if	both	circuits,	the	connection	fails.	

	 	
Higher	order	redundancy	or	asymmetric	redundancy	is	also	quite	common.	Triple	circuits,	emergency	
generators	 or	 links	 between	 distribution	 and	 transmission	 grids	 are	 examples.	 Adding	 redundancy	
increases	availability	and	MTBF	generally.	Care	must	be	 taken	 to	avoid	 introducing	 common	cause	
failures	as	these	may	render	(seeming)	redundancy	unreliable.	

At	given	redundancy	configuration	and	asset	hazard	rates,	the	repair	rate	 is	an	 important	factor	
for	 the	 availability	 and	 MTBF	 (§8.4-§8.7	 in	 [4]).	 Various	 configurations	 are	 elaborated	 in	 [5].	



Generally,	 a	 higher	 repair	 rate	 improves	 the	 system	 performance.	 A	 high	 repair	 rate	 is	 served	 by	
maintaining	nearby	stocks	of	spare	parts,	harmonization	of	technology,	 fast	response	repair	teams,	
prepared	 contingency	 plans	 and	 protocols,	 etc.	 The	 achievements	 of	 Industry	 4.0	 with	 its	
communication	 capabilities	 and	 artificial	 intelligence	 should	 be	 able	 to	 contribute	 to	 adequate	
response.	 It	 may	 also	 serve	 the	 logistics	 and	 efficiency	 of	 CM,	 as	 the	 performance	 of	 that	 style	
depends	strongly	on	response	to	failures.	
	
	
2.5		 Reliability	Centered	Maintenance	
	
	 Ultimately,	 the	goal	of	an	electrical	 infrastructure	 is	 to	 supply	electrical	energy.	Regulators	may	
define	 boundary	 conditions	 and	 targets	 how	 to	 operate	 and	 maintain	 such	 a	 grid.	 The	 EC,	 for	
instance,	 launched	 the	 slogan	 ‘affordable,	 secure	 and	 sustainable	 energy	 for	 Europe’	 [8],	 [9].	 Such	
targets	can	have	a	significant	impact	on	the	asset	management.	

In	the	above	we	discussed	an	overview	of	maintenance	activities,	maintenance	styles,	redundancy	
and	repair	strategies.	As	discussed,	and	shown	in	Table	3,	the	possibilities	and	the	merits	of	specific	
maintenance	styles	very	much	depend	on	the	assets,	grid	configurations,	organizational	capabilities	
and	circumstances.	It	may	be	no	surprise	that	all	styles	are	applied	in	grids	and	for	very	good	reasons.	

Reliability	Centered	Maintenance	 (RCM)	 is	a	methodology	that	selects	appropriate	maintenance	
approaches	 for	 all	 assets	 and	 (sub)systems.	 The	mere	 fact	 that	maintenance	 is	 a	 dedicated	mix	 of	
styles	also	proves	that	neither	style	should	be	regarded	superior	to	the	other	styles.	Often,	it	is	about	
balancing	3	aspects	in	maintenance:	performance,	business,	risk	appetite.		

• Performance	 is	 about	 reaching	 the	objectives	of	 supplying	 electrical	 energy	 (plus	 additional	
goals)	with	required	quality.		

• Business	is	about	weighing	options,	efforts	and	investments	against	creating	added	value	with	
maintenance.	 It	 involves	 maintainability,	 profit	 and	 social	 entrepreneurship.	 If	 two	
approaches	deliver	a	similar	performance,	their	business	cases	may	still	be	very	different.	

• Risk	is	about	risk	appetite,	knowing	what	mishap	might	occur	and	how	it	can	be	contained.	It	
is	not	only	about	failing	to	perform	and	unavailability,	but	also	about	collateral	damage	and	
violation	 of	 company	 values	 like	 safety,	 and	 liability	 too.	 Business	 models	 may	 be	 equally	
attractive	on	average	but	may	differ	in	the	likelihood	of	unacceptable	events.	

RCM	originates	from	aerospace	but	has	been	applied	to	many	fields.	It	goes	through	7	steps	[10].	
These	are	shown	in	Table	4.	A	schematic	representation	of	maintenance	styles	adapted	from	NASA	
[11]	is	shown	in	Fig.	8.	

	
	

Table	4			The	7	RCM	steps.	The	first	4	are	called	a	Failure	Mode	and	Effect	Analysis	(FMEA).	With	an	additional	Criticality	
analysis,	the	first	5	steps	form	a	so-called	FMECA	study.	Subsequently,	steps	6	and	7	select	a	maintenance	style.	

Step	Subject		 Typical	subject	questions	
1	 Functions	&	Requirements	 • What	does	the	operational	asset	need	to	do?	

• What	are	associated	performance	standards?	
2	 Functional	failure	 • What	are	relevant	functional	failures?	
3	 Failure	modes	 • What	is	the	cause	of	a	functional	failure?	
4	 Failure	effects	 • What	are	the	results	and	effects	of	a	failure?	
5	 Criticality	 • What	are	the	consequences	of	a	failure?		

• How	important	are	these?	
6	 Prevention	 • Can	a	failure	be	predicted?	If	so,	how?	

• What	maintenance	can	be	done	to	prevent	failure?	
7	 Alternatives	to	prevention	 • If	proactive	activities	are	not	feasible,	what	can	be	done?	

	
	 	



	
Fig.	8			RCM	logic	tree	(freely	adapted	from	NASA	[11]).	Noteworthy	is	the	silent	assumption	that	CBM	is	always	a	better	
solution	than	PBM	and	CM	if	diagnostics	are	available.	However,	this	might	still	depend	on	various	business	case	aspects.	

	
Step	6	and	7	suggest	 that	CBM	 is	preferred.	However,	with	 redundancy	and	 repair	 strategies	 in	

place,	CM	or	PBM	should	not	be	discarded	as	lesser	choices.	As	a	domestic	example,	the	usual	high	
degree	of	lighting	redundancy	in	a	home	or	office	plus	the	low	costs	involved	for	stocking	spare	parts	
(lightbulbs)	and	replacement,	make	CM	a	very	suitable	style	 for	managing	the	 lights.	Lightbulb	and	
LEDs	 are	 rarely	 replaced	 through	 a	 PBM	 scheme	 or	 CBM	 techniques	 developed	 to	 diagnose	 and	
predict	 malfunction	 of	 individual	 lamps	 (though	 where	 consequences	 are	 high,	 it	 might).	 RCM	 or	
performance-based	management	should	be	able	to	select	CM	with	adequate	redundancy	and	repair	
strategies.	Various	RCM	logic	trees	have	been	developed	to	decide	on	the	use	of	maintenance	styles	
(cf.	[11]).		

An	alternative	to	the	sequential	RCM	steps	6	and	7	is	to	evaluate	the	styles	without	prejudice	(cf.	
Table	5).	This	provides	a	check	on	whether	a	style	 is	feasible	and	if	so,	what	requirements	must	be	
fulfilled.	The	styles	can	be	implemented	in	various	ways	and	might	benefit	from	4.0	wave	capabilities,	
e.g.,	 smart	 logistics	 for	 repair	with	CM,	optimized	maintenance	 intervals	with	PBM	(involving	costs	
and	business	values.	With	CBM,	4.0	wave	capabilities	would	support	critical	condition	prediction	and	
trigger	maintenance	activities.	An	evaluation	like	in	Table	5	might	find	the	best	business	case.		

It	 is	 noteworthy,	 that	 each	 style	 can	 still	 be	 implemented	 in	 a	 CBM	environment.	 Table	 3	 (last	
row)	shows	how	the	triggers	for	activities	can	be	represented	as	a	condition	equivalent.		

	
	

Table	5			Possible	style	evaluation	following	FMECA	without	prejudice	with	respect	to	style	preference.	

Styles	&	options:	
Evaluation	aspects:	

CM	
CM1,	CM2,…	

PBM	
PBM1,	PBM2,…	

CBM	
CBM1,	CBM2,…	

Feasibility	of	style:	
• Maintainability,	Accessibility,	Technical	capabilities	

(diagnostics,	expert	knowledge,	intelligence,	models),	…	
…	 …	 …	

Option	requirements:	
• Redundancy	level,	Repair	preparedness,	Procedures	in	place,	

Spare	parts	strategy,	Industry	1.0-4.0	aspects,	…	
…	 …	 …	

Performance	prognosis:	
• Availability,	MTBF,	hazard	rate	(average,	peak),	down	time	

…	 …	 …	

Risk	Before	failure:	
• Company	values:	Safety,	Quality	of	supply,	Customer	

satisfaction,	Public	acceptance,	Compliance,	…	
…	 …	 …	

Risk	After	failure	until	repair:	 …	 …	 …	



• Company	values:	Safety,	Quality	of	supply,	Customer	
satisfaction,	Public	acceptance,	Compliance,	…	

Style	Advantages	with	probability:	
• Ease	to	implement,	Robustness,	Cost	level,	Additional	

benefits,	Future	proof,	…	
…	 …	 …	

Style	Concerns	with	probability:	
• Critical	paths	(e.g.,	highly	qualified	experts,	internet	access,	

discipline,	inspections	carried	out,	awareness	of	malfunction,	
…),	vulnerabilities,	…	

…	 …	 …	

Efforts:		
• Labor	(organization,	qualified	standby	crew,	mobilization),	

Materials,	Spares,	Tools,	Finance	(TOTEX,	CAPEX,	OPEX),	
Hiring,	Information	system	and	communication	technology,	…	

…	 …	 …	

Overall	style	profit	and	adequacy:	
• Performance,	Business,	Risks	

…	 …	 …	

	 		
	
2.6		 Perspectives	of	the	4.0	wave	for	smart	maintenance	
	

The	Industry	4.0	and	associated	Reliability	4.0	wave	(Table	1)	offer	capabilities	that	in	earlier	
waves	were	either	not	available	as	yet	or	mostly	only	against	non-competitive	costs.	Maintenance	
that	employs	these	capabilities,	is	referred	to	as	‘smart’.	Since	the	4.0	wave	comprises	elements	of	
prediction,	connectivity,	models,	AI	and	decision-making,	smart	maintenance	is	often	associated	with	
a	next	level	CBM.	But	also	CM	and	PBM	can	benefit	from	the	4.0	wave	capabilities	as	discussed	
above.		
	 For	instance,	many	existing	underground	power	cable	systems	are	not	equipped	with	sensors	and	
also	there	is	little	servicing	possible.	Innovations	exist	that	allow	monitoring	with	respect	to	some	
phenomena,	but	if	these	are	not	economically	feasible,	the	cable	will	be	subject	to	CM.	However,	the	
4.0	wave	offers	perspectives	to	the	CM	processes	too.	E.g.,	a	challenge	with	CM	is	the	flexibility	to	
respond	to	failures	adequately	(Table	1).	The	repair	rate	has	a	great	impact	on	the	system	availability	
and	hazard	rate	[5].	Not	the	asset	itself,	but	the	process	of	CM	is	greatly	served	by	response	
readiness,	proper	logistics,	selecting	and	adapting	proper	procedures,	handling	relevant	data	etc.	The	
support	of	4.0	capabilities	like	AI	and	communication	offers	the	perspective	a	‘smart	CM’	that	
improves	repair	rates	and	therefore	performance	of	the	grid.		

Likewise,	4.0	capabilities	might	offer	the	perspective	of	a	smart	PBM,	that	might	even	outperform	
conventional	 CBM.	 Table	 5	 might	 serve	 to	 evaluate	 this.	 Table	 6	 provides	 a	 non-comprehensive	
overview	of	Industry	/	Reliability	4.0	capabilities	for	maintenance	activities	and	styles.	
Table	6			Overview	(non-comprehensive)	of	Industry/Reliability	4.0	Perspectives	with	maintenance	activities	and	styles.	

Activity			\			Style	 CM	 PBM	 CBM	
Inspections	 • Up	/	down	state	

• Follow-up	failure	alert	
• Logistics	and	planning	
• Feedback	on	intervals	

• Forecast	the	need	and	
plan	in	depth	inspections	

Servicing	/	
Replacement	

• Reserve	supply	optimum	
• Logistics	optimum	
• Resource,	forecast	and	

planning	
• Procedures	optimum	
• Data	and	forecast	events	

• Reserve	supply	optimum	
• Logistics	optimum	
• Resource	forecast	and	

planning	
• Procedures	optimum	

• Reserve	supply	optimum	
• Logistics	optimum	
• Resource	forecast	and	

planning	
• Procedures	optimum	
• Data	and	forecast	events	

	
	
3	 SMART	MAINTENANCE	FOR	CABLES	AND	INSULATORS	
	



	 Smart	maintenance	may	be	regarded	as	RCM	benefiting	from	Industry	/	Reliability	4.0	capabilities.	
As	in	the	previous	section,	we	would	advocate	to	not	limit	smart	maintenance	to	a	next	level	CBM	or	
rigidly	 implement	 4.0	 capabilities	 to	 the	 full	 as	 this	 is	 not	 always	 the	 optimum	 solution.	 The	 loom	
with	 Industry	 1.0	 technology	 shown	 in	 Fig.	 1	 is	 reported	 to	 having	 served	 well	 until	 the	mid	 20th	
century	 (the	 end	 of	 Industry	 2.0).	 It	 is	 rather	 recommended	 to	 remain	 focused	 on	 optimizing	 the	
ultimate	goal,	like	the	EU	adage	‘sustainable,	secure	and	affordable	energy	supply’	or	similar	goals	in	
power	 electronics.	 Overall,	 this	 focus	 is	 believed	 to	 reach	 more	 effective	 solutions	 than	 a	 rigid	
approach.	

In	 the	 following,	 we	 will	 inventory	 the	 peculiarities	 of	 cables	 and	 associated	 insulators	 with	
respect	to	failure	behavior	and	maintenance.	Next,	we	will	discuss	three	failure	modes	as	examples	
for	 RCM.	 In	 the	 last	 section	 we	 touch	 on	 miscellaneous	 subjects	 like	 the	 reliability	 of	 auxiliary	
components.	
		
	
3.1		 Cables	and	associated	insulators	general	
	
	 Cables	and	associated	insulators	(terminations,	connectors,	bushings,	joints)	form	cable	systems.	
The	typical	cable	characteristics	that	make	maintenance	challenging	in	some	cases:		

• System:	often	kilometers	long,	on	land	and	submarine,	most	often	(but	not	always)	redundant	
• Technologies:	oil/mass	impregnated	paper	insulation	or	polymer	insulation		
• Voltage:	 voltage	 levels	 range	 from	 low	 voltage	 (LV)	 100	V,	medium	 voltage	 (MV)	 10-35	 kV,	

high	voltage	(HV),	75-150	kV	to	extra	high	voltage	(EHV)	400	kV	and	up	
• Life	cycle:	usually	intended	to	serve	40	y	or	more	
• Fault	effect:	a	single	fault	brings	the	full	length	in	down	state	
• Inspection:	most	systems	cannot	be	inspected	visually	(exceptions:	cables	in	tunnels	or	ducts)	
• Servicing:	mainly	confined	to	replenishing	oil	or	repressurizing		

	 As	for	criticality,	there	is	a	relationship	between	power	supply	and	criticality.	Most	grids	still	have	
a	hierarchical	structure	with	a	backbone	of	high	power	links	for	transmission	over	longer	distances,	
feeding	 into	 more	 regional	 distribution	 networks.	 Higher	 power	 and	 longer	 distances	 with	 ohmic	
resistance	conductors	are	 served	with	 (extra)	high	voltage	and	DC	 for	 lengths	over	 typically	70	km	
(e.g.,	 with	 submarine	 cable)	 to	 reduce	 ohmic	 losses	 respectively	 reactive	 current	 and	 associated	
losses.	A	fault	in	an	(E)HV	backbone	link	has	a	high	criticality,	while	a	fault	in	a	LV	or	MV	distribution	
link	causes	much	less	damage	(provided	no	exceptional	violation	of	other	company	values	is	done).	
This	 can	 translate	 into	 with	 a	 greater	 fault	 permissibility	 in	 a	 distribution	 network	 than	 in	 a	
transmission	network.	This	has	an	impact	on	risk	appetite	(cf.	section	2.5),	need	for	redundancy	and	
replacement	 policies	 [12].	With	 transmission	 networks,	 it	 is	more	 likely	 that	 an	 unacceptable	 risk	
grows	without	notice	[5].	Due	to	this	higher	criticality,	extra	redundancy	and	early	replacement	are	
recommendable.		

As	 for	 failure	modes,	 three	high	 impact	 failures	are	described	 in	 the	 following	 sections	on	RCM	
with	the	context	for	prevention:	water	treeing,	partial	discharge	and	thermal	degradation.		
Table	7			General	RCM	for	cable	systems	focusing	on	three	failure	modes	of	water	treeing,	partial	discharge	(including	
electrical	treeing)	and	thermal	degradation.	

Step	Subject		 Typical	subject	questions	
1	 Functions	&	Requirements	 • The	 cable	 needs	 to	 supply	 electric	 power	 by	 maintaining	 a	 voltage	

difference	between	conductor	and	earth	and	by	conducting	current	
• Safety	and	reliability	standards	apply	

2	 Functional	failure	 • Breakdown	of	cable	insulation	creates	a	short-circuit	between	conductor	
and	earth	(or	conductor	at	different	voltage)		

3	 Failure	modes	 • Water	treeing	in	insulation	
• Partial	discharge	in	insulation	and	interfaces	
• Thermal	degradation	in	insulation	



	
	 	
	
3.2		 Water	treeing	
	
	 Water	 treeing	 is	 a	 degradation	 phenomenon	 in	 polymer	 insulation	 of	 cables.	 It	 enhances	 the	
dielectric	 constant	 of	 the	 polymer	 by	 ingress	 of	 water	 with	 ions	 [13]	 which	 is	 an	 energetically	
favorable	state.	This	turns	the	insulator	into	an	ionomer	and/or	polymer	with	tracks	and	pockets	of	
trapped	ions	locally	(Fig.	9).	A	water	tree	is	not	an	electric	breakdown,	but	it	lowers	the	breakdown	
strength	with	increasing	water	tree	length	and	has	led	to	widescale	cable	failures	worldwide	[14].		

Ion	 mobility	 within	 water	 trees	 is	 frequency	 dependent	 and	 requires	 sufficiently	 high	 electric	
fields	and	humidity	[15].	If	a	high	DC	field	is	applied	to	a	water	treed	cable,	the	cations	and	anions	are	
drawn	 to	 opposite	 sides	 of	 the	water	 trees	 and	 are	 trapped	 if	 the	 external	 field	 is	 removed.	 As	 a	
result,	 a	DC	electric	 field	 inside	 the	water	 tree	 remains.	Re-energized	 such	DC	charged	cables	with	
AC,	can	cause	enhanced	electric	stresses	with	a	high	probability	of	cable	failure.	DC	testing	of	suspect	
water	treed	cables	is	therefore	strongly	discouraged.		
	

	
Fig.	9			Water	tree	structure	as	ionic	tracks	through	XLPE	insulation	(after	[13]).	Left	water	treeing	with	oxidation	of	XLPE	
leading	to	carboxylate	groups	(fixed	anions	on	XLPE)	and	ingress	of	cations.	Right	water	treeing	by	forced	ingress	of	both	

anions	and	cations	which	is	more	likely	to	occur	with	higher	electric	fields.	

As	 for	 prevention,	 world	 wide	 research	 into	 water	 treeing	 led	 to	 a	 good	 insight	 into	 the	
degradation	process.	Water	treeing	can	be	significantly	reduced	by	clean	semiconductive	screens	and	
insulation	 as	 well	 as	 keeping	 humidity	 low	 (prevent	 dissolving	 ions).	 Because	 of	 the	 transmitted	
power,	HV	cables	represents	sufficient	economic	value	to	be	equipped	with	a	fully	watertight	jacket,	
whereas	MV	cables	in	distribution	usually	have	a	MDPE	jacket	and	are	not	truly	watertight.	For	that	
reason	water	treeing	is	normally	only	encountered	with	MV	cables.	Not	so	much	for	the	voltage	level	
as	such,	but	rather	for	the	investment	in	watertight	screens.	
	 As	 for	 traditional	maintenance,	diagnostics	was	destructive.	Often	an	unexpectedly	early	 failure	
occurred,	which	triggered	repair	(CM).	Then	a	few	meters	long	failed	piece	of	cable	was	replaced	by	a	
new	piece	of	cable	and	two	joints.	The	failed	piece	would	then	be	inspected	visually	by	microscopy	

• Other	(not	discussed	here)	
4	 Failure	effects	 • Phenomena	lead	to	insulation	failure	and	cable	breakdown	
5	 Criticality	 • In	redundant	system:	redundancy	is	reduced	or	(usually)	undone	

• Without	redundancy:	power	supply	is	interrupted	
• Some	components	can	explode	and	jeopardize	safety	
• Other	company	values	may	be	involved:	customer	satisfaction,	direct	or	

collateral,	financial	loss	
• Generally,	the	criticality	increases	with	voltage	

6	 Prevention	 • Elaborated	below	for	each	failure	mode		
7	 Alternatives	to	prevention	 • Elaborated	below	for	each	failure	mode		



after	 staining	with	methylene	blue,	which	 reveals	 the	 full	 length	of	 the	water	 trees	 if	 present	 [16]	
[17].	 This	 could	 be	 followed	 up	 by	 more	 extensive	 testing	 sacrificing	 longer	 lengths	 of	 cable	 to	
determine	 the	 likelihood	 of	 next	 failures.	 These	 findings	 about	 the	 cable	 condition	would	 support	
decision-making	about	CBM	replacement.	
	 	The	 nature	 of	 ion	 conductivity	 offers	 also	 non-destructive	 options	 to	 assess	 the	 level	 of	water	
treeing	in	a	cable	(though	some	consideration	about	many	small	trees	versus	a	smaller	number	of	big	
trees	may	be	worthwhile).	Characterizing	ion	mobility	can	employ	the	variation	with	the	electric	field	
or	frequency	[18]	[15].	Such	dielectric	measurements	can	be	conducted	in	various	ways,	like	spectral	
tanδ	measurement	of	response	analysis.	Multiple	parties	employ	tanδ	measurement	for	water	tree	
detection	 (and	 for	water	 ingress	 in	 joints	 and	 indication	 of	 possible	 partial	 discharge	 activity)	 [19]	
[20].	
	 KEPCO	and	Baur	developed	a	method	that	keeps	track	of	0.1	Hz	(VLF)	tanδ	measurements	on	new	
XLPE	insulated	MV	cables.	An	ageing	index	is	defined	based	on	the	mean	VLF	tanδ	and	its	trend	[21]	
[22].	This	trend	consists	of	tanδ	increasing	with	voltage	(0.5U0,	U0,	1.5U0)	and	with	time	at	each	test	
voltage.	Although	the	model	is	not	validated	by	us,	it	is	reported	to	be	based	on	a	large	set	of	45000	
data	points	and	enhanced	tanδ	as	ion	conductivity	measure	is	very	feasible.	Since	the	frequency	and	
voltage	deviate	from	power	conditions,	it	has	to	be	performed	offline.	The	diagnostic	will	be	PBM	or	
CBM	scheduled	and	replacement	strategies	will	be	CBM.	The	model	is	based	on	learning	from	a	vast	
ongoing	monitoring	program	connected	to	the	KEPCO	data	base.		

Some	4.0	wave	elements	can	be	recognized	like	connecting	data	from	many	cases	to	a	data	base,	
analyzing	big	data	of	many	cases	and	building	a	model	to	capture	the	phenomenon.	Each	VLF	tanδ	
measurement	 adds	 to	 the	 data	 base	 and	 the	 model	 is	 still	 under	 study.	 If	 a	 procedure	 could	 be	
worked	 out	 to	 autonomously	 carry	 out	 the	 offline	 VLF	 tanδ	 measurements	 with	 diagnostics	 and	
decentralized	 decisions,	 then	 a	 fully	 Industry	 4.0	 system	 could	 be	 produced.	Whether	 this	 will	 be	
beneficial	and	desirable	is	to	be	proven	as	yet.	The	interconnectivity	and	integration	of	data	may	also	
allow	to	predict	replacement	waves,	which	will	assist	an	overall	replacement	planning.	
		
	 	
3.3		 Partial	discharge	
	

Partial	Discharge	 (PD)	 is	 a	 long	known	phenomenon	 that	deteriorates	electrical	 insulation.	 Four	
types	of	partial	discharge	are	generally	distinguished:	

	
• Internal	PD:	occurring	in	a	void	within	an	insulation	material	
• Surface	PD:	tracking	across	an	insulation	surface	
• Interface	 PD:	 occurring	 between	 two	 insulation	 materials,	 e.g.	 XLPE	 and	 stress	 control	

insulation	in	a	joint	or	termination.			
• Corona	PD:	from	a	conductor	into	a	gas		

	

	
Fig.	10			Interface	PD	in	a	termination	stress	cone	that	was	followed	by	breakdown	

	
A	PD	can	be	viewed	as	an	electric	spark	that	also	generates	a	current	pulse	in	the	conductors	and	

produces	an	EM	signal.	PD	is	not	a	short	circuit,	but	ongoing	PD	can	produce	electrical	trees,	which	



generally	disturb	the	electrical	field	locally	and	can	ultimately	lead	to	a	breakdown.	Most	relevant	to	
cable	 systems	 are	 internal	 and	 interface	 PD.	 Nevertheless,	 surface	 and	 corona	 may	 occur	 at	 the	
terminations.	PD	can	be	detected	with	various	techniques	[23]	[24]	[25].	There	is	still	room	for	new	
sensing	techniques	though	as	some	existing	parts	of	a	cable	systems	cannot	be	covered	by	present	
techniques.		

As	 for	 criticality	 and	 prevention,	 a	 failure	 in	 transmission	 systems	 will	 violate	 company	 values	
more	than	a	failure	in	a	distribution	system.	However,	other	than	quality	control	and	proper	testing,	
PD	 may	 occur	 at	 all	 voltage	 levels	 in	 the	 grid	 (particularly	 from	 MV	 and	 up).	 Considering	 the	
economic	 value	 of	 individual	 transmission	 links,	 (E)HV	 cable	 is	 increasingly	 kept	 under	 continuous	
surveillance.	As	 PD	 can	be	monitored	online,	 it	 is	 feasible	 to	 integrate	 PD	 sensing	 into	 the	 system	
operation.	This	also	allows	to	monitor	trends,	indicate	imminent	(PD	driven)	failures	and	to	pin-point	
suspect	and	fault	locations.		

With	 PD,	 full	 employment	 is	 possible	 of	 the	 Industry	 /	 Reliability	 4.0	 capabilities	 of	
interconnectivity,	 information	 transparency,	 CPS	 assistance	 and	 decentralized	 decision-making.	
Examples	 are	 the	 Smart	 Cable	 Guard	 system	 [26],	 Synchromerger	 solution	 [27]	 and	 Astute	 HV	
Monitoring	 [28].	Whether	 the	 investment	 in	 online	 PD	 systems	 is	 worthwhile	 will	 depend	 on	 the	
specific	situation.		

	
	
3.4		 Thermal	degradation	
	
	 Much	insulation	testing	concerns	voltage	induced	aging	employing	a	power	law.	Insulation	aging	
can	usually	 also	 be	 thermally	 accelerated.	Arrhenius	 laws	 exist	 for	 both	 semi-steady	 temperatures	
and	 for	 cycling	 temperatures	 [29].	 Moreover,	 electrical	 insulation	 usually	 has	 a	 lower	 breakdown	
strength	and	a	higher	loss	factor	at	high	temperatures.	With	the	trend	of	fossil	energy	being	replaced	
by	electrical	energy,	the	load	on	the	grid	is	increasing	which	may	shorten	cable	life	times.		

Thermal	 degradation	 in	 a	mild	 form	deteriorates	 the	 insulation	over	many	 years.	However,	 if	 a	
cable	conductor	generates	more	heat	than	can	be	drained	off	through	the	outer	cable	layers	and	the	
surrounding	soil,	then	thermal	instability	may	result.	The	cable	temperature	runs	up.	The	resistance	
of	 an	 aluminum	 or	 copper	 conductor	 increases	 with	 temperature	 as	 will	 the	 losses	 and	 heat	
generation	do.	This	can	quickly	lead	to	a	thermal	runaway	leading	to	a	cable	failure	within	hours.		

Thermal	 degradation	 can	 be	 strongly	 influenced	 by	 the	way	 the	 power	 system	 is	 operated.	 At	
TenneT	each	 (HV)	 cable	 is	assigned	a	maximum	allowable	current.	Many	cables	are	equipped	with	
sensors	(glass	fibers)	that	allow	the	monitoring	of	the	temperature	distribution	along	the	cable.	With	
such	 Distributed	 Temperature	 Sensoring	 (DTS),	 the	 cable	 temperature	 is	 monitored	 in	 order	 to	
prevent	overheating.	Various	DTS	systems	are	available	[27]	[30]	[31]	[32].	

The	 DTS	 systematic	 used	 to	 be	 expensive	 and	 was	 not	 embedded	 in	 system	 operation	 for	 all	
cables,	 but	 rather	 an	 asset	management	 department	 tool	 to	 keep	 track	 of	 the	 load	 flow	 through	
cables	and	the	option	to	provide	monitoring	if	needed.	On	the	one	hand,	DTS	systems	and	wave	4.0	
capabilities	have	become	more	affordable.	On	the	other	hand,	the	stakes	get	higher	with	the	energy	
transition	and	the	associated	more	intense	utilization	of	cables.		



	
Fig.	11			Bundle	of	3	single	phase	submarine	cables	with	optical	fibers	

DTS	systems	may	therefore	become	much	wider	implemented.	As	it	is	an	online	technique,	it	can	
be	 incorporate	 employing	 the	 full	 4.0	 wave	 capabilities.	 Whether	 it	 is	 worth	 the	 investment	 and	
maintenance	of	the	ICT	structure	needs	to	be	evaluated.	
	
	
3.5		 Other	issues	
	
	 Cable	systems	can	fail	by	other	phenomena	than	the	three	degradation	phenomena	discussed	in	
the	 last	 sections.	 Examples	 of	 other	 phenomena	 are:	 oil	 leakage,	 leaks	 in	 water	 tight	 jackets,	
mechanical	 damage	 by	 excavations,	 corrosion	 by	 stray	 currents,	 waxing,	 lightning	 surges,	 cross-
bonding	 faults,	 etc.	 The	 discussion	 here	 is	 particularly	 about	 the	 generic	 concept	 of	 the	 4.0	wave,	
maintenance,	RCM	and	cable	systems.	This	can	be	applied	to	any	failure	mode.		
	 An	essential	element	with	 the	wave	4.0	concept,	 is	 the	use	of	sensors	and	auxiliary	systems	 for	
connectivity	and	data	storage.	Most	assets	in	a	power	grid	have	planned	lifetimes	of	40	y	and	more.	
Depending	on	 the	applied	grade	and	software,	power	electronics	and	 information	systems	 tend	 to	
have	 a	 much	 shorter	 lifetime	 of	 about	 15	 y.	 This	 must	 be	 given	 due	 consideration.	 If	 a	 cable	 is	
attributed	 with	 a	 DTS	 glass	 fiber	 that	 would	 last	 15	 y,	 then	 the	 cable	 would	 lose	 its	 thermal	
monitoring	 capabilities	 well	 before	 it	 reaches	 the	 planned	 wear	 phase.	 The	 same	 applies	 to	 PD	
sensors	built	into	joints.		

The	effect	of	added	elements	in	a	chain	is	contrary	to	redundancy:	the	more	elements	are	added	
to	a	system	to	function,	the	more	links	may	be	vulnerable	and	have	the	chain	break.	Redundancy	is	a	
parallel	 configuration,	 while	 adding	 elements	 is	 a	 series	 configuration	 (cf.	 §7.3-§7.7	 in	 [4]).	 It	 is	
recommendable	 to	 anticipate	 failures	 in	 the	 monitoring	 and	 communication	 systems	 or	 the	
obsoleteness	of	software	involved.	Redundancy,	servicing	and	replacement	may	be	required.	

Finally,	 if	an	incidental	cable	failure	has	an	acceptable	impact	with	quick	repair	and	redundancy,	
then	 the	 failure	 rate	 can	 become	 a	 condition	 indicator	 for	 a	 group	 of	 similar	 cables	 [5].	 This	may	
apply	 to	 Distribution	 System	 Operators	 (DSOs).	 Recently,	 two	 DSOs	 were	 interviewed	 about	 their	
conception	of	ICT	technologies	in	maintenance.	One	DSO	embraced	ICT	and	invested	heavily	in	wave	
4.0	technology	and	proactive	maintenance.	Though	it	helped	them	to	anticipate	failures	and	decide	



on	replacement	strategies,	the	costs	of	ICT	and	maintaining	software	and	models	were	considerable.	
The	business	case	is	not	self-evident	as	discussed	before	but	must	be	evaluated.	

The	other	DSO	relied	upon	rules	of	 thumb	 like	a	 few	failures	per	given	time	 interval	can	be	the	
reason	to	replace	a	complete	group	of	assets.	This	strategy	leans	on	high	numbers	of	similar	assets	𝑛	
and	a	low	hazard	rate	ℎ.	The	product	𝑛 ∙ ℎ	 is	equal	to	the	annual	number	of	failures.	 In	this	way,	ℎ	
can	be	tracked	and	used	to	detect	the	onset	of	the	wear-out	phase	without	the	need	for	advanced	
systems.	For	small	groups	of	assets	(i.e.,	small	𝑛),	this	strategy	may	fall	short.	It	has	been	estimated	
that	for	a	small	group	of	assets	in	a	transmission	grid,	𝑛 ∙ ℎ	may	be	less	than	1/y,	while	ℎ	can	already	
have	 grown	 unacceptably	 large	 and	 redundancy	 is	 not	 sufficient	 anymore	 [5].	 Particularly,	 for	
Transmission	System	Operators	 (TSOs)	 sensoring	may	be	 required	on	new	HV	 links	and	 if	possible,	
retrofit	on	existing	links.	
	 	
	
4	 Discussion	and	Conclusions	
	
	 In	 this	 paper	 we	 discussed	 the	 industrial	 revolutions	 or	 waves.	 At	 present	 Industry	 4.0	 is	
unfolding.	With	it,	is	Reliability	4.0.	Characteristic	for	the	4.0	wave	are	interconnectivity,	information	
transparency,	CPS	assistance	and	decentralized	decision-making.	Although	this	wave	answers	needs	
in	 quality	 improvement	 and	 efficiency,	 it	 must	 be	 decided	 case	 by	 case	 whether	 the	 expected	
benefits	are	worth	the	costs	and	efforts.	

	 Next,	 the	 principles	 of	 maintenance	 were	 discussed	 in	 terms	 of	 activities	 (inspection	 or	
condition	 assessment;	 servicing	or	 condition	 improvement;	 and	 replacement	 /	 removal)	 and	 styles	
(CM,	PBM	and	CBM).	Again,	neither	combination	 is	by	definition	superior	 to	 the	others.	With	PBM	
and	CBM	 the	 concept	 is	 to	 reset	 the	hazard	 rate	 for	wear	processes.	 This	was	discussed	using	 the	
bathtub	model.	 The	hazard	 rate	 reset	 can	only	be	 realized	 for	wear	 situations	 that	are	 serviceable	
indeed.	Serviceable	are,	e.g.,	low	oil	pressures	in	paper	oil	cables,	gas	pressure	in	gas	pipe	cable,	and	
temperature	reduction	with	forced	cooling.	Replacing	defective	assets	can	be	regarded	as	serving	of	
the	system.	Non-serviceable	phenomena	are	water	treeing	and	electrical	treeing	once	started.	
	 As	for	cable	systems	with	associated	 insulators,	the	online	condition	assessment	 is	not	available	
for	all	failure	modes.	And	many	important	failure	modes	(even	if	monitoring	is	feasible)	are	also	not	
serviceable.	But,	 again,	 asset	 replacement	may	 service	 the	 system.	 In	addition	 to	 the	maintenance	
activities,	 also	 repair	 strategies	 and	 redundancy	 play	 an	 important	 role	 in	 the	 system	 availability,	
system	hazard	rate	and	mean	time	between	failures.	When	evaluating	the	system	performance	and	
maintenance	scenarios,	it	is	recommendable	to	take	repair	and	redundancy	into	account.		

RCM	is	a	method	to	optimize	the	mix	of	activities	and	styles.	The	optimization	of	the	maintenance	
mix	is	to	be	evaluated	by	the	performance,	business	and	risk	appetite.	The	wave	4.0	capabilities	may	
provide	RCM	outcomes	that	would	not	have	been	beneficial	before.	Though	the	wave	4.0	capabilities	
tend	 to	be	associated	with	CBM	rather	 than	with	CM	and	PBM,	still	 smart	CM	and	smart	PBM	are	
thinkable	and	may	even	outperform	CBM.	Any	style	can	be	molded	into	a	CBM	systematic.	

For	cable	systems,	three	phenomena	were	addressed	in	terms	of	RCM.	Water	treeing	and	PD	are	
phenomena	that	cannot	be	serviced	when	it	comes	to	the	asset	itself.	The	system	can	be	improved	
by	 replacing	 affected	 cable	 circuits	 or	 suspect	 parts	 thereof.	 Thermal	 aging	 is	 a	 phenomenon	 that	
strongly	depends	on	transmitted	current	and	thermal	conductivity	of	the	surrounding	soil.	Thermal	
damage	 is	 also	 likely	 to	 remain,	 but	 accumulated	 heat	may	 be	 drained	 off	 if	 the	 current	 is	 timely	
reduced.	Much	more	 than	water	 treeing	 and	 PD,	 thermal	 aging	 depends	 on	 the	 system	operation	
(given	 the	 installation	 and	 external	 impacts).	 Water	 treeing	 is	 mostly	 diagnosed	 by	 offline	 tanδ	
measurements.	 PD	 and	 temperature	 can	 be	 monitored	 online	 and	 allow	 to	 employ	 the	 full	
capabilities	of	the	4.0	wave.	The	perspectives	of	the	4.0	wave	have	materialized	in	many	cases,	but	
wave	4.0	technology	should	not	be	applied	thoughtlessly.	An	RCM	evaluation	should	be	performed.		
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