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Abstract:	The	design	process	of	a	building	is	a	decision	problem	with	multiple	stakeholders	and	several	often	
conflicting	 criteria.	 Multi-Criteria	 Decision-Making	 (MCDM)	 methods	 are	 capable	 of	 handling	 decision	
problems	with	 the	 abovementioned	 specific	 features.	 This	 paper	 focuses	 on	 the	 application	 of	 some	of	 the	
most	widely	applied	MCDM	methods;	namely	AHP,	TOPSIS,	ELECTRE	III,	and	PROMETHEE	II.	For	this	purpose,	a	
framework	 that	 incorporates	 the	 decision-makers’	 preferences	 and	 the	 use	 of	 dynamic	 simulation	 of	 the	
potential	building	forms	is	developed	and	applied	to	a	real-life	case	study.	The	examined	methods	yield	similar	
results,	showing	broad	agreement	on	the	top	five	alternatives,	amongst	which	the	decision-makers	can	decide.	
In	 particular,	 the	majority	 of	 the	 examined	methods	 concluded	with	 the	 same	 optimal	 solution	 (all	 except	
TOPSIS),	a	situation	that	provides	confidence	in	the	final	decision.		
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1. Introduction	
According	to	the	Climate	Change	Act	2008,	the	UK	government	must	reduce	the	1990	levels	
of	CO2	emissions	by	80%	by	2050	(HMSO,	2008).	In	Europe,	buildings	account	for	40%-45%	
of	 energy	 consumption	 (UNEP,	 2007)	 and,	 as	 such,	 the	 building	 industry	 represents	 a	
massive	potential	for	energy	savings	and	greenhouse	gas	emission	mitigation.	Therefore,	it	
is	essential	to	control	the	energy	consumption	in	the	construction	sector	while	maintaining	
or	even	improving	important	building	aspects	such	as	thermal	comfort.	

The	design	of	 a	building	 is	 a	decision-making	process,	 in	which	multiple	 criteria	 and	
different	 professional	 disciplines	 exist.	 Therefore,	 the	 final	 decision	 must	 consider	 the	
aspirations	of	the	interested	parties	that	compose	the	design	team,	as	well	as,	the	chosen	
performance	criteria.	The	performance	criteria	act	as	a	common	framework,	through	which	
the	 design	 team	 will	 evaluate	 the	 potential	 design	 alternatives.	 This	 decision	 process	 is	
extremely	 complex	 and,	 thus,	 it	 needs	 to	 be	 as	 transparent	 as	 possible	 in	 order	 to	 allow	
professionals	to	achieve	an	integrated	design	approach.		

It	is	widely	acknowledged	that	the	prediction	of	the	building’s	behaviour	in	advance	is	
efficient	for	the	mitigation	of	the	errors	and	potential	challenges	that	the	building	will	face	
in	 the	 future.	 With	 the	 advance	 of	 technology,	 practitioners	 can	 incorporate	 Building	
Performance	Simulation	(BPS)	 into	the	design	process	of	the	building.	Having	analysed	the	
dynamic	behaviour	of	the	building	in	the	early	design	stage	using	BPS	is	far	more	effective	
and	 economical	 than	 solving	 challenges	 when	 the	 building	 is	 already	 constructed	 (use	
phase).	Thus,	the	use	of	BPS	can	support	the	decisions	throughout	the	design	process.	

Multi-Criteria	Decision-Making	 (MCDM)	 techniques	 consider	 the	 design	 process	 in	 a	
holistic	 manner,	 as	 they	 embrace	 multi-disciplinary	 approaches	 and	 ensure	 that	 all	 the	
important	aspects	are	taken	into	account.	There	exist	a	plethora	of	methods	that	can	lead	to	
a	compromise	solution	and,	for	the	choice	of	the	most	appropriate	method,	many	aspects	
need	 to	 be	 considered.	 Since	 most	 of	 the	 indicators	 in	 building	 design	 problems	 are	



numerical,	criteria	are	usually	quantitative,	focusing	on	the	technical	and	economic	aspects	
of	 these	decision	problems.	Such	methods	 ignore	qualitative	variables,	e.g.	 the	 interested	
parties’	preferences,	a	situation	that	will	be	addressed	in	this	study.	The	aim	of	this	paper	is	
to	 investigate	 the	 degree	 of	 agreement	 and	 the	 suitability	 of	 some	 of	 the	 most	 widely	
applied	deterministic	MCDM	methods,	namely	AHP,	TOPSIS,	ELECTRE	III,	and	PROMETHEE	II.	

2. Methodology	
A	real-world	case	study	 is	used.	The	building	under	 investigation	 is	the	Community	Centre	
building	 in	 Findhorn,	 Scotland.	 It	 is	 widely	 acknowledged	 that	 commercial	 buildings	 are	
more	complex	and	consume	more	energy	than	residential	houses.	The	examined	building	is	
a	mixed-use	 zero	 carbon	 community	 center	 planned	 for	 the	 Findhorn	 Eco-Community,	 in	
Scotland,	UK	(Hopfe	et	al.,	2017).	The	Community	Centre	is	a	2-storey	building	composed	of	
a	shop,	café,	visitor/	reception	space,	storage	space,	and	offices.	The	detailed	model	(final	
stage	model)	is	displayed	in	Figure	1.	

	
Figure	1(a)	Detailed	model	of	the	Community	Centre	and	(b)	Designbuilder	model	of	Community	Centre	

(Nikolaidou	et	al.,	2015)	

In	real-life	building	design	procedures,	several	different	disciplines	are	involved	in	the	
design	 stages.	 For	 the	design	 team	of	 the	examined	 case	 study,	 four	 key	decision-makers	
were	 chosen:	 the	 architect,	 the	 client,	 the	 Findhorn	 community1	and	 the	 Passivhaus	
consultant2.		

Regarding	 the	 examined	 decision	 problem,	 the	 aspects	 under	 consideration	 are	 as	
follows:	 energy	 efficiency,	 occupants’	 comfort,	 airtightness	 of	 the	 building	 envelope,	
subjective	preferences	on	aesthetics	of	the	proposed	building	forms,	and	land	use.	Thermal	
comfort	was	divided	into	two	sub-criteria;	occupied	hours	that	overheating	was	experienced,	
defined	by	a	Predicted	Mean	Vote	(PMV)	of	more	than	0.5	and	those	that	underheating	was	
experienced,	 defined	by	 a	 PMV	of	 less	 than	 -0.5.	 The	 Predicted	Mean	Vote	 (PMV)	model	
uses	a	 seven-point	 thermal	 scale	 that	 runs	 from	cold	 (-3)	 to	hot	 (+3)	with	 values	 close	 to	
zero	 being	 ideal.	 The	 airtightness	 of	 the	 building	 envelope	 is	 an	 important	 aspect	 when	
considering	the	overall	energy	efficiency	of	the	building	and	it	is	measured	by	the	degree	of	
infiltration	in	air	changes	per	hour	(ac/h).	While	the	design	of	the	building	should	focus	on	
the	functionality,	a	balance	between	functionality	and	aesthetics	is	desirable.	The	aesthetics	
is	addressed	by	the	stakeholders’	preferences	on	the	design	alternatives.	Furthermore,	the	
land	use3	is	addressed	by	the	total	floor	area	of	the	building,	expressed	in	m2	and	it	is	used	

																																																								
1	In	 this	 particular	 project	 the	 community	 plays	 an	 important	 role	 in	 the	 decision	 making	 process.	 Further	
information	in	Hopfe	et	al.	(2017).	
2	The	design	brief	requested	that	the	proposed	Community	Centre	complies	with	the	Passivhaus	standard.	
3	The	 Findhorn	 community	 wanted	 more	 land	 with	 trees	 but	 also	 only	 a	 single	 story	 building,	 which	 is	
conflicting.	



to	 express	 the	 building’s	 compactness;	 compact	 building	 forms	 have	 a	 relatively	 small	
exposed	 surface	 area	 for	 a	 given	 floor	 area,	 hence,	 the	 influence	 of	 the	 external	
environment	is	reduced	(CIBSE	Guide	F,	2013).	

Generating	 an	 appropriate	 set	 of	 design	 alternatives	 is	 of	 high	 importance	 for	 the	
success	of	 the	design	process.	 The	examined	 variables	 should	be	highly	 connected	 to	 the	
selected	performance	criteria,	and	the	values	for	these	variables	are	presented	in	Table	1,	
i.e.	 this	 procedure	 results	 in	 thirty-two	 design	 alternatives.	 MCDM	 methods	 allow	 the	
decision-makers	to	compare	the	performance	of	the	designs	under	the	selected	criteria.		

Table	1	Variables	and	assigned	values	of	in	total	32	alternative	designs	(2x2x2x2x2)	
Variable	 Number	of	

options	
Values	 Description	 Reference	

Building	Form	
	

2	

1. One	storey	 Spatial	rearrangement	of	the	rooms	
(surface	area	of	778.46	m2)	

	

2. Two	storey	 Detailed	building	(surface	area	of	442.66	
m2)	

(Nikolaidou	
et	al.,	2015)	

Window-to-Wall	
ration	on	the	
south	façade	

2	

1. 30%	 Conventional	medium	glazed	façade		 (Kheiri,	2013)	

2. 50%	 Highly	glazed	façade4	 (Hopfe	et	al.,	
2017)	

Construction	
type	

2	

1. Passivhaus	
standard	

U-values	of	the	building	elements	satisfy	
their	corresponding	max	values	in	the	
PH	standard5			

(Passivhaus	
Institut,	
2017)	

2. Scottish	
regulations	

Building	form	compliant	with	the	Section	
6	of	the	Scottish	regulations5	

(LGCD,	2017)	

Infiltration	 2	

1. 0.035	ac/h	 Well-insulated	envelope	without	
thermal	bridges		 (McLeod,	et	

al.,	2013)	
2. 0.152	ac/h	 Still	complies	with	the	Scottish	

regulations	

Shading	 2	

1. ON	 Both	overhangs	and	internal	horizontal	
blinds	were	equipped		

	

2. OFF	 Absence	of	internal	and	external	shading	
objects6	

Having	 obtained	 the	 thirty-two	 design	 alternatives,	 their	 simulation	 under	 hourly	
weather	 data	 for	 a	 one-year	 period	 will	 provide	 useful	 information	 on	 their	 dynamic	
performance.	DesignBuilder	was	 selected	 for	 dynamic	 simulation	of	 the	 alternatives,	 as	 it	
provides	a	user-friendly	 interface	to	the	EnergyPlus	thermal	simulation	engine.	EnergyPlus	
calculates	 a	 range	 of	 environmental	 performance	 criteria	 of	 a	 building	 (e.g.	 energy	
consumption,	 carbon	 emissions	 etc.).	 The	 choice	 of	 software	 tools	 was	 based	 on	 their	
widespread	use	in	the	research	community	(Nguyen	et	al.,	2014).	

3. MCDM	methods	and	application	
The	chosen	deterministic	MCDM	methods	are	widely	applied	 in	 the	 literature	 for	decision	
problems	in	the	sustainability	and	building	field.	Specifically,	the	AHP	method	is	based	on	a	
hierarchical	 tree	 structure.	 The	 first	 level	 of	 the	 hierarchy	 corresponds	 to	 the	 general	
purpose	 of	 the	 problem,	 the	 second	 level	 to	 the	 criteria	 and	 the	 third	 level	 to	 the	
alternatives.	 AHP	 allows	 stakeholders	 to	 rank	 the	 criteria	 and	 the	 alternatives	 by	 their	

																																																								
4	A	requirement	of	the	community	for	local	views.	
5	For	details	on	the	construction	types	see	McLeod	et	al.	(2013).	
6	Except	from	the	roof	overhang	that	extends	just	a	few	centimeters	from	the	building	construction	



importance	through	a	pairwise	comparison,	using	a	scale	of	absolute	judgments	from	1	to	9	
(Saaty,	1990).		

TOPSIS	is	developed	by	Hwang	and	Yoon	(1981),	based	on	the	concept	that	the	chosen	
alternative	simultaneously	has	the	shortest	distance	from	the	positive	ideal	solution	and	the	
farthest	distance	from	the	negative	ideal	solution	in	a	multi-dimensional	computing	space.	
This	 positive	 ideal	 solution	 is	 the	 one	 that	 maximises	 the	 beneficial	 criteria	 (such	 as	
aesthetics)	and	minimises	 the	non-beneficial	 criteria	 (such	as	 cost).	 The	opposite	 scenario	
correlates	with	the	negative	ideal	solution.		

PROMETHEE	 is	 a	method	 that	 uses	 the	 outranking	 principle	 to	 rank	 alternatives.	 It	
performs	 a	 pairwise	 comparison	 of	 alternatives	 in	 order	 to	 rank	 them	 with	 respect	 to	 a	
number	 of	 criteria.	 	 For	 this	 purpose,	 the	 preference	 functions	 of	 the	 criteria	 along	with	
their	corresponding	thresholds	needed	to	be	defined.		

The	 ELECTRE	 technique,	 similarly	 to	 PROMETHEE,	 was	 introduced	 to	 handle	
outranking	 relations	 by	 pairwise	 comparisons	 among	 alternatives.	 To	 this	 end,	 the	
concordance,	 discordance	 indices,	 and	 threshold	 values	 are	 used.	 The	 index	 of	 global	
concordance	Cik	represents	the	amount	of	evidence	to	support	the	concordance	among	all	
criteria,	under	the	hypothesis	that	the	alternative	Ai	outranks,	or	dominates,	the	alternative	
Ak;	 the	 discordance	 index	 defines	 the	 counterpart	 (Triantaphyllou,	 2000).	 The	 threshold	
values	used	in	this	application	are	the	same	as	in	the	PROMETHEE	II	application.	

4. Results	and	discussion	

4.1 Results	from	DesignBuilder	
The	 results	 from	 the	 thirty-two	 simulations	 indicate	 that	 Passivhaus	 constructions	 (single	
and	 two-storey	 building	 forms)	 perform	 better	 regarding	 the	 annual	 energy	 consumption	
criterion.	As	far	as	the	occupied	hours	that	overheating	was	experienced	are	concerned,	the	
alternatives	 that	 behave	better	 are	 2-storey	 building	 forms	 that	 comply	with	 the	 Scottish	
regulations.	They	also	have	shading	ON	and	30%	Window-to-Wall	Ratio	on	the	south	façade.	
As	 regards	 the	 underheating	 criterion,	 the	 adverse	 values	 are	 the	 most	 favourable.	 It	 is	
worth	mentioning	 that	 thermal	 comfort	was	 only	 examined	 in	 the	 south-facing	 reception	
office	room	that	is	located	at	the	exact	same	location	for	both	building	forms.		

4.2 Stakeholders’	preferences	
For	 the	purpose	of	 this	 study,	 the	 stakeholders’	preferences	are	a	 representation	of	 their	
possible	 behaviour.	 Their	 involvement	 in	 the	 decision	 process	 will	 be	 described	 in	 two	
different	phases.	Firstly,	their	preferences	regarding	the	selected	performance	criteria	(i.e.	
criteria	weightings)	and,	secondly,	the	stakeholders’	subjective	evaluations	of	the	thirty-two	
design	 options	 were	 introduced	 into	 the	 decision	 process	 as	 a	 qualitative	 criterion	
(aesthetics).	Furthermore,	 in	 real-life	decision	problems	 regarding	 the	choice	of	a	building	
design,	not	all	stakeholders	have	the	same	influence	on	the	result	and,	thus,	their	relative	
importance	needs	to	be	defined.	Figure	2	includes	their	preferences	with	the	first	five	values	
on	the	x-axis	being	the	criteria	and	the	remaining	values	being	the	variables	of	the	design	
alternatives.		

Regarding	some	of	the	variables,	stakeholders	show	no	particular	preference	between	
the	two	examined	values.	Concerning	this	case	study,	 the	client	has	the	highest	 influence,	
followed	by	the	community	and	then	the	architect	and	the	Passivhaus	(PH)	consultant.	The	
community	has	the	second	most	significant	role	(Robinson,	Hopfe,	&	Wright,	2016),	as	the	
importance	and	involvement	of	the	Findhorn	Eco-community	is	high	(Hopfe	et	al.,	2017).		



	
Figure	2	The	stakeholders'	preferences	over	the	performance	criteria	and	the	design	alternatives	

4.3 Comparison	of	the	MCDM	rankings		
It	is	important	to	observe	the	differences	among	the	rankings	of	the	four	examined	methods	
that	include	all	the	thirty-two	alternatives	in	order	to	obtain	a	more	holistic	understanding.	
Figures	 3(a)	 displays	 the	 pairwise	 absolute	 ranking	 differences	 of	 the	 four	 examined	
methods.	The	y-axis	indicates	the	frequency	of	occurrence	described	as	a	percentage	of	the	
total	occurrence.	As	 it	 can	be	 seen	 from	Figure	3(a),	 ELECTRE	 III	 and	AHP	methods	highly	
agree	in	their	rankings	(absolute	agreement	occurs	for	72%	of	the	time,	i.e.	same	ranking	for	
23	out	of	the	32	alternatives),	with	a	maximum	absolute	difference	of	two	ranks.	It	is	clear	
that	the	ranking	obtained	by	the	TOPSIS	method	highly	deviates	from	that	of	the	remaining	
methods,	 as	 the	 equivalent	 absolute	 differences	 reach	 seven	 and	 eight	 ranking	 positions.	
Furthermore,	PROMETHEE	II	ranking	deviates	from	that	of	the	AHP	and	ELECTRE	III	methods,	
being	slightly	closer	to	the	TOPSIS	ranking.	

		
Figure	3(a)	Pairwise	absolute	differences	between	the	examined	MCDM	methods,	(b)	Ranking	of	the	ten	top-

ranked	alternatives	when	using	AHP	and	the	differences	from	their	equivalent	rankings		

While	 the	 conclusions	 so	 far	 are	 important	 for	 the	 overall	 understanding	 of	 the	
agreement	of	the	four	examined	methods,	 it	 is	also	critical	to	specify	the	exact	 location	of	
these	deviations.	High	deviations	(i.e.	above	three	ranks)	that	occur	within	the	highly	ranked	
alternatives	are	more	crucial	than	those	that	happen	in	the	lower	part	of	the	ranking	(i.e.	for	
the	 least	 favourable	alternatives).	Figure	3(b)	provides	a	way	of	displaying	 the	differences	
among	the	four	rankings	for	the	ten	highest	ranked	positions	of	the	alternatives	obtained	by	
the	 AHP	 method.	 All	 the	 examined	 methods	 concluded	 roughly	 to	 the	 same	 set	 of	
alternatives	as	the	AHP	method.	The	two	green	lines	(ELECTRE	III	max	rank	and	ELECTRE	III	
min	rank)	indicate	the	possible	ranks	of	the	alternatives	that	were	found	incomparable	(i.e.	



their	 highest	 and	 their	 lowest	 possible	 rankings	 respectively).	 From	 Figure	 3(b),	 AHP	 and	
ELECTRE	 III	highly	agree	 in	 their	 rankings,	while	TOPSIS	and	PROMETHEE	 II	 show	a	 similar	
trend.	 Regarding	 the	 top-ranked	 alternative,	 the	 majority	 of	 the	 methods	 concluded	 to	
alternative	 No.32,	 whereas	 TOPSIS	 indicates	 that	 alternative	 No.24	 is	 the	 best.	 The	 only	
difference	between	these	two	alternatives	is	the	WWR	(50%	and	30%	for	alternative	No.32	
and	No.24	 respectively),	 as	 they	 are	 both	 2-storey	 PH	 buildings	with	 an	 air	 infiltration	 of	
0.035	 ac/h	 and	 shading	 mode	 OFF.	 From	 Figure	 2,	 a	 WWR	 of	 50%	 is	 desirable	 by	 the	
majority	of	the	stakeholders	and,	thus,	it	seems	more	appropriate.		

5. Conclusions		
ELECTRE	 III	 method	 often	 concludes	 with	 a	 partial	 ranking	 of	 some	 alternatives	 as	 the	
intersection	of	the	ascending	and	descending	procedures	may	lead	to	non-comparability.	As	
stated	in	the	literature,	due	to	the	above-mentioned	situation,	ELECTRE	III	may	or	may	not	
reach	the	preferred	alternative	(Pires	and	Chang,	2011).		

As	regards	the	degree	of	agreement	among	the	examined	methods,	the	ranking	of	the	
alternatives	was	similar	regardless	if	AHP	or	ELECTRE	III	methods	were	used.	This	indicates	
that	the	AHP	method	is	capable	of	providing	consistent	results,	as	it	provides	similar	ranking	
as	more	 sophisticated	MCDM	methods	 such	as	ELECTRE	 III.	 The	majority	of	 the	examined	
MCDM	methods	 (all	 except	TOPSIS)	 concluded	 to	 the	 same	optimum	solution,	 a	 situation	
that	 provides	 confidence	 in	 the	 final	 decision.	 As	 stated	 by	 Salminen	 et	 al.	 (1998),	 “one	
should	use	more	than	one	method	to	gain	confidence	in	the	results”.	
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