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Abstract:	 There	 is	 currently	 very	 little	 information	 regarding	 ventilation	 effectiveness	 values	 for	 natural	
ventilation	 in	 both	 ASHRAE	 Standard	 62.1	 and	 CIBSE	 Guide	 A.	 This	 project	 aims	 to	 predicted	 ventilation	
effectiveness	values	for	a	range	of	mechanical	and	natural	ventilation	strategies.	The	ventilation	effectiveness	
metric	used	is	the	zone	air	distribution	effectiveness	(Ez)	metric	currently	used	in	ASHRAE	Standard	62.1	which	
follows	 the	 Contaminant	 Removal	 Effectiveness	 (CRE)	 method.	 This	 project	 has	 used	 Computational	 Fluid	
Dynamics	(CFD)	to	simulate	a	simple	single	zone	office	space.	The	ventilation	strategies	that	have	been	modelled	
include,	 mixing	 and	 displacement	 systems	 for	 the	 mechanical	 ventilation	 and	 both	 single-sided	 and	 cross-
ventilation	strategies,	using	window	openings,	for	the	natural	ventilation	systems.	The	preliminary	results	from	
the	CFD	simulations	have	predicted	Ez	values	ranging	from	0.3	to	2.05	for	the	mechanical	ventilation	strategies	
and	from	0.4	to	1.36	for	the	natural	ventilation	strategies.	

1. Introduction	
A	well-designed	ventilation	system	should	be	capable	of	effectively	and	efficiently	maintaining	
a	 level	of	good	 Indoor	Air	Quality	 (IAQ)	to	 the	zone.	Poor	 IAQ	can	cause	symptoms	of	Sick	
Building	Syndrome	(SBS)	 impacting	health,	well-being,	productivity	and	performance	of	 the	
occupants	 using	 the	 space	 (Fisk	 and	 Rosenfeld,	 1997).	 The	 Chartered	 Institute	 of	 Building	
Service	Engineers	(CIBSE)	states	that	"Good	indoor	air	quality	is	essential	to	assure	the	health	
and	comfort	of	a	buildings	occupants"	(CIBSE	2011).	With	Good	IAQ	being	defined	as	air	that	
does	not	contain	the	presence	of	any	known	contaminants	at	harmful	concentrations.	

The	 definition	 of	 good	 IAQ	 provided	 by	 CIBSE	 deals	 explicitly	 with	 the	 level	 of	
contaminants	 within	 a	 room/ventilated	 zone.	 This	 means	 that	 a	 key	 capability	 of	 any	
ventilation	 system	 is	 to	 remove	 contaminated	 air	 from	 the	 areas	 of	 the	 zone	 where	 the	
occupants	are	and	replace	it	with	uncontaminated	air.	To	estimate	how	effective	a	ventilation	
system	is	at	removing	contaminants	from	the	space	the	Contaminant	Removal	Effectiveness	
(CRE)	metric	has	been	developed	 (Mundt	et	al.	2004).	A	version	of	CRE	 is	used	 in	 the	key	
Standards,	such	as	ASHRAE	Standard	62.1	(ASHRAE	2016)	and	CIBSE	Guide	A	(CIBSE	2017).	
This	metric,	known	as	 the	Zone	Air	Distribution	Effectiveness	 (Ez),	 identified	how	effective	
ventilation	systems	are	at	removing	contaminants	from	the	breathing	zone.	These	standards	
provide	Ez	values	for	a	range	of	mechanical	ventilation	systems.	These	values	are	then	used	
to	calculate	the	Zone	Outdoor	Airflow	that	is	required	for	that	particular	space.	

These	two	standards	currently	only	provide	Ez	values	for	mechanical	ventilation	systems	
and	do	not	provide	values	for	natural	ventilation.	This	project	aims	to	use	CFD	simulations	to	
predict	Ez	values	for	a	range	of	natural	ventilation	systems,	including	single-sided	and	cross-
ventilation	systems.	This	study	will	also	predict	Ez	values	for	mechanical	ventilation	systems	
that	are	similar	to	the	systems	which	are	currently	included	in	the	standards.	This	will	allow	a	
direct	comparison	between	the	methodology	used	here	for	predicting	Ez	values	and	the	values	
currently	provided	in	ASHRAE	Standard	62.1	(ASHRAE	2016)	and	CIBSE	Guide	A	(CIBSE	2017).	
This	 is	 particularly	 important	 as	 studies	 such	 as	 the	 one	 conducted	 by	 Lee	 et	 al.	 (2009)	



demonstrated	that	certain	mechanical	ventilation	systems	can	provide	Ez	values	different	to	
those	currently	provided	in	the	standards.	

2. Methodology	
The	CFD	simulations	 for	 this	project	have	been	developed	and	 run	using	FLAIR	within	 the	
PHOENICS	 CFD	 software.	 The	 turbulence	model	 used	was	 the	 Renormalization	Group	 K-ε	
model	 (RNG	K-ε)	developed	by	Yakhot	and	Orszag	(1986).	The	RNG	K-ε	model	was	chosen	
based	 on	 work	 published	 by	 Chen	 (1995)	 and	 Zhang	 et	 al.	 (2007)	 where	 both	 studies	
concluded	that	the	RNG	K-ε	model	provided	acceptable	levels	of	accuracy	and	its	use	should	
be	 preferred	when	 simulating	 indoor	 air	 flow.	 A	mesh	 sensitivity	 analysis	was	 conducted	
which	 identified	a	mesh	density	of	 500,000	 cells	 for	 the	mechanical	 ventilation	 cases	 and	
660,000	cells	for	the	natural	ventilation	cases.	

The	space	being	ventilated	within	the	CFD	simulations	was	a	simple	single	zone	office	
room	 with	 the	 dimensions	 5m	 x	 2.5m	 x	 2.5m.	 For	 the	 natural	 ventilation	 scenarios	 two	
different	sized	windows/openings	were	modelled.	A	small	opening	with	the	dimensions	1m	x	
0.3m	 (0.3m2)	 and	 a	 large	 opening	with	 the	 dimension	 0.6m	 x	 1m	 (0.6m2).	 Three	window	
configurations	were	modelled	to	more	accurately	represent	air	flow	through	these	openings.	
The	modelled	window	configurations	included	a	side-hung	window	for	the	large	opening,	a	
top-hung	window	for	the	high	level	small	openings	and	a	set	of	three	louvres	for	the	low	level	
small	openings.	All	windows/louvres	ere	modelled	open	at	45°.	For	the	mechanical	ventilation	
systems	the	supply	inlet/diffuser	and	extract	where	sized	1m	x	0.2m	(0.2m2).	

The	internal	heat	gains	in	the	room	were	generated	from	a	single	occupant	providing	
70W	sensible	heat	(CIBSE	Guide	A	Table	6.3	(CIBSE	2017))	and	a	single	computer	providing	
100W	total	heat	(CIBSE	Guide	A	Table	6.6	(CIBSE	2017)).	The	thermal	boundary	conditions	for	
the	 walls	 were	 set	 at	 surface	 temperatures	 of	 20°C.	 For	 the	 natural	 ventilation	 CFD	
simulations	the	external	air	temperature	was	also	set	to	20°C.	The	source	of	contaminants	for	
all	of	the	CFD	simulation	were	injected	into	the	space	from	an	inlet	object,	sized	0.1m	x	0.1m,	
located	at	the	occupant	in	the	centre	of	the	room.	The	contaminant	modelled	was	a	thermally	
buoyant	 contaminant	with	 the	 same	 properties	 as	 air.	 The	 contaminant	 source	 has	 been	
modelled	as	having	a	flow	rate	of	4.7x10-4	m/s	of	which	10%	was	contaminated	air.	

A	total	of	seven	different	ventilation	systems	where	modelled,	including	three	mechanical	
and	 four	natural	 ventilation	 systems.	 The	mechanical	 ventilation	 systems	 comprised	of	 two	
mixing	systems	with	air	supplied	at	ceiling	level	and	returned	at	ceiling	level	(Case	1)	or	floor	
level	(Case	2).	The	final	mechanical	ventilation	system	was	a	displacement	ventilation	system	
with	air	supplied	at	floor	level	and	returned	at	ceiling	level.	For	the	natural	ventilation	systems,	
two	cross-ventilation	systems	utilised	the	small	sized	openings.	These	systems	used	small	low-
level	openings	and	small	high-level	openings.	Case	4	had	one	opening	on	each	side	of	the	room	
at	different	heights,	while	Case	5	had	 two	openings	on	each	 side	of	 the	 room	at	 the	 same	
heights.	 Cases	 6	 and	 6A	 were	 single-sided	 natural	 ventilation	 using	 a	 single	 large	 window	
located	in	the	centre	of	the	external	wall	(Case	6)	or	high	up	on	the	external	wall	(Case	6A).	The	
final	natural	ventilation	system	(Case	7)	represented	cross-ventilation	using	two	large	windows,	
one	on	either	side	of	the	room	located	centrally	on	the	external	walls.	

The	metric	used	for	calculating	ventilation	effectiveness	for	this	project	is	based	on	the	
metric	used	in	Lee	et	al.	(2009),	known	as	Zone	Air	Distribution	Effectiveness	and	is	calculated	
in	the	following	equation:	
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Where	 Ce	 is	 the	 contaminant	 concentration	 in	 the	 exhaust;	 Cs	 is	 the	 contaminant	
concentration	in	the	supply	and	C	is	the	average	contaminant	concentration	in	the	breathing	
zone.	The	breathing	zone	is	defined	in	ASHRAE	Standard	62.1	(ASHRAE	2016).	

3. Results	
The	predicted	ventilation	effectiveness	(Ez)	values	for	all	cases,	including	both	mechanical	and	
natural	ventilation,	are	presented	in	Table	1.	The	mechanical	ventilation	systems	predicted	Ez	
values	ranging	from	0.3	to	2.05.	The	lowest	Ez	value	was	predicted	for	Case	2	which	was	one	
of	the	mixing	ventilation	systems	where	air	was	supplied	at	ceiling	level	and	returned	at	floor	
level.	The	CFD	simulation	results	for	this	case	showed	air	flowing	from	the	supply	diffuser,	
travelling	towards	the	floor,	under/around	the	computer	desk	and	occupant	and	then	exiting	
the	room	through	the	exhaust	on	the	floor.	This	resulted	in	the	main	air	flow	bypassing	the	
contaminant	source	before	it	exited	the	space	resulting	in	the	low	Ez	value.		

The	highest	Ez	value	was	predicted	for	Case	3	which	was	the	displacement	mechanical	
ventilation	system	where	air	was	supplied	at	floor	level	and	returned	at	ceiling	level.	For	this	
case	the	CFD	simulation	results	show	a	stratified	air	distribution	with	cool	air	at	floor	level	and	
warmer	 air	 at	 ceiling	 level	 (Figure	 1).	 The	 cool	 air	 is	 heated	 by	 the	 occupant	 and	 office	
equipment,	resulting	in	a	heat	plume	that	causes	the	air	to	rise,	past	the	contaminant	source.	
This	 results	 in	 the	 contaminated	air	being	entrained	 into	 the	heat	plume	and	 transported	
towards	the	ceiling	out	of	the	breathing	zone.	
Table	1:	Results	for	all	cases	including	predicted	ventilation	effectiveness	(Ez),	volumetric	flow	rate	(m3/s)	and	
ventilation	flow	rate	(ACH).	

Case	 Ventilation	 Effectiveness	
(Ez)	

Volumetric	 Flow	 rate	
(m3/s)	

Ventilation	Flow	Rate	
(ACH)	

Case	1	 0.7	 2.5x10-1	 28.8	
Case	2	 0.3	 2.5x10-1	 28.8	
Case	3	 2.05	 1.0x10-1	 11.52	
Case	4	 0.94	 3.3x10-2	 3.8	
Case	5	 1.36	 5.3x10-2	 6.1	
Case	6	 0.4	 3.6x10-2	 4.1	
Case	6A	 0.46	 3.8x10-2	 4.3	
Case	7	 0.67	 5.4x10-2	 6.3	

Figure	1:	CFD	temperature	distribution	plot	for	the	displacement	mechanical	ventilation	system	(Case	3).	



The	 CFD	 simulation	 results	 for	 the	 natural	 ventilation	 cases	 all	 show	 a	 stratified	 air	
distribution,	with	the	cool	outside	air	flowing	into	the	room	through	the	window	openings	
and	occupying	the	floor	level.	Similar	to	Case	3	for	the	mechanical	ventilation,	the	cool	air	is	
heated	by	the	occupant	and	office	equipment,	causing	the	air	to	rise	as	it	is	warmed,	resulting	
in	the	warmer	air	occupying	the	upper	portion	of	the	zone	(Figure	2).	The	Ez	values	for	the	
natural	ventilation	ranged	from	0.4	to	1.36.	The	lowest	Ez	values	were	predicted	for	the	single-

sided	systems	using	the	 large	windows,	while	the	highest	Ez	values	were	predicted	for	the	
cross-ventilation	systems,	specifically	the	systems	using	the	small	openings	at	low	and	high	
levels	on	the	external	walls.	

Cases	 6	 and	 6A	 predicted	 the	 ventilation	 effectiveness	 for	 single-sided	 natural	
ventilation	using	single	large	window	openings.	The	CFD	simulations	predicted	that	for	single-
sided	natural	ventilation	systems	where	the	large	window	is	located	centrally	on	the	external	
wall,	the	Ez	value	is	0.4.	When	the	large	window	opening	is	moved	to	a	higher	location	on	the	
external	wall	the	Ez	value	rises	slightly	to	0.46.	Both	systems	provided	a	similar	ventilation	
flow	 rate	 (4.1	 to	 4.3	 ACH).	When	 investigating	 the	 natural	 cross-ventilation	 systems,	 the	
system	using	two	centrally	located	large	window	openings	(Case	7)	predicted	the	lowest	Ez	
value	at	0.67.	The	system	using	two	small	openings	(Case	4)	predicted	an	Ez	value	of	0.94	and	
the	final	system	using	four	small	openings	(Case	5)	predicted	an	Ez	value	of	1.36.		

The	 ventilation	 flow	 rates	 for	 the	 natural	 ventilation	 cases	 were	 lower	 than	 the	
mechanical	 ventilations	 cases.	 For	 the	 mechanical	 ventilation	 cases,	 the	 mixing	 systems	
(Cases	1	and	2)	were	set	a	ventilation	flow	rate	of	28.8	ACH	and	the	displacement	system	
(Case	3)	was	set	a	flow	rate	of	11.52	ACH.	The	ventilation	flow	rates	for	the	natural	ventilation	
cases	ranged	from	3.8	to	6.3	ACH.	The	systems	using	either	a	single	large	window	opening	for	
single-sided	ventilation	(Cases	6	and	6A)	or	two	small	openings	for	cross-ventilation	(Case	4)	
had	similar	ventilation	flow	rates	ranging	from	3.8	to	4.3.	These	three	cases	each	had	a	total	
opening	area	of	0.6m2.	The	cross-ventilation	cases	using	either	four	small	openings	(Case	5)	
or	two	large	openings	(Case	7)	with	total	opening	areas	of	1.2m2	provided	a	ventilation	flow	
rates	of	6.1	and	6.3	ACH,	 respectively.	 The	key	 results	here	 show	 that	 the	 cases	with	 the	
highest	ventilations	flow	rates	for	the	natural	ventilation	cases,	do	not	necessarily	predict	the	
highest	Ez	values.	

	
	

Figure	2:	CFD	temperature	distribution	for	the	natural	cross-ventilation	system	using	four	small	openings	(Case	5).	



4. Discussion	
The	CFD	simulation	results	showed	ventilation	effectiveness	values	ranging	from	0.3	to	2.05	
for	the	mechanical	ventilation	systems	and	Ez	values	ranging	from	0.4	to	1.36	for	the	natural	
ventilation	 systems.	 All	 of	 the	 natural	 ventilation	 systems	 outperformed	 the	 mixing	
mechanical	ventilation	system	using	ceiling	supply	and	floor	return.	While	all	of	the	natural	
cross-ventilation	systems,	using	small	openings,	outperformed	both	of	the	mixing	mechanical	
ventilation	 systems.	 The	mechanical	 displacement	 system	outperformed	all	 of	 the	natural	
ventilation	systems	and	provided	the	highest	Ez	value.	

The	 CFD	 simulation	 results	 conducted	 for	 this	 project	 clearly	 show	 that	 the	 most	
effective	natural	ventilation	system,	when	concerned	with	removing	contaminants	from	the	
breathing	zone,	 is	a	system	which	creates	cross-ventilation	using	four	small	openings.	This	
system	resulted	in	a	ventilation	effectiveness	44%	higher	than	the	cross-ventilation	system	
using	only	two	small	openings.	This	suggests	that	having	four	small	openings	instead	of	two	
creates	a	stronger	stratified	air	distribution	system	which	results	in	a	more	effective	system.	
This	 same	 system	 also	 provides	 a	 ventilation	 effectiveness	 104%	 higher	 than	 the	 cross-
ventilation	system	using	two	large	window	openings.	Both	of	these	systems	have	the	same	
total	 opening	 area,	 which	 means	 that	 the	 total	 opening	 area	 has	 less	 impact	 on	 the	
effectiveness	of	a	system	compared	to	the	location	of	the	openings.	

This	 conclusion	 is	 further	 confirmed	 when	 comparing	 the	 ventilation	 effectiveness	
values	between	the	cross-ventilation	systems	using	two	small	openings	(Case	4)	or	two	large	
openings	(Case	7).	The	results	for	these	systems	show	that	the	system	using	the	two	small	
openings	has	 an	 effectiveness	 value	42%	higher	 than	 the	 system	using	 two	 large	window	
openings.	In	this	comparison,	the	system	using	two	small	openings	has	a	total	opening	area	
half	the	size	of	the	system	using	two	large	window	openings.	This	means	that	the	amount	of	
air	entering	into	the	zone	(ventilation	flow	rate)	is	less	important	when	considering	ventilation	
effectiveness	than	how	the	air	is	entering	the	zone.	Fresh	air	entering	the	zone	at	low/floor	
level	 and	 leaving	 the	 zone	 at	 high/ceiling	 level	 will	 result	 in	 the	 strongest	 stratified	 air	
distribution	system	which	can	provide	higher	ventilation	effectiveness.		

The	ventilation	effectiveness	values	predicted	for	the	mechanical	ventilation	systems	in	
this	project	provide	similar	values	for	the	first	mixing	ventilation	system	(Case	1)	compared	
to	the	values	provided	 in	ASHRAE	Standard	62.1	(ASHRAE	2016)	and	CIBSE	Guide	A	(CIBSE	
2017).	 The	 second	mixing	 ventilation	 system	 (Case	 2)	which	 uses	 ceiling	 supply	 and	 floor	
return,	predicted	a	ventilation	effectiveness	value	around	70%	lower	than	the	values	provided	
in	 ASHRAE	 Standard	 62.1	 and	 CIBSE	 Guide	 A.	 While	 for	 the	 displacement	 mechanical	
ventilation	system,	the	Ez	value	predicted	in	this	study	is	around	70%	higher	than	the	highest	
value	provided	 in	ASHRAE	Standard	62.1	 for	 this	 type	of	 system	and	46%	higher	 than	 the	
highest	value	provided	in	CIBSE	Guide	A.	The	Ez	value	predicted	here	is	also	higher	than	the	
highest	value	predicted	 in	the	Lee	et	al.	 (2009)	study	which	predicted	values	ranging	from	
1.05	 to	 1.25	 for	 office	 spaces.	 More	 effort	 is	 required	 to	 optimise	 that	 design	 of	 the	
mechanical	ventilation	systems	to	bring	them	closer	in-line	with	typical	systems	for	this	type	
of	office	space.	

	
	



5. Conclusion	
The	key	standards	providing	design	guidance	for	ventilation	systems,	ASHRAE	Standard	62.1	
and	CIBSE	Guide	A,	provide	ventilation	effectiveness	 (Ez)	 values	 for	a	 range	of	mechanical	
ventilation	systems.	These	ventilation	effectiveness	values	provide	guidance	on	how	effective	
a	certain	type	of	system	is	at	removing	contaminants	from	the	breathing	zone.	These	values	
are	used	as	part	of	the	procedure	to	calculate	the	required	outdoor	air	flow	rate	for	the	zone.	
Currently	Ez	values,	in	both	Standards,	are	only	provided	for	mechanical	ventilation.	This	study	
set	out	to	predict	Ez	value	for	a	range	of	mechanical	and	natural	ventilation	systems	using	CFD	
simulations.	

The	results	from	the	CFD	simulations	predicted	Ez	values	ranging	from	0.3	to	2.05	for	
the	mechanical	ventilation	systems	and	ranging	from	0.4	to	1.36	for	the	natural	ventilation	
systems.	The	displacement	mechanical	 ventilation	 systems	 supplying	air	 at	 floor	 level	 and	
returning	air	at	ceiling	level	provided	the	highest	Ez	value	across	all	of	the	ventilation	systems.	
For	the	natural	ventilation	systems	two	key	design	parameters	where	identified	as	having	an	
impact	 on	 the	 ventilation	 effectiveness.	 These	 two	 factors	 where;	 the	 number	 of	
openings/windows	in	the	external	walls	and	the	locations	of	the	openings/windows.	Cross-
ventilation	 systems	using	 two	 small	 low-level	 openings	 and	 two	 small	 high-level	 openings	
were	identified	as	providing	the	highest	Ez	value.	While	systems	with	the	same	total	opening	
area	but	using	two	large	window	openings	instead	of	four	small	openings	predicted	an	Ez	value	
around	50%	 less	effective.	These	ventilation	effectiveness	values	provide	evidence	 for	 the	
inclusion	of	natural	ventilation	Ez	values	 into	 the	current	standards	and	also	provide	good	
guidance	on	how	to	design	an	effective	natural	ventilation	system.	
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