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Course Overview 
Course Description	
Lightning	represents	one	of	the	more	energetic	natural	loads	an	engineer	will	ever	need	to	
design	against.	This	course	provides	a	working	understanding	of	lightning	protection	
engineering	that	determines	whether	a	structure	survives	a	strike	with	minimal	
consequence.	
	
The	course	works	through	the	physics	of	the	lightning	discharge,	the	standards	that	govern	
its	mitigation	in	the	United	States	(principally	NFPA	780)	and	internationally	(IEC	62305),	
and	the	practical	design	decisions,	from	air	termination	geometry	through	grounding,	
bonding,	as	well	as	surge	protection.	
	
Learning Objectives	
Upon	successful	completion	of	this	course,	participants	will	be	able	to:	

• Explain	the	physical	mechanisms	of	lightning	formation	and	attachment	used	in	
protection	design	

• Compare	the	scope	and	methodology	of	NFPA	780,	the	IEC	62305	series,	and	
relevant	IEEE	standards,	and	identify	which	governs	a	given	project	

• Apply	the	IEC	62305-2	risk	assessment	framework	to	determine	whether	protection	
is	warranted	and	to	select	an	appropriate	protection	level	

• Select	and	apply	the	rolling	sphere,	mesh,	and	protective	angle	methods	of	air	
termination	design	to	a	given	structure	geometry	

• Evaluate	down-conductor	routing,	separation	distance	requirements,	and	grounding	
electrode	configurations	against	NFPA	780	and	IEC	62305-3	provisions	

• Identify	appropriate	surge	protection	measures	at	each	lightning	protection	zone	
boundary	within	a	building	

• Recognize	the	additional	design	considerations	that	apply	to	tall	buildings,	
hazardous	locations,	telecommunications	structures,	and	renewable	energy	
installations	

• Describe	the	professional	responsibilities,	documentation	practices,	and	liability	
considerations	associated	with	lightning	protection	design	

	
Intended Audience	
This	course	is	intended	for	structural,	electrical,	and	fire	protection	engineers	responsible	
for	specifying,	reviewing,	or	signing	off	on	lightning	protection	systems	as	part	of	a	building	
project,	as	well	as	engineers	working	on	telecommunications	towers,	wind	turbines,	and	
other	tall	or	exposed	structures	where	lightning	risk	is	a	first-order	design	consideration.	
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CHAPTER 1	

The Lightning Phenomenon: Physical Mechanisms and 
Engineering Significance 
	

	

1.1 Introduction 
Lightning	is	among	the	most	energetic	natural	events	that	engineers	must	account	for	in	
structural	design.	Each	year,	lightning	strikes	the	earth's	surface	approximately	one	billion	
times,	discharging	enormous	quantities	of	electrical	energy	over	timescales	measured	in	
microseconds	to	milliseconds.	The	consequences	of	an	unprotected	or	inadequately	
protected	structure	receiving	a	direct	strike	range	from	minor	surface	damage	to	
catastrophic	fire,	structural	collapse,	or	the	loss	of	human	life.	For	the	engineer,	
understanding	lightning	begins	with	understanding	the	atmospheric	and	electrical	
mechanisms	that	produce	the	lightning	discharge,	and	the	properties	of	the	discharge	
which	determine	how	it	interacts	with	structures,	conductors,	and	grounded	systems.	

The	goal	of	this	chapter	is	to	establish	the	physical	foundation	upon	which	all	subsequent	
chapters	build.	Engineers	who	understand	why	lightning	behaves	as	it	does	are	better	
equipped	to	apply	protection	standards	correctly,	to	exercise	sound	judgment	when	
standards	fall	short	of	addressing	a	specific	situation,	and	to	explain	their	designs	to	clients,	
code	officials,	and	contractors.	

1.2 Atmospheric Electricity and Charge Separation 
The	earth's	atmosphere	is	not	electrically	neutral.	Under	fair-weather	conditions,	the	
surface	of	the	earth	carries	a	net	negative	charge	relative	to	the	upper	atmosphere.	A	global	
atmospheric	electric	field	of	approximately	100	volts	per	meter	exists	in	the	vertical	
direction	near	the	surface.	This	fair-weather	field	arises	from	a	continuous	current	flow	
maintained	by	the	roughly	two	thousand	thunderstorms	active	around	the	globe	at	any	
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given	time.	Thunderstorms	function	as	the	natural	generators	that	sustain	this	global	
electrical	circuit.	

The	thunderstorm	cloud,	or	cumulonimbus,	is	the	primary	agent	of	atmospheric	charge	
separation.	Within	an	active	cumulonimbus,	powerful	updrafts	carry	water	droplets,	ice	
crystals,	and	soft	hail	pellets	(graupel)	to	altitudes	where	they	interact	through	a	process	
known	as	the	non-inductive	charging	mechanism.	During	these	collisions,	smaller	lighter	
particles,	typically	ice	crystals,	acquire	positive	charge	and	are	carried	upward	by	updrafts	
into	the	upper	portions	of	the	cloud.	Larger,	heavier	particles,	primarily	graupel,	acquire	
negative	charge	and	remain	in	the	middle	and	lower	portions	of	the	cloud.	The	result	is	a	
vertical	charge	dipole	structure,	with	a	principal	positive	charge	region	near	the	top	of	the	
storm	at	altitudes	of	8	to	12	kilometers,	a	principal	negative	charge	region	in	the	middle	
portions	at	4	to	8	kilometers,	and	a	smaller	positive	charge	region	at	the	base	of	the	cloud.	

The	negative	charge	center	at	the	base	of	the	thunderstorm	induces	a	positive	charge	on	
the	ground	surface	beneath	it	through	electrostatic	induction.	As	the	charge	separation	
intensifies,	the	electric	field	between	the	cloud	base	and	the	ground	increases	toward	
values	capable	of	ionizing	air.	Normal	atmospheric	air	has	a	dielectric	breakdown	strength	
of	approximately	3	million	volts	per	meter	under	standard	conditions,	but	turbulence,	rain,	
and	the	presence	of	hydrometeors	within	the	storm	reduce	the	effective	breakdown	
threshold.	When	local	field	concentrations	exceed	this	threshold,	the	lightning	discharge	
begins.	

1.3 The Stepped Leader and Return Stroke 
The	lightning	discharge	does	not	begin	as	a	single,	instantaneous	arc	between	cloud	and	
ground.	It	develops	in	stages,	beginning	with	an	invisible	precursor	called	the	stepped	
leader	(see	Figure	1(a)	below).	The	stepped	leader	originates	at	a	negative	charge	region	
within	the	cloud	and	propagates	toward	the	ground	in	discrete	steps,	each	approximately	
30	to	80	meters	in	length	and	occurring	at	roughly	50-microsecond	intervals.	The	stepped	
leader	creates	a	branched,	irregular	channel	of	weakly	ionized	air	as	it	advances.	Despite	
carrying	a	charge	of	3	to	10	coulombs	and	extending	toward	the	ground	at	average	speeds	
of	100,000	to	200,000	meters	per	second,	the	stepped	leader	is	largely	invisible	and	too	
dim	to	observe	without	specialized	instrumentation.	

As	the	stepped	leader	approaches	the	earth's	surface,	the	electric	field	at	the	tips	of	tall,	
pointed,	or	conductive	objects	becomes	sufficiently	intense	to	initiate	upward-propagating	
discharge	channels	called	upward	(ascending)	leaders	or	connecting	leaders	(see	Figure	
1	(b)).	These	upward	leaders	rise	from	structures,	trees,	and	terrain	features	toward	the	
descending	stepped	leader.	When	one	of	these	upward	leaders	bridges	the	gap	to	the	
stepped	leader,	a	conductive	plasma	channel	connecting	the	cloud	to	the	ground	is	
completed.	At	this	moment,	a	massive	return	stroke,	the	visible	flash,	propagates	upward	
through	the	completed	channel	at	speeds	approaching	one-third	the	speed	of	light.	

The	return	stroke	carries	the	bulk	of	the	lightning	current	(see	Figure	1	(c)).	Peak	currents	
in	the	return	stroke	typically	range	from	10	to	30	kiloamperes	for	negative	downward	
lightning,	though	values	exceeding	200	kiloamperes	have	been	recorded	in	extreme	events.	
The	current	waveform	rises	from	zero	to	its	peak	value	in	approximately	1	to	10	
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microseconds	and	then	decays	over	the	following	tens	to	hundreds	of	microseconds.	This	
rapid	rise	time	and	high	peak	current	are	responsible	for	the	most	severe	engineering	
consequences	of	the	lightning	strike.	

	

	
Figure	1:	Mechanism	of	lightning	initiation.	

Adapted	from	NOAA	(2023)	

	

1.4 Subsequent Strokes and Flash Duration 
A	single	lightning	flash	often	contains	multiple	strokes.	Following	the	first	return	stroke,	
the	channel	remains	luminous	and	partially	ionized	for	a	period	of	tens	to	hundreds	of	
milliseconds.	During	this	time,	additional	charge	can	descend	through	the	existing	channel	
in	what	is	called	a	dart	leader,	which	propagates	continuously	rather	than	in	steps	and	
travels	faster	than	the	original	stepped	leader	(see	Figure	2).	Each	dart	leader	initiates	a	
subsequent	return	stroke.	A	typical	lightning	flash	contains	two	to	three	strokes,	but	
flashes	containing	20	or	more	individual	strokes	have	been	observed.	The	total	duration	of	
a	complete	flash,	from	first	return	stroke	to	final	subsequent	stroke,	commonly	ranges	from	
200	to	500	milliseconds.	

(a) The stepped leader (b) Initiation of the 
upward leader

(c) The return stroke

© MondoScience
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Figure	2:	Dart	leader	using	the	same	channel	created	by	the	stepped	leader.	

Credit:	NOAA	(2023)	

The	multiplicity	of	strokes	within	a	flash	has	engineering	implications.	Mechanical	and	
thermal	damage	is	most	strongly	associated	with	the	first	stroke,	which	carries	the	highest	
peak	current.	However,	the	continuing	current,	a	relatively	low-amplitude	current	of	100	to	
1,000	amperes	that	flows	between	strokes	for	periods	of	tens	to	hundreds	of	milliseconds,	
transfers	significant	charge	to	the	point	of	attachment	and	is	the	primary	cause	of	fire	
ignition.	Lightning	protection	engineering	must	account	for	both	the	high-peak	impulse	
currents	of	individual	strokes	and	the	continuing	current's	sustained	energy	delivery.	

1.5 Lightning Current Parameters and the Engineering Threat 
Standards	organizations	have	defined	standardized	lightning	current	parameters	for	use	in	
engineering	analysis	and	testing.	NFPA	780	and	IEC	62305-1	both	tabulate	these	
parameters	as	a	function	of	protection	level,	with	more	severe	parameters	assigned	to	
higher	protection	levels.	The	principal	parameters	of	engineering	significance	are	peak	
current	(I),	charge	transferred	(Q),	specific	energy	(W/R),	and	rate	of	current	rise	
(di/dt).	

• Peak	Current:	Determines	the	magnetic	forces	and	mechanical	stresses	on	
conductors.	First	stroke	peak	currents	are	statistically	characterized;	IEC	62305	
uses	200	kA	for	the	highest	protection	level	(LPL	I).	

• Charge:	Total	coulombs	transferred	during	the	flash.	Determines	heating	effects	at	
the	attachment	point	and	in	continuing	current.	Related	to	fire	ignition	probability.	

• Specific	Energy:	Expressed	in	joules	per	ohm	(J/Ω).	Represents	the	energy	deposited	
in	a	unit	resistance	and	governs	thermal	effects	on	conductors	and	components.	

• Rate	of	Current	Rise:	Rate	of	current	rise,	expressed	in	kiloamperes	per	microsecond.	
Governs	inductive	voltage	drops	in	conductors	and	induced	voltages	in	nearby	
loops.	
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The	peak	rate	of	current	rise	(di/dt)	is	particularly	important	because	it	determines	the	
magnitude	of	inductive	voltages	appearing	across	any	conductor	carrying	a	portion	of	the	
lightning	current.	For	a	conductor	with	inductance	L,	the	instantaneous	voltage	is:		

V	=	L(di/dt)	

Even	conductors	of	modest	length	develop	inductances	of	several	microhenrys	(�H),	which	
at	typical	di/dt	values	of	100	kA/μs	produce	voltages	on	the	order	of	hundreds	of	kilovolts	
per	meter	of	conductor.	These	induced	overvoltages	propagate	through	electrical	systems	
and	are	responsible	for	the	widespread	equipment	damage	that	accompanies	lightning	
strikes	to	and	near	buildings.	

1.6 Positive Lightning and Upward Lightning 
The	previous	description	applies	to	negative	downward	lightning,	which	accounts	for	
approximately	90	percent	of	cloud-to-ground	lightning	globally.	The	remaining	10	percent	
consists	primarily	of	positive	downward	lightning,	in	which	the	stepped	leader	carries	
positive	charge	from	the	upper	positive	charge	region	of	the	storm	and	terminates	on	the	
ground.	Positive	lightning	strokes	are	typically	larger	in	magnitude	than	negative	strokes,	
often	exceeding	100	kA	and	occasionally	exceeding	300	kA.	They	transfer	large	charges	and	
commonly	exhibit	long	continuing	currents.	For	this	reason,	standards	assign	special	
attention	to	positive	lightning	when	determining	the	design	parameters	for	the	highest	
protection	levels.	

Upward	lightning,	which	initiates	from	tall	structures	and	propagates	upward	into	the	
cloud,	represents	a	distinct	category.	Upward	lightning	occurs	predominantly	from	
structures	exceeding	100	to	200	meters	in	height	and	from	structures	on	elevated	terrain	
(see	Figure	3).	Communication	towers,	tall	transmission	line	towers,	and	high-rise	
buildings	are	the	most	common	recipients	of	upward	lightning.	Engineering	design	for	
these	structures	requires	recognition	that	the	initiation	mechanism	differs	from	downward	
lightning	and	that	the	resulting	current	waveforms,	while	generally	lower	in	peak	
amplitude,	can	transfer	substantial	charge	due	to	long	continuing	current	phases.	IEC	
62305	and	several	national	standards	provide	guidance	specific	to	tall	structures	for	this	
reason.	
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Figure	3:	Lightning	hitting	skyscraper	in	New	York	City,	USA.	

1.7 Physical Effects of the Lightning Strike on Structures 
The	engineering	consequences	of	a	lightning	strike	arise	from	four	distinct	physical	
mechanisms	operating	simultaneously:		

• The	electrical	overvoltage	effect	
• The	thermal	effect	
• The	electrokinetic	(magnetic	force)	effect	
• The	acoustic	shock	effect.		

Each	of	these	mechanisms	produces	a	distinct	category	of	damage	and	requires	
consideration	in	system	design.	

The	electrical	overvoltage	effect	refers	to	the	transient	high-voltage	conditions	produced	
by	lightning	current	flowing	through	resistive	and	inductive	elements	of	the	structure's	
electrical	system	and	lightning	protection	network.	When	current	of	10	to	30	kA	flows	
through	an	earth	electrode	with	a	ground	resistance	of	10	ohms,	the	potential	rise	of	the	
grounding	system	reaches	100	to	300	kilovolts	above	the	remote	earth	reference.	This	
potential	rise	propagates	through	connected	metallic	systems	and	creates	side-flash	
hazard:	dangerous	electrical	arcing	between	energized	metallic	elements	and	nearby	
grounded	elements	that	are	at	a	different	potential	during	the	transient.	Preventing	side	
flashes	is	one	of	the	primary	objectives	of	equipotential	bonding	requirements.	

Thermal	effects	arise	from	resistive	heating	(I²R	losses)	and	from	the	direct	arc	
attachment	at	the	point	of	strike.	The	lightning	channel	itself	carries	enormous	energy	
density.	At	the	point	of	attachment,	temperatures	exceeding	30,000	K	are	achieved	which	is	
sufficient	to	ignite	combustible	materials,	melt	metals,	and	fracture	stone	or	masonry	
through	steam	generation.	Continuing	current,	flowing	for	hundreds	of	milliseconds	after	
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the	initial	return	stroke,	deposits	sustained	thermal	energy	at	the	attachment	point.	The	
combination	of	the	initial	impulse	and	the	sustained	continuing	current	creates	conditions	
that	fire	protection	and	materials	specifications	must	address.	

Electrokinetic	forces	arise	from	the	interaction	between	the	high	magnetic	fields	
generated	by	the	lightning	current	and	nearby	conductors.	A	conductor	carrying	30	kA	
produces	a	substantial	magnetic	flux,	and	any	conductor	within	range	of	this	field	
experiences	induced	electromotive	forces.	For	parallel	conductors	and	loops	within	the	
structure,	these	induced	voltages	can	reach	levels	damaging	to	electronic	equipment,	even	
without	direct	attachment	of	lightning	current.	The	induced	voltage	in	a	loop	of	area	A	in	a	
magnetic	field	that	changes	at	a	rate	dΦ/dt	is	governed	by	Faraday's	law,	and	the	geometry	
of	building	systems	(conduit	runs,	cable	trays,	communication	wiring)	creates	numerous	
loops	exposed	to	this	phenomenon.	

Acoustic	shock	effects	are	the	explosive	pressure	wave	produced	by	the	rapid	heating	and	
expansion	of	air	in	the	lightning	channel.	They	manifest	as	the	thunder	we	hear,	but	in	close	
proximity	to	the	strike	point,	the	pressure	wave	can	cause	structural	damage	and	injury.	
The	shock	wave	decays	rapidly	with	distance,	and	is	generally	not	a	governing	engineering	
concern	for	structures	more	than	a	few	tens	of	meters	from	the	attachment	point.	However,	
it	reinforces	the	importance	of	providing	competent	air	termination	geometry	that	directs	
strike	attachment	to	designated,	robust	termination	conductors	rather	than	to	sensitive	
structural	or	architectural	elements.	

1.8 Ground Flash Density and Its Engineering Significance 
Ground	flash	density	(GFD),	expressed	as	the	number	of	lightning	flashes	to	the	earth's	
surface	per	square	kilometer	per	year	(flashes/km²/year),	is	the	fundamental	
meteorological	parameter	used	in	risk	assessment.	GFD	data	are	derived	from	lightning	
location	networks,	which	use	time-of-arrival	and	direction-finding	techniques	to	locate	
individual	return	strokes	with	horizontal	accuracy	typically	better	than	500	meters.	The	
United	States	National	Lightning	Detection	Network	(NLDN)	and	the	Global	Lightning	
Dataset	(GLD360)	provide	the	data	underlying	lightning	flash	density	maps	used	in	NFPA	
780	and	related	standards.	

GFD	varies	considerably	by	geographic	region.	In	the	contiguous	United	States,	GFD	values	
range	from	less	than	1	flash/km²/year	in	the	Pacific	Northwest	to	more	than	16	
flashes/km²/year	in	central	Florida,	which	has	the	highest	lightning	flash	density	in	North	
America.	The	Gulf	Coast	states,	the	Ohio	Valley,	and	the	Rocky	Mountain	foothills	also	
experience	elevated	flash	densities.	Engineers	working	outside	the	United	States	should	
consult	applicable	national	meteorological	data	or	the	regional	lightning	databases	
maintained	by	IEC	member	organizations.	

GFD	enters	directly	into	risk	assessment	calculations	as	a	multiplying	factor	on	the	number	
of	lightning	strikes	to	a	structure	or	collection	of	services	per	year.	It	also	influences	the	
statistical	probability	that	a	given	structure	will	receive	a	direct	strike	over	its	design	life.	
This	is	the	basis	for	determining	whether	lightning	protection	is	required	and	for	selecting	
an	appropriate	protection	level.	The	physical	phenomenon	of	lightning	does	not	respect	
political	boundaries;	engineers	working	in	transitional	regions	near	zone	boundaries	in	
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lightning	density	maps	(see	Figure)	should	exercise	judgment	when	the	risk	assessment	
outcome	is	sensitive	to	the	assumed	flash	density	value.	

	
Figure	4:	Total	Lightning	Density	Map	in	Kilometers	between	2015-2019	(NOAA).	

1.9 Conclusion 
Lightning	is	a	high-energy	atmospheric	electrical	discharge	produced	by	charge	separation	
within	thunderstorm	clouds.	The	stepped	leader	initiates	the	discharge	channel,	and	the	
return	stroke	delivers	the	principal	current	impulse.	Peak	currents,	specific	energy,	
transferred	charge,	and	rate	of	current	rise	each	govern	distinct	categories	of	physical	
damage:	electrical	overvoltage,	thermal	effects,	electromagnetic	induction,	and	acoustic	
shock.	Multiple	subsequent	strokes,	continuing	current,	and	the	statistical	distribution	of	
these	parameters	across	many	lightning	events	define	the	engineering	threat	envelope	that	
protection	systems	must	address.	Understanding	these	physical	mechanisms	provides	
engineers	with	the	insight	necessary	to	apply	protection	standards	with	competence	and	to	
exercise	sound	judgment	when	novel	situations	arise	that	standard	provisions	do	not	
explicitly	address.	
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CHAPTER 2	

Lightning Protection Standards: NFPA 780, IEC 62305, and IEEE 
Publications 

2.1 Introduction 
The	engineering	of	lightning	protection	systems	in	the	United	States	and	internationally	is	
governed	by	a	suite	of	complementary	and	sometimes	overlapping	standards,	each	with	
distinct	scopes,	methodological	approaches,	and	authority	within	specific	regulatory	
frameworks.	Competent	lightning	protection	engineering	requires	familiarity	not	only	with	
the	technical	content	of	these	documents,	but	with	their	structural	organization,	the	types	
of	requirements	they	establish,	and	the	degree	to	which	they	must	be	interpreted	and	
applied	with	engineering	judgment,	rather	than	their	mechanical	application.	

The	dominant	standard	for	lightning	protection	of	structures	in	the	United	States	is	NFPA	
780,	Standard	for	the	Installation	of	Lightning	Protection	Systems.	Internationally,	the	IEC	
62305	series	of	standards	provide	the	most	comprehensive	framework.	IEEE	publications	
address	the	intersection	of	lightning	protection	with	power	systems,	grounding,	and	
electronics.	This	chapter	examines	each	of	these	documents	in	their	support	competent	
engineering	application	

2.2 NFPA 780: Standard for the Installation of Lightning Protection Systems 

2.2.1 Scope and Authority 
NFPA	780	is	published	by	the	National	Fire	Protection	Association	(NFPA)	and	is	the	
primary	lightning	protection	installation	standard	adopted	by	jurisdictions	throughout	the	
United	States.	The	standard	addresses	lightning	protection	for	ordinary	buildings	and	
structures,	as	well	as	specialized	annexes	covering	miscellaneous	structures	and	locations	
including	flammable	liquids	and	gases,	explosive	facilities,	watercraft,	wind	turbines,	
communication	structures,	and	solar	photovoltaic	systems.	NFPA	780	is	adopted	by	
reference	in	the	International	Building	Code	and	the	International	Fire	Code,	and	is	
enforced	by	state	and	local	building	departments	in	many	jurisdictions.	

NFPA	780	is	a	prescriptive	installation	standard.	It	specifies	materials,	dimensions,	
configurations,	and	installation	methods	for	air	termination	systems,	down	conductors,	
grounding	electrodes,	and	bonding	connections.	Unlike	the	IEC	62305	framework	(see	
below),	NFPA	780	does	not	require	a	formal	risk	assessment	as	a	precondition	to	design	in	
all	cases,	though	it	incorporates	risk	assessment	provisions	and	references	the	
determination	of	whether	protection	is	warranted.	The	standard's	prescriptive	provisions	
establish	minimum	requirements,	and	they	do	not	preclude	the	use	of	additional	measures	
when	engineering	analysis	indicates	a	greater	level	of	protection	is	warranted.	

2.2.1 Organization and Key Provisions 
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NFPA	780	is	organized	into	chapters	addressing	scope,	definitions,	fundamental	
requirements,	air	terminals,	conductors	and	fittings,	bonding	and	grounding,	protection	of	
structures	containing	flammable	substances,	and	miscellaneous	structure	types.	A	series	of	
technical	annexes	provide	supplementary	guidance,	including	the	annex	on	risk	
assessment,	annex	material	on	the	protection	of	electronic	systems,	and	application-
specific	guidance	for	specialized	structure	types.	

The	standard	establishes	requirements	for	air	terminal	sizing,	spacing,	and	placement	
geometry.	Down	conductors	are	required	to	be	spaced	at	intervals	not	exceeding	specified	
distances	and	must	follow	paths	that	minimize	sharp	bends.	Grounding	electrodes	must	
satisfy	resistance	requirements	or	configuration	requirements	that	serve	as	proxies	for	
acceptable	resistance.	Bonding	connections	are	required	between	the	lightning	protection	
system	and	all	metallic	systems	entering	or	present	within	the	structure.	

NFPA	780	incorporates	UL	96A,	the	Standard	for	Installation	Requirements	for	Lightning	
Protection	Systems	published	by	Underwriters	Laboratories,	into	its	certification	and	
listing	provisions.	Installations	designed	and	constructed	in	accordance	with	NFPA	780	
may	be	submitted	for	inspection	and	listing	by	UL	or	other	recognized	inspection	
authorities,	providing	third-party	verification	of	compliance.	

2.3 IEC 62305 Series: Protection Against Lightning 

2.3.1 Structure and Scope of the Series 
The	IEC	62305	series	is	published	by	the	International	Electrotechnical	Commission	(IEC)	
and	represents	the	international	consensus	on	lightning	protection	engineering.	The	series	
is	comprised	of	four	parts,	each	addressing	a	distinct	aspect	of	the	protection	problem,	and	
they	function	as	an	integrated	technical	framework	rather	than	as	four	independent	
documents:	

• IEC	62305-1,	General	Principles,	establishes	the	physical	basis	for	the	series,	
defines	lightning	current	parameters	organized	by	lightning	protection	level	(LPL),	
and	provides	the	statistical	foundation	for	understanding	the	threat.	

• IEC	62305-2,	Risk	Management,	provides	the	quantitative	risk	assessment	
methodology	used	to	determine	whether	protection	is	required	and	to	identify	the	
appropriate	LPL	for	a	structure.	

• IEC	62305-3,	Physical	Damage	to	Structures	and	Life	Hazard,	specifies	the	
design	and	installation	requirements	for	external	lightning	protection	systems	
(LPS),	including	air	termination,	down	conductors,	and	grounding.	

• IEC	62305-4,	Electrical	and	Electronic	Systems	Within	Structures,	addresses	the	
internal	protection	measures	required	to	limit	surges	and	induced	voltages	from	
damaging	equipment	and	systems	within	protected	structures.	

2.3.2 Lightning Protection Levels 
The	IEC	62305	series	is	organized	around	a	hierarchy	of	four	LPLs,	LPL	I	through	to	LPL	IV,	
which	represent	progressively	less	stringent	levels	of	protection	(see	Table	1).	LPL	I	
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provides	the	highest	protection	and	is	associated	with	the	largest	design	lightning	current	
parameters;	LPL	IV	provides	the	lowest	protection	among	the	defined	levels.	The	LPL	
governs	the	rolling	sphere	radius	used	in	air	termination	design,	the	mesh	size	used	in	the	
mesh	method,	the	separation	distance	required	between	the	external	LPS	and	internal	
installations,	and	the	lightning	protection	zone	(LPZ)	boundary	requirements	for	surge	
protection.	

Table	1:	The	IEC62305	Lightning	Protection	Levels	(LPL).	

Protection	Level	 Rolling	Sphere	Radius	 Mesh	Size	 First	Stroke	Peak	(kA)	
LPL	I	 20	m	 5	m	×	5	m	 200	
LPL	II	 30	m	 10	m	×	10	m	 150	
LPL	III	 45	m	 15	m	×	15	m	 100	
LPL	IV	 60	m	 20	m	×	20	m	 100	
	

2.3.3 Comparison with NFPA 780 
NFPA	780	and	IEC	62305	share	fundamental	physical	principles	but	differ	in	their	
organizational	approach,	level	of	prescriptiveness,	and	the	degree	to	which	risk	
management	is	integrated	into	the	design	process.	NFPA	780	is	predominantly	
prescriptive;	it	tells	the	engineer	what	to	install	and	how.	IEC	62305	begins	with	risk	
assessment	and	derives	protection	requirements	from	the	assessment	outcome,	which	
provides	a	more	explicit	connection	between	the	protection	measures	and	the	quantified	
risk	they	address.	

NFPA	780	uses	a	single-class	protection	approach	for	ordinary	structures,	with	specialized	
provisions	for	higher-risk	occupancies.	IEC	62305	uses	the	four-level	LPL	classification,	
which	maps	more	directly	onto	the	risk	assessment	outcomes	and	provides	finer	
gradations	of	protection	intensity.	For	engineers	practicing	in	the	United	States,	NFPA	780	
governs	compliance,	and	IEC	62305	provides	the	complementary	technical	framework	
useful	for	understanding	the	engineering	basis	of	protection	requirements	and	for	
designing	systems	where	NFPA	780	provisions	are	ambiguous	or	silent.	

2.4 IEEE Standards Relevant to Lightning Protection 
The	Institute	of	Electrical	and	Electronics	Engineers	(IEEE)	publish	several	standards	that	
complement	the	structural	lightning	protection	requirements	of	NFPA	780	and	IEC	62305,	
particularly	regarding	the	interface	between	lightning	protection	systems	and	electrical	
power	systems,	electronic	equipment,	and	grounding.	

• IEEE	Std	142,	Recommended	Practice	for	Grounding	of	Industrial	and	Commercial	
Power	Systems	(the	Green	Book),	addresses	grounding	practices	for	power	systems	
and	provides	guidance	on	the	integration	of	lightning	protection	grounding	with	
power	system	grounding.	
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• IEEE	Std	1100,	Recommended	Practice	for	Powering	and	Grounding	Electronic	
Equipment	(the	Emerald	Book),	addresses	the	special	grounding	and	power	quality	
requirements	of	sensitive	electronic	systems.	

• IEEE	Std	1410	addresses	lightning	performance	of	overhead	distribution	lines,	and	
IEEE	Std	1243	addresses	lightning	performance	of	transmission	lines.	These	
documents	are	not	lightning	protection	installation	standards	per	se	but	provide	the	
electrical	engineering	context	within	which	lightning	protection	systems	must	
function.	

• IEEE	Std	998,	Guide	for	Direct	Lightning	Stroke	Shielding	of	Substations,	provides	
the	electrogeometric	model	used	to	design	shielding	for	electrical	substations.	It	is	
an	approach	with	direct	relevance	to	the	design	of	air	termination	systems	for	
structures	where	the	geometry	of	the	protected	area	and	the	height	of	potential	
attachment	points	determine	protection	effectiveness.	Engineers	who	are	familiar	
with	IEEE	998	will	recognize	the	rolling	sphere	concept,	which	IEC	62305-3	applies	
to	general	structure	protection,	as	originating	from	the	electrogeometric	model	
developed	for	the	protection	of	power	system	equipment.	

2.5 Lightning Protection Institute Standards and Industry Resources 
The	Lightning	Protection	Institute	(LPI)	is	a	trade	association	that	publishes	the	LPI-175	
Standard	of	Practice	for	the	Design,	Installation,	and	Inspection	of	Lightning	Protection	
Systems.	LPI-175	is	generally	consistent	with	NFPA	780	and	serves	as	the	primary	
reference	for	lightning	protection	contractors	and	inspectors	operating	within	the	LPI	
certification	program.	The	LPI	provides	installer	certification	through	the	LPI	Master	
Installer	Qualified	(MIQ)	program,	which	establishes	a	baseline	of	technical	competence	for	
installation	personnel.	

UL	Certification	and	the	UL	Master	Label	program	provide	a	third-party	verification	
mechanism	for	lightning	protection	system	installations.	A	UL	Master	Label	signifies	that	an	
installation	has	been	designed	and	inspected	in	conformance	with	the	requirements	of	UL	
96A.	The	engineer	of	record	should	be	familiar	with	the	UL	certification	process,	as	it	is	
required	by	some	contracts	and	specifying	authorities	and	represents	a	meaningful	quality	
assurance	mechanism	for	completed	installations.	

2.6 Applicability and Jurisdictional Considerations 
The	applicable	standard	for	a	given	project	is	determined	by	the	jurisdiction,	contract	
requirements,	and	client	specifications.	In	the	United	States,	NFPA	780	is	the	dominant	
standard	for	code	compliance.	IEC	62305	may	be	contractually	required	for	projects	with	
international	owners,	projects	involving	international	financing	or	export	credit	agency	
oversight,	or	projects	where	the	engineer	of	record's	client	has	adopted	IEC	standards	for	
their	global	portfolio.	On	some	projects,	particularly	those	involving	sensitive	electronic	
systems	or	facilities	with	special	protection	requirements,	engineers	apply	both	
frameworks	to	ensure	that	the	prescriptive	requirements	of	NFPA	780	and	the	risk-based	
requirements	of	IEC	62305	are	both	satisfied.	
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Engineers	should	also	be	aware	that	NFPA	780	is	subject	to	periodic	revision	on	a	three-
year	code	development	cycle,	and	that	adopted	editions	of	the	standard	may	vary	by	
jurisdiction.	An	edition	adopted	by	one	state	may	differ	in	technical	content	from	the	
edition	adopted	by	a	neighboring	state.	The	engineer	of	record	is	responsible	for	
identifying	the	applicable	edition	and	for	designing	to	its	requirements.	

2.7 Conclusion 
NFPA	780	is	the	governing	installation	standard	for	lightning	protection	of	structures	in	the	
United	States,	providing	prescriptive	requirements	for	air	terminations,	conductors,	
grounding,	and	bonding.	The	IEC	62305	series	provides	the	international	framework,	
integrating	risk	assessment	and	four	protection	levels	into	a	comprehensive	engineering	
methodology.	IEEE	standards	address	the	electrical	power	system	and	electronic	
equipment	dimensions	of	lightning	protection.	Together,	these	documents	define	the	
regulatory	and	technical	environment	within	which	lightning	protection	engineering	
practice	occurs.	The	following	chapter	addresses	the	risk	assessment	methodology	that	
underlies	the	determination	of	whether	protection	is	required	and	the	selection	of	the	
appropriate	protection	level.	
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CHAPTER 3	

Risk Assessment and Protection Level Determination 
	

	

3.1 Introduction 
Two	decisions	sit	at	the	heart	of	any	lightning	protection	problem:	whether	a	structure	
needs	protection	at	all,	and	if	so,	what	degree	of	protection	is	appropriate.	Both	should	
follow	from	a	systematic	evaluation.	That	evaluation	weighs	three	things:	the	probability	
that	lightning	will	strike	the	structure,	the	characteristics	of	the	structure	and	its	contents,	
and	the	level	of	risk	that	can	be	tolerated	given	how	the	structure	is	occupied	and	used.	
This	chapter	presents	the	risk	assessment	framework	set	out	in	IEC	62305-2,	together	with	
the	corresponding	provisions	of	NFPA	780.	It	explains	the	engineering	basis	for	each	risk	
parameter	and	shows	how	the	assessment	process	guides	the	selection	of	a	protection	
level.	

Risk	assessment	is	more	than	a	regulatory	formality.	It	is	the	mechanism	through	which	the	
engineer	quantifies	the	relationship	between	the	lightning	threat	and	the	structure's	
vulnerability.	The	result	is	a	reasoned	determination	of	whether	a	given	level	of	investment	
in	protection	is	justified.	For	most	ordinary	occupied	structures,	the	assessment	confirms	
that	protection	is	needed	and	establishes	the	engineering	basis	for	the	design	of	the	
protection	system.	

3.2 Fundamental Risk Concepts 
IEC	62305-2	defines	risk	(R)	in	the	context	of	lightning	protection	as	the	annual	probable	
loss	rate:	the	expected	fraction	of	total	value	or	the	expected	number	of	events	per	year	
attributable	to	lightning.	The	standard	identifies	four	types	of	risk	associated	with	
lightning:		
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• Risk	of	loss	of	human	life	(R1)	
• Risk	of	loss	of	a	public	service	(R2)	
• Risk	of	loss	of	cultural	heritage	(R3)	
• Risk	of	economic	loss	(R4)	

For	most	structures,	R1	(loss	of	human	life)	and	R4	(economic	loss)	are	the	primary	risk	
types	of	interest.	Facilities	providing	critical	public	services	may	also	require	explicit	
evaluation	of	R2.	

For	each	risk	type,	IEC	62305-2	establishes	a	tolerable	risk	level	(RT)	above	which	
protective	measures	are	required.	The	tolerable	risk	for	loss	of	human	life	is	set	at	10⁻⁵	per	
year,	representing	one	expected	event	of	consequence	per	100,000	years.	The	tolerable	
risk	for	economic	loss	varies	with	the	type	of	economic	activity	and	may	be	established	by	
the	owner.	When	the	calculated	risk	R	exceeds	the	tolerable	risk	RT,	protective	measures	
must	be	selected	and	their	effect	evaluated	through	recalculation	until	R	≤	RT.	

3.3 Annual Number of Dangerous Events 
The	risk	assessment	begins	with	the	calculation	of	the	annual	number	of	dangerous	events	
that	can	potentially	cause	damage.	This	can	be	from	lightning	strikes	to	the	structure	and	to	
lines	connected	to	the	structure.	For	a	structure,	the	annual	number	of	direct	lightning	
strikes	is	given	by:	

ND	=	Ng	×	Ad	×	Cd	×	10⁻⁶	

Where:	
ND	=	the	annual	number	of	direct	strikes	to	the	structure	
Ng	=	the	ground	flash	density	in	flashes	per	square	kilometer	per	year	
Ad	=	the	effective	collection	area	of	the	structure	in	square	meters	
Cd	=	a	location	factor	that	accounts	for	the	relative	exposure	of	the	structure	
due	to	surrounding	terrain	and	objects.	

	

The	effective	collection	area	Ad	represents	the	area	of	ground	around	the	structure	that	has	
the	same	probability	of	receiving	a	lightning	strike	as	the	structure	itself.	For	a	rectangular	
structure	of	dimensions	L	(length),	W	(width),	and	H	(height),	the	effective	collection	area	
is:	

Ad	=	L	×	W	+	6H(L	+	W)	+	9πH²	

This	formula	accounts	for	the	rectangular	footprint,	the	area	along	the	perimeter	of	the	
structure	where	the	height	advantage	attracts	lightning,	and	the	approximately	
hemispherical	zone	around	the	corners	where	the	structure's	height	advantage	is	most	
pronounced.	Taller	structures	collect	lightning	strikes	from	a	disproportionately	large	
surrounding	area,	which	is	why	tall	buildings	and	towers	have	dramatically	higher	annual	
strike	probabilities	than	low-rise	structures	of	the	same	footprint.	
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3.4 Location and Environmental Factors 
The	location	factor	Cd	adjusts	the	calculated	number	of	dangerous	events	to	account	for	the	
structure's	exposure	relative	to	its	surroundings.	IEC	62305-2	defines	Cd	values	ranging	
from	0.25	for	structures	in	dense	urban	environments	that	are	completely	surrounded	by	
taller	buildings,	to	2.0	for	structures	on	hilltops	or	in	exposed	open	terrain.	A	structure	in	a	
suburban	area	with	some	taller	surrounding	objects	might	use	Cd	=	0.5,	while	an	isolated	
structure	in	open	countryside	would	use	Cd	=	1.0.	

Additional	collection	area	calculations	are	performed	for	connected	lines	(power	lines,	
communication	lines,	and	metal	pipes)	entering	the	structure.	Overvoltages	conducted	into	
the	structure	from	lightning	strikes	to	connected	lines	are	a	significant	damage	mechanism,	
particularly	for	electronic	systems,	and	the	number	of	dangerous	events	associated	with	
these	conducted	surges	must	be	included	in	the	total	risk	calculation.	

3.5 Probability of Damage and Loss Factors 
After	establishing	the	number	of	dangerous	events,	the	risk	assessment	applies	probability	
factors	that	reflect	the	characteristics	of	the	structure,	its	contents,	and	its	protection	
measures.	The	probability	of	physical	damage	given	a	direct	lightning	strike	(Pb)	depends	
on	the	construction	materials	of	the	structure,	specifically	whether	they	are	combustible	or	
non-combustible,	and	on	the	presence	of	external	lightning	protection	measures.	Similarly,	
the	probability	of	a	dangerous	surge	damaging	electronic	systems	given	a	lightning	strike	
(Pc)	depends	on	the	overvoltage	protection	level	of	those	systems,	and	on	the	effectiveness	
of	surge	protection	devices	and	shielding.	

Loss	factors	(L)	represent	the	fraction	of	total	value	or	population	at	risk	that	is	expected	to	
be	damaged	or	endangered	per	dangerous	event.	Loss	factors	are	assigned	based	on	
occupancy	type,	the	presence	of	special	hazards	(such	as	explosive	materials	or	flammable	
liquids),	the	type	of	loss	being	considered,	and	the	effectiveness	of	protective	measures	
such	as	fire	suppression	systems.	A	hospital	wing	containing	critical	care	patients	and	life-
support	equipment	would	carry	high	loss	factors	for	both	life	safety	and	service	continuity,	
while	an	unoccupied	warehouse	storing	non-combustible	goods	would	carry	lower	loss	
factors.	

3.6 Risk Calculation and Evaluation 
The	total	risk	R1	(loss	of	human	life)	for	a	structure	subject	to	direct	lightning	strikes	is	the	
product	of	the	annual	number	of	dangerous	events	(N),	the	probability	of	damage	(P),	and	
the	loss	factor	(L):	

R	=	N	×	P	×	L	

In	practice,	the	total	risk	is	the	sum	of	contributions	from	multiple	risk	components:	direct	
strikes	to	the	structure,	direct	strikes	to	services	connected	to	the	structure,	strikes	near	
the	structure	causing	dangerous	overvoltages,	and	strikes	near	connected	services.	The	IEC	
62305-2	computational	framework	evaluates	each	component	separately	and	sums	them	
to	determine	whether	the	total	risk	exceeds	the	tolerable	level.	
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If	R	>	RT,	protective	measures	must	be	selected	and	their	effectiveness	evaluated.	The	
standard	provides	adjustment	factors	that	reduce	the	probabilities	P	and	loss	factors	L	
when	specific	protective	measures	are	in	place.	An	external	lightning	protection	system	
(LPS)	reduces	the	probability	of	physical	damage	from	a	direct	strike.	Surge	protection	
devices	reduce	the	probability	of	equipment	damage	from	conducted	transients.	Spatial	
shielding	and	cable	routing	practices	reduce	induction	effects.	An	engineer	selects	
combinations	of	measures,	applies	their	effect	to	the	risk	calculation,	and	confirms	that	the	
residual	risk	falls	below	the	tolerable	threshold.	

3.7 NFPA 780 Risk Assessment Approach 
NFPA	780	includes	a	risk	assessment	annex	(Annex	L)	that	presents	a	simplified	risk	
assessment	methodology	consistent	in	principle	with	IEC	62305-2	but	adapted	for	use	
under	the	NFPA	standards	framework.	The	NFPA	approach	evaluates	the	probability	of	a	
lightning	strike	and	the	consequences	of	that	strike	to	determine	a	risk	index,	which	is	then	
compared	against	threshold	values	to	determine	whether	protection	is	warranted.	

For	engineers	practicing	under	NFPA	780,	the	risk	assessment	is	an	informative	tool	
provided	as	an	annex	rather	than	a	mandatory	normative	requirement.	Many	jurisdictions	
require	lightning	protection	for	certain	occupancy	types	regardless	of	risk	assessment	
outcomes,	because	the	prescriptive	requirements	embedded	in	building	codes	reflect	a	
policy	decision	that	the	risk	is	inherently	unacceptable	above	certain	occupancy	thresholds.	
Engineers	should	understand	the	risk	assessment	methodology	well	enough	to	apply	it	
when	it	is	contractually	required,	as	well	as	to	interpret	its	results	intelligently	when	it	is	
offered	voluntarily	to	support	a	design	recommendation.	

3.8 Protection Level Selection 
When	risk	assessment	indicates	that	protection	is	required,	the	next	step	is	selecting	the	
appropriate	Lightning	Protection	Level	(in	the	IEC	framework)	or	the	appropriate	
protection	class	(in	frameworks	that	define	multiple	performance	grades).	In	IEC	62305,	
the	LPL	selection	is	the	outcome	of	the	risk	assessment	process:	the	engineer	selects	the	
LPL	whose	associated	protection	efficiency	reduces	the	calculated	risk	below	the	tolerable	
threshold.	

• LPL	I,	with	the	most	stringent	physical	parameters,	is	reserved	for	structures	where	
the	risk	is	highest,	such	as	large,	occupied	facilities	in	high-lightning-density	regions,	
structures	containing	explosive	materials,	facilities	providing	critical	public	services,	
or	structures	where	the	loss	factors	are	very	high.	

• LPL	II	and	LPL	III	represent	intermediate	levels	applicable	to	a	wide	range	of	
commercial	and	industrial	structures.	

• LPL	IV	represents	the	minimum	protection	level	within	the	IEC	framework	and	is	
applicable	to	structures	where	the	calculated	risk	is	relatively	low	but	still	above	the	
tolerable	threshold.	

In	practice,	many	engineers	default	to	LPL	II	or	LPL	III	for	ordinary	commercial	structures	
in	the	United	States,	recognizing	that	NFPA	780's	prescriptive	requirements	correspond	
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approximately	to	these	levels.	For	structures	with	unusual	characteristics,	for	example	
those	with	extraordinary	height,	critical	contents,	explosive	hazard	classifications,	or	
locations	in	the	highest	lightning	density	zones,	a	formal	risk	assessment	is	the	appropriate	
basis	for	determining	whether	a	more	stringent	protection	level	is	warranted.	

3.9 Conclusion 
Risk	assessment	is	the	engineering	process	that	transforms	the	physical	parameters	of	
lightning	(flash	density,	structural	geometry,	and	location)	into	quantified	annual	
probabilities	of	loss	that	can	be	compared	against	tolerable	risk	thresholds.	By	
systematically	accounting	for	the	number	of	dangerous	events,	the	probability	of	damage,	
and	the	severity	of	loss,	risk	assessment	provides	the	rational	basis	for	the	decision	to	
protect	and	for	the	selection	of	the	appropriate	protection	level.	The	protection	level,	once	
established,	governs	the	specific	design	parameters	applied	to	the	air	termination	system,	
the	down-conductor	network,	the	grounding	arrangement,	and	the	surge	protection	
measures.	
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CHAPTER 4	

Air Termination Systems: Theory, Methods, and Design 
	

	
Figure	5:	Lightning	Protection	System.	

4.1 Introduction 
The	air	termination	system	is	the	portion	of	the	external	lightning	protection	system	
intended	to	intercept	the	lightning	strike	and	provide	a	controlled	point	of	attachment	that	
allows	the	resulting	current	to	be	safely	conducted	to	the	grounding	system	(Figure	5).	The	
fundamental	premise	of	air	termination	design	is	that	the	lightning	return	stroke	completes	
through	the	upward	leader	that	first	bridges	the	gap	to	the	descending	stepped	leader.	By	
positioning	air	terminals,	conductors,	or	structural	metallic	elements	to	be	the	most	likely	
origins	of	the	successful	upward	leader,	the	designer	redirects	attachment	away	from	
sensitive	architectural	and	structural	features	and	toward	the	protection	system's	
conducting	network.	

Air	termination	design	is	governed	by	three	methodologies	recognized	by	NFPA	780	and	
IEC	62305-3:		

• The	rolling	sphere	method	
• The	mesh	method	
• The	protective	angle	method.	

Each	method	derives	from	the	same	underlying	physics	but	applies	that	physics	differently,	
and	each	is	best	suited	to	particular	structure	geometries	and	protection	requirements.	
This	chapter	develops	the	engineering	basis	for	each	method	and	describes	their	
application	in	practice.	
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4.2 The Electrogeometric Model and the Rolling Sphere 
The	rolling	sphere	method	derives	from	the	electrogeometric	model	(EGM)	of	lightning	
attachment.	The	EGM	proposes	that	as	the	stepped	leader	approaches	the	ground,	it	
triggers	upward	leaders	from	earthed	objects	within	a	characteristic	distance	called	the	
striking	distance.	The	striking	distance	(d)	is	related	to	the	prospective	return	stroke	peak	
current	(I)	by	an	empirical	relationship	of	the	form:	

d	=	A	×	Iⁿ	

where	A	and	n	are	empirically	determined	constants.	

IEC	62305-3	uses	the	relationship	d	=	10	×	I⁰·⁶⁵⁵,	and	the	radius	R	of	the	rolling	sphere	is	
set	equal	to	the	striking	distance	corresponding	to	the	minimum	current	associated	with	
the	applicable	lightning	protection	level.	For	LPL	I,	the	rolling	sphere	radius	r	=	20	m,	
corresponding	to	the	minimum	peak	current	of	3	kA	below	which	the	standard	assumes	
very	few	lightning	strokes	fall.	For	LPL	II,	r	=	30	m;	for	LPL	III,	r	=	45	m;	for	LPL	IV,	r	=	60	
m.	

The	rolling	sphere	method	is	applied	by	conceptually	rolling	a	sphere	of	the	appropriate	
radius	over	and	around	the	surface	of	the	structure.	Areas	of	the	structure	touched	by	the	
sphere	while	it	rolls	across	the	ground	or	over	air	terminals	and	elevated	conductive	
elements	are	exposed	to	direct	lightning	attachment	and	must	be	protected	by	air	
termination	conductors.	Areas	that	cannot	be	reached	by	the	sphere	because	they	are	in	the	
geometric	shadow	of	air	terminals,	elevated	conductive	elements,	or	the	structure's	own	
topology	are	considered	protected.	

The	rolling	sphere	is	the	most	versatile	of	the	three	methods.	It	can	accommodate	complex	
structure	geometries,	including	curved	surfaces,	projections,	and	irregular	roof	profiles	
that	challenge	the	simpler	methods.	It	is	the	method	most	directly	traceable	to	the	physics	
of	lightning	attachment,	and	it	is	the	method	preferred	for	structures	with	significant	
height	or	complex	geometry	where	the	protective	angle	and	mesh	methods	are	difficult	to	
apply	or	produce	conservative	results.	

4.3 Air Terminal Requirements and Placement 
Under	both	NFPA	780	and	IEC	62305-3,	air	terminals	(also	called	air	rods	or	lightning	
rods)	are	the	pointed	or	blunt	vertical	conductors	mounted	on	the	structure	to	intercept	
lightning	strikes	(see	Figure	6	below).	NFPA	780	specifies	minimum	air	terminal	height	
above	the	surface	being	protected	(minimum	10	inches),	dimensional	requirements	for	air	
terminal	conductors,	and	material	specifications.	Air	terminals	must	be	placed	at	or	near	
the	highest	points	of	the	structure	(ridges,	peaks,	parapets,	chimneys,	mechanical	
equipment	housings,	and	other	projecting	elements)	and	must	be	spaced	such	that	no	
unprotected	point	on	the	roof	surface	lies	beyond	the	range	of	the	applicable	protection	
geometry.	
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Figure	6:	Lightening	rod	fitted	on	roof	of	tall	building.	

NFPA	780	specifies	that	air	terminals	on	flat	or	gently	sloping	roofs	must	be	positioned	
within	2	feet	of	ridges	and	edges,	and	must	be	spaced	no	more	than	20	feet	apart	along	the	
ridge	or	roof	perimeter,	with	intermediate	terminals	placed	as	necessary	to	ensure	that	no	
point	on	the	roof	is	more	than	a	defined	distance	from	a	terminal.	On	steeply	pitched	roofs,	
terminals	are	placed	at	peaks,	hips,	and	ridges	at	the	specified	intervals.	Objects	projecting	
above	the	roofline,	such	as	HVAC	units,	elevator	overruns,	skylights,	communication	
equipment,	and	similar	features,	require	their	own	protection,	either	through	direct	air	
terminal	placement	on	those	objects	or	through	confirmation	that	existing	air	termination	
geometry	provides	adequate	coverage.	

4.4 The Mesh Method 
The	mesh	method	is	applied	primarily	to	flat	or	gently	sloping	roof	surfaces	and	to	large	
horizontal	areas	where	the	rolling	sphere	method	would	require	extensive	calculations,	or	
where	the	roof	surface	itself	is	the	potential	attachment	point	of	primary	concern.	In	the	
mesh	method,	air	termination	conductors	are	arranged	in	a	grid	pattern	across	the	roof	
surface,	with	mesh	dimensions	determined	by	the	applicable	protection	level.	IEC	62305-3	
specifies	mesh	sizes	of:	

• 5	m	×	5	m	for	LPL	I	
• 10	m	×	10	m	for	LPL	II	
• 15	m	×	15	m	for	LPL	III	
• 20	m	×	20	m	for	LPL	IV	

The	mesh	conductor	network	is	installed	directly	on	the	roof	surface	or	on	the	parapet,	
connected	at	each	intersection,	and	bonded	to	the	down-conductor	system	at	the	corners	
and	at	intervals	around	the	perimeter.	Objects	projecting	above	the	mesh	plane	require	
additional	air	termination	provisions	because	the	mesh	itself	does	not	protect	elevated	
objects	within	its	coverage	area,	only	the	roof	surface	directly	beneath	the	mesh.	This	
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distinction	is	often	misunderstood;	the	mesh	covers	the	horizontal	surface	within	the	grid	
dimensions,	not	the	volume	above	it.	

The	mesh	method	is	straightforward	to	apply	on	simple	flat	roofs	and	produces	efficient	
material	layouts	for	large	roof	areas.	However,	it	does	not	directly	address	the	protection	of	
elevated	roof	features,	and	it	requires	supplemental	rolling	sphere	or	protective	angle	
analysis	for	complex	geometries.	The	mesh	method	is	commonly	used	in	combination	with	
the	rolling	sphere	method	on	structures	with	both	flat	roof	areas	and	elevated	features.	

4.5 The Protective Angle Method 
The	protective	angle	method	assumes	that	an	air	terminal	of	height	h	above	the	reference	
plane	protects	a	conical	area	below	it,	with	the	cone	defined	by	an	angle	α	measured	from	
the	vertical	axis	of	the	air	terminal.	The	protective	angle	α	is	not	a	fixed	value;	it	decreases	
as	the	height	of	the	air	terminal	above	the	reference	plane	increases,	and	it	is	also	a	
function	of	the	applicable	protection	level.	IEC	62305-3	provides	protective	angle	values	as	
a	function	of	air	terminal	height	and	LPL	in	tabular	and	graphical	form.	

The	protective	angle	method	is	simplest	to	apply	to	isolated	air	terminals	protecting	small,	
elevated	objects	or	roof	sections.	It	becomes	progressively	less	conservative	as	air	terminal	
height	increases,	because	the	cone	geometry	implies	increasing	protected	radius,	but	the	
electrogeometric	model	on	which	the	rolling	sphere	is	based	does	not	support	this	
implication	at	large	heights.	IEC	62305-3	accordingly	limits	the	application	of	the	
protective	angle	method	to	air	terminal	heights	below	60	meters.	Above	this	height,	the	
rolling	sphere	method	must	be	used.	

For	ordinary	low-rise	and	mid-rise	commercial	structures,	the	protective	angle	method	
provides	a	rapid	and	geometrically	intuitive	means	of	verifying	that	roof	features	and	
projections	are	within	the	coverage	area	of	the	installed	air	termination	network.	An	
engineer	can	quickly	determine	whether	a	rooftop	HVAC	unit,	for	example,	is	within	the	
protected	cone	of	the	nearest	air	terminal,	and	if	not,	determine	the	height	of	air	terminal	
required	to	provide	coverage.	

4.6 Structural Metallic Elements as Air Termination 
Both	NFPA	780	and	IEC	62305-3	permit	the	use	of	structural	metallic	elements	of	the	
structure	as	natural	components	of	the	air	termination	system,	subject	to	material	and	
dimensional	requirements.	Metal	roofing	panels,	gutters,	fascias,	and	other	metallic	roofing	
elements	may	serve	as	air	termination	provided	they	have	sufficient	cross-sectional	area	to	
carry	the	lightning	current,	are	electrically	continuous	throughout	their	length,	and	are	
bonded	to	the	down-conductor	system.	Metallic	elements	used	as	natural	air	termination	
components	must	be	verified	to	be	electrically	continuous	and	bonded;	reliance	on	physical	
contact	or	friction	connections	that	may	corrode	or	loosen	over	time	is	not	acceptable.	

Special	caution	is	required	when	metallic	roofing	elements	serve	as	air	termination	on	
roofs	that	also	contain	flammable	membranes,	combustible	insulation,	or	moisture-
sensitive	assemblies.	The	thermal	effects	at	a	lightning	attachment	point	may	damage	these	
materials,	and	the	design	should	ensure	that	the	metallic	element	receiving	attachment	is	
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directly	bonded	to	the	down-conductor	system	with	a	short,	direct	path	to	prevent	current	
from	seeking	alternative	routes	through	combustible	materials.	

4.7 Design Integration and Documentation 
Air	termination	design	requires	integration	with	the	architectural	drawings	to	confirm	that	
terminal	placement	locations	are	feasible,	that	roof	features	are	properly	accounted	for,	
and	that	connection	points	to	the	down-conductor	system	are	coordinated	with	structural	
elements.	The	air	termination	layout	is	typically	documented	as	a	roof	plan	overlay	
showing	air	terminal	locations,	conductor	routing,	and	coverage	zones.	For	complex	
structures,	the	rolling	sphere	analysis	may	be	documented	through	three-dimensional	
modeling	software	capable	of	demonstrating	sphere	clearances	geometrically.	

The	engineer	should	verify	that	air	termination	hardware	is	compatible	with	the	roofing	
system,	that	flashing	and	penetration	details	maintain	weather-tightness,	and	that	air	
terminal	heights	are	sufficient	to	achieve	the	required	coverage	geometry	after	accounting	
for	roof	membrane	thickness	and	mounting	base	heights.	Coordination	with	the	roofing	
contractor	and	the	architectural	team	is	essential	in	the	design	phase	to	avoid	field	
modifications	that	may	compromise	protection	geometry	or	roof	integrity.	

4.8 Conclusion 
Air	termination	systems	intercept	lightning	strikes	and	direct	attachment	to	designated	
conductors,	controlling	the	point	of	current	injection	into	the	protection	system.	The	rolling	
sphere,	mesh,	and	protective	angle	methods	are	the	three	recognized	design	approaches,	
each	derived	from	the	electrogeometric	model	and	each	suited	to	specific	structural	
geometries.	Air	terminal	placement	must	ensure	complete	coverage	of	exposed	roof	
surfaces,	elevated	features,	and	projecting	elements	under	the	applicable	protection	level.	
Structural	metallic	elements	may	supplement	or	replace	air	terminals	when	they	meet	
dimensional	and	continuity	requirements.	The	following	chapter	addresses	the	down-
conductor	system,	which	carries	the	lightning	current	from	the	air	termination	network	to	
the	grounding	system.	
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CHAPTER 5	

Down-Conductor Systems and Internal Separation Distances 

5.1 Introduction 
The	down-conductor	system	transfers	the	lightning	current	from	the	air	termination	
network	to	the	grounding	system	(refer	to	Figure	5).	This	function	appears	
straightforward,	but	the	design	of	down	conductors	involves	a	number	of	engineering	
considerations	beyond	simply	installing	an	electrically	continuous	path	from	roof	to	
ground.	The	routing,	spacing,	material	properties,	and	configuration	of	down	conductors	
determine	the	distribution	of	current	among	multiple	parallel	paths,	the	magnetic	field	
environment	within	the	building,	the	risk	of	dangerous	sparking	between	the	lightning	
protection	system	and	internal	metallic	elements,	and	the	exposure	of	occupants	and	
building	systems	to	hazardous	step	and	touch	potentials	during	a	lightning	event.	

5.2 Down-Conductor Requirements 
NFPA	780	specifies	that	down	conductors	must	be	installed	at	intervals	not	exceeding	100	
feet	around	the	perimeter	of	the	structure	for	ordinary	structures,	with	a	minimum	of	two	
down	conductors	required	for	any	structure	regardless	of	size.	IEC	62305-3	requires	a	
minimum	separation	between	down	conductors	of	10	meters	for	LPL	I	and	LPL	II,	with	
relaxed	spacing	for	lower	protection	levels,	and	mandates	a	minimum	of	two	down	
conductors	for	any	structure.	The	requirement	for	multiple	down	conductors	serves	two	
engineering	purposes:	it	provides	redundancy	against	the	failure	of	any	single	conductor	
path,	and	it	distributes	the	lightning	current	among	parallel	paths,	reducing	the	current	in	
any	individual	conductor	and	the	consequent	magnetic	field	and	voltage	gradients	within	
the	building.	

Down	conductors	must	follow	the	most	direct,	vertical	path	from	the	air	termination	
system	to	the	grounding	electrode.	Sharp	bends	introduce	inductance	discontinuities	that	
produce	voltage	reflections	and	increase	inductive	voltage	drops.	NFPA	780	requires	that	
bends	in	down	conductors	do	not	form	angles	less	than	90	degrees	from	horizontal	(i.e.,	the	
conductor	must	not	be	bent	back	on	itself),	and	that	the	radius	of	bends	is	maintained	as	
large	as	practically	possible.	IEC	62305-3	specifies	that	bends	should	not	form	loops,	as	a	
loop	in	a	conductor	introduces	additional	inductance	and	can	produce	very	high	voltages	
across	the	gap	if	the	loop	is	bridged	by	a	nearby	metallic	element.	

5.3 Material and Dimensional Specifications 
Down	conductors	must	be	fabricated	from	materials	with	sufficient	electrical	conductivity	
to	carry	lightning	current	without	thermal	damage,	and	with	sufficient	corrosion	resistance	
to	maintain	electrical	continuity	throughout	the	service	life	of	the	installation.	NFPA	780	
accepts	copper,	copper	alloy,	aluminum,	and	galvanized	steel	as	conductor	materials,	with	
specified	minimum	cross-sectional	areas	for	each	material.	Copper	is	the	preferred	
material	in	aggressive	corrosive	environments;	aluminum	is	acceptable	in	most	
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environments	but	must	not	be	installed	in	direct	contact	with	concrete	or	masonry	due	to	
the	risk	of	corrosion	in	the	alkaline	environment.	Dissimilar	metal	connections	require	
special	treatment	to	prevent	galvanic	corrosion	at	joints.	

The	minimum	conductor	cross-sections	specified	by	NFPA	780	and	IEC	62305-3	reflect	
thermal	and	mechanical	requirements.	The	conductor	must	be	able	to	carry	the	peak	
lightning	current	without	resistive	heating	sufficient	to	cause	damage.	It	must	also	have	
adequate	mechanical	strength	to	remain	intact	under	the	electromagnetic	forces	generated	
during	current	flow.	IEC	62305-3	specifies	a	minimum	cross-section	of	16	mm²	for	copper	
and	25	mm²	for	aluminum,	while	NFPA	780	expresses	requirements	in	terms	of	wire	gauge	
or	strip	dimensions.	

5.4 Equipotential Bonding Ring Conductors 
IEC	62305-3	requires	the	installation	of	equipotential	bonding	ring	conductors	at	every	20	
meters	of	height	in	buildings	taller	than	20	meters.	These	ring	conductors	interconnect	the	
down	conductors	at	each	level,	creating	a	mesh-like	arrangement	that	distributes	current	
more	uniformly	among	parallel	paths	and	reduces	the	magnetic	field	within	the	building.	
Ring	conductors	also	serve	as	bonding	connections	for	metallic	installations	at	each	level,	
such	as	pipework,	cable	trays,	HVAC	ductwork,	and	structural	steel,	ensuring	that	these	
elements	are	brought	to	the	same	potential	as	the	lightning	protection	system	rather	than	
remaining	at	a	different	potential	that	could	drive	sparking.	

NFPA	780	does	not	mandate	ring	conductors	as	explicitly	as	IEC	62305-3,	but	it	does	
require	bonding	of	metallic	systems	throughout	the	height	of	the	structure.	In	practice,	the	
provision	of	ring	conductors	at	each	floor	level	is	consistent	with	NFPA	780's	bonding	
requirements	and	provides	additional	engineering	value	beyond	minimum	compliance.	

5.5 Separation Distance and the Prevention of Side Flash 
Perhaps	the	most	critical	engineering	parameter	associated	with	down	conductors	is	the	
separation	distance:	the	minimum	distance	that	must	be	maintained	between	the	external	
lightning	protection	system's	conductors	and	any	internal	metallic	element	of	the	building	
that	is	not	bonded	to	the	protection	system.	When	lightning	current	flows	through	a	down	
conductor,	the	potential	of	that	conductor	rises	above	the	potential	of	nearby	unconnected	
metallic	elements.	If	the	voltage	difference	exceeds	the	sparkover	threshold	of	the	air	gap	
between	the	conductor	and	the	nearby	metallic	element,	an	arc	(side	flash)	occurs	(Figure	
7).	Side	flash	is	a	fire	hazard	in	combustible	construction,	a	shock	hazard	to	personnel,	and	
a	damage	mechanism	for	sensitive	equipment.	
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Figure	7:	Lightning	injury	by	side	flash.	

IEC	62305-3	provides	the	following	formula	for	the	required	separation	distance:	

s	=	ki	×	(kc	/	km)	×	l	

Where:	
s	=	minimum	required	separation	distance		
ki	=	a	factor	depending	on	the	selected	LPL	
km	=	a	factor	depending	on	the	electrical	permittivity	of	the	material	
separating	the	external	conductor	from	the	internal	element	(1	for	air,	0.5	for	
solid	insulating	material)	
kc	=	a	factor	depending	on	the	current	flowing	in	the	partial	lightning	current	
path	under	consideration	
l	=	the	length,	in	meters,	along	the	external	conductor	from	the	nearest	
equipotential	bonding	connection	to	the	point	of	consideration	

For	most	structures	at	LPL	I,	the	required	separation	distance	in	air	is	on	the	order	of	0.5	to	
1.5	meters,	increasing	with	the	distance	from	the	nearest	bonding	connection.	This	
requirement	creates	a	significant	design	constraint	in	structures	where	the	separation	
distance	cannot	be	achieved,	as	is	common	in	steel-framed	buildings	where	structural	steel	
is	present	throughout	the	building	envelope.	In	these	situations,	the	solution	is	to	bond	the	
internal	metallic	element	to	the	down	conductor,	accepting	that	a	controlled	bonding	
connection	is	safer	than	an	uncontrolled	sparkover.	IEC	62305-3	provides	explicit	guidance	
for	this	situation,	requiring	that	bonding	be	provided	wherever	the	required	separation	
distance	cannot	be	maintained.	

	

© MondoScience

Side Flash
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5.6 Natural Components as Down Conductors 
The	structural	steel	framework	of	a	building,	reinforcing	steel	in	reinforced	concrete,	and	
the	metallic	elements	of	a	curtain	wall	system	may	all	serve	as	natural	down	conductors,	
provided	they	are	electrically	continuous	and	bonded	to	the	air	termination	and	grounding	
systems.	Reinforced	concrete	columns	are	particularly	well	suited	to	this	function	when	the	
reinforcing	steel	is	lapped	and	tied	in	a	manner	that	ensures	electrical	continuity	from	the	
foundation	to	the	roof	level,	as	is	common	in	modern	construction.	

When	structural	elements	serve	as	natural	down	conductors,	the	lightning	current	is	
distributed	throughout	the	structure's	metallic	skeleton	rather	than	being	confined	to	a	
small	number	of	discrete	conductors.	This	distribution	reduces	the	current	in	any	
individual	path	and	reduces	the	magnetic	field	intensity	within	the	building	volume,	which	
is	beneficial	for	sensitive	electronic	systems.	However,	the	separation	distance	requirement	
still	applies.	Metallic	elements	within	the	building	that	are	not	part	of	the	natural	conductor	
network	may	still	be	exposed	to	dangerous	potential	differences	if	they	are	not	bonded.	

5.7 Conclusion 
Down	conductors	are	the	current-carrying	backbone	of	the	external	lightning	protection	
system,	transferring	the	strike	current	from	the	air	termination	network	to	the	grounding	
electrodes.	Their	spacing,	routing,	material	properties,	and	bonding	connections	determine	
both	the	physical	integrity	of	the	protection	system	and	the	electromagnetic	environment	
within	the	building.	The	separation	distance	requirement,	the	minimum	clearance	from	
unprotected	internal	metallic	elements,	is	the	principal	design	constraint	imposed	by	down	
conductors	on	the	building's	interior	layout	and	drives	the	bonding	requirements.	
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CHAPTER 6	

Grounding and Equipotential Bonding 
	

	
Figure	8:	Typical	grounding	electrode.	

6.1 Introduction 
Grounding	and	equipotential	bonding	are	foundational	elements	of	every	lightning	
protection	system.	They	are	intimately	connected	to	the	electrical	safety	and	equipment	
protection	functions	of	the	building's	power	and	signal	systems.	The	purpose	of	grounding	
in	a	lightning	protection	context	is	not	merely	to	establish	a	connection	to	the	earth,	but	to	
create	a	low-impedance	path	for	lightning	current.	This	helps	to	limit	the	potential	rise	of	
the	structure's	metallic	systems	during	a	strike,	and	to	establish	a	common	reference	
potential	among	all	metallic	and	electrically	active	systems	within	the	protected	structure.	
Equipotential	bonding,	which	is	the	physical	connection	of	metallic	systems	to	the	lightning	
protection	network,	eliminates	the	potential	differences	that	drive	dangerous	sparking	and	
equipment	damage.	

6.2 Grounding Electrode Requirements 
NFPA	780	specifies	three	types	of	grounding	electrode	arrangements	for	lightning	
protection:		

• Type	I,	consisting	of	a	ring	electrode	buried	around	the	perimeter	of	the	structure	
• Type	II,	consisting	of	a	foundation	electrode	using	the	reinforcing	steel	of	the	

concrete	foundation	
• Type	III,	consisting	of	other	electrode	configurations	including	driven	rods,	buried	

plates,	and	combinations	thereof.	
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The	grounding	electrode	for	lightning	protection	is	required	to	be	bonded	to	the	building's	
electrical	grounding	system,	creating	a	unified	grounding	arrangement	that	serves	both	
normal	electrical	safety	functions	and	lightning	protection	functions	(see	Figure	8	above).	

The	integration	of	lightning	protection	grounding	with	electrical	system	grounding	is	a	
code	requirement	under	NFPA	780	and	under	Article	250	of	the	National	Electrical	Code.	
Separate,	isolated	grounding	systems	for	lightning	protection	and	for	electrical	safety	are	
counterproductive	because	they	create	potential	differences	between	the	systems	that	
drive	flashover	during	lightning	events.	A	single	unified	grounding	system,	with	all	
grounding	electrodes	bonded	together,	is	the	correct	approach	for	both	safety	and	
effectiveness.	

6.3 Ring Ground Electrodes 
The	ring	electrode,	installed	as	a	continuous	buried	conductor	forming	a	closed	loop	
around	the	perimeter	of	the	structure,	is	the	preferred	grounding	configuration	in	both	
NFPA	780	and	IEC	62305-3.	This	is	because	it	provides	multiple	parallel	current	paths	to	
earth	and	distributes	the	injected	current	over	a	large	soil	volume,	reducing	ground	
potential	rise.	IEC	62305-3	requires	the	ring	electrode	is	buried	at	a	minimum	depth	of	0.5	
meters	and	is	enclose	in	an	area	of	at	least	the	structure's	footprint.	For	LPL	I	and	LPL	II,	
IEC	62305-3	also	requires	radial	electrodes	(Type	A	arrangement)	in	addition	to	the	ring	
electrode	when	soil	resistivity	is	high,	or	recommends	the	Type	B	ring	electrode	alone	
when	soil	conditions	are	favorable.	

6.4 Foundation Electrodes 
Where	the	structure	has	a	concrete	foundation	with	reinforcing	steel,	the	foundation	
electrode,	formed	by	the	continuous,	bonded	reinforcing	steel	cage	embedded	in	the	
concrete,	provides	an	excellent	grounding	arrangement.	Concrete	has	a	relatively	low	
resistivity	due	to	its	moisture	content	and	ionic	constituents,	and	the	large	contact	area	
between	the	reinforcing	steel	and	the	surrounding	soil	through	the	concrete	matrix	
provides	excellent	electrode	performance.	Foundation	electrodes	must	have	verified	
electrical	continuity	of	the	reinforcing	steel,	which	requires	attention	during	construction	
to	ensure	that	lap	splices,	mechanical	couplers,	and	connections	to	column	steel	are	made	
with	appropriate	bonding	straps	or	ties	rather	than	relying	on	point	contact.	

6.5 Soil Resistivity and Ground Resistance 
The	performance	of	a	grounding	electrode	system	is	strongly	influenced	by	the	resistivity	
of	the	surrounding	soil.	Soil	resistivity	(ρ)	varies	over	several	orders	of	magnitude,	from	
less	than	10	ohm-meters	in	moist	clay	soils	to	more	than	10,000	ohm-meters	in	dry	granite	
bedrock.	Common	values	for	engineering	design	purposes	range	from	20	to	200	ohm-
meters	for	typical	soil	conditions,	but	site-specific	measurement	is	essential	for	detailed	
design.	

NFPA	780	specifies	a	maximum	ground	resistance	for	the	lightning	protection	grounding	
electrode	of	25	ohms	when	measured	by	the	fall-of-potential	method	or	by	clamp-on	
testing	in	the	completed	installation.	When	natural	soil	conditions	do	not	support	
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achievement	of	this	value	with	conventional	electrode	configurations,	the	standard	
provides	for	the	use	of	supplemental	electrodes,	Ufer	grounds	(concrete-encased	
electrodes),	chemical	enhancement,	or	radial	extensions	of	the	ground	ring.	The	25-ohm	
criterion,	while	widely	used,	is	not	a	guarantee	of	adequate	performance	in	all	situations.	
Higher-resistance	ground	systems	can	produce	larger	ground	potential	rises	during	a	
strike,	which	may	be	unacceptable	for	facilities	with	sensitive	electronic	systems	even	if	the	
installation	complies	with	the	resistance	criterion.	

For	structures	with	electronic	systems	requiring	exceptional	immunity	to	lightning-
induced	transients,	soil	resistivity	measurements	and	detailed	grounding	design	are	
warranted.	IEEE	Std	80,	Guide	for	Safety	in	AC	Substation	Grounding,	provides	the	
analytical	framework	for	step	and	touch	potential	analysis.	This	may	be	relevant	to	exposed	
outdoor	installations	or	large	industrial	facilities	where	personnel	may	be	present	in	the	
vicinity	of	grounding	electrodes	during	electrical	storms.	

6.6 Equipotential Bonding: Principles and Requirements 
Equipotential	bonding	connects	all	metallic	systems	within	and	entering	the	structure	to	
the	lightning	protection	grounding	network.	This	ensures	that	during	a	lightning	event,	all	
metallic	elements	rise	to	the	same	potential	together	rather	than	experiencing	the	
dangerous	potential	differences	that	drive	side	flash,	equipment	damage,	and	shock	hazard.	
Bonding	is	the	most	fundamental	lightning	protection	measure	for	internal	systems	and	is	
required	regardless	of	whether	a	formal	external	lightning	protection	system	is	installed.	

NFPA	780	requires	bonding	of	all	metallic	systems	to	the	lightning	protection	system	at	the	
point	where	they	enter	the	structure.	These	systems	include	electrical	power	conductors	
(through	surge	protective	devices	at	the	service	entrance),	telecommunications	and	signal	
cable	shields,	metallic	plumbing,	gas	piping,	HVAC	ductwork,	and	structural	steel.	Bonding	
connections	must	be	made	with	conductors	of	specified	minimum	dimensions	and	must	
use	appropriate	mechanical	connectors	or	welded	connections	to	ensure	permanent,	low-
impedance	continuity.	

The	bonding	of	gas	piping	requires	special	attention	because	gas	piping	systems	are	
connected	to	the	utility	distribution	system	through	buried	metallic	service	pipes.	A	
bonding	connection	that	provides	a	path	for	lightning	current	into	the	gas	system	could,	in	
theory,	introduce	current	into	the	distribution	system	at	the	utility	end.	In	practice,	NFPA	
780	and	the	relevant	gas	utility	standards	require	a	coordinated	approach,	and	bonding	of	
gas	piping	to	the	electrical	grounding	and	lightning	protection	systems	at	the	service	entry	
is	the	correct	approach	for	lightning	protection	purposes.	

6.7 Integration of Lightning Protection and Power System Grounding 
The	National	Electrical	Code	(NEC)	Article	250	and	NFPA	780	both	require	that	the	
lightning	protection	grounding	system	be	bonded	to	the	electrical	power	system	
grounding.	This	requirement	reflects	the	understanding	that	maintaining	separate	ground	
reference	points	for	different	systems	within	the	same	building	creates	voltage	differences	
during	transient	events,	regardless	of	whether	those	differences	arise	from	lightning	or	
from	power	system	faults.	Unified	grounding	is	safer	and	more	effective.	
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The	point	of	integration	is	typically	at	the	main	electrical	service	panel,	where	the	
grounding	electrode	conductor	connects	to	the	neutral-to-ground	bonding	point.	The	
lightning	protection	conductor	from	the	grounding	electrode	must	be	connected	to	this	
same	point	or	to	the	same	grounding	electrode	system.	When	the	electrical	service	has	a	
separately	derived	system	(such	as	a	transformer),	an	additional	bonding	point	at	the	
transformer	secondary	may	be	required.	

6.8 Conclusion 
Grounding	and	equipotential	bonding	form	the	terminating	link	in	the	external	lightning	
protection	system	and	the	foundation	for	the	protection	of	internal	systems.	A	low-
impedance,	well-distributed	grounding	electrode	system	limits	ground	potential	rise	
during	the	lightning	event.	Equipotential	bonding	eliminates	the	potential	differences	that	
drive	dangerous	sparking	and	equipment	damage.	The	integration	of	lightning	protection	
grounding	with	the	electrical	power	system's	grounding	is	mandatory	under	both	NFPA	
780	and	the	NEC,	and	this	integration	is	the	key	to	creating	a	protection	system	that	
functions	as	a	unified,	coherent	engineering	design.	
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CHAPTER 7	

Surge Protection for Electrical and Electronic Systems 

7.1 Introduction 
The	external	lightning	protection	system	(air	termination,	down	conductors,	and	
grounding)	addresses	the	direct	attachment	of	lightning	current	to	the	structure,	and	limits	
the	resulting	current,	voltage,	and	potential	rise	effects	to	levels	the	structure	and	its	
occupants	can	survive.	But	direct	strikes	are	only	one	of	the	mechanisms	through	which	
lightning	damages	structures	and	the	systems	within	them.	Electromagnetic	induction,	
conducted	transients	on	power	and	communication	lines,	and	ground	potential	rise	all	
introduce	dangerous	overvoltages	into	the	electrical	and	electronic	infrastructure	of	a	
building	without	any	direct	current	attachment.	These	mechanisms	are	responsible	for	the	
majority	of	lightning-induced	equipment	losses.	

Surge	protective	devices	(SPDs)	and	shielding	measures	constitute	the	internal	protection	
system	that	addresses	these	transient	overvoltage	threats	(see	Figure	9).	This	chapter	
develops	the	engineering	basis	for	SPD	selection,	coordination,	and	installation,	with	
reference	to	the	lightning	protection	zone	concept	that	provides	the	organizing	framework	
for	internal	protection	system	design.	

	
Figure	9:	Surge	Protection	for	electrical	systems.	

Credit:	(a)	Nimaashtiani;	(b)	Stan	Zurek;	(c)	Mwdonnellan	via	Wikimedia	Commons	

7.2 Lightning Protection Zones 
IEC	62305-4	introduces	the	lightning	protection	zone	(LPZ)	concept	as	the	organizing	
framework	for	internal	protection	design.	LPZs	are	defined	regions	within	or	associated	
with	a	structure	that	differ	in	the	severity	of	the	lightning	electromagnetic	environment,	
characterized	by	peak	current	amplitude,	field	strength,	and	overvoltage	levels.	LPZs	are	
bounded	by	interfaces	across	which	protective	measures	(shielding,	surge	protection,	
bonding)	reduce	the	electromagnetic	severity	from	one	zone	to	the	next	(see	Figure	10).	

(c) A varistor inside a consumer-
grade surge protector after a 
close lightning strike

(b) Surge protection 
device (SPD)

(a) Principle of surge protection
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LPZ	0A	is	the	outermost	zone,	comprising	areas	outside	the	structure	exposed	to	the	full	
lightning	electromagnetic	field	and	subject	to	direct	lightning	attachment.	LPZ	0B	is	also	
outside	the	structure	but	is	protected	against	direct	attachment	by	the	air	termination	
system,	however,	the	electromagnetic	field	is	still	at	full	strength.	LPZ	1	is	inside	the	
structure,	within	the	outer	building	envelope;	current	and	field	levels	are	reduced	but	not	
eliminated.	LPZ	2	and	higher-numbered	zones	represent	successively	more	sheltered	
environments	achieved	through	additional	shielding,	such	as	metallic	equipment	
enclosures	or	shielded	rooms.	

	

	
Figure	10:	Lightning	damage	type	and	appropriate	LPZs.	

Credit:	Kang	et	al.,	2021	
	

At	each	zone	boundary,	the	electromagnetic	environment	changes	because	of	the	physical	
barrier	and	the	bonding	and	surge	protection	measures	at	the	boundary.	A	power	cable	
entering	the	building	crosses	the	LPZ	0/LPZ	1	boundary	at	the	building	entry	point;	this	is	
the	location	where	the	first	level	of	surge	protection	should	be	installed.	Additional	
protection	is	required	at	each	subsequent	zone	boundary	through	which	the	cable	passes	
on	its	way	to	sensitive	terminal	equipment.	

7.3 Surge Protective Device Categories 
NFPA	780	references	ANSI/UL	1449,	the	Standard	for	Surge	Protective	Devices,	for	SPD	
requirements,	and	IEC	62305-4	references	the	IEC	61643	series.	SPDs	are	classified	by	
their	intended	installation	location	and	their	energy	handling	capability,	which	
corresponds	to	the	zone	boundary	at	which	they	are	installed:	

• Type	1	SPDs	(UL	1449)	are	intended	for	installation	at	the	service	entrance,	the	LPZ	
0/1	boundary,	and	are	capable	of	handling	the	partial	lightning	currents	that	enter	
the	building	at	this	point.	They	are	typically	connected	in	parallel	with	the	service	
equipment	and	are	designed	for	high-energy	events.	
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• Type	2	SPDs	are	intended	for	installation	at	distribution	panels,	typically	at	LPZ	1/2	
boundaries,	and	provide	protection	against	the	residual	surges	that	pass	through	
the	service	entrance	protection.	

• Type	3	SPDs	are	intended	for	point-of-use	installation	at	equipment	receptacles	and	
are	suitable	only	for	low-energy	surges;	they	are	not	effective	against	the	full	surge	
environment	at	the	service	entrance.	

IEC	62305-4	uses	the	designations	SPD	Class	I,	II,	and	III,	which	correspond	approximately,	
but	not	exactly,	to	the	UL	Type	1,	2,	and	3	classifications.	Class	I	SPDs	are	tested	with	the	
combination	wave	and	impulse	current	waveforms	representing	the	direct	lightning	
current	environment	at	the	LPZ	0/1	boundary.	Class	II	SPDs	are	tested	with	lower-energy	
waveforms.	Class	III	SPDs	are	tested	with	voltage	combination	waves	representing	the	
residual	environment	at	equipment	terminals.	

7.4 Coordination of Surge Protective Devices 
A	single	SPD	installed	at	the	service	entrance	is	rarely	sufficient	to	protect	sensitive	
electronic	equipment	from	lightning-induced	surges.	Even	after	the	service	entrance	SPD	
has	clamped	the	incoming	surge,	the	residual	voltage	may	still	exceed	the	withstand	levels	
of	equipment	installed	deeper	in	the	building.	Coordinated	protection,	which	is	a	series	of	
SPDs	installed	at	successive	zone	boundaries,	is	required	to	reduce	the	surge	amplitude	
progressively	from	the	service	entrance	to	the	equipment	terminals.	

Coordination	requires	that	the	upstream	SPD	(at	the	zone	boundary	closer	to	the	lightning	
source)	responds	to	the	surge	first	and	absorbs	the	highest-energy	portion,	allowing	only	a	
reduced	residual	surge	to	reach	the	downstream	SPD.	This	requires	attention	to	the	
impedance	of	the	conductors	between	successive	SPDs:	the	line	impedance	between	
protection	stages	introduces	a	voltage	drop	during	the	surge	event	that	assists	in	limiting	
the	current	seen	by	the	downstream	device.	When	the	cable	length	between	stages	is	
insufficient	to	provide	adequate	decoupling,	a	series	impedance	element	(inductor	or	
resistor)	may	be	required.	

7.5 Protection of Communication and Signal Lines 
Telephone,	data	communication,	coaxial	cable	television,	and	other	signal	lines	entering	a	
building	represent	additional	surge	paths	that	must	be	protected	at	the	point	of	building	
entry.	Lightning-induced	surges	on	communication	lines	can	damage	modems,	routers,	
network	interface	cards,	telephone	equipment,	and	alarm	systems.	The	protection	
measures	for	communication	lines	follow	the	same	zone	boundary	principles	as	power	
system	protection,	but	they	require	SPDs	appropriate	to	the	signal	characteristics	of	the	
lines	being	protected.	

Signal	line	SPDs	must	be	selected	to	match	the	electrical	characteristics	of	the	protected	
circuit,	including	the	voltage	and	current	levels,	the	characteristic	impedance	for	high-
frequency	lines,	and	the	signal	bandwidth.	Inadequate	attention	to	these	characteristics	can	
result	in	SPDs	that	attenuate	the	signal,	introduce	impedance	mismatches,	or	fail	to	
respond	quickly	enough	to	protect	the	connected	equipment.	
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7.6 Shielding as a Surge Reduction Measure 
Spatial	shielding	is	the	use	of	metallic	enclosures,	cable	conduits,	and	structural	metal	
systems	to	attenuate	the	electromagnetic	field	within	the	building.	It	reduces	the	induced	
voltages	that	generate	internal	surges.	The	attenuation	provided	by	shielding	depends	on	
the	conductivity,	thickness,	and	mesh	aperture	size	of	the	shielding	material,	as	well	as	the	
frequency	content	of	the	lightning	electromagnetic	pulse.	A	reinforced	concrete	building	
with	continuous,	bonded	reinforcing	steel	provides	substantial	shielding	attenuation,	even	
though	the	reinforcing	mesh	apertures	are	large,	because	the	low	resistivity	of	the	steel	
provides	effective	high-frequency	attenuation.	

Cable	routing	practices	also	influence	the	internal	electromagnetic	environment.	Signal	
cables	routed	in	close	proximity	to	power	conductors	are	exposed	to	inductive	coupling	
from	transient	power	system	currents;	twisted-pair	cable	reduces	differential	mode	
induction;	shielded	cable	with	properly	grounded	shields	provides	additional	protection	
against	inductive	and	capacitive	coupling.	The	engineer	specifying	the	internal	wiring	of	a	
facility	subject	to	lightning	protection	requirements	should	ensure	that	cable	routing	and	
shielding	practices	are	consistent	with	the	protection	zone	boundaries,	and	with	the	
sensitivity	of	the	connected	equipment.	

7.7 Conclusion 
The	internal	lightning	protection	system	addresses	the	surges,	induced	voltages,	and	
electromagnetic	fields	that	enter	a	structure	or	develop	within	it	as	a	consequence	of	
lightning	events.	Surge	protective	devices	installed	at	zone	boundaries,	coordinated	from	
the	service	entrance	to	the	equipment	terminals,	progressively	reduce	the	electromagnetic	
threat.	Communication	and	signal	line	protection	follows	the	same	principles	as	power	
system	protection	but	requires	devices	matched	to	signal	circuit	parameters.	Shielding	and	
cable	routing	practices	complement	the	SPD	network	by	reducing	the	induced	voltage	
levels	that	the	devices	must	handle.	Together,	these	measures	form	a	comprehensive	
internal	protection	strategy	that	addresses	the	predominant	mechanism	of	lightning-
induced	equipment	loss.	

	
	



Engineering of Structures for Lightning Protection	 	

© Cadistics LLC	 Page 40	

CHAPTER 8	

Special Structures and Unique Application Considerations 
	

	

8.1 Introduction 
The	preceding	chapters	developed	the	principles	and	methods	of	lightning	protection	
engineering	as	they	apply	to	ordinary	commercial	and	institutional	structures.	A	significant	
portion	of	engineering	practice	involves	structures	that	depart	from	ordinary	in	one	or	
more	respects.	This	may	be	through	unusual	height,	hazardous	contents,	critical	
operational	requirements,	or	structural	configurations	that	challenge	the	direct	application	
of	standard	provisions.	This	chapter	addresses	the	most	significant	categories	of	special	
structures	encountered	in	practice:	tall	buildings,	industrial	facilities	containing	flammable	
and	explosive	materials,	telecommunications	structures,	and	renewable	energy	
installations.	

8.2 Tall Buildings 
Buildings	exceeding	approximately	30	meters	in	height	occupy	a	distinctly	different	
position	in	lightning	protection	than	low-rise	structures.	As	established	in	Chapter	1,	the	
effective	collection	area	of	a	tall	structure	grows	dramatically	with	height,	substantially	
increasing	the	annual	number	of	expected	direct	strikes.	More	significantly,	tall	buildings	
are	the	preferred	attachment	points	for	upward	lightning,	the	class	of	lightning	discharge	
that	initiates	from	the	building	rather	than	from	the	cloud.	Upward	lightning	events	carry	
lower	peak	currents	than	downward	lightning,	but	they	can	have	long	continuing	currents	
that	deposit	significant	energy	at	the	attachment	point	and	in	connected	systems.	

IEC	62305-3	and	several	national	standards	provide	supplemental	guidance	for	buildings	
exceeding	60	meters	in	height.	These	provisions	recognize	that	the	standard	rolling	sphere,	
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mesh,	and	protective	angle	methods,	when	applied	at	higher	protection	levels,	provide	
adequate	protection	for	the	lower	portions	of	tall	buildings,	but	may	require	supplemental	
measures	for	the	upper	facades	and	roof	equipment.	Strike	attachment	to	the	sides	of	
buildings,	particularly	the	upper	corners	and	edges,	is	more	common	in	tall	buildings	than	
in	low-rise	structures,	and	air	termination	provisions	must	account	for	this	exposure.	

Down-conductor	spacing	requirements	become	more	critical	in	tall	buildings	because	the	
greater	separation	between	ring	conductor	levels	means	that	each	partial	current	path	
carries	lightning	current	over	a	longer	vertical	distance,	increasing	the	potential	rise	along	
the	conductor	and	the	separation	distance	required	from	internal	metallic	elements.	For	
very	tall	buildings	with	steel	frames,	the	structural	steel	column	network	effectively	
functions	as	a	distributed	down-conductor	system,	and	this	natural	arrangement	should	be	
incorporated	into	the	protection	design	through	explicit	analysis	and	deliberate	bonding	
provisions.	

8.3 Hazardous Locations: Flammable and Explosive Environments 
Facilities	storing	or	processing	flammable	liquids,	flammable	gases,	or	explosive	materials	
require	lightning	protection	provisions	beyond	those	applicable	to	ordinary	structures	
because	the	consequences	of	a	lightning-induced	ignition	are	catastrophic.	NFPA	780	
Chapter	4	addresses	the	protection	of	structures	containing	flammable	vapors,	gases,	and	
liquids,	and	additional	provisions	are	found	in	NFPA	standards	for	specific	industries,	
including	NFPA	30	(flammable	and	combustible	liquids),	NFPA	59A	(LNG	facilities),	and	
API	standards	for	the	petroleum	industry.	

The	fundamental	engineering	challenge	for	hazardous	locations	is	preventing	any	
lightning-induced	spark	or	arc	in	an	area	where	flammable	or	explosive	concentrations	
may	be	present.	This	requires	not	only	a	complete	external	lightning	protection	system	but	
also	rigorous	bonding	and	grounding	of	all	metallic	elements	within	the	hazardous	area,	
elimination	of	isolated	metallic	objects	that	could	develop	floating	potentials	and	produce	
sparking,	and	consideration	of	the	spark	energy	required	to	ignite	specific	materials.	

Floating	ground	conductors	are	metallic	elements	that	are	not	bonded	to	the	protection	
system	and	are	therefore	at	a	different	potential	during	a	lightning	event.	They	are	a	
particular	concern	in	hazardous	locations	as	these	elements	may	arc	to	adjacent	bonded	
elements	with	sufficient	energy	to	ignite	sensitive	explosive	or	flammable	mixtures.	The	
bonding	requirements	for	hazardous	locations	therefore	extend	to	elements	that	would	not	
require	bonding	in	ordinary	occupancies,	including	metallic	grating,	equipment	supports,	
instrumentation	housings,	and	similar	minor	metallic	components.	

8.4 Telecommunications and Communication Structures 
Telecommunications	towers,	antenna	masts,	and	radio	communication	facilities	present	
distinctive	lightning	protection	challenges	because	their	function	requires	that	they	project	
as	far	above	the	surrounding	terrain	as	possible,	which	is	precisely	the	configuration	that	
attracts	the	greatest	number	of	lightning	strikes.	A	100-meter	communication	tower	in	a	
region	with	a	ground	flash	density	of	5	flashes/km²/year	may	receive	an	average	of	30	or	
more	direct	strikes	per	year.	
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NFPA	780	provides	an	annex	addressing	communication	structures,	and	the	Electronic	
Industries	Alliance	(EIA)	and	Telecommunications	Industry	Association	(TIA)	publish	
additional	guidance	for	specific	tower	types	and	configurations.	The	grounding	system	for	a	
communication	tower	is	the	primary	means	of	limiting	the	potential	rise	of	the	tower	
during	a	lightning	strike,	and	of	protecting	the	electronic	equipment	in	the	associated	
equipment	buildings.	A	low-resistance,	well-distributed	ground	system	is	essential.	Values	
below	5	ohms	are	commonly	sought	for	communication	facilities,	and	values	below	1	ohm	
are	achieved	through	extensive	ground	ring	and	radial	systems	at	facilities	with	sensitive	
equipment.	

The	conductors	carrying	the	current	from	the	tower	to	the	grounding	system	must	
accommodate	repeated	high-current	events	throughout	the	installation's	service	life.	The	
mechanical	fatigue	behavior	of	conductors	under	repetitive	electromagnetic	force	loading,	
not	just	their	thermal	capability	for	a	single	event,	should	be	considered	in	material	and	
fitting	selection.	Aluminum	conductors	exposed	to	the	outdoor	environment	on	tower	
structures	are	subject	to	wind-induced	mechanical	fatigue	at	attachment	points,	and	
periodic	inspection	of	conductor	connections	is	essential	maintenance	practice	for	
communication	tower	installations.	

8.5 Wind Turbines and Solar Photovoltaic Systems 
Renewable	energy	installations	present	distinctive	challenges	because	their	physical	
configuration	combines	height	with	remoteness,	rotating	or	temperature-sensitive	
components,	and	electrical	systems	that	must	remain	operational	throughout	the	lightning	
event	environment.	Wind	turbines,	which	can	reach	hub	heights	exceeding	100	meters,	are	
essentially	very	tall	structures	on	elevated	terrain,	and	they	are	in	the	highest	risk	category	
for	lightning	frequency.	IEC	61400-24,	Lightning	Protection	for	Wind	Turbines,	provides	
the	primary	technical	framework	for	wind	turbine	lightning	protection,	and	NFPA	780	
includes	an	annex	addressing	wind	turbines.	

Protection	of	wind	turbine	blades	is	among	the	most	technically	challenging	problems	in	
lightning	protection	engineering.	The	blade	material,	typically	glass	fiber	reinforced	
polymer	(GFRP)	or	carbon	fiber	reinforced	polymer	(CFRP),	is	not	a	conductor,	and	
lightning	attachment	to	an	unprotected	blade	causes	explosive	internal	heating	as	the	
discharge	channels	through	the	material.	Modern	wind	turbine	blades	incorporate	internal	
conductor	systems	that	provide	a	low-impedance	path	for	lightning	current	from	the	blade	
tip	to	the	root,	where	bonding	connections	to	the	tower	and	grounding	system	allow	the	
current	to	flow	to	earth	without	damage	to	the	structural	material.	

Solar	photovoltaic	(PV)	systems	present	a	different	challenge	as	they	are	typically	low	in	
height,	but	they	are	installed	on	rooftops	that	are	already	protected	by	the	building's	
lightning	protection	system.	They	introduce	a	new	class	of	metallic	elements	(modules,	
mounting	frames,	inverters,	and	DC	wiring)	that	must	be	bonded	to	the	existing	protection	
system.	The	DC	wiring	of	a	PV	array	forms	large	loops	that	are	effective	receivers	of	
magnetically	induced	voltages,	and	the	routing	of	DC	conductors	in	close	proximity	and	
with	minimum	loop	area,	is	an	important	design	practice	for	reducing	induced	surge	
amplitudes.	
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8.6 Historic and Architecturally Sensitive Structures 
Historic	buildings	and	architecturally	sensitive	structures	impose	constraints	on	lightning	
protection	system	design	that	do	not	apply	to	ordinary	commercial	construction.	The	
placement	of	air	terminals,	the	routing	of	conductors,	and	the	selection	of	grounding	
electrode	configurations	may	all	be	restricted	by	preservation	requirements,	aesthetic	
considerations,	or	the	need	to	avoid	irreversible	modifications	to	historic	fabric.	Engineers	
designing	lightning	protection	for	historic	structures	must	work	within	these	constraints	
while	providing	a	protection	system	that	is	functionally	adequate.	

Concealed	conductor	systems,	conductors	routed	within	building	cavities,	under	roofing	
materials,	or	through	structural	members,	are	often	employed	to	minimize	visual	impact	
(see	Figure	below).	These	systems	must	still	satisfy	the	electrical	and	dimensional	
requirements	of	NFPA	780;	concealment	does	not	relax	the	technical	requirements.	Air	
terminals	on	historic	structures	may	be	designed	to	blend	with	architectural	features,	but	
they	must	still	achieve	the	required	height	and	coverage	geometry.	

	
Figure	11:	Lightning	conductor	system	on	Austrian	Parliament	building.	

8.7 Conclusion 
Special	structure	types	such	as	tall	buildings,	hazardous	locations,	telecommunications	
facilities,	renewable	energy	installations,	and	historic	structures,	each	present	engineering	
challenges	that	extend	beyond	the	standard	provisions	applicable	to	ordinary	commercial	
construction.	An	engineer	will	need	to	understand	the	physical	basis	for	the	standard	
provisions	well	enough	to	adapt	them	intelligently	when	unusual	structural	configurations,	
hazardous	contents,	or	architectural	constraints	require	solutions	not	directly	addressed	in	
the	prescriptive	requirements.	
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CHAPTER 9	

Inspection, Testing, Maintenance, and Quality Assurance 
	

	

9.1 Introduction 
A	lightning	protection	system	only	performs	as	intended	if	it	stays	in	the	as-designed	
condition	throughout	its	service	life,	even	one	installed	in	full	compliance	with	NFPA	780	
and	the	applicable	design	standards.	Lightning	protection	systems	are	subject	to	physical	
degradation	through	corrosion,	mechanical	damage,	modification	of	the	building	or	
structure,	and	the	cumulative	effects	of	lightning	strikes	themselves.	A	system	that	was	
compliant	at	the	time	of	installation	may	lose	its	protective	effectiveness	without	visible	
evidence	of	failure.	Regular	inspection,	periodic	testing,	and	systematic	maintenance	are	
therefore	not	optional	supplements	to	the	design	and	installation	process,	but	essential	
components	of	the	overall	protection	engineering	strategy.	

9.2 Initial Inspection and UL Certification 
NFPA	780	provides	for	the	inspection	and	certification	of	completed	lightning	protection	
systems	by	recognized	inspection	authorities.	The	UL	Master	Label	program	is	the	most	
widely	recognized	certification	mechanism	in	the	United	States.	Under	this	program,	a	UL-
qualified	field	inspector	examines	the	installed	system	for	compliance	with	UL	96A	and	
NFPA	780,	verifying	conductor	sizing,	air	terminal	placement	and	height,	bonding	
connections,	grounding	electrode	configuration,	and	hardware	specifications.	If	the	
installation	is	found	to	be	in	compliance,	the	inspector	issues	a	UL	Master	Label	certificate.	

The	engineer	of	record	should	specify	the	UL	Master	Label	or	equivalent	certification	in	the	
contract	documents	for	projects	where	lightning	protection	is	required	and	where	third-
party	verification	is	warranted.	The	inspection	process	provides	quality	assurance	that	the	
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installation	contractor	has	followed	the	design	intent	and	complied	with	the	applicable	
standard.	Discrepancies	identified	during	inspection	must	be	corrected	before	certification	
is	issued,	thus	providing	a	formal	mechanism	for	ensuring	installation	quality	before	the	
building	is	occupied.	

9.3 Ground Resistance Testing 
Ground	resistance	testing	verifies	that	the	completed	grounding	electrode	system	achieves	
a	resistance	to	remote	earth	below	the	maximum	value	specified	in	NFPA	780	(25	ohms	for	
ordinary	structures)	or	the	lower	value	specified	in	the	design.	Two	primary	test	methods	
are	used	for	lightning	protection	grounding	electrode	testing.	

The	fall-of-potential	method	(three-electrode	method)	is	the	most	rigorous	and	
universally	accepted	method	for	measuring	the	true	resistance	of	a	grounding	electrode	to	
remote	earth.	In	this	method,	a	current	electrode	is	placed	at	a	distance	(d)	from	the	
grounding	electrode	being	tested,	and	a	potential	electrode	is	placed	at	several	
intermediate	positions	(see	Figure	12).	The	voltage	measured	between	the	grounding	
electrode	and	the	potential	electrode,	divided	by	the	current	(I)	injected	through	the	
current	electrode,	provides	the	resistance	value.	The	test	is	valid	when	the	potential	
electrode	is	placed	in	the	region	between	the	two	opposing	resistance	hemispheres	of	the	
current	and	test	electrodes,	where	the	resistance	curve	is	approximately	flat.	

	
Figure	12:	Ground	resistance	testing	using	the	fall-of-potential	method.	

The	clamp-on	test	method	measures	the	impedance	of	the	grounding	electrode	to	remote	
earth	without	disconnecting	it	from	the	system.	This	method	is	convenient	for	routine	
testing	of	installed	systems	where	disconnection	of	the	electrode	from	the	bonded	building	
systems	is	impractical.	The	clamp	meter	(see	Figure	13)	works	by	inducing	a	small	AC	
signal	onto	the	grounding	conductor	and	measuring	the	resulting	current,	which	lets	it	
calculate	loop	impedance	through	the	earth	without	ever	breaking	the	electrical	
connection.	However,	the	method	is	subject	to	errors	when	the	parallel	resistance	of	
bonded	conductors	is	comparable	to	the	electrode	resistance.	Engineers	should	understand	
the	limitations	of	the	clamp-on	method	and	ensure	that	test	technicians	are	applying	and	
interpreting	it	correctly.	
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Figure	13:	Clamp	meter	used	in	ground	resistance	testing.	

9.4 Continuity Testing 
The	electrical	continuity	of	the	lightning	protection	system,	from	each	air	terminal	through	
the	down	conductors	to	the	grounding	electrode,	must	be	verified	both	at	initial	installation	
and	at	periodic	intervals	thereafter.	Continuity	testing	uses	a	low-resistance	ohmmeter	or	a	
continuity	tester	to	measure	the	resistance	of	each	conductor	path.	Connections	with	
measurably	elevated	resistance	relative	to	the	conductor	itself	indicate	loose	or	corroded	
joints	that	require	remediation.	

Continuity	testing	is	particularly	important	at	the	connections	between	dissimilar	metals,	
at	underground	connections	near	the	soil	interface,	and	at	down-conductor	to	grounding	
electrode	connections,	all	of	which	are	locations	where	corrosion	can	develop	gradually	
without	visible	external	evidence.	An	installation	that	passes	a	visual	inspection	may	have	
compromised	electrical	continuity	due	to	internal	corrosion	at	a	mechanical	connector,	and	
only	electrical	testing	reveals	this	condition.	

9.5 Periodic Maintenance Requirements 
NFPA	780	requires	that	lightning	protection	systems	be	inspected	at	regular	intervals	and	
after	any	lightning	strike	event.	The	standard	provides	a	maintenance	frequency	schedule	
based	on	occupancy	type	and	environmental	exposure.	Ordinary	commercial	structures	in	
benign	environments	require	inspection	at	intervals	not	exceeding	five	years.	Structures	in	
aggressive	corrosive	environments,	coastal	or	industrial	atmospheres,	or	high-lightning-
density	regions	warrant	more	frequent	inspection.	Following	a	known	or	suspected	
lightning	strike,	inspection	of	the	air	terminals,	down	conductors,	and	bonding	connections	
in	the	vicinity	of	the	attachment	point	is	required	to	assess	damage	and	confirm	continued	
system	integrity.	

Maintenance	activities	include	visual	inspection	of	all	accessible	hardware,	conductor	
mechanical	condition	and	corrosion	status,	verification	of	bonding	connections,	
measurement	of	ground	resistance,	and	assessment	of	the	compatibility	of	the	installed	
system	with	any	modifications	to	the	structure	that	have	occurred	since	the	previous	
inspection.	Building	modifications,	particularly	roof	replacements,	addition	of	rooftop	
equipment,	structural	alterations,	or	changes	to	the	building's	metallic	systems,	may	affect	
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the	adequacy	of	the	existing	lightning	protection	system	and	require	design	review	and	
system	modification.	

9.6 Documentation and Record Keeping 
Effective	maintenance	of	a	lightning	protection	system	requires	adequate	documentation	of	
the	original	installation.	As-built	drawings	showing	the	location	and	dimensions	of	all	air	
terminals,	conductor	routing,	bonding	connections,	and	grounding	electrode	configurations	
enable	inspectors	to	verify	the	presence	and	condition	of	all	system	components	without	
the	need	for	extensive	probing	and	tracing.	Ground	resistance	test	records	provide	a	
baseline	against	which	subsequent	measurements	can	be	compared,	enabling	detection	of	
gradual	degradation.	Records	of	lightning	strike	events,	inspection	findings,	and	
maintenance	actions	contribute	to	the	maintenance	history	of	the	system	and	support	
informed	decisions	about	repair	or	upgrade.	

9.7 Quality Assurance During Construction 
The	quality	of	a	lightning	protection	installation	is	strongly	influenced	by	the	competence	
of	the	installation	contractor	and	the	adequacy	of	construction	oversight.	Lightning	
protection	work	requires	knowledge	of	the	applicable	standards,	material	specifications,	
and	connection	methods.	Inexperienced	or	inadequately	trained	installation	personnel	may	
substitute	non-conforming	materials,	omit	required	connections,	or	install	conductors	in	
non-compliant	routing	configurations.	

The	engineer	of	record	or	the	owner's	representative	should	establish	a	quality	assurance	
protocol	that	includes:		

• Preconstruction	review	of	the	contractor's	proposed	installation	procedures	
• Material	submittals	for	all	system	components	
• Periodic	observation	of	ongoing	installation	work	
• A	pre-certification	walkthrough.	

The	submittal	review	process	should	confirm	that	proposed	materials	meet	the	
dimensional	and	material	specifications	of	NFPA	780,	and	that	the	installation	plan	
correctly	implements	the	design	drawings.	

9.8 Conclusion 
Inspection,	testing,	maintenance,	and	quality	assurance	are	integral	components	of	
lightning	protection	engineering.	A	system	installed	in	compliance	with	NFPA	780	
maintains	its	protective	effectiveness	only	if	its	condition	is	periodically	verified,	and	any	
degradation	or	damage	is	promptly	remediated.	Ground	resistance	testing,	continuity	
measurement,	visual	inspection,	and	documentation	form	the	technical	basis	of	a	
competent	maintenance	program.	The	engineer	of	record	contributes	to	long-term	system	
effectiveness	through	clear	documentation,	maintenance	recommendations	in	the	design	
documents,	and	quality	assurance	oversight	during	construction.	
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CHAPTER 10	

Professional Practice, Engineering Judgment, and Liability 
Considerations 
	

	

10.1 Introduction 
Lightning	protection	engineering	is	ultimately	an	exercise	in	professional	engineering	
judgment	applied	within	a	framework	of	mandatory	standards	and	voluntary	guidelines.	
The	preceding	chapters	have	developed	the	technical	content	of	that	framework	in	detail.	
This	final	chapter	addresses	the	professional	practice	dimension:	the	responsibilities	of	the	
engineer	of	record,	the	role	of	engineering	judgment	when	standards	are	silent	or	
ambiguous,	the	coordination	relationships	between	engineers	and	other	design	team	
members,	and	the	liability	considerations	that	arise	from	lightning	protection	design	and	
specification	decisions.	

10.2 Scope of Engineering Responsibility 
The	engineer	of	record	for	a	building	project	bears	professional	responsibility	for	the	
lightning	protection	design	when	that	design	is	required	by	code,	specified	by	the	contract,	
or	voluntarily	undertaken	as	part	of	the	scope	of	services.	This	responsibility	encompasses:	
the	selection	of	the	applicable	standard,	the	determination	of	whether	protection	is	
required	(through	risk	assessment	or	code	interpretation),	the	design	of	the	external	and	
internal	protection	systems,	the	development	of	construction	documents	adequate	to	
implement	that	design,	and	the	provision	of	construction	administration	services	sufficient	
to	verify	that	the	installation	conforms	to	the	design	intent.	
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Engineers	should	be	clear	in	their	contracts	and	scope	documents	about	which	elements	of	
the	lightning	protection	scope	they	are	assuming	responsibility	for,	and	which	are	being	
assigned	to	specialty	contractors,	other	design	team	members,	or	the	client.	Ambiguity	
about	scope	of	responsibility	creates	risk	for	all	parties	and	can	result	in	protection	system	
gaps	when	one	party	assumes	the	other	is	addressing	a	particular	element.	

10.3 Engineering Judgment and Standard Gaps 
Standards	like	NFPA	780	and	IEC	62305	cannot	explicitly	address	every	possible	structural	
configuration,	occupancy	type,	or	combination	of	conditions	that	engineers	encounter	in	
practice.	When	a	specific	situation	is	not	directly	addressed	by	the	applicable	standard,	the	
engineer	must	exercise	judgment	based	on	the	principles	underlying	the	standard,	not	by	
ignoring	the	standard,	but	by	understanding	it	well	enough	to	extrapolate	its	requirements	
to	the	novel	situation.	

Engineering	judgment	in	lightning	protection	design	is	supported	by	understanding	the	
physics	of	the	lightning	discharge	(Chapter	1),	the	risk-based	framework	of	the	applicable	
standards	(Chapter	3),	and	the	engineering	purposes	served	by	each	specific	requirement.	
An	engineer	who	understands	why	NFPA	780	requires	a	minimum	air	terminal	spacing	is	
better	positioned	to	determine	appropriate	spacing	for	an	unusual	roof	configuration	than	
an	engineer	who	treats	the	standard	as	a	look-up	table	without	physical	context.	

When	engineering	judgment	is	exercised	to	address	a	situation	not	explicitly	covered	by	
the	standard,	the	engineer	should	document	the	basis	for	that	judgment:	the	applicable	
principles	invoked,	the	engineering	analysis	performed,	and	the	protection	level	achieved	
by	the	selected	approach.	This	documentation	serves	both	as	a	professional	record	and	as	
evidence	of	the	engineer's	reasoning	if	the	decision	is	later	questioned.	

10.4 Coordination with Other Design Team Members 
Lightning	protection	design	intersects	with	the	work	of	structural,	mechanical,	electrical,	
and	architectural	designers,	and	effective	protection	engineering	requires	active	
coordination	throughout	the	design	process.	The	structural	engineer's	foundation	and	
framing	design	determines	the	availability	and	configuration	of	natural	electrode	and	
down-conductor	components.	The	electrical	engineer's	service	entrance	design	determines	
the	location	and	configuration	of	the	main	bonding	point.	The	mechanical	engineer's	
rooftop	equipment	layout	affects	air	termination	placement.	The	architect's	aesthetic	and	
preservation	requirements	constrain	conductor	routing	and	hardware	selection.	

Coordination	should	occur	early	in	the	design	process,	before	construction	documents	are	
finalized,	so	that	structural	and	architectural	decisions	can	accommodate	protection	
system	requirements.	Retrofitting	lightning	protection	to	a	completed	building	design	is	
significantly	more	expensive	and	less	efficient	than	integrating	protection	requirements	
into	the	original	design.	
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10.5 Communicating Risk and Uncertainty to Clients 
Lightning	protection	engineering	involves	working	with	probabilistic	risk	rather	than	
deterministic	certainty.	A	properly	designed	and	installed	lightning	protection	system	does	
not	guarantee	that	a	building	will	never	suffer	any	consequence	from	a	lightning	strike;	it	
reduces	the	probability	of	serious	damage	and	loss	to	within	an	acceptable	range.	
Communicating	this	probabilistic	nature	of	protection	to	clients	without	either	overstating	
the	certainty	of	protection	or	understating	the	effectiveness	of	well-designed	systems,	is	an	
important	professional	obligation.	

Similarly,	the	decision	not	to	provide	lightning	protection	for	a	specific	structure	should	be	
communicated	to	the	client	with	a	clear	explanation	of	the	risk	assessment	that	supports	
that	decision,	and	documentation	that	the	client	has	been	informed	and	accepts	the	
residual	risk.	When	a	client	declines	to	provide	protection	that	the	engineer	recommends,	
the	engineer	should	document	the	recommendation	and	the	client's	decision	in	a	form	that	
establishes	a	clear	record.	

10.6 Professional Liability and Insurance Considerations 
Professional	liability	exposure	associated	with	lightning	protection	design	arises	from	
failure	to	recommend	protection	when	it	is	warranted,	design	errors	that	result	in	
inadequate	protection,	failure	to	specify	conforming	materials	or	installation	methods,	and	
inadequate	construction	administration	that	allows	non-conforming	installations	to	
proceed	without	correction.	The	engineer's	professional	liability	insurance	should	be	
reviewed	to	confirm	that	it	covers	the	full	scope	of	the	lightning	protection	engineering	
services	being	provided.	

Lightning	protection	design	performed	in	the	context	of	a	larger	building	project	is	
generally	covered	by	the	engineer's	standard	professional	liability	policy.	However,	
specialty	lightning	protection	services	provided	under	a	separate	contract,	such	as	risk	
assessments,	design	reviews	of	contractor-submitted	systems,	or	forensic	analysis	of	
lightning	damage	events,	may	require	specific	policy	provisions	or	endorsements.	
Engineers	providing	specialty	lightning	protection	services	should	review	their	coverage	
with	their	insurance	carrier	before	undertaking	such	work.	

10.7 Continuing Professional Development 
Lightning	protection	standards	are	revised	periodically.	NFPA	780	is	updated	on	a	three-
year	cycle,	and	IEC	62305	undergoes	periodic	revision	through	the	IEC	consensus	process.	
Engineers	practicing	in	the	lightning	protection	area	are	professionally	obligated	to	remain	
current	with	applicable	standards	and	with	the	technical	literature	that	informs	and	
underpins	those	standards.	Industry	organizations	including	the	Lightning	Protection	
Institute	and	the	International	Association	of	Lightning	Protection,	as	well	as	conferences	
focused	on	lightning	research	and	protection,	provide	avenues	for	continuing	professional	
development	in	this	specialty.	
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10.8 Conclusion 
Professional	practice	in	lightning	protection	engineering	requires	technical	competence,	
clear	communication	of	scope	and	responsibility,	active	coordination	with	other	design	
team	members,	honest	communication	of	risk	and	uncertainty	to	clients,	and	attention	to	
the	professional	liability	dimensions	of	the	services	provided.	Standards	provide	the	
regulatory	framework,	but	it	is	the	engineer's	judgment,	integrity,	and	professional	
commitment	that	determines	the	quality	and	reliability	of	the	protection	provided	to	the	
buildings,	their	occupants,	and	the	systems	within	them.	The	principles	developed	
throughout	this	course,	from	the	physics	of	the	lightning	discharge	to	the	professional	
obligations	of	the	engineer	of	record,	form	an	integrated	body	of	knowledge	that	supports	
competent	and	conscientious	practice	in	this	technically	demanding	specialty.	
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