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Resumen	
	
	
La	 Integración	 Fotovoltaica	 en	 Edificios,	 más	 conocida	 como	 Building	 Integrated	
Photovoltaics	 (BIPV),	 consiste	 en	 reemplazar	 elementos	 constructivos	 como	
cubiertas,	 fachadas,	 ventanas,	 entre	 otros,	 por	 módulos	 solares	 fotovoltaicos.	 Su	
implementación	a	medio	plazo	es	de	vital	importancia	para	garantizar	la	construcción	
de	“Edificios	de	Energía	Cero”	(Zero	Energy	Buildings).	Para	permitir	 tal	desarrollo,	
resulta	vital	promover	la	investigación	en	técnicas,	modelos	y	estimación	del	recurso	
solar	 disponible.	 Por	 otra	 parte,	 a	 nivel	 mundial	 todavía	 es	 muy	 incipiente	 la	
regulación	técnica	que	orientada	hacia	la	optimización		del	rendimiento	energético	en	
BIPV.	 En	 este	 trabajo	 de	 investigación	 se	 crearon	 nuevos	modelos,	 herramientas	 y	
propuestas	de	normas	técnicas	para	ser	implementadas	en	proyectos	que	involucren		
BIPV	en	ciudades	sostenibles.		
	
En	la	primera	parte,	se	aborda	la	predicción	de	la	energía	generada	por	un	sistema	de	
BIPV.	Como	resultado	de	la	investigación	se	desarrolló	y	validó	una	nueva	expresión	
matemática,	 que	 puede	 ser	 usada	 en	 países	 ubicados	 en	 latitudes	 menores	 a	 20	
grados.	 Esto	 se	 logró	mediante	 un	 análisis	 exhaustivo	 en	 diversas	 ciudades,	 de	 las	
pérdidas	angulares,	pérdidas	por	polvo,		las	pérdidas	por	temperatura,	y	las	pérdidas	
de	conversión	DC-AC.	El	modelo	obtenido	permite	estimar	el	Performance	Ratio	(PR)	
contando	únicamente	con	4	valores	de	entrada:	La	temperatura	ambiente	promedio	
de	 la	 localidad,	 la	 latitud,	 la	 inclinación,	 y	 la	 orientación	 del	 plano	 del	 módulo	
fotovoltaico.	 La	 ecuación	 tiene	 un	 alto	 grado	 de	 precisión,	 confina	 más	 de	 40	
ecuaciones	 en	 una	 sola,	 y	 su	 resultado	 es	 equivalente	 a	 realizar	 una	 simulación	
compleja,	 mediante	 un	 procesamiento	 computacional	 que	 implica	 más	 de	 20.000	
cálculos.	
	
En	 la	 segunda	 parte	 se	 propuso	 una	 metodología	 para	 formular	 normas	 técnicas	
internacionales	 para	 la	 BIPV.	 El	 objetivo	 de	 esta	 normativa	 es	 establecer	 valores	
máximos	permitidos	para	las	pérdidas	por	sombreado	y	orientación	en	proyectos	de	
BIPV,	 tomando	 como	punto	de	partida	 a	 España.	Así	mismo,	 	 se	 realizó	 	 el	 caso	 de	
estudio	para	ciudades	de	Colombia,	mediante	un	análisis	comparativo.		
	
Finalmente,	 se	 propone	 una	 metodología	 para	 la	 pre-clasificación	 de	 fachadas	 en	
edificios	potencialmente	útiles	para	usarlas	en	BIPV.	Esta	metodología	se	basa	en	 la	
cantidad	de	irradiación	solar	que	incide	anualmente	sobre	la	superficie.	 	Así	mismo,	
se	 propone	 la	 asociación	 a	 un	 sistema	 de	 código	 de	 colores	 similar	 al	 usado	 en	
eficiencia	 energética	 de	 equipos,	 según	 el	 sistema	 de	 letras	 A-G.	 Mediante	 la	
integración	de	 los	modelos	 encontrados	 se	 propuso	un	procedimiento	 a	 usar	 como	
paso	 inicial	 en	 el	 proceso	 de	 diseño	 y	 dimensionado	 de	 proyectos	 BIPV,	 antes	 de	
calcular	 el	 potencial	 completo.	 Por	 lo	 tanto,	 facilitará	 el	 trabajo	 de	 arquitectos	 e	
ingenieros	en	ciudades	sostenibles.	
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Abstract	
	
	
Solar	 Photovoltaic	 Integration	 in	 Buildings,	 better	 known	 as	 Building	 Integrated	
Photovoltaics	 (BIPV),	 consists	 of	 replacing	 construction	 elements	 such	 as	 roofs,	
facades,	windows,	among	others,	with	solar	photovoltaic	modules.	 Its	medium-term	
implementation	is	of	vital	importance	to	ensure	that	all	new	constructions	are	“Zero	
Energy	Buildings”	(ZEB)	[1].	Because	of	this,	it	is	a	growing	reality	worldwide,	and	its	
development	 involves	 the	 implementation	 of	 techniques,	models	 and	 estimation	 of	
the	 available	 solar	 resource.	 On	 the	 other	 hand,	 few	 countries	 have	 technical	
regulations	that	allow	optimizing	performance	and	energy	efficiency	in	photovoltaic	
integration	 in	 buildings.	 In	 this	 research	work,	 new	models,	 tools	 and	 proposals	 of	
technical	standards	were	created	that	can	be	used	for	the	development	of	the	BIPV	in	
sustainable	cities.	
	
This	work	it	is	divided	in	3	parts.	The	first	one	concerns	the	prediction	of	the	energy	
that	a	BIPV	system	can	produce.	The	problem	of	calculating	the	electricity	produced	
by	a	BIPV	system	is	mainly	reduced	to	determining	its	Performance	Ratio	value,	PR.	
This	is	not	trivial	as	the	performance	of	a	PV	system	depends	on	several	factors	such	
as	 the	 solar	 irradiation	 available	 in	 the	 geographical	 location	 of	 the	 facility,	 the	
weather,	 the	orientation	and	 tilt	of	 the	used	surfaces,	 the	appropriate	design	of	 the	
system	 and	 the	 quality	 of	 the	 components,	 among	 others.	 In	 order	 to	 solve	 this	
problem,	 different	 methods	 have	 been	 proposed	 to	 predict	 the	 influence	 of	 the	
different	 variables	 on	 the	 amount	 of	 the	 generated	 electricity.	 Some	 of	 them	 are	
analytical;	 for	 example,	 the	methods	 proposed	 by	Osterwald	 in	 1986	 [2],	 Araujo	 in	
1982	 [3],	 and	Green	 in	 1998	 [4];	 all	 of	 them	allow	us	 to	 estimate	 the	 temperature.	
Other	procedures	that	 include	more	variables	have	likewise	been	proposed,	most	of	
them	 are	 based	 on	 the	 use	 of	 artificial	 neuronal	 networks	 [5][6].	 However,	 the	
majority	of	 them	are	very	complicated	to	be	 implemented,	while	others	do	not	 take	
into	 account	 the	 specific	 characteristics	 of	 the	 system.	 Another	 way	 that	 has	 been	
proposed	 to	 solve	 the	 aforementioned	 problem	 is	 to	 use	 a	 standard	 performance	
value	of	PR	equal	to	0.75	for	any	photovoltaic	system	[7],	which	is	not	appropriate	as	
the	specific	variables	of	the	place	must	be	taken	into	account.	For	example,	studies	of	
PR	in	8	countries	have	been	reported,	obtaining	values	that	range	between	0.42	and	
0.81	[8].	This	is	coherent,	as	the	performance	of	the	photovoltaic	modules	depends	on	
the	 ambient	 temperature	 of	 the	 place	 of	 the	 facility.	 Latitude	 likewise	 plays	 an	
important	role,	because	of	its	effect	on	solar	irradiation,	which	means	that	the	power	
supplied	to	the	entrance	of	the	inverter	may	be	very	low	within	certain	time	periods	
reducing	the	DC–AC	conversion	efficiency.	
	
Another	 important	 factor	 that	 prevents	 the	 use	 of	 a	 generalized	 PR	 for	 BIPV	
applications	are	the	energy	losses	caused	by	the	tilt	and	orientation	of	the	generator	
plane.	Their	origin	 lies	 in	the	 fact	 that	sun	 light	 is	reflected	more	when	the	angle	of	
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incidence	 is	 small	with	 respect	 to	 the	 surface.	 The	 losses	 due	 to	 dust	 and	 dirt	 also	
depend	on	this	variable.	Thus,	the	PR	is	expected	to	vary	for	a	single	building,	due	to	
the	large	amount	of	surfaces	available	to	be	used	on	roofs	and	frontages.	According	to	
what	has	been	discussed,	the	large	number	of	factors	present	makes	it	very	difficult	to	
forecast	the	performance	of	a	photovoltaic	facility.	Therefore,	it	would	be	suitable	to	
have	 a	 simple	method	 that	 could	 be	 used	 by	 architects	 and	 engineers.	 This	 is	 very	
important	as	many	countries	need	to	expand	photovoltaic	solar	energy.	In	Colombia,	
for	example,	non-grid	connected	areas,	that	is,	places	that	are	not	connected	to	power	
grid	 by	 means	 of	 the	 Sistema	 de	 Interconexión	 Nacional	 (Colombian	 power	 grid)	
account	for	nearly	52%	of	national	territory	[9].	Furthermore,	it	 is	recommended	to	
implement	 BIPV	 within	 the	 cities	 in	 order	 to	 obtain	 economic	 and	 environmental	
benefits.	
	
In	the	first	part	of	this	research,	the	topic	of	the	prediction	of	the	energy	generated	by	
a	 photovoltaic	 system	 in	 BIPV	 is	 discussed.	 Therefore	 a	 new	 simple	 and	 reliable	
mathematical	expression	was	developed,	which	can	be	used	in	low-latitude	countries.	
This	was	achieved	by	a	thorough	analysis	in	different	cities	of	angular	and	dirt	losses,	
temperature	 losses,	 and	 DC-AC	 conversion	 losses.	 The	 obtained	 model	 allows	
estimating	 the	 Performance	 Ratio	 (PR)	 with	 only	 4	 input	 parameters:	 the	 average	
ambient	 temperature	 of	 the	 city,	 latitude,	 and	 the	 tilt	 and	 orientation	 angles	 of	 the	
plane	 of	 the	 photovoltaic	 generator.	 The	 equation	 has	 a	 high	 degree	 of	 precision,	
confines	more	than	40	equations	into	one,	and	its	result	is	equivalent	to	performing	a	
complex	 simulation	 using	 a	 computer	 algorithm	 that	 performed	more	 than	 20,000	
operations.	The	following	procedure	 is	proposed	to	establish	this	simple	expression	
of	the	PR	for	low	latitude	countries,	even	though	it	may	be	used	to	extend	the	model	
to	 other	 world	 regions,	 assigning	 the	 adjustment	 parameters	 appropriately	 to	 the	
results.		
	
The	amount	of	annual	average	irradiation	that	a	surface	receives	according	to	its	tilt	
and	 azimuth	 was	 first	 calculated.	 The	 method	 used	 to	 calculate	 the	 annual	 solar	
irradiation	 on	 tilted	 surfaces	 is	 described	 in	 detail	 below.	 Only	 the	 global	 solar	
irradiation	 on	 a	 horizontal	 surface,	 Gdm(0),	 in	 12	 monthly	 average	 daily	 values,	 is	
initially	known.	Taking	those	as	the	baseline,	each	value	was	decomposed	into	diffuse	
Ddm(0)	 and	 direct	 radiation	Bdm(0).	 The	 fact	 described	 by	 Liu	 and	 Jordan	was	 here	
taken	into	account	[10],	according	to	which	the	relation	between	the	clearness	index	
KTm	and	the	diffuse	fraction	of	solar	radiation	KDm	is	independent	on	the	latitude.	The	
equation	proposed	by	Page	[11],	and	valid	for	latitudes	between	40°N	and	40°S,	was	
taken	to	include	the	dependency	on	those	parameters.	Once	the	daily	components	of	
global	 radiation,	 Ddm(0)	 and	 Bdm(0),	 were	 obtained,	 their	 respective	 hourly	 values,	
Dh(0)	 and	 Bh(0)	 were	 calculated.	 This	 has	 been	 done	 by	 using	 the	 expressions	
proposed	 by	 Collares	 –	 Pereira	&	 Rabl	 [12].	 The	 following	 set	was	 to	 calculate	 the	
hourly	global	irradiation	on	the	surface	of	the	generator	Gh(β,α).	Then	it	was	used	the	
three-component	model,	which	has	proven	to	be	quite	accurate	[13],	and	establishes	
that	the	incident	radiation	is	made	up	of	direct	Bh(β,α),	diffuse	Dh(β,α),	and	reflected	
Rh(β,α)	 radiation.	 There	 are	more	 than	 20	models	 in	 the	 literature	 to	 calculate	 the	
diffuse	component	on	the	tilted	surface.	The	Hay-Davies	isotropic	model	was	selected,	
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as	 it	stands	out	 in	different	comparative	studies	 for	 its	high	accuracy	and	simplicity	
[14][15][16][17].	In	this,	the	diffuse	radiation	composed	by	two	parts	is	considered;	a	
circumsolar	 component	 DC(β,α)	 that	 comes	 directly	 from	 the	 sun,	 and	 another	
isotropic	component	DI(β,α)	from	the	whole	celestial	semi-sphere.	Both	components	
have	 a	 statistical	 weighting	 according	 to	 the	 anisotropy	 index	 k1.	 To	 calculate	 the	
reflected	 component,	 or	 albedo,	 it	 was	 assumed	 that	 the	 ground	 is	 horizontal	 and	
infinite	 in	 extension,	 and	 it	 reflects	 the	 light	 isotopically.	 Finally,	 the	 hourly	
components	 of	 the	 hourly	 global	 irradiation	 were	 added	 in	 order	 to	 obtain	 the	
monthly	daily	average	on	a	tilted	surface.	The	annual	average	daily	value	Gda(β,α)	was	
approximately	equal	to	the	mean	of	the	monthly	daily	average	values.	
	
The	 angular	 losses	 and	 losses	 due	 to	 dirt	were	 then	 calculated.	With	 the	 corrected	
irradiance	 amount	 and	 the	 ambient	 temperature,	 the	 input	 power	 at	 each	
photovoltaic	module	was	 calculated	 [18],	 thus	 establishing	 the	 temperature	 losses.	
The	losses	in	the	inverter	were	then	calculated	using	the	equation	of	its	performance	
characteristic	curve	[19].	The	other	types	of	losses	were	taken	to	be	equal	to	the	usual	
values	 [20].	 Contour	 diagrams	 of	 the	 PR	 were	 then	 built	 according	 to	 the	 tilt	 and	
orientation	of	the	generator.	Each	city	has	a	different	contour	map,	characterized	by	
its	average	ambient	temperature	and	its	latitude.	Therefore,	it	would	be	necessary	to	
use	the	 long	procedure	described	every	time	the	performance	of	a	 facility	has	to	be	
calculated.	 In	 fact,	 the	above	 is	not	 technically	viable	 for	every	photovoltaic	project.	
This	 is	 the	 reason	 why	 many	 designers	 have	 decided	 to	 design	 with	 a	 “standard	
value”	 of	 PR	 equal	 to	 0.75	 when	 they	 want	 to	 predict	 the	 energy	 produced.	
Nevertheless,	 as	 already	 mentioned	 above,	 the	 PR	 values	 obtained	 may	 vary	
according	to	the	city	and	the	type	of	surface,	so	that	using	this	practice	could	result	in	
an	 error	 of	 over	 45	 %	 when	 calculating	 the	 annual	 electricity,	 in	 the	 worst	 case.	
Finally,	 a	 careful	 analysis	 of	 them	 was	 performed,	 and	 as	 result	 of	 this,	 we	 have	
proposed	a	simple	equation	that	enables	similar	results	to	these	obtained	by	means	of	
the	process	set	out	in	the	above	paragraph.		
	
The	objective	of	 the	 research	 carried	out	was	 to	 find	an	equation	 that	 adjusted	 the	
selected	contour	maps.	For	this,	we	have	observed	that	for	a	single	PR,	the	point	curve	
approximately	describes	a	sum	of	two	Gaussian	functions.	The	scope	and	breadth	of	
such	functions	varies	with	the	latitude	of	the	place.	Furthermore,	the	values	obtained	
for	 the	PR	of	 each	 level	 curve	are	 characteristics	of	 the	average	 temperature	of	 the	
place.	 In	 accordance	 with	 this,	 we	 propose	 the	 model	 to	 calculate	 the	 PR.	
Mathematical	procedure	used	to	obtain	the	model	is	described	below.		
The	contour	diagrams	can	be	displayed	as	a	level	curve	of	a	function	PR	=	f(β,α,Ta,φ),	
depending	on	the	tilt,	azimuth,	average	temperature	of	the	city,	and	the	latitude.	This	
fact	has	been	taken	into	account	to	obtain	the	model.	In	particular,	for	a	city,	set	the	
latitude	and	temperature,	the	relationship	is	PRcity	=	f(β,α).	Thus,	the	ith	level	curve,	
PRcity	=	constant,	is	a	sum	of	two	Gaussian	functions	(because	the	slope	of	the	curves	
for	α	=	−180°	and	α	=	180°	is	nearly	horizontal,	that	means	rapid	exponential	decay	
characteristic	of	this	type	of	function).	
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The	PR	values	range	between	0.51	and	0.65.	In	total,	the	variation	interval	was	
greater	than	20%,	while	it	can	be	up	to	15%	for	each	city.	These	results	disagree	with	
the	usual	practice	to	always	assign	a	single	“standard”	PR	value	to	different	location	
or	types	of	surfaces.	The	results	obtained	in	the	model	correspond	to	an	average	GCPS	
on	fixed	surfaces.	However,	it	is	possible	to	obtain	higher	PR	values	if	it	is	assumed	
that	the	system	is	very	well	designed.	The	values	of	an	“average”	system	should	be	
used	to	calculate	the	annual	energy	produced	in	the	location.	

	
In	 order	 to	 evaluate	 the	 degree	 of	 accuracy	 of	 the	 PR	 model,	 two	 graphs	 were	
constructed.	These	graphs	shows	two	PR	contour	diagrams,	one	was	produced	using	
the	long	and	tedious	described	process,	which	uses	over	40	equations,	in	a	computer	
algorithm	that	performed	over	20,000	operations,		and	the	other	was	calculated	using	
the	proposed	equation.	The	error	made	was	below	1%.	This	error	increases	slightly	
with	 the	 temperature	 and	 latitude.	 For	 example,	 for	 Tegucigalpa–Guatemala	 (φ	 =	
14.1°);	the	error	in	the	majority	of	the	points	is	3%	or	less.	These	results	point	out	the	
excellent	degree	of	accuracy	of	the	proposed	model,	despite	its	simplicity.	
	
Other	 significant	 result	 was	 a	 model	 to	 predict	 the	 temperature	 losses	 of	 a	
photovoltaic	system,	in	function	of	the	average	temperature	of	the	place.	In	order	to	
check	 the	 validity	 of	 this	 expression	 in	 other	 countries	 different	 to	 the	 equatorial	
ones,	the	losses	were	calculated	for	tilts	near	to	the	optimum	one.	The	results	where	
compared	to	those	obtained	for	more	than	200	monitored	real	photovoltaic	systems	
in	 Japan	 [21],	 Ireland	 [22]	and	Indonesia	 [23].	The	obtained	values	are	consistent	with	
those	reported	for	photovoltaic	systems	installed	in	homes.	Therefore,	the	expression	
for	 temperature	 losses	has	universal	 validity.	However,	 it	 is	 important	 to	 point	 out	
that	these	losses	may	be	greater	in	the	case	of	BIPV,	 if	an	appropriate	ventilation	of	
the	modules	is	not	taken	into	account	in	the	final	design.	
	
In	 the	 second	 part	 of	 this	work,	 a	methodology	 to	 establish	 international	 technical	
standards	 for	 the	 BIPV	 is	 proposed.	 The	 objective	 of	 this	 regulation	 is	 to	 limit	 the	
losses	due	to	shading	and	orientation	of	the	construction	surfaces,	taking	as	reference	
the	 country	 of	 Spain.	 The	 case	 study	 is	 also	 carried	 out	 for	 Colombia,	 making	 a	
comparative	 analysis	 for	 different	 cities.	 In	1998,	 the	 International	Electrotechnical	
Commission	(IEC)	published	the	 IEC	61724	International	Standard	[24].	The	annual	
energy	 produced	 for	 Photovoltaic	 Applications	 Connected	 to	 the	 Electricity	 Grid	
according	 this	 standard	 can	 be	 estimated	 using	 an	 equation.	 That	 relation	 includes	
the	 annual	 solar	 irradiance	 on	 the	 surface,	 taking	 into	 account	 the	 losses	 due	 to	
shading.	 In	order	 to	calculate	 this	magnitude,	 it	should	be	 included	both	 Irradiation	
Factor	FI	and	the	Shading	factor	FS,	that	limits	the	final	energy	in	the	field	of	the	BIPV.		
However	 the	 IEC	 61724	 document	 does	 not	 refer	 to	 them	 and	 does	 not	 propose	
allowed	limits.	This	is	understandable	as	the	solar	resource	is	different	in	each	region.	
Consequently,	 it	 is	necessary	 to	 formulate	criteria	within	each	country.	This	part	of	
the	research	proposes	a	simple	methodology	to	carry	that	out.	
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The	following	procedure	was	proposed	to	establish	the	loss	limits	due	to	orientation	
and	shading.	It	is	valid	for	any	country.	As	a	convention,	every	city	of	the	country	to	
be	 studied	 (Colombia,	 as	 example)	was	 named	 as	 “Place	 2”.	 “Place	 1”	 refers	 to	 the	
benchmark	country,	in	our	proposal	it	is	Spain	(This	country	was	taken	as	reference	
because	 it	 has	 a	 legislation	 that	 limit	 the	 losses	 for	 BIPV).	 The	 amount	 of	 annual	
average	 radiation	 that	 a	 surface	 receives	 according	 to	 its	 tilt	 and	 azimuth	was	 first	
calculated.	The	maximum	incident	amount	in	Place	2	was	then	compared	to	the	worst	
frontage	in	Place	1.	The	loss	limit	percentage	due	to	orientation	and	tilt	per	city	was	
thus	obtained.	This	criterion	is	highly	useful:		
a.	 The	 limits	 are	 not	 established	 universally,	 taking	 into	 account	 that	 the	 solar	
resource	is	different	in	each	region.	This	fact	is	important	as	equal	global	irradiation	
percentages	may	correspond	to	very	different	solar	irradiance	values	on	the	surfaces.		
b.	 The	 fact	 that	 the	 amount	 of	 solar	 energy	 received	 per	 square	 meter	 is	 aligned	
shows	that	the	countries	that	receive	greater	annual	radiation	have	a	greater	variety	
of	architectural	integration	opportunities.		
In	contrast,	if	a	universal	percentage	is	adopted,	no	frontage	could	be	used	for	BIPV	in	
equatorial	countries	(taking	Spain	as	the	benchmark).		
c.	 It	 is	more	beneficial	 from	 the	environmental	 and	economic	point	of	 view.	This	 is	
due	 to	 the	 fact	 that	 replacing	 construction	 materials	 with	 photovoltaic	 modules	 is	
more	beneficial	in	countries	with	a	high	level	of	annual	irradiance.	
	
Taking	the	above	into	account,	the	diffuse	fraction	of	the	main	cities	of	Spain	was	then	
calculated.	The	average	value	of	 the	above	parameter	representing	 the	country	was	
then	established,	with	 the	 remaining	 fraction	being	direct	 radiation.	This	value	was	
compared	with	the	maximum	stipulated	according	to	the	benchmark	tables	published	
by	 the	 CTE	 [25].	 It	 was	 also	 necessary	 to	 estimate	 the	 maximum	 annual	 solar	
irradiance	Ga(βopt)	(Place	2)	and	minimum	amount	of	annual	solar	Ga,MIN(90,0)	that	a	
frontage	can	receive	(Place	1).	For	obtaining	the	first	value,	we	propose	to	repeat	the	
procedure	set	out	by	increasing	the	tilt	angle	β	from	0°	to	90°,	taking	Δβ	=	1°	as	the	
increase	in	each	step	and	using	azimuth	equal	to	0°	for	positive	latitudes,	and	equal	to	
180°	for	negative	latitudes	(the	generator	is	facing	south).	According	to	the	CTE,	the	
losses	from	orientation	and	tilt	on	any	surface	for	BIPV	cannot	exceed	40%	for	fully	
integrated	 systems.	 This	 surface	was	 named	 the	worst	 permissible	 frontage.	 Then,	
this	frontage	was	“transferred”	to	Place	2.	To	establish	the	maximum	loss	percentage	
on	each	surface,	the	benchmark	of	100%	was	first	established,	that	is,	the	maximum	
annual	solar	irradiance	Ga(βopt).	
	
On	 the	 other	 hand,	 the	 fact	 that	 diffuse	 fraction	 is	 different	 in	 Place	 1	 (Spain)	was	
taken	 into	 account	 when	 establishing	 losses	 from	 shading	 limits	 in	 Place	 2	
(Colombia).	Thus,	the	loss	limit	percentage	was	equivalent	to	a	fraction	of	maximum	
irradiance	that	can	be	physically	lost	from	shading.	The	main	idea	consists	of	equaling	
that	 fraction	 for	 both	 places.	 For	 example,	 if	 a	 third	 of	 the	 maximum	 possible	
radiation	 could	 be	 lost	 in	 Spain,	 that	 same	 fraction	 would	 be	 kept	 in	 Colombia.	
Therefore,	it	was	used	an	absolute	variable	to	compare	these	two	places.	Finally,	the	
benchmark	 tables	 were	 established	 for	 each	 city,	 which	 will	 be	 used	 as	 input	 for	
future	regulations	 in	Colombia.	 It	was	then	supposed	that	there	 is	a	standard	 in	the	



	DESARROLLO	DE	NUEVOS	MODELOS	PARA	LA	FOTOVOLTAICA	INTEGRADA	EN	EDIFICIOS		(BIPV)	EN	CIUDADES	SOSTENIBLES	
________________________________________________________________________________ 
 

_______________________________________________________________________________ 
Luis	Fernando	Mulcué	Nieto	

11	

benchmark	 country	 with	 maximum	 limits	 for	 losses	 from	 shading	 Lshading,MAX,1.	 In	
Spain,	 the	 CTE	 sets	 the	 limit	 at	 20	 %	 for	 BIPV.	 To	 transfer	 the	 equivalent	 of	 this	
percentage	 to	 Colombia,	 the	 equivalent	 fraction	 of	 this	 20%	 was	 calculated,	 with	
respect	to	the	permanent	shading	situation.	In	such	a	hypothetical	case,	the	radiation	
no	longer	received	would	be	equal	to	the	direct	radiation	Ba(0),	plus	the	circumsolar	
diffuse	radiation	DaC(0);	both	measured	on	a	horizontal	surface.	
	
Data	used	 for	 this	part	 the	study	have	been	obtained	 from	RETScreen	 International	
[26],	which	 is	 funded	 by	Natural	 Resources	 Canada.	 This	 database	 is	 supported	 by	
6700	 land	 weather	 stations	 and	 by	 NASA	 satellites,	 which	 cover	 the	 whole	 of	 the	
planet’s	 surface.	 Solar	 global	 radiation	 data	 have	 been	 obtained	 for	 20	 cities	 in	
Colombia.	 Moreover,	 data	 from	 the	 Atlas	 de	 Radiación	 Solar	 en	 España	 (Solar	
Radiation	 in	 Spain	 Atlas)	 [27],	 published	 by	 the	 Spanish	 State	Meteorology	 Agency	
were	 used	 [28].	 The	 diffuse	 fraction	 of	 the	 main	 cities	 of	 Spain	 and	 of	 cities	 of	
Colombia	was	calculated	according	to	the	proposed	method.	
	
As	 regards	 the	 loss	 limits	 due	 to	 shading,	 the	 limits	 in	 Colombia	 were	 lower	 than	
those	 allowed	 for	 Spain.	 This	 is	 due	 to	 the	 fact	 that	 Colombia	 has	 a	 greater	 diffuse	
radiation	 fraction	 than	 the	European	country.	This	 is	coherent	when	comparing	 the	
amount	 of	 irradiance	 that	 can	 be	 lost	 due	 to	 shading,	 that	 is,	 the	 sum	 of	 the	
circumsolar	diffuse	and	direct	components.	This	figure	was	lower	in	Colombia	than	in	
Spain,	 with	 67%	 and	 84%,	 respectively.	 In	 case	 of	 establishing	 a	 single	 loss	 limit	
percentage	due	 to	 shading	 for	 the	whole	Colombia,	 this	 should	be	equal	 to	16%.	 In	
order	 to	 unify	 world	 criteria	 for	 BIPV,	 it	 would	 be	 very	 interesting	 to	 use	 this	
methodology	 in	 emerging	 countries	 within	 the	 field	 of	 photovoltaic	 solar	 energy.	
Furthermore,	a	different	benchmark	to	Spain	could	be	taken.	
	
Finally,	a	methodology	for	the	pre-classification	of	facades	that	are	potentially	useful	
for	BIPV	in	buildings	is	proposed.	This	methodology	is	based	on	the	amount	of	annual	
solar	 irradiation	 on	 the	 surface.	 Likewise,	 it	 is	 associated	with	 a	 color	 code	 system	
similar	 to	 that	 used	 in	 equipment	 energy	 efficiency,	 according	 to	 the	 A-G	 letter	
system.		
	
There	are	several	studies	to	calculate	the	photovoltaic	potential	in	broad	area	ranges.	
However,	 they	 do	 not	 allow	 the	 BIPV	 potential	 of	 a	 specific	 façade	 to	 be	 assessed	
easily	 and	 quickly,	without	 using	 sophisticated	 software.	 To	 solve	 this	 problem	we	
propose	 a	 new	 methodology	 for	 the	 pre-classification	 of	 façades,	 based	 on	 simple	
mathematical	 equations	 and	 data.	 That	 tool	 would	 facilitate	 the	 design	 work	 for	
architects	 and	engineers.	This	 initial	 estimation	would	be	 applied	previously	 to	 the	
complete	calculation	of	 the	solar	potential	 in	a	 façade	of	a	building,	and	 it	does	not	
include	the	urban	form	and	shading	factors.	The	main	advantage	of	the	proposal	that	
is	made	 in	 this	work	regarding	previous	works	 is	 the	 facility	 to	pre-classify	 façades	
without	 the	 need	 to	 use	 complex	 software.	 Thus,	 the	 use	 of	 the	 proposed	
methodology	will	 allow	us	 to	 obtain	 this	 pre-classification	 in	 a	 very	 simple	way.	 In	
addition,	the	fact	of	having	both	a	simple	mathematical	expression	and	the	proposed	
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methodology	will	contribute	to	the	easy	divulgation	of	concepts	in	BIPV	at	university	
level.		
	
This	research	uses	the	 irradiation	factor	 in	order	to	pre-classify	the	BIPV	façades.	A	
new	model	and	the	“Energetic	Efficiency	Rating”	for	facades	are	also	proposed,	which	
can	be	used	for	countries	near	to	the	earth's	equator	(between	15°	S	and	15°N).	These	
user-friendly	tools	are	very	valuable	for	architects	and	engineers	working	on	projects.	
In	 summary,	 pre-classification	 of	 facades	 in	 BIPV	 has	 several	 potential	 advantages.	
First,	it	allows	architects	and	engineers	to	quickly	assess	possible	energy	efficiency	in	
each	 facade.	 Therefore,	 it	 is	 possible	 to	 do	 rapid	 estimates	 of	 the	 incident	 solar	
irradiation,	 as	 well	 as	 the	 possible	 electricity	 produced	 by	 each	 surface.	 Second,	 it	
facilitates	analyzing	and	optimizing	the	possible	orientations	of	the	building.	Third,	it	
helps	 the	 process	 of	 deciding	 which	 façades	 to	 use	 for	 BIPV.	 Finally,	 it	 can	 be	 a	
criterion	 to	 select	 properly	 the	 photovoltaic	modules	 according	 to	 the	 efficiency	 of	
each	 facade,	 etc.	 For	 example,	 installing	modules	with	 higher	 performance	 in	more	
efficient	facades,	will	allow	a	faster	return	on	investment.	
	
	
The	 following	 procedure	 was	 proposed	 to	 establish	 the	 methodology	 for	 the	 pre-
classification	of	 facades.	 	The	 first	step	was	 to	calculate	 the	BIPV	potential	by	using	
the	solar	irradiation	factor.	One	of	the	fields	of	BIPV	is	to	guarantee	an	adequate	yield	
from	the	facilities.	 In	this	area,	Spain	became	a	world	benchmark	when	it	published	
the	Building	Technical	Code	 (CTE)	 in	2009.	This	document	sets	 limits	on	 the	 losses	
caused	by	spatial	layout	of	the	photovoltaic	generator.	These	losses	are	inevitable	due	
to	 the	 engineering	 and	 architectural	 considerations	 involved	 in	 the	 construction,	
which	often	mean	it	is	impossible	to	locate	the	generator	so	that	it	maximizes	the	use	
of	 the	 incident	 solar	 radiation.	 The	 index	 named	 irradiation	 factor	 FI,	 has	 been	
proposed	 for	 characterizing	 these	 losses.	 This	 is	 defined	 as	 the	 annual	 incident	
irradiation	 factor	 for	 an	 orientation	 α	 and	 tilt	 of	 generator	 β,	 with	 respect	 to	 that	
received	for	optimum	tilt	and	orientation	[29].	Several	countries	have	also	used	this	
simple	 tool	 on	 BIPV,	 such	 as	 England[30]-7],	 Switzerland[32],	 Germany,	 Australia	
[33]	and	the	United	States[34].	FI	depends	on	β,	α,	the	latitude	and	diffuse	radiation	
fraction	of	the	place.		
	
When	 it	 comes	 to	 integrated	 photovoltaics	 in	 buildings,	 the	 FI	 graphs	 can	 be	 very	
useful	for	the	following	reasons.	It	is	useful	to	estimate	the	photovoltaic	potential	of	a	
city	or	a	country,	as	it	visually	enables	the	maximum	possible	losses	from	the	façades	
and	roofs	to	be	determined	[35].	Also,	it	can	be	used	in	the	technical	regulations	of	a	
country	 in	 order	 to	 limit	 the	 solar	 gain	 losses	 regarding	 a	 photovoltaic	 generator	
integrated	in	a	building.	This	is	very	important	for	the	sector	worldwide,	as	it	 limits	
the	 amount	 of	 modules	 used	 and	 consequently,	 it	 has	 a	 direct	 economic	 and	
environmental	 impact	on	 the	wholesale	appropriation	of	 the	 technology.	This	 is	 the	
case	 of	 the	 CTE	 in	 Spain,	 and	 of	 a	 proposal	 previously	 published	 for	 a	 worldwide	
standard.	 In	 the	 case	 of	 a	 new	 building,	 it	 becomes	 a	 highly	 useful	 tool	 for	 the	
architectural	design	as	it	is	an	easy	way	to	determine	the	percentage	of	solar	energy	
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used	by	each	surface.	This	fact	introduces	the	sustainability	concept	as	work	criteria	
between	the	project	architecture	and	engineering.	
	
The	 following	procedure	was	used	 to	prepare	 the	FI	 graphs.	The	amount	of	 annual	
average	 radiation	 that	 a	 surface	 receives	 according	 to	 its	 tilt	 and	 azimuth	was	 first	
calculated.	The	peak	of	 the	 graph	where	 the	 incident	 energy	 is	maximum	was	 then	
identified.	This	point	is	given	a	value	of	FI	=	1,	thus	determining	the	rest	of	the	graph.	
In	 order	 to	 determine	 the	 optimum	 surface,	 the	 above	 procedure	was	 repeated	 by	
increasing	the	tilt	angle	β	from	0°	to	90°,	taking	Δβ	=	1°	as	the	increase.	The	optimum	
tilt	 angle	βopt	was	 thus	determined	by	 the	 surface	 area	 that	 captures	 the	maximum	
annual	 irradiation.	This	calculation	was	performed	for	20	cities	of	Colombia	 located	
between	latitudes	−4°S	and	12°N.	Once	the	annual	maximum	irradiation	was	obtained	
for	a	certain	city,	the	procedure	was	repeated	cyclically,	so	that	the	value	of	Gda(β,α)	
was	obtained	 for	each	pair	of	 coordinates	 (β,α).	 In	order	 to	obtain	a	highly	 reliable	
graph,	the	point	scan	suggested	by	Cronemberger	was	performed,	where	tilt	β	ranged	
between	0°	and	90°,	 taking	Δβ	=	5°	 [35];	 and	 the	orientation	α	between	−180°	and	
180°,	taking	Δα	=	5°.	All	the	possible	configurations	could	thus	be	covered.	Finally,	the	
irradiation	 obtained	 at	 each	 point	 was	 divided	 between	 the	 maximum,	 to	 obtain	
FI(β,α)	according	to	the	definition	of	equation	(2).	The	software	used	to	plot	FI	was	
OriginPro	8.		
	
The	irradiation	factor	has	values	between	0.27	and	0.52	for	the	facades.	This	means	
that	up	to	73%	of	solar	energy	can	be	lost	when	installing	photovoltaic	modules	on	a	
vertical	surface.	For	this	reason	it	is	necessary	to	have	a	pre-classification	method,	in	
order	 to	 choose	 the	 most	 efficient	 ones.	 In	 the	 case	 of	 the	 roofs,	 the	 losses	 from	
completely	 horizontal	 roofs	 can	 be	 disregarded	 for	 latitudes	 under	 8°N,	 as	 the	
maximum	is	for	San	Andrés	with	2%.	This	is	coherent	with	the	fact	that	Colombia	is	
an	equatorial	country.	For	north-facing	roofs,	the	losses	range	between	7%	and	21%,	
in	the	case	of	Leticia	and	San	Andrés.	Performing	a	similar	analysis	to	the	above	one	
for	the	20	cities,	we	suggested	using	5	cities	as	benchmark	graphs	of	the	irradiation	
factor.	 The	 error	when	 adopting	 this	 criteria	 is	 a	maximum	 of	 4	%,	 the	 reason	 for	
which	they	would	be	convenient	to	use	for	future	legislation	regarding	BIPV	losses	in	
Colombia.		
	
The	minimums	 radiation	 losses	 on	 façades	were	 48	%	 for	 east-west	 facing	 ones	 in	
cities	near	to	the	Equator.	This	fact	was	to	be	expected	as	the	irradiation	percentage	
on	 vertical	 surfaces	 in	 an	 equatorial	 country	 is	minimum.	 This	would	 indicate	 that	
future	 legislation	 should	 enable	 greater	 losses	 for	 this	 concept,	with	 respect	 to	 the	
Spanish	 case.	 This	would	be	 explained	by	 the	 fact	 that	 Colombia	 receives	 a	 greater	
annual	 amount	 of	 solar	 irradiation.	 For	 north-facing	 façades,	 the	 losses	 range	
between	57	%	and	73	%	in	the	case	of	Leticia	and	San	Andrés.	When	south	facing,	the	
values	range	between	63	%	and	54	%	for	Leticia	and	Barranquilla,	respectively.	In	the	
case	 of	 east-	 or	west-facing	 facades,	 the	 losses	 do	 not	 vary,	 as	 they	 are	 48	%.	 The	
irradiation	factor	for	the	façades	has	values	that	ranges	between	0.25	and	0.55.	This	
means	that	 the	solar	 irradiation	on	those	surfaces	range	between	25	%	and	55%	of	
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the	amount	on	 the	optimum	surface.	The	maximum	FI	values	are	 for	 façades	 facing	
east-west,	i.e.,	with	azimuth	values	of	−90°	and	90°.	
	
Based	on	 these	results,	a	novel	model	of	 the	 irradiation	 factor	on	BIPV	 façades	was	
developed.		It	was	found	that,	for	same	latitude,	the	FI	curve	approximately	describes	
a	sum	of	two	Gaussian	functions.	The	amplitude	and	location	of	such	functions	varies	
with	the	latitude	of	the	place.	Thus,	an	expression	was	obtained	that	only	requires	2	
input	parameters.	The	first	of	them	is	the	city	where	the	photovoltaic	system	will	be	
installed:	latitude	ϕ.	The	other	characterizes	the	plane	of	the	façade	of	the	generator,	
with	 its	 orientation	 angle	 α.	 A	 graph	 was	 built	 in	 order	 to	 verify	 the	 degree	 of	
accuracy	 of	 the	 model.	 The	 mathematical	 surface	 calculated	 using	 the	 proposed	
equation	shows	a	very	good	degree	of	adjustment,	with	a	determination	coefficient	of	
R2	=	0.98.	Finally,	the	following	is	described	to	provide	an	idea	of	the	work	saved	by	
using	 the	 proposed	 model	 to	 calculate	 FI.	 To	 establish	 the	 FI	 by	 a	 conventional	
method,	 it	 was	 necessary	 to	 use	 over	 30	 equations,	 in	 a	 computer	 algorithm	 that	
performed	over	4000	operations.	The	proposed	model	avoids	this	procedure.		
	
In	 order	 to	 validate	 the	model,	 a	 comparison	with	 FI	 values	 obtained	 by	 using	 the	
PVWATTS®	web	 site	 [36]	 and	 the	 equation	 of	 the	 proposed	model	was	 done.	 That	
tool	was	 developed	by	 the	National	Renewable	 Energy	 Laboratory	 of	United	 States	
NREL,	 and	 it	 is	 often	 used	 in	 photovoltaic	 projects.	 The	 validation	 procedure	 is	
described	below.	First,	the	city	is	selected	in	PVwatts®.	Second,	a	system	size	was	set	
at	1000Wp.	Third,	the	system	losses	were	set	to	a	given	value.	The	values	of	α	=	0,	β	=	
βopt	are	introduced.	Fourth,	the	result	for	Ga	(βopt,	0)	was	obtained.	Fifth,	the	α	values	
are	introduced	for	the	particular	orientation	to	be	studied.	Seventh,	a	value	of	90°	is	
assigned	 to	 the	 angle	 β.	 As	 results,	 the	 values	 of	 Ga	 (βopt,	 0)	 and	 Ga	 (β,	 α)	 were	
obtained.	 Then,	 FI	 is	 calculated	 with	 these	 values.	 Finally,	 the	 previous	 value	 was	
compared	with	 that	obtained	using	 the	equation	of	 the	proposed	model.	 In	general,	
the	 model	 works	 very	 well,	 and	 has	 the	 advantage	 that	 it	 does	 not	 need	 internet	
connection,	like	PVWatts®	tool.	PVWatts®	does	not	work	very	well	for	sites	where	no	
weather	stations	are	available,	especially	 in	 locations	outside	 the	United	States.	For	
these	reasons	we	consider	that	our	model	is	very	valuable	to	make	rapid	calculations,	
and	to	pre-classify	facades	in	BIPV	projects.	
The	 following	 procedure	was	 proposed	 to	 pre-classification	 a	 possible	 BIPV	 façade	
located	 in	 equatorial	 countries.	 	 First,	 define	 the	 latitude	 of	 the	 place	 ϕ	 and	
orientation	 α	 that	 characterize	 the	 façade	 of	 the	 building.	 Second,	 calculate	 the	 FI	
irradiation	 factor	of	 the	 façade	using	 the	proposed	model	of	FI.	Third,	 establish	 the	
annual	 solar	 irradiation	on	 the	horizontal	plane	of	 the	place	Ga(0),	 available	on	 the	
radiation	 atlases.	 Fourth,	 calculate	 the	 solar	 irradiation	 on	 the	 optimum	 surface	
Ga(βopt).	 Fifth,	 calculate	 the	 solar	 irradiation	 on	 the	 façade	 Ga(90,α).	 Sixth,	 use	 the	
obtained	value	of	Ga(90,α)	to	classify	the	façade,	according	to	the	proposed	“Energetic	
Efficiency	Rating	 for	 façades”.	 This	 classification	 is	 based	on	publications	 about	 the	
amount	of	solar	irradiation	that	receives	a	facade	in	different	places	over	the	world,	
as	mentioned	in	the	introduction	of	this	work.	Finally,	it	is	possible	to	conclude	about	
the	potential	use	of	 the	 façade	 for	BIPV.	Once	 the	pre-classification	of	 the	potential	
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facades	has	been	done,	the	architects	and	engineers	can	calculate	the	complete	BIPV	
potential,	including	the	shape	and	shading	factors,	by	using	a	complex	software.	
	
The	 models	 developed	 in	 this	 thesis	 will	 serve	 as	 input	 to	 the	 design	 and	 sizing	
photovoltaic	 systems	 integrated	 into	 buildings	 by	 architects	 and	 engineers	 in	
sustainable	cities.	
	
The	suggested	procedure	for	using	these	tools	in	BIPV	projects	is	listed	below:	
	
CHARACTERIZATION	OF	THE	PROJECT:	

1. Characterize	the	place	where	the	installation	will	be	carried	out,	determining	
its	latitude,	ambient	temperature,	diffuse	fraction,	and	annual	solar	irradiation	
on	a	horizontal	plane.	

2. Characterize	 the	 different	 surfaces	 of	 the	 building	 that	 are	 potential	 to	 use	
BIPV,	 determining	 its	 orientation	 and	 tilt	 angles,	 and	 the	 values	 of	 potential	
useful	areas.	
	

DISCARD	OF	SURFACES:	
3. Use	the	 irradiance	factor	graphs	to	calculate	orientation	and	tilt	 losses,	using	

the	procedure	in	section	3	of	chapter	6.	
4. Determine	the	maximum	allowable	shading	and	orientation	losses	at	the	site,	

using	figures	8	and	9.	
5. Discard	surfaces	with	higher	losses	than	allowed.	

	
CALCULATION	OF	THE	PRODUCED	ENERGY:	

6. Calculate	 the	Performance	Ratio	 for	 each	 façade,	with	 the	model	obtained	 in	
section	3.1.5	

7. Use	 expression	 (1)	 and	 the	 graphs	 of	 the	 irradiation	 factor	 to	 calculate	 the	
annual	electrical	energy	that	each	surface	would	produce.	

	
PRE-CLASSIFICATION	OF	FACADES	WITH	ENERGY	EFFICIENCY:	

8. Calculate	the	irradiation	factor	of	each	facade	with	equation	(52).	
9. Pre-classify	 the	 facades	 using	 the	 procedure	 explained	 in	 section	 3.3.5,	 and	

order	them	according	to	energy	efficiency.	
10. Finally,	 the	 cost	per	kWp	of	 each	BIPV	 subsystem	 is	 evaluated,	 starting	with	

those	facades	that	have	the	best	classification.	
	
After	this	summary,	the	rest	of	the	thesis	is	organized	as	follows.	An	introduction	to	
the	 problem	 of	 determining	 the	 performance	 ratio	 is	 described	 in	 the	 first	 section.	
The	 second	 section	 presents	 the	 theory	 and	 literature	 review.	 The	methodology	 is	
described	 in	 section	 third.	 The	 obtained	 results	 are	 presented	 and	 discussed	 in	
section	 fourth.	The	 fifth,	 sixth,	and	seventh	sections	present	 the	published	scientific	
papers	of	this	work.	The	eighth	section	summarizes	the	conclusions	of	the	work.	The	
ninth	section	lists	the	awards	and	honors	obtained	because	of	this	research.		
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1.1.	El	problema	de	estimar	el	PR	en	BIPV		
	
	
La	ciudad	sostenible	del	futuro	debe	atender	de	manera	prioritaria	el	manejo	de	los	
recursos	naturales,	la	mitigación	de	gases	efecto	invernadero	(GEI)	y	otras	formas	de	
contaminación	 [37].	 Un	 elemento	 vital	 de	 una	 ciudad	 es	 su	 consumo	 energético,	 el	
cual	 puede	 ser	 suplido	 por	 diversas	 fuentes,	 tanto	 renovables	 como	no	 renovables.	
Con	el	fin	de	asegurar	la	sostenibilidad	a	largo	plazo	y	mitigar	los	GEI,	los	gobiernos	
promueven	 cada	 vez	 más	 la	 implementación	 de	 la	 generación	 de	 electricidad	
mediante	las	energías	renovables.		
	
Entre	 las	 energías	 renovables,	 la	 energía	 solar	 fotovoltaica	 cada	 vez	 toma	 mayor	
protagonismo	 a	 nivel	mundial	 [38].	 Asimismo,	 debido	 a	 las	 restricciones	 espaciales	
características	de	las	ciudades	y	para	posibilitar	la	utilización	de	este	tipo	de	energía,	
resulta	 imprescindible	 instalar	 módulos	 fotovoltaicos	 sobre	 las	 fachadas	 de	 las	
edificaciones.	Debido	a	este	hecho	surgió	un	nuevo	sector,	denominado	Fotovoltaica	
Integrada	a	Edificios,	o	BIPV,	por	sus	siglas	en	inglés	Building	Integrated	Photovoltaics.		
Este	 concepto	 implica	 reemplazar	 varios	 elementos	 constructivos	 como	 techos,	
fachadas,	ventanas,	muros	cortinas,	entre	otros;	por	módulos	fotovoltaicos.	Se	estima	
que	para	el	año	2021	la	potencia	total	instalada	en	proyectos	BIPV	será	alrededor	de	
12	GW	[39]	a	nivel	mundial,	con	un	valor	total	del	sector	en	el	mercado	de	unos	26	
millones	 de	 dólares	 para	 el	 2022	 [40].	 Por	 lo	 tanto	 cada	 vez	 más	 inversionistas	 y	
empresas	de	desarrollo	tecnológico	están	involucrándose	en	la	la	industria	BIPV.	
	
Una	de	las	áreas	de	prioridad	para	la	BIPV	es	optimizar	soluciones	desde	los	puntos	
de	vista	estético,	financiero	y	técnico.	En	el	aspecto	técnico,	una	gran	contribución	de	
la	 BIPV	 es	 funcionar	 como	 fuente	 renovable	 para	 la	 construcción	 de	 	 Edificios	 de	
Energía	Cero,	o	ZEB	por	sus	siglas	en	inglés	Zero	Energy	Buildings	[1].	Con	la	intención	
de	alcanzar	este	objetivo,	resulta	de	gran	importancia	la	predicción	de	la	cantidad	de	
energía	que	producirá	la	instalación,	como	insumo	al	balance	neto	de	energía.	
	
Teniendo	esto	en	mente,	surge	la	pregunta:	¿Cómo	realizar	una	predicción	confiable	
de	la	energía	producida	por	un	sistema	fotovoltaico	integrado	arquitectónicamente	a	
un	edificio?	
	
Parte	de	 la	respuesta	es	sugerida	por	 la	Comisión	Electrotécnica	 Internacional	 (IEC),	
mediante	la	normativa	IEC	61724-1	del	año	2017	[24].	En	este	documento	se	propone	
una	expresión	equivalente	a	la	siguiente,	para	calcular	la	producción	de	energía	anual	
de	Sistemas	Fotovoltaicos	Interconectados:	
	

	 ( 1)	EPV =
Ga β ,α( ) ⋅Ppeak ⋅PR

GSTC
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Donde	 Ga(β,α)	 corresponde	 a	 la	 irradiación	 solar	 incidente	 sobre	 el	 plano	 del	
generador	 fotovoltaico,	 Ppeak	 es	 la	 potencia	 nominal	 instalada,	 PR	 el	 rendimiento	
global	del	sistema,	denominado	Performance	Ratio,	y	GSTC	tiene	el	valor	de	1kW/m2.		
Por	lo	tanto,	si	se	conocen	bien	los	parámetros	Ga(β,α)	y	PR,	se	concluye	que	se	puede	
predecir	 la	 cantidad	 de	 energía	 producida	 por	 un	 sistema	 fotovoltaico.	 Ga(β,α)	 se	
puede	hallar	mediante	gráficos	del	denominado	Factor	de	 Irradiación	 (FI)	 [30],[32].	
Sin	 embargo,	 para	 la	 obtención	 de	 estos	 diagramas	 se	 hace	 necesario	 el	 uso	 de	
complicados	 algoritmos	que	 consisten	 en	 engorrosas	 ecuaciones.	 Es	por	 este	hecho	
que	 en	 el	 diseño,	 modelado,	 y	 predicción	 de	 energía	 de	 un	 sistema	 fotovoltaico,	
usualmente	es	necesario	el	uso	de	software	especializado.		
	
En	 cuanto	a	 la	determinación	del	PR	en	 sistemas	de	BIPV,	 la	 tarea	 tampoco	 resulta	
trivial,	 ya	que	este	parámetro	es	 función	de	 la	 radiación	 solar	del	 lugar,	 el	 clima,	 el	
azimut	 e	 inclinación	 de	 las	 superficies,	 el	 diseño	 de	 la	 instalación,	 la	 calidad	 de	
fabricación	 de	 equipos	 y	 elementos,	 entre	 otros.	 Esta	 dificultad	 se	 acentúa	 en	 los	
sistemas	 fotovoltaicos	 integrados	 en	 edificios,	 donde	 la	 mayoría	 de	 veces	 no	 es	
posible	 maximizar	 la	 cantidad	 de	 radiación	 solar	 que	 incide	 sobre	 los	 módulos,	
debido	 a	 las	 restricciones	 espaciales	 de	 las	 superficies	 usadas.	 Con	 el	 objetivo	 de	
predecir	 el	 PR,	 en	 varios	 estudios	 se	 han	desarrollado	modelos	matemáticos	de	 las	
variables	 que	 inciden	 en	 la	 energía	 producida	 por	 la	 instalación.	 Entre	 los	 más	
conocidos	 de	 carácter	 analítico,	 	 y	 que	 se	 usan	 para	 hallar	 las	 pérdidas	 por	
temperatura,	 destacan	 los	 propuestos	 por	 Osterwald	 [2],	 Araujo	 [3]	 y	 Green	 [4].	
También	 se	 han	 propuesto	 otros	modelos	 basados	 en	 redes	 neuronales	 artificiales	
[5][6],	 que	 abarcan	 más	 variables.	 Sin	 embargo,	 la	 mayoría	 de	 éstos	 son	 muy	
engorrosos	 de	 implementar.	 	 Otros	 modelos	 son	 menos	 complejos,	 pero	 no	
consideran	todos	los	factores	propios	del	sistema.	
	
Frente	 a	 lo	 anterior,	 un	 camino	 fácil	 y	 muy	 usado	 en	 la	 actualidad,	 es	 aproximar	
PR=0.75	para	cualquier	sistema	[7].	A	pesar	de	la	popularidad	de	este	procedimiento	
empírico,	 no	 resulta	 conveniente	 por	 que	 descarta	 las	 variables	 características	 de	
cada	instalación.	Como	evidencia	de	ello	se	han	reportado	valores	para	PR	entre	0.42	
y	 0.81	 [8],	 a	 nivel	 global.	 Esto	 es	 lógico,	 ya	 que	 la	 eficiencia	 de	 los	 módulos	
fotovoltaicos	 depende	 de	 la	 temperatura	 ambiente.	 Otra	 variable	 que	 ejerce	 gran	
influencia	 es	 la	 latitud	del	 lugar	 geográfico,	 ya	que	 su	 efecto	 en	 la	 irradiación	 solar	
incidente	 hace	 que	 la	 potencia	 a	 la	 entrada	 del	 inversor	 tenga	 valores	 muy	 bajos	
durante	de	ciertos	lapsos	de	tiempo,	lo	cual	repercute	en	la	eficiencia	de	conversión.	
Por	 si	 lo	 anterior	 fuera	 poco,	 la	 práctica	 de	 asignar	 una	 única	 cifra	 al	 PR	 queda	
totalmente	 descartada	 en	 aplicaciones	 de	 BIPV,	 ya	 que	 las	 pérdidas	 energéticas	
debidas	 a	 la	 inclinación	 y	 orientación	 de	 las	 superficies	 usadas	 pueden	 llegar	 a	 ser	
bastantes	diferentes.	La	razón	principal	para	esto	radica	en	las	pérdidas	por	reflexión	
angular,	 o	 tipo	 Fresnel,	 que	 se	 originan	 debido	 a	 que	 luz	 solar	 se	 refleja	 más	 a	
pequeños		ángulos	de	incidencia	con	respecto	a	la	superficie	del	módulo	fotovoltaico.	
A	su	vez,	esta	variable	ocasiona	diferentes	valores	de	pérdidas	por	polvo	y	suciedad.	
Por	todo	lo	anterior,	resulta	completamente	coherente	que	el	PR	varíe	para	un	mismo	
edificio,	 teniendo	 en	 cuenta	 la	 gran	 variedad	 de	 superficies	 posibles	 a	 utilizar	 en	
cubiertas	y	fachadas.	
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Como	 conclusión,	 la	 gran	 cantidad	 de	 factores	 mencionados	 hacen	 muy	 difícil	 el	
predecir	 el	 PR	 para	 proyectos	 BIPV.	 Por	 esto,	 sería	 muy	 conveniente	 que	 los	
arquitectos	e	 ingenieros	puedan	disponer	de	métodos	sencillos	que	generen	valores	
confiables	 para	 el	 PR.	 La	 importancia	 de	 esto	 es	 vital,	 ya	 que	 debido	 al	 cambio	
climático	resulta	urgente	la	implementación	de	los	edificios	de	energía	cero,	mediante	
la	masificación		de	la	BIPV	a	nivel	mundial.	
	
En	 la	 presente	 investigación	 se	 aborda	 esta	 problemática	 mediante	 la	 creación	 de	
modelos	 entendibles	 y	 confiables,	 que	 permiten	 predecir	 la	 cantidad	 de	 energía	
producida	 en	 sistemas	 fotovoltaicos	 integrados	 a	 edificios.	 Estos	 modelos	 resultan	
muy	útiles	 no	 solo	 	 en	 la	 predicción	 correcta	 de	 la	 energía	 producida	por	 el	 futuro	
sistema	de	BIPV,	sino	que		a	su	vez	se	permiten	calcular	valores	de	referencia	para	la	
monitorización		y	mantenimiento	futuro	de	la	instalación.		
	
Todos	 los	 aportes	 de	 esta	 investigación	 se	 centran	 en	 facilitar	 la	 implementación	 y	
masificación	de	proyectos	de	BIPV	en	sus	etapas	iniciales,	promoviendo	la	generación	
de	 electricidad	 mediante	 energía	 solar	 fotovoltaica.	 Así,	 esperamos	 contribuir	 a	 la	
disminución	de	la	huella	de	carbono	y	la	mitigación	de	los	GEI,	como	ejes	centrales	en	
la	dimensión	ambiental	de	las	ciudades	sostenibles	del	futuro.	
	
	
	
1.2.	Otros	aportes	de	la	investigación	
	
La	obtención	del	modelo	para	el	PR	permite	estimar	de	una	mejor	manera	la	energía	
anual	producida	en	edificios	con	BIPV	ubicados	en	bajas	latitudes.	Así,	cada	superficie	
constructiva	 presenta	 una	 eficiencia	 energética,	 dada	 por	 la	 relación	 entre	 la	
electricidad	 producida	 y	 la	 irradiación	 solar	 incidente.	 Por	 lo	 tanto,	 también	 se	
propone	 un	 modelo	 de	 normas	 técnicas	 internacionales	 que	 limiten	 las	 pérdidas	
máximas	 permitidas	 por	 sombreado	 y	 orientación	 de	 las	 superficies	 constructivas.	
Este	modelo	de	normativas	se	basó	en	diseñar	un	procedimiento	para	generalización	
del	apartado	BIPV,	incluido	en	el	Código	Técnico	de	la	Edificación	o	CTE	de	España.			
	
Finalmente,	 se	 propone	 una	 metodología	 para	 la	 pre-clasificación	 de	 fachadas	
potencialmente	 útiles	 para	 emplearlas	 en	 BIPV.	 Para	 esto	 se	 asoció	 un	 sistema	 de	
código	 de	 colores	 similar	 al	 usado	 en	 eficiencia	 energética	 de	 equipos	 eléctricos,	
según	el	código	de	letras	A-G.		
	
Además	de	la	creación	del	modelo	para	el	PR	y	las	propuestas	de	normas	técnicas,	se	
diseñaron	 herramientas	 para	 la	 etapa	 de	 diseño,	 las	 cuales	 pueden	 ser	 empleadas	
para	el	desarrollo	de	la	BIPV	en	ciudades	sostenibles.	El	procedimiento	sugerido	para	
usar	estas	herramientas	en	proyectos	de	BIPV	se	enuncia	a	continuación:	
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CARACTERIZACIÓN	DEL	PROYECTO:	
	

1. Caracterizar	el	lugar	donde	se	realizará	la	instalación,	determinando	su	latitud,	
temperatura	 ambiente,	 fracción	 de	 difusa,	 e	 irradiación	 solar	 anual	 sobre	
plano	horizontal.		

2. Caracterizar	 las	 diferentes	 superficies	 del	 edificio	 que	 son	 potenciales	 para	
emplear	 BIPV,	 determinando	 sus	 ángulos	 de	 orientación	 e	 inclinación,	 y	 los	
valores	de	áreas	útiles	potenciales.		

	
	
DESCARTE	DE	SUPERFICIES:	
	

3. Usar	 los	 gráficos	 del	 factor	 de	 irradiación	 para	 calcular	 las	 pérdidas	 por	
orientación	 e	 inclinación,	 mediante	 el	 procedimiento	 de	 la	 sección	 3	 del	
capítulo	6.	

4. Determinar	 los	 valores	 máximos	 permitidos	 de	 pérdidas	 por	 sombreado	 y	
orientación	en	el	lugar,	mediante	el	uso	de	las	figuras	8	y	9.	

5. Descartar	las	superficies	con	pérdidas	mayores	a	las	permitidas.	
	
CÁLCULO	DE	LA	ENERGÍA	PRODUCIDA:	
	

6. Calcular	el	Performance	Ratio	para	cada	fachada,	con	el	modelo	obtenido	en	la	
sección	3.1.5	

7. Usar	 la	 expresión	 (1)	 y	 los	 gráficos	del	 factor	de	 irradiación	para	 calcular	 la	
energía	eléctrica	anual	que	produciría	cada	superficie.	

	
	
PRE-CLASFICACIÓN	DE	FACHADAS	CON	LA	EFICIENCIA	ENERGÉTICA:	
	

8. Calcular	el	factor	de	irradiación	de	cada	fachada	con	la	ecuación	(52)	
9. Preclasificar	 las	 fachadas	mediante	 el	 procedimiento	 explicado	 en	 la	 sección	

3.3.5,	y	ordenarlas	según	la	eficiencia	energética.	
10. Finalmente,	 se	 procede	 a	 evaluar	 el	 costo	 por	 kWp	 cada	 subsistema	 BIPV,	

empezando	por	por	aquellas	fachadas	que	tienen	mejor	clasificación.	
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2.1.	 Metodología	 en	 los	 modelos	 y	 normas	 técnicas	
propuestas		
	
La	 metodología	 general	 de	 la	 investigación	 consistió	 en	 tomar	 datos	 reales	
geográficos	y	climatológicos,	y	procesarlos	mediante	ecuaciones	comúnmente	usadas	
en	el	campo	de	la	fotovoltaica.	Luego,	se	procedió	a	analizar	los	resultados	y	crear	los	
nuevos	 modelos	 y	 normativas.	 En	 los	 puntos	 2.1.1	 hasta	 2.1.4	 se	 describe	 la	
metodología	 común	 empleada	 en	 las	 tres	 publicaciones.	 Por	 otra	 parte,	 en	 las	
secciones	 2.2	 hasta	 2.4	 se	 describe	 de	 forma	 global	 la	 parte	 de	 la	 metodología	
específica	 que	 concierne	 a	 cada	 investigación	 particular.	 Para	 una	 descripción	
detallada	se	recomienda	revisar	cada	publicación	anexa	en	los	capítulos	5	a	7.	
	
2.1.1	Fuentes	de	los	datos	de	irradiación	y	temperatura	
	
Los	datos	de	 irradiación	solar	para	 las	ciudades	 fue	el	RETScreen	 International	[26],	
software	 de	 proyectos	 de	 energía	 renovable.	 Abarca	 a	 más	 de	 6700	 estaciones	
meteorológicas,	así	como	datos	de	estimaciones	satelitales	de	la	NASA.	En	este	primer	
paso	 se	 obtuvieron	 los	 valores	 de	 la	 irradiación	 solar	 global	 sobre	 superficie	
horizontal	Gdm(0),	en	12	valores	diarios	medios	mensuales.	
	
2.1.2	 Cálculo	 de	 la	 irradiación	 solar	 anual	 sobre	 superficies	
inclinadas		
	
Cada	uno	de	 los	datos	diarios	medios	mensuales	de	Gdm(0)	se	 fraccionó	a	su	vez	en	
dos	 componentes:	 	 radiación	 difusa,	 Ddm(0),	 y	 directa,	 Bdm(0).	 Para	 esto	 se	 usó	 la	
aproximación	de	Liu	y	 Jordan	 [10],	 que	establece	 la	 independencia	 latitudinal	de	 la	
relación	entre	el	índice	de	claridad	KTm	y	la	fracción	de	difusa	KDm.	Se	usó	el	modelo	
de	 Page	 [11],	 válido	 para	 latitudes	 entre	 40°N	 y	 40°S.	 Una	 vez	 calculadas	 las	
componentes	diarias	de	 la	 irradiación	solar	global,	 se	 calculó	 los	valores	 	 	horarios,	
Dh(0)	y	Bh(0).	Para	esto	se	usaron	 las	ecuaciones	propuestas	por	Collares–Pereira	y	
Rabl	[12].	A	continuación	se	calculó	la	irradiación	global	horaria	incidente	en	el	plano	
del	 generador	 Gh(β,α),	 mediante	 el	 modelo	 de	 las	 tres	 componentes,	 que	 ha	
demostrado	 bastante	 exactitud	 [13].	 Esta	 aproximación	 establece	 que	 la	 radiación	
incidente	sobre	una	superficie	con	inclinación	β	y	orientación	α,	está	conformada	por	
radiación	 directa,	 Bh(β,α),	 difusa,	 Dh(β,α),	 y	 reflejada,	 Rh(β,α).	 Para	 la	 obtención	 de	
Dh(β,α)	hay	más	de	20	modelos	reportados.	Se	empleó		el	modelo	isotrópico	de	Hay–
Davies	[41],	debido	a	su	alta	precisión	y	simplicidad	 	 [14][15][16][17].	Este	modelo	
establece	que	la	radiación	difusa	está	compuesta	por	la	suma	de	dos	componentes:	la	
circunsolar	 DC(β,α),	 y	 la	 isotrópica	 DI(β,α),	 provenientes	 directamente	 del	 sol	 y	 de	
toda	 la	 semiesfera	 celeste,	 respectivamente.	 Para	 el	 cálculo	 de	 Rh(β,α)	 se	 tomó	 la	
reflectividad	del	suelo	como	ρ=0.2[42].	Finalmente,	al	realizar	la	sumatoria	temporal	
de	 las	 componentes	 se	 obtuvo	 el	 valor	 diario	 medio	 anual	 de	 la	 irradiación	 solar,	
Gda(β,α),	incidente	en	el	plano	del	generador.			



	DESARROLLO	DE	NUEVOS	MODELOS	PARA	LA	FOTOVOLTAICA	INTEGRADA	EN	EDIFICIOS		(BIPV)	EN	CIUDADES	SOSTENIBLES	
________________________________________________________________________________ 
 

_______________________________________________________________________________ 
Luis	Fernando	Mulcué	Nieto	

28	

	
2.1.3	Obtención	de	la	inclinación	óptima	
	
La	secuencia	anterior	se	iteró	incrementando	el	valor	de	inclinación	β	desde	0°	hasta	
90°,	 a	 incrementos	de	Δβ=1°.	El	azimut	se	 fijó	 igual	a	0°	o	180°,	dependiendo	si	 las	
ciudades	 estaban	 ubicadas	 en	 latitudes	 positivas	 o	 negativas,	 respectivamente.	 Al	
final	 del	 proceso,	 el	 ángulo	 óptimo	 de	 inclinación	 βopt	 que	maximiza	 la	 irradiación	
solar	anual	quedó	definido	por	la	condición:	
	

	 ( 2)	

Este	 cálculo	 se	 hizo	 para	 ciudades	 localizadas	 en	 latitudes	 entre	 -4°S	 y	 12°N.	 	 El	
listado	completo	se	encuentra	en	la	tabla	5	del	capítulo	4.	
	
2.1.4	Mapas	de	contorno	del	factor	de	irradiación	
	
	
Teniendo	 como	 insumo	 la	 irradiación	máxima	 anual	 para	 una	 determinada	 ciudad	
Gda(βopt),	 se	 iteró	el	procedimiento	del	punto	2.1.2	de	 forma	cíclica.	Por	 lo	 tanto,	 se	
obtuvo	 el	 valor	 de	 Gda(β,α)	 incidente	 sobre	 cada	 superficie	 de	 inclinación	 y	
orientación	 (β,α).	 Con	 miras	 a	 obtener	 un	 gráfico	 con	 alto	 grado	 de	 precisión,	 se	
realizó	el	barrido	de	puntos	sugerido	por	Caamaño	[35],	en	el	cual	la	inclinación	β	se	
varía	entre	0°	y	90°,	y	la	orientación	α	entre	-180°	y	180°.	Los	incrementos	para	cada	
una	 de	 éstas	 fueron	 Δβ=5°	 y	 Δα=5°.	 Así	 se	 logró	 abarcar	 todas	 las	 superficies	
físicamente	posibles.	Finalmente,	se	realizó	el	cociente	entre	 la	 irradiación	obtenida	
en	 cada	 punto	 y	 la	 irradiación	 máxima,	 obteniendo	 así	 el	 valor	 del	 factor	 de	
irradiación	solar,	FI(β,α).		
	
	
2.2	Metodología	para	el	modelo	del	PR	en	BIPV	
	
	
2.2.1	Pérdidas	por	reflexión	angular	y	suciedad	
	
La	 irradiación	 global	 incidente	 en	 cada	 superficie	 fue	 corregida	 al	 incluir	 tanto	 las	
pérdidas	por	suciedad	como	las	angulares,	mediante	el	modelo	de	Martin-Ruíz	[18].	
Esta	 aproximación	 reproduce	 resultados	 reales	 [43]	 y	 establece	 que	 la	 irradiancia	
global	 horaria	 G’h(β,α)	 sobre	 el	 módulo	 fotovoltaico	 está	 conformada	 por	 cuatro	
componentes:	 la	 radiación	 directa	 Bh(β,α),	 la	 difusa	 circunsolar	 DCh(β,α),	 la	 difusa	
isotrópica	DIh(β,α),	y	la	reflejada	Rh(β,α);	así:		
	

	 (3)	

[ ]
[ ]

max ( ,0) 0
( )

max ( , ) 0
da

da opt
da

G
G

G
b f

b
b p f

ì ³ï= í £ïî

' ( , ) ( , ) ( , ) ( , ) ( , )C I
h B h B h D h R hG FT B FT D FT D FT Rb a b a b a b a b a= × + × + × + ×



	DESARROLLO	DE	NUEVOS	MODELOS	PARA	LA	FOTOVOLTAICA	INTEGRADA	EN	EDIFICIOS		(BIPV)	EN	CIUDADES	SOSTENIBLES	
________________________________________________________________________________ 
 

_______________________________________________________________________________ 
Luis	Fernando	Mulcué	Nieto	

29	

Donde	FTB,	 FTD,	 FTR	 corresponden	a	 las	 transmitancias	 relativas,	 dividida	 cada	una	
entre	la	transmitancia	total	a	incidencia	normal,	y	definidas	por:	
	

	 (4)	

	

	 ( 5)	

	

	 ( 6)	

	
Donde	θs	 es	el	ángulo	entre	 los	 rayos	solares	y	 la	normal	al	plano	considerado.	Los	
parámetros	ar	y	c2	dependen	del	grado	de	suciedad,	y	el	valor	de	c1	es	4/(3π).	Estos	
valores	 se	 escogieron	 para	 un	 grado	 de	 suciedad	 medio,	 es	 decir,	
Tdirt(0)/Tclean(0)=0.97,	según	la	siguiente	tabla:	
	

Tabla	1.	Valores	usuales	de	los	parámetros	ar	y	C2	para	módulos	de	Silicio.	Fuente:	[44]	
Tdirt(0)/	Tclean(0)	 ar		 C2	
1	 0.17	 -0.069	
0.98	 0.20	 -0.054	
0.97	 0.21	 -0.049	
0.92	 0.27	 -0.023	
	 	 	

	
Finalmente,	al	realizar	la	sumatoria	de	G’h(β,α)	para	todos	los	días	del	año,	se	obtuvo	
la	irradiación	solar	anual	incidente	G’a(β,α).	Por	otra	parte,	para	calcular	la	irradiación	
solar	anual	Ga(β,α)	en	ausencia	total	de	pérdidas	angulares,	se	fijaron	los	valores	de	
FTB,	 FTD,	 FTR	 iguales	 a	 1.	Así,	 pérdidas	 anuales	 por	 reflexión	 angular	 y	 suciedad	 se	
calcularon	mediante	la	expresión	[18]:	
	

	 	
(7)	

	
2.2.2	Aproximación	de	las	pérdidas	por	temperatura	
	
Se	empleó	el	modelo	cosenoidal	de	variación	de	 la	 temperatura	ambiente	a	 lo	 largo	
del	día	[45],	que	tiene	como	parámetros	de	entrada	las	temperaturas	medias	mínimas	
Tam	y	máximas	TaM.	En	esta	aproximación	se	consideran	tres	suposiciones	básicas:	
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1.	La	 temperatura	mínima	ocurre	al	 amanecer,	 cuando	el	 ángulo	horario	es	 igual	 al	
ángulo	de	salida	del	sol,	ω=	ωs.	
2.	 La	 temperatura	máxima	ocurre	dos	horas	después	del	mediodía	 solar,	 cuando	 el	
ángulo	horario	es	igual	a	π/6.	
3.	Durante	el	día	 la	 temperatura	cambia	en	función	con	dos	semiciclos	de	 funciones	
cosenoidales,	 cuya	variable	 independiente	es	el	 tiempo	solar	ω.	Ver	sección	4.4.	del	
capítulo	4	para	una	descripción	detallada	de	las	ecuaciones.	
	
Una	 vez	 obtenida	 la	 temperatura	 ambiente	 Ta	 y	 la	 irradiancia	 global	 incidente	
G’h(β,α),	 la	 temperatura	 instantánea	 de	 trabajo	 del	 módulo	 quedó	 determinada	 en	
función	de	la	temperatura	de	operación	nominal	TONC,	mediante	la	expresión:	
	

	 ( 8)	

	
El	 siguiente	 paso	 fue	 determinar	 la	 potencia	 máxima	 de	 salida	 del	 generador	
mediante	el	modelo	de	Osterwald	[2],	el	cual	es	ampliamente	usado	[20]:	
	

	 (9)	

	
Finalmente,	las	pérdidas	instantáneas	por	temperatura	se	calcularon	con	la	siguiente	
ecuación:	

	 ( 10)	

	
	
2.2.3	Obtención	de	las	pérdidas	en	el	inversor	
	
Para	obtener	 la	 eficiencia	 instantánea	del	 inversor	de	potencia	nominal	Pmonimal,	 	 se	
tomaron	las	siguientes	relaciones:		
	

	 ( 11)	

	 ( 12)	

	
Donde	los	parámetros	b0=0.02,	 	b1=0.02		y	b2=0.07	son	característicos	de	un	conjunto	
representativo	 de	 inversores	 del	 mercado	 [19].	 Por	 lo	 tanto,	 las	 pérdidas	 de	
conversión	DC-AC	en	el	inversor	quedaron	determinadas	por:	
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	 ( 13)	

	
Las	 integrales	se	realizaron	para	el	período	de	tiempo	τ, que	a	su	vez	fue	totalizado	
anualmente. 
	
2.2.4	Obtención	de	los	demás	tipos	de	pérdidas	
	
Para	determinar	los	otros	tipos	pérdidas	se	tomaron	valores	típicos	reportados:	
	

• Las	pérdidas	originadas	por	la	diferencia	entre	la	potencia	real	y	la	nominal	de	
los	módulos,	se	tomaron	iguales	a	5%,	o		Lrating=0.05.	Este	valor	es	una	buena	
aproximación	 si	 se	 supone	 que	 los	 módulos	 están	 seleccionados	
adecuadamente	[20].	

• Las	 pérdidas	 por	 desacople,	 ocasionadas	 por	 el	 sombreado	 parcial	 de	 los	
módulos	 y	 	 la	 dispersión	 de	 las	 propiedades	 eléctricas	 del	 conexionado	 en	
serie	 o	 paralelo,	 se	 aproximaron	 iguales	 3%	 o	 Lmismatch=0.03.	 Este	 valor	
corresponde	al	promedio	de	los	valores	típicos	reportados	[20].	

• Las	 pérdidas	 por	 errores	 de	 seguimiento	 del	 punto	 de	 máxima	 potencia	 se	
tomaron	iguales	a		6%,	o	LSPMP=0.06.	Esta	cifra	se	basa	en	reportes	de	más	de	
100	instalaciones	fotovoltaicas	[21].		

• Las	 pérdidas	 óhmicas	 debidas	 al	 efecto	 Joule	 se	 tomaron	 iguales	 al	 1%,	 o	
Lohmic=0.01.	Este	valor	corresponde	al	promedio	de	los	reportados	[46].			

• Las	pérdidas	por	sombreado	se	aproximaron	al	7%,	o	Lshading=0.07.	Este	valor	
es	 adecuado	 según	 reportes	 de	 investigaciones	 previas	 para	 sistemas	 sobre	
techo	[21][47][48].		Sin	embargo,	cuando	se	trata	de	BIPV,	las	pérdidas	pueden	
llegar	 muy	 diferentes	 entre	 un	 proyecto	 y	 otro.	 Por	 ejemplo,	 se	 reportan	
valores	tan	diferentes	como	10%	y	23%,	para	sistemas	ubicados	en	diferentes	
lugares[49].	 Por	 lo	 tanto,	 se	 sugiere	 evaluar	 detalladamente	 este	 concepto	
mediante	software	especializado	que	incluya	todos	los	obstáculos	del	entorno.	
Así,	 al	 obtener	 un	 valor	 diferente	 de	 pérdidas	 por	 sombreado,	 se	 puede	
introducir	en	el	modelo	propuesto	del	PR,	como	un	factor	igual	a		(1-Lshading,real	
)/0,93.		

	
	
2.2.5	Cálculo	del	Performance	Ratio	
	
El	PR	se	calculó	a	partir	de	las	pérdidas	energéticas	en	cada	parte	del	generador,	Li.	
Por	 lo	 tanto,	 el	 Performance	 Ratio	 se	 obtuvo	 mediante	 la	 productoria	 	 de	 los	
rendimientos	individuales:	

	 ( 14)	
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2.3	Metodología	 para	 la	 normativa	 técnica	 sobre	pérdidas	
en	BIPV	

	
2.3.1	Límites	de	pérdidas	por	orientación	e	inclinación	
	
Con	el	fin	de	establecer	los	límites	de	pérdidas	por	inclinación	y	orientación	del	plano	
del	generador,	se	define	como	lugar	1	a	un	país	que	cuente	con	normatividad	técnica	
en	BIPV,	por	 ejemplo	España.	 Similarmente,	 se	denomina	 lugar	2	 a	 la	 ciudad	de	un	
país	diferente	a	España,	en	el	cual	se	quieren	establecer	límites	de	pérdidas.		
	
El	 primer	 paso	 fue	 fijar	 como	 base	 la	 referencia	 del	 100%,	 de	 valor	 idéntico	 a	 la	
irradiación	anual	máxima	 incidente	posible,	Ga(βopt).	Una	vez	obtenida	Ga(βopt)	para	
cada	 ciudad,	 se	 calculó	 la	 mínima	 cantidad	 de	 irradiación	 que	 puede	 recibir	 una	
fachada	 en	 España,	 Ga,MIN(90,0).	 Para	 este	 fin,	 según	 el	 Código	 Técnico	 de	 la	
Edificación	 de	 España,	 las	 pérdidas	 por	 azimut	 e	 inclinación	 en	 BIPV	 no	 pueden	
superar	el	40%.	A	la	superficie	que	se	encuentra	en	éste	límite	se	le	denominó	como	
la	peor	fachada	permisible.	A	continuación	esta	fachada	se	“traslada”	al	nuevo	país	o	
lugar	2.	Por	lo	tanto,	el	máximo	límite	para	el	lugar	2	queda	determinado	por:	
	

	 ( 15)	

Donde	los	subíndices	1	y	2	se	refieren	a	los	lugares	1	y	2,	respectivamente.	El	traslado	
de	irradiación	solar	a	un	lugar	diferente	se	hizo	para	asegurar	que	en	el	peor	de	los	
casos	en	ambos	lugares,	se	reciba	igual	cantidad	de	irradiación	solar.	De	esta	forma,	
se	pueden	comparar	las	pérdidas	permitidas	por	orientación	e	inclinación	de	ambos	
lugares.	
	
2.3.2	Límites	de	pérdidas	por	sombreado	
	
En	el	caso	de	los	valores	máximos	de	pérdidas	por	sombreado	también	se	tomó	como	
base	 el	 documento	 del	 Código	 Técnico	 de	 la	 Edificación	 de	 España	 CTE,	 como	 país	
referencia.	El	objetivo	es	“trasladar”	este	 límite	a	ciudades	un	país	diferente.	El	CTE	
propone	un	límite	máximo	de	pérdidas	en	BIPV	de	20%,	con	respecto	a	 la	situación	
hipotética	 de	 sombreado	 total.	 En	 tal	 caso,	 la	 radiación	 dejada	 que	 deja	 de	 incidir	
sobre	 el	 plano	 del	 generador	 sería	 igual	 a	 la	 radiación	 directa,	 Ba(0),	más	 la	 difusa	
circunsolar,	DaC(0).	Por	lo	tanto,	sólo	se	recibe	la	fracción	solar	de	difusa	isotrópica.	
	
Dado	que	el	parámetro	físico	solar	que	se	ve	directamente	involucrado	es	la	fracción	
de	difusa,	ésta	se	calculó	para	las	diferentes	ciudades	del	lugar	1	(España).	La	fuente	
para	 ello	 fue	 el	 Atlas	 de	 Radiación	 Solar	 en	 España	 [27],	 publicado	 por	 la	 Agencia	
Estatal	 de	 Meteorología	 [28].	 Seguidamente	 se	 calculó	 el	 valor	 promedio	 de	 la	
fracción	de	difusa	que	 representa	al	país,	 ya	que	el	CTE	propone	un	único	valor	de	
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límite	de	pérdidas	por	sombreado.	Finalmente,	el	valor	perdido	de	 irradiación	solar	
directa	se	comparó	con	el	máximo	contemplado	en	 las	 tablas	de	referencia	del	CTE.	
Como	resultado	de	esto,	se	encontraron	los	valores	de	Ba(0)	y	DaC(0)	para	el	lugar	1.		
	
Por	lo	tanto,	para	el	lugar	1	se	define	que	la	fracción	máxima	de	irradiación	perdida,	
con	respecto	a	la	físicamente	posible	es:	
	

	 ( 16)	

	
Donde	Lshading,MAX,1	es	el	límite	máximo	de	pérdidas	por	sombreado	en	el	lugar	1,	que	
en	el	caso	de	España	es	20%.		
	
Finalmente,	la	fracción	máxima	de	irradiación	solar	perdida	en	el	lugar	1	se	igualó	a	
su	equivalente	en	el	lugar	2.	Por	lo	tanto,	las	máximas	pérdidas	por	sombreado	para	
el	lugar	2	quedaron	definidas	mediante:	
	

	 ( 17)	

	
	

2.4	 Metodología	 para	 el	 modelo	 de	 preclasificación	 de	
fachadas	

	
Primeramente	 se	halló	 el	 factor	de	 irradiación	en	 las	 fachadas,	 FIfacades,	mediante	 el	
cual	 se	 calcula	 la	 irradiación	 solar	 en	 la	 superficie	 Ga(90,α).	 Posteriormente	 se	
propuso	un	modelo	matemático	ajustando	los	datos,	el	cual	fue	validado	mediante	la	
herramienta	de	PVWatts®,	diseñada	por	el	NREL.	Se	escogió	esta	herramienta,	ya	que	
las	últimas	versiones	presentan	una	presición	aproximada	del	2%	[50].	Así	mismo,	es	
muy	 conocida	 entre	 los	 instaladores	 y	 empresas	 de	 América.	 La	 expresión	
matemática	 para	 FIfacades,	 se	 ajustó	 tomando	 como	 datos	 independientes	 la	
orientación	de	la	superficie	y	la	latitud	del	lugar.	 
Por	último,	con	Ga(90,α),	y	 tomando	como	referencia	el	rango	de	valores	que	puede	
recibir	 una	 facha	 a	 nivel	 mundial,	 	 se	 propuso	 un	 modelo	 de	 pre-clasificación	 de	
fachadas	basado	en	la	escala	de	valores	de	eficiencia	energética,	similar	al	de	equipos	
eléctricos	

	
	
	

( ) ( )
( )

, ,1
, ,1

,1 ,1

,1

0 0
100%

0

shading MAX
MÁX losses C

a a

a

L
f

B D
G

=
æ ö+
ç ÷ç ÷
è ø

( ) ( )
( )

,2 ,2
, ,2 , ,1

,2

0 0
100%

0

C
a a

shading MAX MÁX losses
a

B D
L f

G
æ ö+

= ç ÷ç ÷
è ø



	DESARROLLO	DE	NUEVOS	MODELOS	PARA	LA	FOTOVOLTAICA	INTEGRADA	EN	EDIFICIOS		(BIPV)	EN	CIUDADES	SOSTENIBLES	
________________________________________________________________________________ 
 

_______________________________________________________________________________ 
Luis	Fernando	Mulcué	Nieto	

34	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	DESARROLLO	DE	NUEVOS	MODELOS	PARA	LA	FOTOVOLTAICA	INTEGRADA	EN	EDIFICIOS		(BIPV)	EN	CIUDADES	SOSTENIBLES	
________________________________________________________________________________ 
 

_______________________________________________________________________________ 
Luis	Fernando	Mulcué	Nieto	

35	

	
	

	
	
	
	
	

Capítulo	3		
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3.1.	Nuevo	modelo	para	el	PR	en	sistemas	de	BIPV	ubicados	
en	bajas	latitudes			

	
	

3.1.1.	Resultados	del	Performance	Ratio	
	
En	la	tabla	2	se	listan	los	resultados	obtenidos	para	el	PR,	tanto	los	máximos	como	los	
mínimos.	Se	puede	apreciar	que	 los	valores	se	encuentran	entre	0.51	y	0.65,	 lo	cual	
implica	 una	 variación	 de	 más	 del	 20%.	 Solo	 este	 hecho	 demuestra	 de	 forma	
contundente	que	no	es	adecuada	la	práctica	de	asignar	un	único	valor	“estándar”	de	
0.75	para	el	Performance	Ratio	en	BIPV.		

	
Tabla	2.	PR	mínimo	y	máximo	para	cada	ciudad.		

Ciudad	 PR	min	 PR	max	
Bogotá	 0,58	 0,65	
Pasto	 0,58	 0,65	
Manizales	 0,56	 0,64	
Popayán	 0,56	 0,63	
Medellín	 0,54	 0,62	
Cali	 0,54	 0,61	
Tumaco	 0,54	 0,61	
Villavicencio	 0,54	 0,61	
Leticia	 0,54	 0,61	
Cúcuta		 0,53	 0,60	
Barrancabermeja	 0,53	 0,60	
San	Andrés	 0,51	 0,60	
Neiva	 0,54	 0,60	
Montería	 0,53	 0,60	
Barranquilla	 0,52	 0,60	
Valledupar	 0,51	 0,60	
	 	 	

	
Cabe	destacar	que	 el	 PR	máximo	depende	de	 la	 temperatura	 ambiente	media	de	 la	
ciudad.	Esta	funcionalidad	se	aprecia	en	la	figura	1.	0.81.	0.63	

	
Fig.	1.	Rendimiento	máximo	anual	del	sistema	frente	a	la	temperatura	ambiente	promedio.	
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La	ecuación	de	regresión	lineal	que	representa	los	datos	es:	
	

	 ( 18)	

Esta	ecuación	se	reescribió	en	términos	de	cada	tipo	pérdida	energética	del	sistema,	
como	sigue:	

	 ( 19)	

Donde	 Ltemp,max	 son	 las	 pérdidas	 máximas	 por	 temperatura,	 correspondientes	 a	
pequeñas	inclinaciones	del	generador.	Estas	están	dadas	por	la	ecuación:		
	

	 ( 20)	

Siendo	 TOEmax	 la	 temperatura	 de	 operación	 equivalente	 máxima	 del	 generador	
durante	todo	el	período	considerado,	ponderada	por	la	irradiancia	total	[51]:	
	

	 ( 21)	

	
Otro	resultado	interesante	fue	que	la	temperatura	anterior	depende	directamente	de	
la	temperatura	ambiente	media	de	la	ciudad:	
	

	 ( 22)	

	
3.1.2.	Modelo	del	PR	máximo	según	el	tipo	de	sistema	
	
En	la	tabla	3	se	muestran	dos	aproximaciones	para	el	valor	máximo	del	Performance	
Ratio,	 según	 si	 el	 sistema	 fotovoltaico	 es	 promedio	 u	 óptimo.	 	 Esto	 depende	
principalmente	de	 la	 aplicación	de	 altos	 estándares	 en	 el	 diseño	y	 la	 calidad	de	 los	
equipos.	

Tabla	3.	Valores	de	pérdidas	que	aportan	a	PRmax.	
Término	 Sistema	

promedio	
Sistema	
óptimo	

Situación	

Langular,min	 0.04	 0.03					 Zonas	lluviosas	[18]	
Linverter,min	 0.11	 0.05	 Muy	buen	inversor	[45]	
Lrating	 0.05				 0.03	 Módulos	excelentes	[52]	
Lmismatch	 0.03	 0.02	 Módulos	excelentes	[20]	
LSPMP	 0.06	 0.02	 Muy	buen	inversor	[53]	
Lohmic	 0.01	 0.005	 Sección		del	cableado	[20]		
Lshading	 0.07	 0.02	 Pocos	obstáculos	[54]	
Ldirtiness	 0.03	 0.02	 Zonas	lluviosas	[18]	

	

PRmax =  0,686− 0,0031 ºC−1 ⋅Ta
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Según	lo	anterior,	se	puede	definir	una	constante	del	sistema	definida	como	ksist,	con	
valores	de	0,662	y	0,820,	para	sistemas	promedio	y	óptimo,	respectivamente.	Por	lo	
tanto	la	ecuación	(18)	se	modificó,	así:	
	

	 ( 23)	

Es	importante	mencionar	que	los	valores	de	PR	en	la	tabla	2	fueron	calculados	para	
un	 sistema	 promedio.	 En	 el	 caso	 de	 sistemas	 óptimos,	 se	 obtienen	 redimientos	
mínimos	y	máximos	entre	0.63	y	0.81,	respectivamente.	Estas	cifras	abarcan	valores	
de	 PR	 obtenidos	 para	 sistemas	 reales	 instalados	 [55],	 ya	 que	 tales	 instalaciones	 se	
ejecutan	 para	 valores	 de	 ángulos	 de	 inclinación	 óptimos.	 Con	 esto	 se	 valida	
parcialmente	los	resultados	obtenidos.	
	
3.1.3.	Modelo	propuesto	para	las	pérdidas	por	temperatura	
	
La	 expresión	 propuesta	 para	 hallar	 las	 máximas	 pérdidas	 por	 temperatura	 en	
sistemas	BIPV	es:	
	

	 ( 24)	

	
Con	 el	 fin	 de	 validar	 la	 anterior	 expresión,	 se	 compararon	 las	 pérdidas	 calculadas	
mediante	 la	 ecuación	 (24),	 con	 las	 pérdidas	 reportadas	 para	 sistemas	 reales.	 Los	
resultados	obtenidos	se	muestran	en	la	tabla	4.	Se	puede	apreciar	que	el	modelo	tiene	
un	alto	nivel	de	predicción.	Estas	pérdidas	son	para	el	caso	de	un	sistema	promedio,	
donde	 los	módulos	 tienen	 buena	 ventilación,	 por	 lo	 tanto	 representan	 las	 perdidas	
mínimas	en	sistemas	BIPV	con	ventilación	moderada.			
	

Tabla	4.	Valores	de	pérdidas	por	temperatura	para	generadores	inclinados	cerca	a	su	ángulo	óptimo.	
Ciudad	 País	 Número	

de	
sistemas	

Pérdidas	
medidas	

Referencia	 Pérdidas	
calculadas		

Tokio	 Japón	 100	 4%	 [21]	 4%	
Dublín	 Irlanda	 1	 0%	 [22]	 0%	
Sukatani	 Indonesia	 101	 8%	 [23]	 8%	
	 	 	 	 	 	

	
3.1.4.	PR	en	función	de	la	inclinación	y	orientación	
	
La	ecuación	(23)	describe	el	PR	en	el	caso	de	inclinaciones	cercanas	a	la	óptima,	que	
maximizan	 la	 energía	 anual	producida.	 Sin	 embargo,	 en	el	 caso	de	 los	 sistemas	 con	
BIPV	 se	 utilizan	 superficies	 orientadas	 e	 inclinadas	 en	 diversas	 direcciones.	 Esto	
puede	dar	lugar	a	un	error	hasta	del	15%	en	el	PR	calculado,	y	por	consiguiente	en	la	
energía	anual.		
Para	 entender	mejor	 este	 efecto	 se	 graficaron	mapas	 de	 contorno	 del	 Performance	
Ratio,	 en	 función	 de	 la	 inclinación	 y	 el	 azimut.	 Los	 resultados	 se	 muestran	 en	 las	
figura	2.	

PRmax = ksist ⋅ 1+ γ 1,12 ⋅Ta −10ºC( )⎡⎣ ⎤⎦

Ltemperature,max =  − γ 1,12 ⋅Ta −10ºC( )
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																																									a)																																																																						b)	

	
																																											
																																											c)																																																																						d)	

	 	
	

Fig.	2.	Mapa	de	contorno	de	PR	para	a)	Leticia	(φ =	-	4,2°)	b)	Pasto	(φ = 1,2°).  
c)	Bogotá	(φ = 4,7°)	d)	Cúcuta	(φ = 7,9°).		

	
 

Se	 puede	 apreciar	 que	 todas	 las	 inclinaciones	 menores	 a	 30°,	 es	 decir,	 todas	 las	
cubiertas	 tienen	 un	 PR	 igual	 al	 máximo.	 Así	mismo,	 se	 presentan	 dos	máximos	 de	
rendimiento,	 para	 las	 orientaciones	 de	 -90°	 y	 90°.	 La	 principal	 causa	 de	 este	
comportamiento	 radica	 en	 que	 las	 pérdidas	 angulares	 y	 las	 de	 conversión	 son	
mínimas	 en	 las	 orientaciones	 en	 las	 direcciones	 este	 y	 oeste.	 El	 pico	 en	 α=-90°	 es	
mayor	 que	 para	 α=90°,	 debido	 a	 que	 en	 las	 mañanas	 la	 temperatura	 ambiente	 es	
menor,	 lo	 cual	 disminuye	 las	 pérdidas.	 Esto	mismo	 hecho	 causa	 la	 aparición	 de	 la	
región	azul	oscura	en	la	figura	2.d.		
	
	
3.1.5.	Modelo	propuesto	para	el	Performance	Ratio	
	
Cada	ciudad	 tiene	un	mapa	de	contorno	para	PR,	 según	su	 temperatura	ambiente	y	
latitud.	Por	ello,	si	en	un	proyecto	de	BIPV	se	quiere	predecir	la	cantidad	de	energía	
producida,	basta	con	observar	el	PR	en	el	mapa	de	contorno	especifico.	Sin	embargo,	
para	obtener	los	gráficos	es	necesario	emplear	el	tedioso	procedimiento	descrito	en	el	
punto	 2.2.	 Esto	 no	 es	 viable	 técnicamente	 cuando	 se	 plantea	 un	 proyecto	 de	 BIPV.	
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Este	es	el	motivo	por	el	cual	la	comunidad	ha	optado	por	asignar	un	“valor	estándar”	
de	 0.75	 al	 PR,	 para	 estimar	 la	 energía	 producida.	 Sin	 embargo,	 como	 ya	 se	 ha	
discutido,	el	adoptar	esta	práctica	no	resulta	adecuado	en	el	caso	de	BIPV,	ya	que	los	
errores	cometidos	podrían	llegar	a	ser	hasta	del	45%,	en	el	peor	de	los	casos.		
	
Por	 lo	 tanto,	 resulta	 necesario	 desarrollar	 una	 ecuación	 que	 reproduzca	 de	 forma	
aproximada	los	mapas	de	contorno	para	el	PR.	Con	este	objetivo	se	tiene	que,	para	un	
mismo	 PR,	 la	 gráfica	 tiene	 la	 forma	 aproximada	 a	 una	 suma	 de	 dos	 funciones	
gaussianas,	 cuya	 amplitud	 y	 ancho	 varían	 con	 la	 latitud.	 Además,	 hay	 un	
desplazamiento	 vertical	 de	 cada	 función,	 en	 función	 de	 la	 temperara	 media	 de	 la	
ciudad.	Por	lo	tanto,	se	ha	propuesto	el	siguiente	modelo	para	el	cálculo	del	PR:	
	
	

	 ( 25)	

	
Donde	
	

	 ( 26)	

	
	 ( 27)	

	
	 ( 28)	

	
	 ( 29)	

	
Donde	β	 corresponde	 a	 la	 inclinación,	 α	 al	 acimut	 y	ϕ	 a	 la	 latitud,	 todos	 en	 grados	
sexagesimales.		
	
Como	 conclusión	 importante,	 se	 propuso	 un	 modelo	 para	 calcular	 el	 Performance	
Ratio	 en	 sistemas	 de	 BIPV,	 y	 que	 requiere	 sólo	 4	 parámetros	 de	 entrada:	 La	
temperatura	ambiente	media,	la	latitud,	la	inclinación,	y	la	orientación.	Los	pasos	para	
usar	la	ecuación	(25)	se	describen	a	continuación:		
	
1.	Calcular	PRmax	con	la	ecuación	(18).		
	
2.	 Calcular	 PR	 mediante	 la	 ecuación	 (25).	 Si	 PR>PRmax	 entonces	 se	 tiene	 que	
PR=PRmax.	Si	PR<PRmax	entonces	el	PR	es	el	obtenido	con	la	ecuación.	
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3.1.6.	Grado	de	precisión	del	modelo	
	
Con	el	ánimo	de	verificar	el	grado	de	precisión	del	modelo,	se	construyó	la	figura	3.	Se	
pueden	apreciar	 	dos	diagramas	de	contorno	del	PR,	el	de	la	izquierda	fue	realizado	
mediante	el	extenso	y	complicado	procedimiento	explicado	en	el	punto	2.2.	El	de	 la	
derecha	fue	elaborado	usando	el	modelo	propuesto	en	la	ecuación	(25).	Así	mismo,	la	
figura	muestra	el	porcentaje	de	error	cometido,	el	cual	es	menor	al	1%	en	la	mayoría	
del	gráfico.	
																																									a)																																																																						b)	

	
																																																																																c)	

	
Fig.	3.	PR	para	Bogotá.	a)	Obtenido	con	la	simulación	completa.	b)	Con	el	modelo	propuesto.	c)	Porcentaje	de	error	

cometido		
		
Como	 conclusión	 final,	 cabe	 destacar	 que	 emplear	 el	modelo	 del	 PR	 de	 la	 ecuación	
(25)	 ahorra	 el	 tedioso	 trabajo	 de	 usar	 más	 de	 40	 ecuaciones,	 en	 más	 de	 20.000	
operaciones	 por	 computador.	 	 Consideramos	 que	 este	 modelo	 es	 una	 herramienta	
valiosa	en	proyectos	de	BIPV.	
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3.1.7.	 Uso	 del	 modelo	 para	 la	 creación	 de	 la	 APP	 sobre	 edificios	
fotovoltaicos	RAITSUN	
	
Con	base	en	el	modelo	propuesto,	se	diseñó	una	APP	llamada	RAITSUN.	Mediante	esta	
APP	se	puede	predecir	la	energía	eléctrica	y	la	rentabilidad	que	producirá	un	edificio	
que	 se	 rodee	 completamente	de	generadores	 solares,	 es	decir,	que	use	BIPV	en	 sus	
fachadas	y	cubiertas.	La	versión	beta	es	sólo	para	Colombia.	La	APP	se	desarrolló	para	
Android.	La	interface	de	usuario	se	muestra	en	la	figura	4.	
	

	

	
Fig.	4.	Interface	de	usuario	de	la	APP	RAITSUN		
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3.2.	 Metodología	 propuesta	 para	 limitar	 las	 pérdidas	 por	
inclinación,	 orientación	 y	 sombreado	 en	 BIPV	 a	 nivel	
mundial	

	
	

3.2.1.	Pérdidas	máximas	permisibles	por	orientación	e	inclinación		
	
Con	el	fin	de	proponer	los	límites	de	pérdidas	por	orientación	e	inclinación	en	BIPV,	
se	encontró	que	la	ciudad	de	España	con	menor	irradiación	solar	anual	es	Bilbao,	con	
1292.1	kWh/m2año	[27].	Así	mismo,	utilizando	el	gráfico	de	FI	del	CTE	se	encontró	
que	 1520.1	 kWh/m2año	 inciden	 sobre	 una	 superficie	 de	 inclinación	 óptima	 de	 esa	
ciudad.	Por	lo	tanto,	según	el	CTE,	en	esta	localidad	la	peor	fachada	aceptada	recibe	el	
60%,	por	lo	cual	Ga,MIN,1(90,0)=912.1	kWh/m2año.	Con	esta	irradiación	se	calcularon	
las	máximas	pérdidas	permisibles	para	Colombia	(caso	de	estudio).	Los	resultados	se	
muestran	en	la	tabla	5.	
	
	

Tabla	5.	Límites	de	pérdidas	por	inclinación	y	orientación.	
Ciudad	 Lβ,α,MAX,2	
Leticia	 45%	
Pasto	 33%	
Bogotá	 42%	
Cúcuta	 48%	
Barranquilla	 53%	
	 	

	
	
	

Con	 la	 tabla	 5,	 y	 los	 gráficos	 del	 factor	 de	 irradiación	 de	 cada	 ciudad	 se	 graficó	 la	
figura	 5.	 Las	 circunferencias	 concéntricas	 representan	 la	 inclinación	 del	 plano	 del	
generador,	mientras	que	las	líneas	radiales	se	refieren	al	azimut.	La	región	coloreada	
de	 verde	 cubre	 todas	 las	 posibles	 superficies	 de	 la	 edificación	 que	 cumplen	 con	 la	
norma	propuesta,	contrario	a	las	que	se	encuentran	en	la	región	roja.	
	
De	 las	 gráficas	 se	 deduce	 también	 que	 en	 algunas	 ciudades	 como	 Leticia,	 Pasto	 y	
Bogotá,	es	decir,	cuando		ϕ ≤	7°	 las	fachadas	no	pueden	usarse	exclusivamente	para	
BIPV.	Sin	embargo,	se	aclara	que	si	el	generador	se	distribuye	una	parte	en	fachada,	y	
una	parte	en	cubierta,	se	puede	lograr	el	caso	de	que	el	porcentaje	global	de	pérdidas	
esté	 dentro	 de	 los	 límites	 aceptables.	 Por	 otra	 parte,	 en	 las	 ciudades	 con	 latitudes	
mayores	a	7°	si	existen	fachadas	con	potencial	para	proyectos	de	BIPV.	Entre	más	al	
norte	esté	la	ciudad,	mayor	variedad	de	fachadas	resultan	permisibles.	
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																																									a)																																																																																b)	

											 	
	

																																									c)																																																																														d) 

           
																																																																																	e)	

 
Fig.	5.	Superficies	posibles	para	a)	Leticia	(φ	=	-	4,2°)	b)	Pasto	(φ	=	1,2°)	
c)	Bogotá	(φ	=	4,7°)			d)		Cúcuta	(φ	=	7,9°)	e)		Barranquilla	(φ	=	10,9°)	
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3.2.2.	Pérdidas	máximas	permisibles	por	sombreado	
 
En	el	caso	de	los	límites	de	pérdidas	por	sombreado,	se	calculó	la	fracción	de	difusa	
en	54	ciudades	de	España.	Los	resultados	se	pueden	apreciar	en	la	figura	6,	junto	con	
el	promedio	del	país,	de	0.34.		
	

 
Fig.	6.	Fracción	de	irradiación	difusa	para	varias	ciudades	de	España. 

 
	
Por	otra	parte,	según	el	CTE	las	pérdidas	en	el	caso	de	sombreado	total	son	del	84%.	
Esto	implica	que	Ba,1(0)=0.66Ga,1(0)	y	Da,1C(0)=	0.18Ga,1(0).	Se	deduce	entonces	que	la	
fracción	máxima	de	irradiación	total	fue	de	fMAX,losses,1=0.238,	correspondiente	al	20%	
estipulado	como	pérdida.	
	
En	 la	 figura	 7	 se	muestra	 la	 suma	 de	 las	 componentes	 directa	 y	 difusa	 circunsolar	
para	diferentes	ciudades	de	Colombia	(Lugar	2).	Se	puede	observar	que	la	variación	
es	mayor	que	en	España,	razón	por	la	cual	se	decidió	proponer	ciudades	de	referencia	
dentro	 del	 país.	 Por	 lo	 tanto,	 se	 calculó	 el	 promedio	 de	 las	 componentes	 para	 las	
ciudades	dentro	de	la	franja	de	latitudes	que	abarca	cada	ciudad	referencia.				
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Fig.	7.	Fracción	de	irradiación	directa	más	difusa	circunsolar	en	función	de	la	latitud. 

	
En	la	tabla	6	se	muestran	los	límites	permisibles	de	pérdidas	por	sombreado,	para	el	
país	de	Colombia.	En	general,	los	valores	son	menores	que	los	permitidos	por	el	CTE	
de	España.	Esto	se	explica	en	el	hecho	de	que	Colombia	tiene	una	mayor	fracción	de	
radiación	difusa,	y	por	 lo	 tanto	se	puede	perder	una	menor	cantidad	de	 irradiación	
directa	por	 sombreado.	Se	puede	observar	que	 los	 límites	 son	muy	similares	en	 las	
ciudades	de	referencia,		por	lo	cual	cabe	la	posibilidad	de	considerar	un	único	límite	
de	16%	de	pérdidas	por	sombreado	para	toda	Colombia.	
	
	

Tabla	6.	Porcentajes	máximos	de	pérdidas	anuales	por	sombreado	para	Colombia.	
Ciudad	referencia	 Lshading,MAX,2	
Leticia	 15%	

Pasto	 14%	

Bogotá	 15%	

Cúcuta	 16%	

Barranquilla	 18%	
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3.2.3	Propuesta	para	un	estándar	técnico	mundial		
	
Con	el	fin	de	proponer	una	expresión	simple	para	hallar	el	límite	de	pérdidas	debido	a	
la	 orientación	 e	 inclinación	 para	 cualquier	 país,	 en	 la	 Figura	 8	 se	 representa	 este	
límite,	 en	 función	 la	máxima	 irradiación	solar	anual	del	 lugar.	 Se	puede	ver	que	 los	
valores	 de	 esta	 variable	 oscilan	 entre	 30%	 y	 60%.	 Esta	 herramienta	 es	 de	 gran	
utilidad,	ya	que	solo	basta	con	ubicar	el	valor	correspondiente	a	Ga(βopt)	de	la	ciudad,	
y	asignar	las	pérdidas	máximas	correspondientes.		
	

	
Fig	8.	Límite	de	pérdidas	debidas	a	la	orientación	e	inclinación,	contra	la	irradiación	máxima	anual	de	la	ciudad.. 

Otra	 forma	 de	 hallar	 el	 valor	 exacto	 del	 límite	 es	 usar	 la	 siguiente	 expresión	
matemática,	que	corresponde	a	la	misma	ecuación	(15),	al	reemplazar	la	irradiación	
solar	anual	de	Bilbao:	
	
	 	 ( 30)	
	
	
Del	mismo	modo,	para	encontrar	una	relación	entre	el	 límite	de	pérdidas	debido	al	
sombreado	y	la	fracción	difusa	de	la	ciudad,	se	graficó	la	Figura	9.	Se	puede	apreciar	
que	sus	cifras	oscilan	entre	10%	y	25%,	dependiendo	del	lugar.	
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Fig	9.	Límite	de	pérdidas	debido	al	sombreado	contra	la	fracción	difusa	de	la	ciudad. 

Para	 calcular	 el	 valor	 exacto,	 se	 realizó	 una	 regresión	 lineal,	 resultando	 que	 los	
puntos	establecen	una	relación	de	la	siguiente	manera	(R2=0.943):	
	

	 (31)	

	
En	las	figuras	8	y	9	se	resume	la	propuesta	de	la	norma	técnica	 internacional.	Estas	
herramientas	 son	 muy	 útiles	 para	 encontrar	 fácilmente	 las	 pérdidas	 máximas	
permitidas	 debido	 al	 sombreado,	 inclinación	 y	 la	 orientación	 de	 sistemas	 en	 BIPV.	
Sirven	para	 futuras	regulaciones	en	cualquier	ciudad	de	un	país,	 solo	conociendo	 la	
fracción	 difusa	 y	 la	 irradiación	 máxima	 anual	 (Ga	 para	 β=βopt).	 Este	 es	 un	 valioso	
insumo	con	miras	a	construir	un	futuro	campo	de	eficiencia	energética	en	BIPV.		
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3.3	 Nuevo	 método	 para	 pre	 clasificar	 las	 fachadas	
potenciales	en	BIPV		

	
3.3.1	Gráficos	del	factor	de	irradiación		
	
Se	 graficó	 el	 FI	 para	 las	 diferentes	 ciudades.	 En	 las	 figuras	 10	 a	 13	 se	 muestran	
ejemplos	para	4	ciudades.		
	

       
																										Fig.	10.	Gráfico	de	FI	para	Cali	(φ = 3.6°)                                       Fig.	11.	Gráfico	de	FI	Bogotá	(φ = 4.7°)     
	

        
																						Fig.	12.	Gráfico	de	FI	para	Barranquilla	(φ = 10.9)           Fig.	13.	Gráfico	de	FI	San	Andrés	(φ = 12.6°)     
	
Se	puede	observar	que	el	factor	de	irradiación	tiene	valores	entre	0.27	y	0.52	para	las	
fachadas.	 Esto	 significa	 que	 se	 puede	 perder	 hasta	 el	 73%	 de	 la	 energía	 solar	 al	
instalar	módulos	fotovoltaicos	en	una	superficie	vertical,	en	países	de	bajas	latitudes.	
Por	esta	razón,	es	necesario	contar	con	un	método	de	preclasificación	para	elegir	las	
fachadas	más	eficientes.	
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3.3.2	Modelo	propuesto	para	el	factor	de	irradiación	en	fachadas	
	
La	figura	14	muestra	el	factor	de	irradiación	para	las	fachadas,	en	función	del	azimut	
y	la	latitud.	Los	máximos	valores	para	FI		se	obtienen	para	fachadas	orientadas	en	la	
dirección	este-oeste,	es	decir,	con	un	acimut	de	-90°	y	90°,	ya	que	se	trata	de	ciudades	
de	bajas	latitudes.	

	
Fig.	14.	Factor	de	irradiación	para	fachadas	en	función	de	la	latitud	y	el	azimut.	

	
Con	 base	 en	 los	 datos	 de	 la	 figura	 14	 se	 desarrolló	 una	 expresión	 matemática.	 Se	
encontró	 que,	 para	 una	 misma	 latitud,	 la	 curva	 de	 puntos	 describe	 de	 forma	
aproximada	una	suma	de	dos	funciones	gaussianas.	La	amplitud	y	ubicación	de	tales	
funciones	varía	en	función	de	la	latitud	del	lugar.	De	acuerdo	con	esto,	se	propone	el	
siguiente	modelo	para	calcular	el	factor	de	irradiación	en	las	fachadas:	
	
	

	
(52)	

	
Donde	
	

	 (53)	

	

 
	

(54)	

	

( ) ( )2 2
0 00.0002 0.0002 0.386 0.0127facadesFI A Ae ea a a a j- - - += × + × + - ×

0.1329 0.01413A j= + ×

0 90 1.36a j= - ×

15j £ °
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Donde	α	es	el	ángulo	de	orientación	de	la	fachada	y	ϕ	la	latitud	de	la	ciudad,	ambos	en	
grados.	 Así,	 la	 expresión	matemática	 obtenida	 solo	 requiere	 de	 dos	 parámetros	 de	
entrada.	El	primero	de	ellos	es	la	ciudad	donde	el	sistema	fotovoltaico	para	BIPV	será	
instalado:	la	latitud	ϕ.	El	segundo	caracteriza	al	plano	de	la	fachada	del	generador,	el	
ángulo	de	orientación	α.	
Es	importante	notar	que	para	países	ubicados	en	el	hemisferio	sur,	el	acimut	cero	se	
define	como	la	dirección	que	apunta	hacia	el	norte	geográfico.	Por	lo	tanto,	la	variable	
α	 en	 la	 ecuación	 del	 modelo	 se	 debe	 cambiar	 por	 180-|α|	 cuando	 se	 use	 en	 tales	
países.	
	
	
3.3.3	Grado	de	precisión	del	modelo	
	
La	 figura	15	fue	construida	con	el	 fin	de	verificar	el	grado	de	precisión.	Muestra	 los	
puntos	 obtenidos	 usando	 el	 largo	 y	 tedioso	 proceso	 descrito	 en	 la	 metodología,	
mientras	que	 la	superficie	matemática	 fue	calculada	mediante	el	modelo	propuesto.	
Se	observa	muy	buen	grado	de	ajuste,	con	un	coeficiente	de	correlación	de	R2=0.98.	El	
error	promedio	cometido	es	aproximadamente	igual	al	5%.	
	
Otra	 validación	 del	 modelo	 fue	 desarrollada	 mediante	 la	 reproducción	 de	 los	
resultados	 del	 factor	 	 de	 irradiación	 reportados	 para	 ciudades	 de	 Brasil	 [35],	 los	
cuales	se	ajustan	con	alto	grado	de	exactitud.	
	
Finalmente,	se	describe	 lo	siguiente	para	tener	una	 idea	del	 	ahorro	en	el	 trabajo	al	
usar	 el	modelo	 propuesto	 para	 calcular	 FI.	 Para	 establecer	 cada	 punto	 negro	 de	 la	
figura	28,	 fue	necesario	usar	más	de	30	ecuaciones,	en	un	algoritmo	computacional	
que	desarrolló	más	de	4000	operaciones.	Al	contrario,	sólo	la	ecuación	(52)	fue	usada	
para	generar	la	superficie	matemática	de	la	figura	15.		
	

	
Fig.	15.	Precisión	del	modelo	para	fachadas	potenciales	en	BIPV	. 
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3.3.4	Validación	del	modelo	
	
Con	 el	 fin	 de	 validar	 el	modelo,	 se	 realizó	 una	 comparación	 con	 los	 valores	 del	 FI	
obtenidos	 mediante	 el	 uso	 del	 sitio	 web	 PVWATTS®	 [36].	 Esta	 herramienta	 fue	
desarrollada	por	el	Laboratorio	Nacional	de	Energía	Renovable	de	NREL	de	Estados	
Unidos,	y	a	menudo	se	usa	en	proyectos	fotovoltaicos.	Se	escogió	esta	herramienta,	ya	
que	 las	 últimas	 versiones	 presentan	 una	 precisión	 aproximada	 del	 2%	 [50].	 	 El	
procedimiento	de	validación	se	describe	a	continuación:	
	

1. La	ciudad	se	seleccionó	en	PVwatts®.	
2. El	tamaño	del	sistema	se	estableció	en	1000Wp.	
3. Las	pérdidas	del	sistema	se	establecieron	en	un	valor	dado.	
4. Se	introducen	los	valores	de	α	=	0,	β	=	βopt	
5. En	los	resultados	se	obtiene	Ga	(βopt,	0)	
6. Los	valores	α	se	introducen	para	la	orientación	particular	a	estudiar.	
7. Se	fija	ser	β	=	90	°.	
8. En	los	resultados	se	obtiene	Ga	(β,	α)	
9. FI	se	calcula	con	la	ecuación	1.	
10. El	valor	 anterior	 se	 compara	 con	el	obtenido	usando	 la	 ecuación	del	modelo	

propuesto.	
	
Los	resultados	se	pueden	ver	en	la	figura	16.	En	general,	el	modelo	funciona	bastante	
bien,	y	tiene	la	ventaja	de	que	no	necesita	conexión	a	internet,	como	la	herramienta	
PVwatts®.	 El	 error	 promedio	 fue	 del	 4%	 para	 Bogotá	 y	 7%	 para	 Nicaragua.	 Esto	
podría	 indicar	 que	 el	 error	 se	 incrementa	 en	 función	 de	 la	 latitud.	 Por	 otra	 parte,	
PVwatts®	 no	 funciona	 muy	 bien	 para	 lugares	 donde	 no	 hay	 estaciones	
meteorológicas,	especialmente	en	ubicaciones	por	fuera	de	Estados	Unidos.		Por	estas	
razones	 consideramos	 que	 el	 modelo	 propuesto	 tiene	 mucho	 valor	 para	 realizar	
cálculos	rápidos,	y	preclasificar	fachadas	en	proyectos	BIPV.		

 	
16.	a.																																																																																										16.	b.	

Fig.	16.	Factor	de	irradiación	calculado	mediante	el	modelo	propuesto,	y	el	sitio	web		PVWatts®.	a)	El	caso	para	
Bogotá-Colombia.	b.	El	caso	para	Rivas	–	Nicaragua.	 
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3.3.5	Metodología	propuesta	para	la	pre-clasificación	de	fachadas	en	
BIPV	
	
El	 siguiente	 procedimiento	 propuesto	 se	 utilizará	 para	 clasificar	 previamente	 una	
posible	fachada	BIPV	ubicada	en	países	con	bajas	latitudes:	
	
1.	 Definir	 la	 latitud	 del	 lugar	 ϕ	 y	 la	 orientación	 α,	 que	 caracterizan	 la	 fachada	 del	
edificio.	
	
2.	Calcular	el	factor	de	irradiación	FI	de	la	fachada	usando	la	ecuación	52.	
	
3.	 Establecer	 la	 irradiación	 solar	 anual	 sobre	 plano	 horizontal	 del	 lugar	 Ga(0), 
disponible	en	los	atlas	de	radiación.	
	
4.	Calcular	la	irradiación	solar	sobre	la	superficie	óptima	Ga(βopt),	usando	la	ecuación:	
	

	 (55)	

	
Donde	ϕ	es	la	latitud	del	lugar	
5.	Calcular	la	irradiación	solar	en	la	fachada	Ga(90,α),	usando	la	ecuación:	
	

	 (56)	

	
6.	Utilizar	el	valor	obtenido	de	Ga(90,α)	para	clasificar	 la	fachada,	de	acuerdo	con	la		
"Clasificación	 de	 eficiencia	 energética	 para	 fachadas	 en	 BIPV"	 en	 la	 figura	 17.	 Esta	
clasificación	se	desarrolló	con	base	en	publicaciones	sobre	la	cantidad	de	irradiación	
solar	que	recibe	una	fachada	en	diferentes	lugares	del	mundo.	
	

	
Fig.	17.	Clasificación	de	eficiencia	energética		para	fachadas	en	BIPV.	

	
7.	Concluir	sobre	el	uso	potencial	de	la	fachada	para	BIPV.	
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Los	resultados	obtenidos	cuando	se	utiliza	la	metodología	propuesta	para	8	ciudades	
en	Colombia	se	muestran	en	la	Tabla	7.	
 
Tabla	7.		Preclasificación	de	fachadas	para	8	ciudades	
Ciudad Latitude	

φ	(°) 
βopt	
(°) 

Ga(βopt)	
(kWh/m2year) 

Ga,min(90)	
(kWh/m2year) 

Ga,max(90)	
(kWh/m2year) 

Clasificación	 de	 eficiencia	
energética 

 

Leticia -4.2 4 1656 612,72 861,12    D E F  
 

Pasto 1.2 0 1488 624,96 773,76     E F  
 

Cali 3.6 2 1495 612,95 777,4     E F  
 

Bogotá 4.7 4 1743 819,21 906,36   C D    
 

Medellín 6.2 5 1643 624,34 854,36    D E F  
 

Cúcuta 7.9 8 1746 611,1 907,92   C D E F  
 

Barranquilla 10.9 13 1942 582,6 1009,84  B C D E F G 
 

San	Andrés 12.6 14 2078 561,06 1080,56  B C D E F G 
 

                   

Una	 vez	 que	 se	 ha	 realizado	 la	 clasificación	 previa	 de	 las	 fachadas	 potenciales,	 los	
arquitectos	 e	 ingenieros	 pueden	 proceder	 a	 calcular	 el	 potencial	 BIPV	 completo,	
incluyendo	los	factores	de	forma	y	sombreado,	utilizando	un	software	especializado.	
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3.4	 Procedimiento	 propuesto	 para	 integrar	 los	modelos	 y	
herramientas	de	esta	investigación		

	
A	continuación	 se	describe	 el	 procedimiento	 sugerido	para	usar	 las	herramientas	 y	
modelos	desarrollados	en	la	presente	investigación	doctoral,	en	proyectos	de	BIPV:	
	
CARACTERIZACIÓN	DEL	PROYECTO:	
	

1. Caracterizar	el	lugar	donde	se	realizará	la	instalación,	determinando	su	latitud,	
temperatura	 ambiente,	 fracción	 de	 difusa,	 e	 irradiación	 solar	 anual	 sobre	
plano	horizontal.		

2. Caracterizar	 las	 diferentes	 superficies	 del	 edificio	 que	 son	 potenciales	 para	
emplear	 BIPV,	 determinando	 sus	 ángulos	 de	 orientación	 e	 inclinación,	 y	 los	
valores	de	áreas	útiles	potenciales.		

	
DESCARTE	DE	SUPERFICIES:	
	

3. Usar	 los	 gráficos	 del	 factor	 de	 irradiación	 para	 calcular	 las	 pérdidas	 por	
orientación	 e	 inclinación,	 mediante	 el	 procedimiento	 de	 la	 sección	 3	 del	
capítulo	6.	

4. Determinar	 los	 valores	 máximos	 permitidos	 de	 pérdidas	 por	 sombreado	 y	
orientación	en	el	lugar,	mediante	el	uso	de	las	figuras	8	y	9.	

5. Descartar	las	superficies	con	pérdidas	mayores	a	las	permitidas.	
	
CÁLCULO	DE	LA	ENERGÍA	PRODUCIDA:	
	

6. Calcular	el	Performance	Ratio	para	cada	fachada,	con	el	modelo	obtenido	en	la	
sección	3.1.5	

7. Usar	 la	 expresión	 (1)	 y	 los	 gráficos	del	 factor	de	 irradiación	para	 calcular	 la	
energía	eléctrica	anual	que	produciría	cada	superficie.	

	
PRE-CLASFICACIÓN	DE	FACHADAS	CON	LA	EFICIENCIA	ENERGÉTICA:	
	

8. Calcular	el	factor	de	irradiación	de	cada	fachada	con	la	ecuación	(52)	
9. Preclasificar	 las	 fachadas	mediante	 el	 procedimiento	 explicado	 en	 la	 sección	

3.3.5,	y	ordenarlas	según	la	eficiencia	energética.	
10. Finalmente,	 se	 procede	 a	 evaluar	 el	 costo	 por	 kWp	 cada	 subsistema	 BIPV,	

empezando	por	por	aquellas	fachadas	que	tienen	mejor	clasificación.	
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Capítulo	4		
	

Nuevo	 modelo	 para	 el	 PR	 en	
sistemas	BIPV	

	
	
	
	
	

	
	
	

	
	
	
	
	
	
	



	DESARROLLO	DE	NUEVOS	MODELOS	PARA	LA	FOTOVOLTAICA	INTEGRADA	EN	EDIFICIOS		(BIPV)	EN	CIUDADES	SOSTENIBLES	
________________________________________________________________________________ 
 

_______________________________________________________________________________ 
Luis	Fernando	Mulcué	Nieto	

58	

	
	
	
	
	
	

Título:	 A	 new	 model	 to	 predict	 the	 energy	
generated	 by	 a	 photovoltaic	 system	
connected	 to	 the	 grid	 in	 low	 latitude	
countries	

Autores:	 Luis	 Fernando	 Mulcué-Nieto,	 Llanos	 Mora-
López.	

Revista:	 Solar	Energy,	Elsevier	

Factor	de	impacto	JCR:	 4.7	-	Q1	

Año:	 2014	

Categoría:	 Renewable	 Energy,	 Sustainability	 and	 the	
Environment	

Publicación:	 Volume	107,	September	2014,	Pages	423-442.	

DOI:	 10.1016/j.solener.2014.04.030	

	 	
	 	

	
	
	
	
	
	

	
 

 



A new model to predict the energy generated by a photovoltaic
system connected to the grid in low latitude countries
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Abstract

The use of photovoltaic solar energy is a growing reality worldwide and its main objective is to meet electricity demand in a sustain-
able manner. The so-called Grid-Connected Photovoltaic Power Systems (GCPS) prevail in urban zones, together with Building-inte-
grated Photovoltaics (BIPV); whose performance and energy efficiency depends on different factors. The main aspects include those
related to the solar radiation available in the geographical location of the facility, the climate, the orientation and tilt of the used surfaces,
the appropriate design of the system and the quality of the components. Therefore, several methods have been proposed to try to predict
the influence of the aforementioned variables on the amount of electricity produced. However, the majority are very tedious to implement
or do not take the specific characteristics of the system into account.

This paper proposes a simple and reliable expression, which can be used in low latitude countries. The case study is likewise performed
for Colombia, with a comparative analysis for different cities of the angular losses and due to dirt, the losses due to temperature, the DC–
AC conversion losses and the Performance Ratio of the system (PR).
� 2014 Elsevier Ltd. All rights reserved.

Keywords: Building-integrated Photovoltaics (BIPV); Performance Ratio (PR); Energy produced by a photovoltaic system; Performance of a photov-
oltaic system

1. Introduction

Photovoltaic solar energy is an excellent option to meet
the energy demands of the world population, by means of
generating electricity in a distributed manner (Pearce,

2002). Thousands of electricity generators have therefore
been installed using this process around the world. The
so-called Grid-Connected Photovoltaic Power Systems
(GCPS) prevail in urban zones and they meet the energy
needs of the building or housing unit, while the surplus
electricity produced is injected into the grid.

On the other hand, installing photovoltaic panels on the
surfaces of the buildings has become necessary due to the
spatial and economic restrictions. This has led to a highly
important and developed sector, Building-integrated
Photovoltaics (BIPV), where different construction elements
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such as roofs, frontages or windows are replaced by photo-
voltaic modules.

One of the main goals in the field of BIPV is to achieve
optimum aesthetic, economic and technical solutions, thus
making sure that all the new constructions will be “Zero
Energy Buildings” (ZEB) (Kanters and Horvat, 2012). In
order to achieve this, it is vital to forecast the amount of
electricity produced by the facility, so the net energy bal-
ance can be calculated. This calculation must be carried
out in one of the design stages of the system.

In 1998, the International Electrotechnical Commission

(IEC) published the IEC 61724 International Standard.
This standard describes the recommendation for analysing
the electrical performance of the photovoltaic systems. One
of the characteristic parameters is the annual energy pro-
duced, which can be calculated using the following equa-
tion for Grid-Connected Photovoltaic Power Systems
(The International Electrotechnical Commission (IEC),
1998):

EPV ¼
Gaðb; aÞ � P peak � PR

GSTC
ð1Þ

where Ga(b,a) is the annual solar radiation on the generator
surface, Ppeak is the installed photovoltaic peak power, PR
the annual yield of the facility known as the “Performance
Ratio” and GST the solar irradiance under standard mea-
surement conditions, equal to 1 kW/m2.

The Ga(b,a) value can be easily obtained by means of
graphs of the so-called Irradiation Factor (FI) (Thomas,
2012; Roberts and Guariento, 2009). Therefore, the prob-
lem of calculating the electricity produced is mainly
reduced to determining the PR value. Yet this task is not
easy, as the performance depends on several factors such
as the solar radiation available in the geographical location
of the facility, the climate, the orientation and tilt of the
used surfaces, the appropriate design of the system and
the quality of the components, among others.

In order to solve the above problem, different methods
have been put forward to predict the influence of different
variables on the amount of electricity generated. Some of
them are analytical, for example, those used by
Osterwald (1986), Araujo et al. (1982) or Green (1998);
which allow the temperature losses to be calculated. Other
procedures have likewise been proposed that include more
variables, based on artificial neuronal networks
(Almonacid et al., 2009; Rodrigo et al., 2012). However,
the majority of them are very tedious to implement, while
others do not take into account the specific characteristics
of the system.

Another way that has been proposed to solve the prob-
lem is to use a standard performance of PR = 0.75 for any
photovoltaic system (Markvart and Castaner, 2003), which
is not appropriate as the specific variables of the place must
be taken into account. For example, studies of PR in 8
countries have been reported, obtaining values between
0.42 and 0.81 (Mondol et al., 2006). This is coherent, as
the performance of the photovoltaic modules depends on

the ambient temperature of the place. Latitude likewise
plays an important role, as its effect on solar irradiation
means that the power supplied to the entrance of the inver-
ter may be very low within certain time periods, thus reduc-
ing the DC–AC conversion efficiency.

Another important factor that prevents a generalised
PR being used for BIPV applications are the energy losses
caused by the tilt and orientation of the generator plane.
Their origin lies in the fact that sun light is reflected more
when the incidence angle is small with respect to the sur-
face. The losses due to dust and dirt also depend on this
variable. Thus, the PR is expected to vary for a single
building, due to the large amount of surfaces available to
be used on roofs and frontages.

According to what has been discussed, the large amount
of factors present makes it very difficult to forecast the
performance of the photovoltaic facility. It is therefore nec-
essary to implement a simple method that can be used by
architects and engineers. This is very important as many
countries need to expand photovoltaic solar energy. In
Colombia, for example, non-grid connected zones, that
is, places that are not connected to electricity by means
of the Sistema de Interconexión Nacional [Colombian
power grid] account for nearly 52% of national territory
(Senado de la República de Colombia, 2003). Further-
more, it is recommended to implement BIPV within the
cities in order to obtain economic and environmental
benefits.

This paper proposes a simple and reliable expression,
which can be used in low latitude countries. The case study
is likewise performed for Colombia, with a comparative
analysis for different cities of the angular losses and due
to dirt, the losses due to temperature, the losses of DC–
AC conversion and the Performance Ratio of the system
(PR). When carrying out this study, it is not only essential
to correctly predict the energy produced by the future
photovoltaic system, but it also provides a benchmark
parameter to compare data from the monitoring system
to be implemented with the estimated data in the design
stage.

2. Loss factors in a grid-connected photovoltaic system

2.1. Losses due to dust and dirt

These are mainly due to the dust particles deposited on
the glass surface of the photovoltaic module, which reduce
light transmission to the solar cells. Generally, its impact is
quantified in terms of the reduction in normal transmit-
tance T(0), with respect to what would have been obtained
if the modules were completely clean. The typical values are
set out in Table 1 (Luque and Hegedus, 2011), where
Tdirt(0) represents the transmittance of the normal inci-
dence light when the surface is dirty, while Tclean(0) implies
that it is completely clean.

In keeping with the above, the losses from dirt can be
calculated as:
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Ldirtiness ¼ 1� T dirtð0Þ
T cleanð0Þ

ð2Þ

It is important to note that Eq. (2) allows the normal
incidence to be referred to, as when the incidence angle is
different; the dust causes shadows of variable length on
the surface. This fact must be taken into account regarding
the angular losses.

2.2. Angular losses

The angular losses are determined for each surface, in
other words, for each value pair (b,a), where b is the tilt
angle and a is the orientation with respect to the South
(see Fig. 1).

Even though different expressions have been put for-
ward to calculate the angular losses (Preu, 1995; Krauter
and Grunow, 2006; Engineers, 1978), the Martin-Ruı́z
model (Martin and Ruiz, 2001) reproduces real results
(Zang and Wang, 2011) and is relatively simple. The hourly
global irradiance G0h(b,a) incident on the module is the
made up by the contributions of the direct Bh(b,a), circum-
solar diffuse DC

h (b,a), isotropic diffuse DI
h(b,a), and reflected

Rh(b,a) radiation; thus:

G0hðb; aÞ ¼ FT B � Bhðb; aÞ þ FT B � DC
h ðb; aÞ þ FT D � DI

hðb; aÞ
þ FT R � Rhðb; aÞ ð3Þ

where FTB, FTD, FTR are the relative transmittances,
standardised by the normal incidence total transmittance
and are calculated by means of the expressions:

FT B ¼ 1�
exp � cos hs

ar

� �
� exp � 1

ar

� �
1� exp � 1

ar

� � ð4Þ

FT D ¼ 1� exp � 1

ar
c1 sin bþ p� b� sin b

1þ cos b

� ���

þ c2 sin bþ p� b� sin b
1þ cos b

� �2
#)

ð5Þ

FT R ¼ 1� exp � 1

ar
c1 sin bþ b� sin b

1� cos b

� ���

þ c2 sin bþ b� sin b
1� cos b

� �2
#)

ð6Þ

where hs is the incident angle between the sun rays and the
normal one for the plane in question, while ar, y, c2 are
parameters of the degree of dirt and appear in Table 2.
The value of c1 is 4/(3p) in all cases.

By calculating the sum of Eq. (3) for every day of the
year, the annual solar irradiation incident on the generator
G0a(b,a) is obtained. In a similar way, if it is established that
FTB, FTD, FTR are equal to 1, the annual solar irradiation
Ga(b,a) is obtained in the case of the total absence of angu-
lar losses. By comparing these two amounts, the annual
angular losses are obtained:

Langular ¼ 1� G0aðb; aÞ
Gaðb; aÞ

ð7Þ

Some annual angular loss values were calculated in
European countries for the case of south-facing surfaces,
resulting in values ranging between approximately 3%
and 8%, depending on the tilt degree (Martin and Ruiz,
2001).

2.3. Losses due to differences with the nominal power

In the majority of the photovoltaic facilities, the
installed real power differs from the nominal power stated
by the manufacturer, under standard test conditions (STC).
These conditions are defined as an incident irradiance of
1000 W/m2, temperature of the photovoltaic cell of 25 �C,
AM 1.5G standard spectrum.

This fact is due to each module having a manufacturing
tolerance DP/Pnom, defined as the percentage difference
between the real power Preal and the nominal power Pnom.
For example, values have been measured from 3% to 26% less
in operating modules (M. Drif et al., 2007; Jahn and Nasse,

Table 1
Usual values of normal incidence loss due to dirt on the modules. Source:

Luque and Hegedus (2011).

Degree of dirt Tdirt(0)/Tclean(0) Losses (%)

None 1 0
Low 0.98 2
Medium 0.97 3
High 0.92 8

Fig. 1. Representation of the azimuth angle and orientation of a surface.

Table 2
Usual values of the ar and c2 parameters for silicon modules. Source:

Luque and Hegedus (2011).

Tdirt(0)/Tclean(0) ar c2

1 0.17 �0.069
0.98 0.20 �0.054
0.97 0.21 �0.049
0.92 0.27 �0.023
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2004; Poissant and CanmetENERGY, 2009; Atmaram
et al., 2008; Detrick et al., 2005; Carr and Pryor, 2004).
Table 3 summarises some research showing the great dis-
persion of this parameter.

The high percentages reported may result in system per-
formances of under 60% (Jahn and Nasse, 2004). However,
recent studies have concluded that manufacturers are
increasingly more responsible for this situation. Proof of
this is the research carried out by Solar America Board

for Codes and Standards (“Solar America Board for
Codes and Standards (Solar ABCs),” 2013), where 9422
modules were reviewed, concluding that less than 0.7% of
the total presented power under 97% of the nominal power
(TamizhMani, 2011).

For a generator consisting of n modules equal to nomi-
nal power Pnom, losses due to differences with the nominal
power Lrating are determined by:

Lrating ¼ 1� 1

n

Xn

i¼1

P real;i

P nom
ð8Þ

where real Preal,i represents the real power of the ith
module.

If the modules are well selected, the losses due to differ-
ences with the nominal power can be estimated as being
equal to 5% as a maximum (Almonacid et al., 2011).

2.4. Mismatch losses

When performing photovoltaic module parallel or serial
connections, experience has shown that the total power of
the system is not equal to the sum of the individual power.
This energy deficit is attributed to the so-called mismatch
losses, which are mainly caused by the partial shading of
the generator and the dispersion of the electricity proper-
ties of the modules (Chouder and Silvestre, 2009).

The electric characteristics of each unit of the generator
may vary due to the manufacturer’s tolerance or degrada-
tion processes. The latter includes the degradation of the
anti-reflective coating, the discoloration of the housing
material, the degradation caused by light, hot points, and
the mechanical breaking of the cell structure (Picault
et al., 2010).

Due to the great many factors intervening in this aspect,
there is no simple expression to predict this type of loss.
However, there is research that has detected values up to
6% due to this concept (Baltus et al., 1997), while other

research indicates that they are between 2% and 4%
(Almonacid et al., 2011).

2.5. Temperature losses

In the case of monocrystalline silicon modules, the out-
put power drops by around 4% for each 10 �C increase in
temperature (Luque and Hegedus, 2011). This is mainly
due to the effect of the heating on the open circuit voltage
of the photovoltaic cells.

The most common expression to calculate the maximum
power that each module can deliver is the one proposed by
Osterwald (1986), as it produces satisfactory results
(Almonacid et al., 2011), despite its simplicity. This model
uses the STC conditions as the benchmark:

P max ¼ P max;STC
G0ðb; aÞ

GSTC
½1þ cðT c � 25Þ� ð9Þ

where Pmax is the maximum power in W, G0(b,a) the inci-
dent irradiance on the surface in W/m2, Pmax,STC is the
maximum power of the module in STC conditions in W,
GSTC = 1000 W/m2, c is the variation coefficient of the
power peak with the temperature, and Tc the instantaneous
temperature of the photovoltaic cells. The latter is given by:

T c ¼ T a þ G0ðb; aÞ TONC � 20

800
ð10Þ

where Ta is the ambient temperature and TONC is the
nominal operating temperature of the cell, in other words,
the one reached in normal incidence conditions under an
irradiance equal to 800 W/m2 and ambient temperature
of 20 �C.

Pursuant to the above, the instantaneous temperature
losses would be given by the difference between the real
power Pmax and the hypothetical power produced if the
cells were working at 25 �C, resulting in:

Ltemperature;ins ¼ �cðT c � 25Þ ð11Þ

It can be seen that these losses depend on the tempera-
ture of the cells, in other words, of the ambient temperature
and of the incident irradiance on the generator plane. In a
similar way, they are determined for a time period by the
expression proposed Caamaño Martı́n (1998):

Ltemperature ¼ �cðTOE � 25Þ ð12Þ

where TOE is the Equivalent Operating Temperature of the
generator in the period in question, weighted by the inci-
dent irradiance:

Table 3
Absolute percentage differences between the nominal power issued by the manufacturer and the real operating power of the modules.

Country |DP/Pnom|min (%) |DP/Pnom|max (%) Reference

Spain 9 11 Drif et al. (2007)
Germany 5 26 Jahn and Nasse (2004)
Canada 6.5 23 Poissant and CanmetENERGY (2009)
USA 0 19.7 Atmaram et al. (2008), Detrick et al. (2005)
Australia 0.7 25.1 Carr and Pryor (2004)
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TOE ¼
R

s T c � G0ðb; aÞ � dtR
s G0ðb; aÞ � dt

ð13Þ

It can be seen that these losses are complex to evaluate
for each system in particular, as they depend on the tilt
and orientation of the generator, the incident irradiance
on the plane of the generator (and therefore also on the
angular losses) and the ambient temperature of the place.
Typical values range between 5% and 15% (Almonacid
et al., 2011).

2.6. Losses due to monitoring errors of the power maximum

peak (PMP)

When the inverter cannot locate the optimal working
point of the generator in the current curve–voltage, losses
occur due to power being generated that is lower than
expected. These losses depend on external and internal fac-
tors to the inverter, including (Jantsch, 1997):

� The PMP monitoring mechanism.
� The electrical characteristics of the generator.
� The incident irradiance and its irregularities.
� The ambient temperature.

Research conducted in 100 residential photovoltaic
installations in Japan, by the Japanese monitoring pro-
gramme, concludes that the average losses due to monitor-
ing errors of the power maximum peak LSPMP are of the
order of 6% (Sugiura et al., 2003). This is consistent with
data reported by the Spanish Centre for Technological,
Environmental and Energy Research (CIEMAT) (“Centro
de Investigaciones Energéticas, Medioambientales y
Tecnológicas de España (CIEMAT),” 2013), with respect
to which the standard values range between 4% and 6%
for clear days and partially clouded days, respectively
(Alonso-Abella and Chenlo, 2004).

2.7. Losses in the inverter due to DC–AC conversion

The DC–AC conversion efficiency of the inverters is the
function, mainly, of the input power. However, it also
affects the value of the input voltage and working temper-
ature to a lesser extent. A frequently used model to describe
this behaviour is the one proposed by Schmidt, according
to which the instantaneous efficiency of the inverter is cal-
culated by means of the equation (Jantsch et al., 1992):

ginverter ¼
P output

P input
¼ pout

pout þ k0 þ k1 � pout þ k2 � p2
out

ð14Þ

where

pout ¼
P output

P nominal
ð15Þ

Pinput is the instantaneous power at the input of the inverter
in W, Poutput is the instantaneous power at the output of the
inverter in W, Pnominal is the output nominal power of the

inverter at W, k0 is the self-consumption loss coefficient,
k1 is the coefficient of losses proportional to the power
and k2 is the coefficient of losses proportional to the square
of the power. Those parameters can be obtained of the effi-
ciency curve of the inverter, provided by the manufacturer.

For simulation purposes, it is better to use an equivalent
expression, but in terms of the input power:

ginverter ¼
P output

P input
¼ pin � ðb0 þ b1 � pin þ b2 � p2

inÞ
pin

ð16Þ

where

pin ¼
P input

P nominal
ð17Þ

The values of the normally used coefficients are
b0 = 0.02, b1 = 0.02, b2 = 0.07; and are characteristics of
the inverter type. These values match those of the Schmidt
model k0 = 0.02, k1 = 0.025, k2 = 0.08; and were calculated
by choosing a representative sample of inverters existing on
the markers (Jantsch et al., 1992).

The aforementioned expression enables the losses in the
inverter to be calculated over a period of time s:

Linverter ¼ 1� EAC

EDC
¼ 1�

R
s ginverter � P max � dtR

s P maxdt
ð18Þ

where EAC is the energy generated at the output of the
inverter, EDC is the energy generated by the photovoltaic
generator, and Pmax is given by the Osterwald model
(Osterwald, 1986), described above.

In a similar way to the temperature losses, the losses in the
inverter depend on the tilt and orientation of the generator,
the incident irradiance on the plane of the generator (and
therefore also of the angular losses), the ambient temperature
of the place, and of the inverter type. Therefore, they are very
complex to assess as they are characteristics of the facility.

Conversion losses have been reported in a wide range.
For example, some studies place them at around 13%
(Mondol et al., 2006), 9.6–17.5% (Baltus et al., 1997),
6.3–16.8% (Alonso-Abella and Chenlo, 2004). However,
they can be taken to be equal to 5% for very good inverters
(Luque and Hegedus, 2011).

2.8. Ohmic losses in the cabling

The ohmic losses can be calculated approximately for a
time period s, by means of the expression:

Lohmic ¼

Xn

i¼1

R
s I i � R2

i � dtR
s P maxdt

ð19Þ

where n represents the number of cables, Ii is the current that
circulates in the i-th cable of electric resistance Ri, and Pmax is
given by the Osterwald model (Osterwald, 1986).

Usually, these losses fluctuate between 0.5% and 1.5%
(Almonacid et al., 2011; Baltus et al., 1997), with 1% being
an acceptable average value to be used.
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2.9. Losses due to shading

The shading losses depend on the sun position, in other
words, of the solar height !s, and the azimuth a. These
coordinates are shown in Fig. 2.

When plotting !s against a for the whole year, the so-
called solar trajectory diagram is obtained. When the dia-
gram of the coordinates of the obstacles surrounding the
solar panel is superimposed on this, the losses due to the
shading can be calculated. One example of the aforemen-
tioned diagram is shown in Fig. 3, for the city of Bogota.
The diagram of obstacles on the horizon appears in yellow.

Each one of the regions of Graph A1, A2, etc., repre-
sents a portion of the annual solar irradiation from the
sun and that affects the photovoltaic system. Table 4, the
so-called benchmark table, shows the percentage contribu-
tions of different regions. This matches a module tilted at
30� to horizon and south facing.

When multiplying the fi fraction for the area covered by
the obstacle, by the irradiance percentage of the region Ri,
the losses due to shading in that portion of the graph are
obtained. When all the contributions affected by the obsta-
cles are totalled, the annual total losses due to shading in
the system are obtained:

Lshading ¼
1

100

Xn

i¼1

fi � Ri ð20Þ

The current alternatives to calculate this type of loss are
very complex, such as the photographic method proposed
by Cellura et al. (2012), then improved (Orioli and
Gangi, 2012). Some sites opt to do so with electronic appli-
ances known as “fish eye”, designed for this purpose (Kenji
et al., 2001).

Losses due to shading were measured in residential pho-
tovoltaic systems, that are on average 7% (Sugiura et al.,
2003; Wittkopf et al., 2012), even though they may reach
higher values (Nguyen and Pearce, 2012).

3. The Performance Ratio of the system

The performance of a photovoltaic system is quantified
by means of the parameter called the “Performance Ratio”

or PR, described above in Eq. (1). This parameter can be

related with the different losses Li set out above, by multi-
plying the respective performances, thus:

PR ¼
Yn

i¼1

ð1� LiÞ ð21Þ

It can be observed in the above equation that the PR of
each specific GCPS is very complicated to calculate, if reli-
able results are to be obtained.

The main objective of this article is to provide a simple
method, which is equivalent to calculating the aforemen-
tioned losses step by step. This procedure is very important
to design BIPV applications, as the conditions of each geo-
graphical place (ambient temperature and latitude) and the
surface type (orientation and tilt) characterise the PR.

4. Methodology

The following procedure is proposed to establish a sim-
ple expression of the PR for low latitude countries, even
though it may be used to extend the model to other world
regions, assigning the adjustment parameters appropriately
to the results.

The amount of annual average radiation that a surface
receives according to its tilt and azimuth was first calcu-
lated. The angular losses and due to dirt were then calcu-
lated. With the corrected irradiance amount and the
ambient temperature, the input power at each photovoltaic
module was calculated, thus establishing the temperature
losses. The losses in the inverter were then calculated using
the equation of its performance characteristic curve. The
other types of losses were taken to be equal to the usual
values described in Point 2.

Contour diagrams of the PR were then constructed
according to the tilt and orientation of the generator for
each city. Finally, a careful analysis of them was per-
formed, in such a way that a simple equation was found
that enables the results obtained by means of the process
set out in the above paragraph to be reproduced.

The method used is described in detail below.

4.1. Obtaining temperature and irradiation data

The first step was to obtain global solar irradiance data
for different cities in Colombia. The source to obtain this
type of information was the website specialising in renew-
able energy projects called RETScreen International
(Government of Canada, 2013), that is supplied by infor-
mation from 6700 terrestrial meteorological stations and
by NASA satellites. This step resulted in the 12 monthly
average daily values of the global solar irradiation on the
horizontal surface Gdm(0).

Similarly, the temperature data were obtained from the
website of the World Meterological Organisation (“Organi-
zación Meteorológica Mundial,” 2013), whose global cli-
matology information is based on 30-year monthly
measurements, between 1971 and 2000. Thus, the 12Fig. 2. Representation of the solar coordinates.
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monthly average values of maximum and minimum tem-
perature of each city were obtained.

4.2. Calculating the annual solar irradiance on tilted surfaces

in Colombia

Taking the Gdm(0) figures as the baseline, each value was
decomposed into diffuse Ddm(0) and direct Bdm(0) radia-
tion. The fact described by Liu and Jordan (1960) was
taken into account, according to which the relationship
between the clarity index KTm and the diffuse fraction
KDm is independent of the latitude. The equation proposed
by Page (1961), and valid for latitudes between 40�N and
40�S was taken as being dependent on those parameters:

KDm ¼ 1� 1:13KTm ð22Þ

where

KDm ¼
Ddmð0Þ
Gdmð0Þ

ð23Þ

KTm ¼
Gdmð0Þ
Bodmð0Þ

ð24Þ

With Bodm(0) being the extra-terrestrial beam irradiance on
a horizontal surface, obtained for day dn of the month in
which the dual value is equal to the monthly daily average.
The equation to calculate it is (Luque and Hegedus, 2011):

Bodmð0Þ ¼
24

p
B0e0ðxs sin d sin /þ cos d cos / sin xsÞ ð25Þ

Here B0 is the solar constant, e0 the correction factor of the
eccentricity of the orbit of the earth, d the solar declination
angle according to Spencer (Spencer, 1971), / the latitude
of the place, and xs the sunrise angle; with all angles mea-
sured in radians.

The following was used for the direct radiation
component:

Bdmð0Þ ¼ Gdmð0Þ � Ddmð0Þ ð26Þ

Once the daily components were obtained of the global
radiation, Ddm(0) and Bdm(0), their respective hourly val-
ues, Dh(0) and Bh(0) were calculated. This is performed
using the expressions proposed by Collares-Pereira and
Rabl (1979):

Dhð0Þ ¼ rdDdmð0Þ ð27Þ
Ghð0Þ ¼ rgGdmð0Þ ð28Þ
Bhð0Þ ¼ Ghð0Þ � Dhð0Þ ð29Þ

where

rd ¼
p
24

cos x� cos xs

sin xs � xs cos xs

� �
ð30Þ

Fig. 3. Solar trajectory diagram used to calculate losses due to shading for the city of Bogota. The obstacle diagram is superimposed in yellow. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Benchmark tables for a surface area with b = 30� and a = 0�.

Region A B D E

1 0.00 0.00 0.00 0.00
2 0.49 0.15 0.09 0.05
3 1.18 0.44 0.35 0.51
4 2.04 0.82 0.70 1.17
5 2.89 1.20 1.05 1.85
6 3.56 1.51 1.34 2.39
7 3.91 1.67 1.49 2.68
8 3.86 1.65 1.47 2.64
9 3.42 1.45 1.28 2.28

10 2.69 1.11 0.97 1.68
11 1.82 0.72 0.61 1.00
12 0.99 0.36 0.27 0.36
13 0.31 0.09 0.04 0.01
14 0.00 0.00 0.00 0.00

L.F. Mulcué-Nieto, L. Mora-López / Solar Energy 107 (2014) 423–442 429



rg ¼ rdðaþ b cos xÞ ð31Þ

a ¼ 0:409þ 0:5016 sinðxs � 1:047Þ ð32Þ

b ¼ 0:6609þ 0:4767 sinðxs � 1:047Þ ð33Þ

The following step was to calculate the hourly global
irradiance on the surface of the generator Gh(b,a). We
therefore used the three-component model, which has pro-
ven to be quite accurate (Haberlin, 2012), and established
that the incident radiation is made up of direct Bh(b,a), dif-
fused Dh(b,a), and reflected Rh(b,a) radiation; thus:

Ghðb; aÞ ¼ Bhðb; aÞ þ Dhðb; aÞ þ Rhðb; aÞ ð34Þ

The following equation was applied to calculate the
direct radiation:

Bhðb; aÞ ¼
Bhð0Þ
cos hzs

� �
�maxð0; cos hsÞ ð35Þ

With hs being the angle of incidence of the sun rays and the
normal to the plane considered, and hzs the solar zenith
angle, given by:

cos hs ¼ ðsin / cos b� signð/Þ cos / sin b cos aÞ sin d

þ ðcos / cos bþ signð/Þ sin / sin b cos aÞ
� cos d cos xþ cos d sin b sin a sin x ð36Þ

cos hzs ¼ sin d sin /þ cos d cos / cos x ð37Þ

In the above two equations, x is the hour angle and is
expressed in terms of time in hours, th:

x ¼ ð12� thÞ
12

p ð38Þ

The time interval Dt was taken to be equal to 0.25 h.
There are more than 20 models in the literature to calcu-

late the diffuse component on the tilted surface. The Hay-
Davies isotropic model (Hay, 1979), was selected, as it
stands out in different comparative studies for its high
accuracy and simplicity (Denegri et al., 2012; Noorian
et al., 2008; Diez-Mediavilla et al., 2005; Souza and
Escobedo, 2013). This considers the diffuse radiation con-
sisting of two parts, a circumsolar component DC(b,a)
which comes directly from the sun, and another isotropic
component DI(b,a) from the whole celestial hemisphere:

Dhðb; aÞ ¼ DC
h ðb; aÞ þ DI

hðb; aÞ ð39Þ

where

DC
h ðb; aÞ ¼

Dhð0Þj1

cos hzs
�maxð0; cos hsÞ ð40Þ

DI
hðb; aÞ ¼ Dhð0Þð1� j1Þ

1þ cos b
2

ð41Þ

Both components have a statistical weighting according
to the anisotropy index k1 defined as:

j1 ¼
Bhð0Þ

B0e0 cos hzs
ð42Þ

To calculate the reflected component, or albedo, it is
assumed that the ground is horizontal and infinite in exten-
sion, and it reflects the light isotropically:

Rhðb; aÞ ¼ qGhð0Þ
1� cos b

2

� �
ð43Þ

where q is the reflectivity of the ground, taken in general as
q = 0.2.

4.3. Calculating angular losses and due to dirt

The global irradiation was corrected taking into account
both the angular and losses due to dirt, by means of Eqs.
(2)–(6). The main parameters of Tables 1 and 2 were
selected for a medium degree of dirt, that is, Tdirt(0)/
Tclean(0) = 0.97. As a result, the corrected hourly global
irradiance was obtained G0h(b,a).

4.4. Calculating the temperature losses

The ambient temperature varies during the day, but ini-
tially only two data were available: the minimum Tam and
the maximum TaM average temperature. To take this into
account, a model was used which means:

a. The minimum ambient temperature always occurs at
dawn, that is, when x = xs.

b. The maximum ambient temperature takes place two
hours after the solar midday, that is, when x = p/6.

c. During the day, the ambient temperature varies
according to two half-cycles of cosine functions,
according to the solar time x.

Thus, the expressions of this model are (Luque and
Hegedus, 2011):

For xs < x < p/6:

T a ¼ T am þ
T aM � T am

2
½1þ cosðaxþ bÞ� ð44Þ

where

a ¼ p
xs � p=6

ð45Þ

b ¼ � ap
6

ð46Þ

For x > p/6:

T a ¼ T aM �
T aM � T am

2
½1þ cosðaxþ bÞ� ð47Þ

where

a ¼ p
xs þ 11p=6

ð48Þ

b ¼ � pþ ap
6

� �
ð49Þ

With each ambient temperature obtained and the corrected
hourly global irradiance G0h(b,a), the operating tempera-
ture of cell Tc was calculated using Eq. (10). TNOC was
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taken to be equal to 46 �C, a typical value issued by the
module manufacturers. With this value, and Eq. (9),
the output maximum power Pmax was calculated. Thus,
the temperature instantaneous losses were established by
Eq. (11).

4.5. Calculating the losses due to the DC–AC conversion

With the power established in the above point and Eq.
(16), the instantaneous efficiency of the inverter was calcu-
lated. To discover pin, the nominal Pnominal power of the
inverter is assumed to be equal to the peak power of the
generator Pmax,STC. The output instantaneous power was
then obtained. The total losses of the DC–AC conversion
were thus calculated using Eq. (18).

4.6. Determining the other types of losses

With respect to the types of remaining losses, they were
taken to be equal to the average values reported in the lit-
erature, as set out in Point 2 of this article: Lrating = 0.05,
Lmismatch = 0.03, LSPMP = 0.06, Lohmic = 0.01, Lshading =
0.07.

4.7. Calculating the PR

The final Performance Ratio was calculated using Eq.
(1). Therefore, the annual irradiation Ga(b,a) was given
by means of the average of the monthly average daily val-
ues Gdm(b,a), multiplied by 365:

Gaðb; aÞ ¼ 365 � 1

12

X12

n¼1

Gdmðb; aÞ ð50Þ

where the monthly average daily irradiation Gdm(b,a) was
obtained by adding up the hourly components of the
hourly global irradiation, during the representative day:

Gdmðb; aÞ ¼
X
day

Ghðb; aÞ � Dt ð51Þ

On the other hand, the photovoltaic energy was given
by:

EPV ¼ EACð1� LratingÞð1� LmismatchÞð1� LSPMP Þ
� ð1� LohmicÞð1� LshadingÞ ð52Þ

where EAC was calculated to a similar way to Ga(b,a), using
the equations:

EAC ¼ 365 � 1

12

X12

n¼1

EAC;dm ð53Þ

EAC;dm ¼
X
day

ginverter � P max � Dt ð54Þ

The procedure described in points 4.2–4.7 was repeated
cyclically, so that the PR value was obtained for each pair
of coordinates (b,a), for the city in question. Tilt b varied

between 0� and 90�, taking Db = 5�; and tilt a between
�180� and 180�, taking Da = 5�. All the possible configura-
tions could thus be covered.

Finally, the process was repeated for 16 cities of Colom-
bia located between latitudes of �4�S and 12�N. Several
other cities in Central America were also taken into
account.

5. Results and discussion

5.1. Angular losses and due to dirt

The results of the angular losses for the 16 cities of
Colombia are set out in Table 5. It can there be seen that
the minimum values of this variable range between 4%
and 5%, while the maximums are between 11% and 15%.

This behaviour differs slightly from the one reported for
some cities of Europe (Martin and Ruiz, 2001), according
to which the maximum losses were 8%, for 90� tilt. This
can be explained by the fact that the south-facing frontages
in equatorial countries receive less irradiation than those
located in high latitudes.

It can also be seen from Table 5 that there is an approx-
imate trend of a 1% increase in the maximum losses for
each 3� of latitude. This is logical, as this type of losses
can occur for north-facing vertical surfaces, which receive
less irradiation as the latitude increases.

Fig. 4 was prepared to better understand the behaviour
of the south-facing surface angular losses, according to
their tilt angle.

It can be seen from Fig. 4 that the angular losses
increase with the tilt. However, each curve really presents
a minimum, which is given for the optimum angle that
maximises the annual global irradiation. This trend can
be better appreciated the greater the latitude of the place.
In this case, it is San Andrés, whose minimum is approxi-
mately for 15�.

Table 5
Results obtained for the angular losses.

City Latitude u (�) Langular min (%) Langular max (%)

Leticia �4.2 5 12
Pasto 1.2 5 11
Tumaco 1.8 4 12
Popayán 2.5 5 12
Neiva 3 5 12
Cali 3.6 5 12
Villavicencio 4.2 5 11
Bogotá 4.7 4 13
Manizales 5.1 5 12
Medellı́n 6.2 5 12
Barrancabermeja 0.5 4 14
Cúcuta 7.9 4 13
Monterı́a 8.8 4 13
Valledupar 10.5 4 14
Barranquilla 10.9 4 14
San Andrés 12.6 4 15
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Fig. 5 was produced, which shows the case of north-fac-
ing surfaces, to establish the minimum and maximum
losses on the roofs (0 < b < 30�). When this is compared
with Fig. 4, it can be concluded that the roofs will lose a
minimum of 4% for angular concepts. Furthermore, the
maximum losses do not exceed 8% when the roof is north
facing. This is relatively good for the final performance
of the system. The problem occurs with the frontages,
where the losses drop from 11% to 15%.

In order to establish whether the frontage orientations
enable the performance of the photovoltaic system to be
increased, Fig. 6 was produced which shows the angular
losses according to the azimuth. It can be seen that the
optimum frontages are those facing east and west, with
angular losses between 6% and 7% for San Andrés and
Pasto, respectively. The reason for this is that the solar rays
hit this type of surfaces more perpendicularly in countries
near to the terrestrial equator.

5.2. Temperature losses

The results of the temperature losses are set out in
Table 6. It can be seen that the minimum values of this var-
iable range between �3% and 5%, which occur for high
tilts. On the other hand, the maximum range between 2%
and 11% and are obtained for surfaces that are slightly

tilted. The latter are approximately within the expected
ranges (Almonacid et al., 2011). It can also be seen that
the maximum losses tend to increase according to the aver-
age ambient temperature, which is logical. On the other
hand, the losses within each city do not vary by approxi-
mately more than 5%.

Fig. 7 depicts the variation of the temperature losses for
south-facing surfaces. It can be seen that they show a
decreasing parabolic behaviour, according to the tilt. They
can be assumed to be constant between 0� and 20�, and
then decrease with the tilt, at the rate of 1% each 15�. This
decrease is due to the annual solar irradiation received is
lower for more vertical surfaces, which means that the cells
heat less. Therefore, the frontages show the best tempera-
ture performances.

The cities of Pasto and Bogotá registered the lowest
losses, around 2% for the roofs. However, it can be seen
that they were negative for tilts over 50�. This means that
a greater final performance than the theoretical once
(STC) can be obtained, by the simple fact of using front-
ages in those cities.

Fig. 8, which shows the temperature losses according to
the azimuth, was produced to establish which frontages are
the optimum ones.

It can be observed that the optimum frontages are the
north facing ones, while the west facing ones show the
greatest losses. The reason for this is that the maximum
ambient temperature is reached after midday, when the
sun is in the west and the generators pointing in that direc-
tion therefore get hotter.

Fig. 9 was constructed in order to find a mathematical
ratio between the average ambient temperature of the place
and the maximum temperature losses. This represents the
data for slightly tilted generators.

By performing a linear regression, the points establish
the following relationship (R2 = 0.96):

Ltemperature;maxðT aÞ ¼ 0:493T a � 4:405 ð55Þ
This expression implies that for each 2 �C increase in the

average ambient temperature of the place, the maximum
losses increase approximately by 1%. It can be concluded
from this equation that there would be no losses for this
concept for a city with an average temperature of 9 �C.

Fig. 4. Annual angular losses Langular versus tilt angle b, for south-facing
surfaces.

Fig. 5. Annual angular losses Langular versus tilt angle b, for north-facing
surfaces.

Fig. 6. Annual angular losses Langular versus azimuth angle a, for different
types of frontages.
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By equalling Eqs. (12) and (60), the relationship between
the maximum equivalent operating temperature and the
ambient temperature can be found:

TOEmax ¼ 1:12T a þ 15 ð56Þ

5.3. Losses in the inverter

Table 7 shows the values of the DC–AC conversion
losses. It can be seen from there that its minimum value
is approximately 11%, which is explained according to
the choice of the parameters k0, k1, yk2, which characterise
the efficiency curve of the inverter.

On the other hand, the maximum is between 19% and
22%. This indicates that as the surfaces are increasingly fur-
ther tilted, the losses increase until they are the double.

The above behaviour for south-facing surfaces can be
better seen in Fig. 10. Between b = 0� to b = 40� the
DC–AC conversion losses can be considered to be approx-
imately constant (11%). They tend to increase to 15% or
20% from that tilt onwards, depending on the latitude. It
can also be seen that San Andrés registers fewer losses than
Leticia, as the amount of solar irradiation received by
this type of surfaces increases according to the latitude.

Table 6
Maximum and minimum temperature losses for each city of Colombia.

City Average Ta

(�C)
Ltemperature min
(%)

Ltemperature max
(%)

Bogotá 11.7 �2.9 2.2
Pasto 13.3 �2.4 1.6
Manizales 16.6 �0.8 4.0
Popayán 18.8 0.4 5.1
Medellı́n 22.3 1.8 6.7
Cali 24.4 2.6 6.9
Tumaco 26.2 3.3 8.0
Villavicencio 26.2 3.4 8.0
Leticia 26.3 3.5 8.2
Cúcuta 27.2 3.8 9.1
Barrancabermeja 27.6 4.0 9.8
San Andrés 27.6 3.4 10.2
Neiva 27.7 4.2 8.8
Monterı́a 27.9 4.1 9.5
Barranquilla 28.3 4.1 10.4
Valledupar 29 4.6 11.1

Fig. 7. Annual temperature losses Ltemperature versus tilt angle b, for south-
facing surfaces.

Fig. 8. Annual temperature losses Ltemperature versus azimuth angle a, for
different types of facades.

Fig. 9. Annual maximum temperature losses according to the average
ambient temperature.

Table 7
DC–AC conversion maximum and minimum losses for each city of
Colombia.

City Average Ta (�C) Linverter min (%) Linverter max (%)

Leticia �4.2 11.1 19.9
Pasto 1.2 11.2 18.8
Tumaco 1.8 10.1 19.1
Popayán 2.5 11.0 18.9
Neiva 3 11.2 19.9
Cali 3.6 11.4 20.0
Villavicencio 4.2 11.2 20.4
Bogotá 4.7 10.8 18.6
Manizales 5.1 11.0 19.1
Medellı́n 6.2 11.0 19.8
Barrancabermeja 0.5 10.8 20.0
Cúcuta 7.9 10.9 20.4
Monterı́a 8.8 10.9 20.8
Valledupar 10.5 10.7 21.3
Barranquilla 10.9 10.8 21.4
San Andrés 12.6 10.7 21.9
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Therefore, there will be greater power at the input to the
inverter and greater efficiency.

The behaviour observed in the losses in the inverter
(Fig. 10) is similar to the one exhibited by the angular
losses (Fig. 4). This is explained by the fact of the stronger
dependence on the efficiency of the inverter according to
the input power. Pursuant to this, the losses will increase
for north-facing surfaces as the tilt increases, more specifi-
cally to values between 19% and 22%. Similarly, the east-
or west-facing frontages show lower losses than the others,
around 13%.

5.4. System performance

Table 8 shows the maximum and minimum PR values,
obtained for each city. The values range between 0.51
and 0.65. In total, the variation interval was greater than
20%, while it can be up to 15% for each city. These results
are at odds with the usual practice to always assign a single
“standard” PR value to different location or types of
surfaces.

The maximum PR mainly strongly depends on the aver-
age ambient temperature of the place, degressively. This
trend can be better appreciated on the regression line of
Fig. 11, with a degree of adjustment of R2 = 0.9967.

The straight line equation representing the data is:

PRmax ¼ 0:686� 0:0031 � T a ð57Þ

The above expression can be re-written in terms of the
characteristic losses of each part of the system, as follows:

PRmax ¼ ð1� Ltemp;maxÞð1� Langular;minÞ

� ð1� Linverter;minÞ
Y6

i¼1

ð1� LiÞ ð58Þ

Being

Ltemp;max ¼ �cðTOEmax � 25Þ ð59Þ

TOEmax ¼ 1:12T a þ 15 ð60Þ

where the first 3 terms for PRmax were obtained by mean of
simulation. It is important to note that the maximum tem-
perature losses are used, as they are occur for small tilts,
where the inverter and angular losses in turn are minimum.
With respect to this type of surfaces, the gain in the perfor-
mance of the system is up to 12% for angular concepts and
9% for conversion, for a total of 21%. On the other hand,
8% is lost by temperature. This joint performance results in
a net gain of up to 13% in the PR.

5.5. Maximum values of the PR depending on the type of
system

The results obtained in the model correspond to an aver-
age GCPS on fixed surfaces. However, it is possible to
obtain higher PR values if it is assumed that the system
is very well designed. These two situations are shown in
Table 9, which sets out the loss figures to be used in Eq.
(58), depending on the case.

Taking into account Table 9 and the equation for
TOEmax, Eq. (58) may be simplified for practical purposes,

Fig. 10. Annual conversion losses Linverter versus tilt angle b, for south-
facing surfaces.

Table 8
Maximum and minimum Performance Ratio for each city of Colombia.
The data represent the performance of an “average” photovoltaic system.

City Average Ta (�C) Min PR Max PR

Bogotá 11.7 0.58 0.650
Pasto 13.3 0.58 0.646
Manizales 16.6 0.56 0.635
Popayán 18.8 0.56 0.628
Medellı́n 22.3 0.54 0.618
Cali 24.4 0.54 0.611
Tumaco 26.2 0.54 0.608
Villavicencio 26.2 0.54 0.606
Leticia 26.3 0.54 0.606
Cúcuta 27.2 0.53 0.604
Barrancabermeja 27.6 0.53 0.602
San Andrés 27.6 0.51 0.599
Neiva 27.7 0.54 0.602
Monterı́a 27.9 0.53 0.601
Barranquilla 28.3 0.52 0.599
Valledupar 29 0.51 0.597

Fig. 11. Annual maximum performance of the system versus the average
ambient temperature.
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by introducing a constant ksist that depends on the type of
system, thus:

PRmax ¼ ksist � ½1þ cð1:12 � T a � 10Þ� ð61Þ

where Ta is the average ambient temperature of the city in
�C, and ! is the variation coefficient of the peak maximum
power with the temperature. ! = �0.0044 �C�1 can be
used for the crystalline silicon.

This equation reproduced the results obtained with a
higher accuracy (R2 = 0.992). In order to check the validity
of this expression in countries other than equatorial ones,
the temperature term was isolated and the losses were cal-
culated for tilts near to the optimum one, thus:

Ltemperature;max ¼ �cð1:12 � T a � 10Þ ð62Þ

The results obtained for some monitored real systems
are shown in Table 10. Thus, the obtained values are con-
sistent with those reported for photovoltaic systems
installed in homes. Therefore the expression (62) has uni-
versal validity. However, it is important to stress that these
losses may be greater in the case of BIPV, if an appropriate
ventilation of the modules is not taken into account in the
final design.

Fig. 12 was constructed to study the possible range of
the maximum performance of the system according to the
city. It can be appreciated that an optimum system can
reach PR values between 0.74 and 0.81, depending on the
type of city. Bogota is the city where the hypothetical sys-
tem can best perform (PRmax = 0.81), while the lowest per-
formance would be in Valledupar (PRmax = 0.74).

However, the values of an “average” system should be
used to calculate the annual energy produced in the location.

5.6. PR variation with tilt and orientation

It is important to recall that Eq. (61) is used to calculate
the PR in the case of tilts and orientation near to the

optimum. However, its value can decrease by up to 15%,
depending on the type of surface on which the modules
are located. This behaviour implies its corresponding error
when calculating the annual energy produced. The above
can occur in the case of architectural integration (BIPV).

Taking this into account, PR contour maps were con-
structed according to the orientation and tilt for each city.
Some of the results are set out for the cities of Leticia
(Fig. 13), Pasto (Fig. 14), Bogota (Fig. 15), Cúcuta
(Fig. 16), and Barranquilla (Fig. 17).

Figs. 13–17 show that all the surfaces tilted under 30�,
regardless of their orientation, have a PR approximately
equal to the maximum of that city. This implies that for
the roofs, PR = PRmax can be taken.

It can also be observed that there are two performance
peaks in all the graphs for the approximate orientations

Table 9
Loss values to be used to calculate the PRmax.

Term Significance Average system Optimum system Status

Langular,min Angular losses in b optimum 0.04 0.03 Rainy areas (Martin and Ruiz, 2001)
Linverter,min Conversion losses in b optimum 0.11 0.05 Very good inverter (Luque and Hegedus, 2011)
Lrating Module tolerance losses 0.05 0.03 Excellent modules (TamizhMani, 2011)
Lmismatch Mismatch losses 0.03 0.02 Excellent modules (Almonacid et al., 2011)
LSPMP PMP monitoring losses 0.06 0.02 Very good inverter (Alonso-Abella and Chenlo, 2004)
Lohmic Ohmic losses in the cabling 0.01 0.005 Cable section (Almonacid et al., 2011)
Lshading Losses due to shading 0.07 0.02 Few obstacles (Leloux et al., 2012)
Ldirtiness Losses due to dirtiness 0.03 0.02 Rainy areas (Martin and Ruiz, 2001)

Resulting factor k in the PR 0.662 0.820

Table 10
Temperature loss values for generators tilted near to their optimum angle.

City Country Number of systems Measured losses (%) Benchmark Calculated losses (%)

Tokyo Japan 100 4 Sugiura et al. (2003) 4
Dublin Ireland 1 0 Ayompe et al. (2011) 0
Sukatani Indonesia 101 8 Reinders et al. (1999) 8

Fig. 12. Maximum annual performance of a generator for each city,
according to the type of system.
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of �90� and 90�. This is due to the fact that both the angu-
lar and conversion losses are minimum for west- and east-
facing surfaces. It can also be seen that the PR peak
a = �90� is greater than for a = 90�. The reason for this
is that in the mornings, when the sun is in that orientation,
the ambient temperature is lower, leading to smaller losses
for this concept.

On the other hand, in cities located in negative latitudes,
the lower performances are observed for south-facing

vertical generators (a = 0�). The opposite is observed for
cities located above the equator line (a = 180�). That
behaviour is logical due to the high inverter and angular
losses in those cases.

5.7. Model proposed to calculate the PR

All the graphs obtained in this article are useful to carry
out a detailed study of the losses in a future photovoltaic

Fig. 13. PR graph for Leticia (u = �4.2�), according to the tilt and azimuth.

Fig. 14. PR graph for Pasto (u = 1.2�), according to the tilt and azimuth.
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system. In particular, the contour maps in Figs. 13–17
allow the PR of the system to be identified visually. But
each city has a different contour map, characterised by its
average ambient temperature and its latitude. Therefore,
it would be necessary to use the long procedure described
in Point 4 each time that the aim is to predict the perfor-
mance of a facility. In reality, the above is not technically
viable when embarking on a photovoltaic project. This is
the reason why many designers opt to design with a “stan-
dard value” of PR = 0.75 when they want to predict the

energy produced. Yet, as was shown above, the PR values
obtained may vary according to the city and the type of
surface, so that using this practice could result in an error
of over 45% when calculating the annual electricity, in the
worst of cases.

The proposal put forward to solve the problem was to
find an equation that would adjust to the contour maps
obtained. Reasoning in this showed that, for a single PR,
the point curve approximately describes a sum of two
Gaussian functions. The scope and breadth of such

Fig. 15. PR graph for Bogota (u = 4.7�), according to the tilt and azimuth.

Fig. 16. PR graph for Cúcuta (u = 7.9�), according to the tilt and azimuth.
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functions varies with the latitude of the place. Further-
more, the values obtained for the PR of each level curve
are characteristics of the average temperature of the place.
In accordance with this, we propose the following model to
calculate the PR:

PR ¼ 0:0011ðA1 � e�2
a�a0

Wð Þ2 þ A2 � e�2 aþ90
Wð Þ2 � b� 50Þ

þ 1:117 � PRc ð63Þ

where

A1 ¼ �1:1 � juj þ 60 ð64Þ
A2 ¼ �0:1 � juj þ 65 ð65Þ
W ¼ �1:1 � uþ 92 ð66Þ
a0 ¼ �1:4 � uþ 92 ð67Þ
PRc ¼ PRmax þ 0:0006 � T a � 0:017 ð68Þ
where b is the tilt angle, a the azimuth angle and / the lat-
itude of the city, all in degrees. Ta is the average ambient
temperature of the city in �C.

The procedure to use Eq. (63) is the following:

a. The value of PRc is calculated using Eq. (68).
b. The PR is calculated using Eq. (63). If PR > PRc then

PR = PRc is taken as yield value. Otherwise, it is left
the same as the one obtained.

Thus, an expression was obtained that only requires 4
input parameters. Two of them are for the city where
the photovoltaic system will be installed: Ambient tempera-
ture Ta, and latitude /. The other two characterise the
surface type of the generator plane: Its tilt angle b, and
orientation a.

5.8. Mathematical procedure used to obtain the model

The contour diagrams of Figs. 13–17 can be displayed as
a level curve of a function PR = f(b,a,Ta,u); this fact has
been taken into account to obtain Eq. (63). In particular,
for a city, set the latitude and temperature, the relationship
is PRcity = f(b,a). Thus, the ith level curve PRcity = PRci is a
sum of two Gaussian functions (because the slope of the
curves for a = �180� and a = 180� is nearly horizontal,
indicating rapid exponential decay characteristic of this
type of function). This curve can be expressed mathemati-
cally as follows:

b ¼ b0i þ A1 � e�2
a�a0

Wð Þ2 þ A2 � e�2 aþ90
Wð Þ2 ð69Þ

where A1, A2, W y a0 are constant characteristics of the lat-
itude of the city, so they were fitted by least squares (which
was obtained R2 > 0.94 in all cases).

Moreover, b0i is the value of b in the far right and left ith
level curve. By carefully observing the contour diagrams
can be seen that each PRci corresponds to one b0i, and both
can be related by the expression:

PRci ¼ �a � b0i þ b ð70Þ

The slope a, and constant b, are calculated by least
squares linear regression for each city (R2 > 0.96 in all
cases). As a result, it was observed that the value of a is
approximately independent of the city, while the b value
depends mainly on city PRmax described by Eq. (57)
(R2 = 0.96). The latter parameter was the main contribu-
tion to the temperature dependence of the model, expressed
in Eq. (68).

Fig. 17. PR graph for Barranquilla (u = �10.9�), according to the tilt and azimuth.
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5.9. Degree of accuracy of the model

Fig. 18 was constructed in order to verify the degree of
accuracy of the model. This graph shows two PR contour
diagrams, one was produced using the long and tedious
process described in Point 4, and the other was calculated
using the proposed equation, both for the city of Bogota.

Likewise, Fig. 19 shows the error percentage at each
point of the graph. It can be seen how the error made is under
1%. This error increases slightly with the temperature
and latitude. For example, for Tegucigalpa–Guatemala

(u = 14.1�); the error in the majority of the point is 3% or less.
These results indicate the excellent degree of accuracy of the
proposed model, despite its simplicity.

Finally, the following is described to have an idea of the
work saved by using Eq. (63) to calculate PR: To establish
each point of the contour diagram of the left part of
Fig. 18, it was necessary to use over 40 equations, in a com-
puter algorithm that performed over 20,000 operations. On
the contrary, only two equations were used at each point of
the graph in the right of the same figure: that of PRmax,
Eq. (61), and the one proposed in our model, Eq. (63).

Fig. 18. Contours of the PR for Bogota, calculated by full simulation (Left) and by means of the proposed model (Right).

Fig. 19. Error percentage in the model proposed for the Bogota PR.
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6. Conclusions

This paper analyses in detail the possible energy losses
that impacted the performance of a photovoltaic system
connected to the grid, placed in an equatorial country.
The procedure was carried out for 16 cities of Colombia,
for all the possible tilts and orientations of the generator
plane.

The results showed that the angular losses were between
4% and 15%. It was also seen that there is an approximate
trend of a 1% increase in the maximum losses for each 3� of
latitude.

Maximum and minimum angular losses on the roofs
were calculated, where it was found that they were between
4% and 8%. The optimum frontages are those facing east
and west, with angular losses between 6% and 7% for
San Andrés and Pasto, respectively.

With respect to the temperature losses, they were
between �3% and 11%. However, they did not vary by
over 5%, approximately, within each city. The maximum
losses occurred for low tilts. It was also seen that the max-
imum losses tend to increase by 1% for each 2� in the aver-
age ambient temperature of the place. It was found that
there are no losses for this concept for cities with average
temperature of 9 �C. On the other hand, they were approx-
imately constant on the roofs, and then decreased with the
slope, on the basis of 1% each 15�, approximately. There-
fore, the frontages provided better performances by
temperature.

The cities of Pasto and Bogota registered the lowest
losses by temperature, around 2% on the rooftops. There
were negative for tilts over 50�, which means a final perfor-
mance greater than the theoretical one can be obtained,
simply by using frontages in those cities. It was also
observed that that the optimum frontages were east facing.

It was found that the maximum equivalent operating
temperature of the cells is nearly 15� higher than the ambi-
ent temperature. Furthermore an equation was proposed
to calculate the maximum temperature losses in any coun-
try of the world. This was confirmed using monitored sys-
tem data.

DC–AC conversion losses were between 11% and 22%.
For south facing generators, they remained approximately
constant between b = 0� and b = 40� (11%), to then increase
to 15% or 20%, depending on the latitude. San Andrés reg-
istered fewer losses than Leticia, as the amount of solar irra-
diation received by this type of surfaces increases according
to the latitude. The behaviour observed in the losses in the
inverter was similar to the one exhibited by the angular
losses. Therefore, the east- or west-facing frontages showed
lower losses than the others, around 13%.

On the other hand, the performance of an “average sys-
tem” in each city was estimated, with PR values of between
0.51 and 0.65 being found. Thus, the variation was over
20%, while it was up to 15% in each city. These results
are at odds with the usual practice to assign a single “stan-
dard” PR value to different location or types of surfaces.

The maximum PR was mainly found for low tilts, and
depends on the average ambient temperature of the place,
degressively. This fact also allowed a highly accurate equa-
tion to be found that relate both variables, along with the
losses of each element of the photovoltaic system. This
equation allows an average GCPS to be distinguished from
another very well-designed one, by introducing a constant
known as ksist. The result was that an optimum system in
Colombia can reach PR values between 0.74 and 0.81,
depending on the type of city.

All the surfaces tilted under 30�, regardless of their ori-
entation, have a PR approximately equal to the maximum
of that city. This implies that for the roofs, PR = PRmax

can be taken. Furthermore, the greatest performances of
the frontages were for west- and east-facing surfaces.

Finally, a simple expression was proposed that allowed
the PR to be estimated with just 4 input parameters: The
average ambient temperature of the city, the latitude and
the orientation and tilt angles of the plane of the photovol-
taic generator. This model has a high degree of accuracy,
and is equivalent to performing a complex simulation,
according to the one seen in the methodology.

7. Future research

The proposed model can be extended to high latitude
countries, but the parameters of the equation would need
to be adjusted. Future researches in this field could include
the analysis of the influence of ground conditions on the
BIPV’s surface temperature of PV cells.

We expect the results obtained in this study to be highly
useful for architects and engineers involved in designing
photovoltaic systems for BIPV in low latitude countries.

Acknowledgements

This research was carried out thanks to the support
received by means of a grant from the Universidad Inter-
nacional de Andalucı́a for studies on the Official Master’s
in Technology of the Photovoltaic Solar Energy Systems.
Also to the Faculty of Engineering and Architecture of
the Universidad Católica de Manizales.
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Almonacid, F., Rus, C., Pérez, P.J., Hontoria, L., 2009. Estimation of the
energy of a PV generator using artificial neural network. Renew.
Energy 34, 2743–2750.
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�We proposed a methodology to calculate the maximum losses permitted in BIPV.
� The procedure can be used for any country, taking another as baseline.
� The maxim allowed losses due to tilt and orientation was 53%.
� Only frontages cannot be used for BIPV at latitudes under 7�.
� The limits in shading for Colombia are lower than those for Spain.
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a b s t r a c t

Photovoltaic applications are implemented on a large scale in buildings, with a view to reducing global
warming sustainably, as well as to meet energy demand. Thousands of electricity generators have been
installed in this process around the world. However, very few countries have technical regulations that
enable the energy efficiency and yield to be optimised in building-integrated photovoltaics (BIPV). On
the other hand, all these normative should be a result of a serious study of the solar resource available
in each region.

This paper proposes a methodology to establish technical standards in order to limit the losses due to
shading and orientation of the constructed surface areas, where any country could be taken as bench-
mark. Colombia is also taken as a case study, by performing a comparative analysis for different cities.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Photovoltaic solar energy is an excellent option to cover the
energy demands of the world population, by means of generating
electricity in a distributed manner [1]. Two sectors of great impor-
tance and development are considered there: building-integrated
photovoltaics (BIPV) and building-applied photovoltaics (BAPV).
In the first, different construction elements such as roofs, frontages,
windows are replaced by photovoltaic modules allowing modules
having other functions in addition to being energy generators such
as reducing the cooling load of the windows and concrete walls [2],
while the second involves the already-constructed building.

Both the BIPV and the BAPV are the most elegant way of gener-
ating considerable fractions of urban electricity, as exclusive areas
do not need to be dedicated to photovoltaic plant facilities [3].
Furthermore, their application in urban design is of vital impor-
tance to meet the European Union targets for 2020 [4], where it
should be ensured there that all new constructions are ‘‘Zero
Energy Buildings’’ (ZEB) [5].

One of the main targets in the field of BIPV is to attain optimum
technical, economic and aesthetic solutions. Furthermore, other
key factors to achieve their wide-scale implementation are the cut-
ting of production costs, reducing the environmental impact and
increasing the final efficiency of the system [6,7]. With respect to
this last point, the design of the system plays a vital role in order
to reduce possible losses, which can be due to angular and spectral
response, temperature, low irradiance (orientation and shading),
dirt and dust, Ohmic heating, module mismatch and different
manufacturing tolerances.
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In order to increase the energy yield, the amount of solar
radiation impacting the generator needs to be maximised.
However, that is not possible in the majority cases, due to engi-
neering and architecture features of the building. For example, in
countries near to the terrestrial equator, the house roofs receive
a greater amount of irradiance per surface square meter than the
frontages. On the other hand, replacing the construction material
of a wall by a photovoltaic generator can be economically feasible.
These facts raise the following question: To what point is it recom-
mendable for photovoltaic to be on any surface of the building?

In 2009, Spain become one of the ground-breaking countries to
answer the above question, when it published its Código Técnico de
la Edificación (Building Technical Code – CTE) [8]. This document sets
limits on the losses caused by shading and orientation of the
photovoltaic generator. These regulations have been a highly suc-
cessful contribution to spreading the architectural integration of
photovoltaic in that nation. However, very few countries have
technical regulations that enable the energy efficiency and yield
to be optimised in the BIPV. On the other hand, all these normative
should be a result of a serious study of the solar resource available
in each region.

With respect to this, it should be pointed out that there is a
need to establish criteria worldwide that enable joint projects to
be developed, technological transfer of materials and inputs, to
technically adapt the systems to each region and to reduce the
environmental impact of the waste.

In the case of Colombia, it is estimated that the photovoltaic
market sells approximately 300 kWp per year, mainly to isolated
systems of the grid [9]. If this figure is extrapolated to the 30 years
that the sector has been in the country, the total installed power
would be around 9 MWp [10]. This figure is very low if the high
levels of solar radiation available are taken into account. The
national government is currently driving renewable energies, but,
unfortunately, there is still no technical legislation that enables
developments in the sector to be regulated.

This paper proposes a methodology to suggest technical stan-
dards in order to limit the losses due to shading and orientation
of the photovoltaic applications on constructed surface areas,
where Spain is taken as the benchmark. The paper is organised
as follows: in Section 2, the different types of losses are character-
ised; in Section 3 the existing legislation is summarised; in Section
4 it is explained the proposed methodology; in Section 5, the
results obtained with the proposed methodology are presented
and discussed. Finally, in the last section the conclusions of the
work are summarised.

2. Theory and calculations

2.1. Estimating solar irradiation on tilted surfaces

Any flat surface area, located in the northern hemisphere of the
earth, is fully characterised by its tilt angle b over the ground and
by the azimuth angle or orientation a with respect to the south.
The amount of annual solar irradiance Ga(b, a) that the system
receives is conditioned for each pair of values (b, a).

We propose to estimate the solar irradiation on tilted surfaces
using as input data the monthly average daily values on a horizon-
tal surface, Gdm(0). Taking those as the baseline, each value will be
decomposed into diffuse Ddm(0) and direct radiation Bdm(0) using
the expression proposed by Page [11], and valid for latitudes
between 40�N and 40�S.

Once the daily components of global radiation, Ddm(0) and
Bdm(0) are obtained, their respective hourly values, Dh(0) and
Bh(0) are calculated using the expressions proposed by Collares
and Rabl [12].

The following step is to calculate the hourly global irradiance on
the surface of the generator Gh(b, a). We therefore use the three-
component model, which has proven to be quite accurate [13],
and establishes that the incident irradiance is made up of direct
Bh(b, a), diffuse Dh(b, a), and reflected Rh(b, a) irradiance.

The Hay–Davies anisotropic model [14] is used for calculating
the diffuse component on tilted surface, as it stands out in different
comparative studies for its high accuracy and simplicity [15–18].

Finally, the components of the hourly global irradiance are
totalled in order to obtain the monthly daily average on a tilted
surface:

Gdmðb;aÞ ¼
X24

h¼1

Ghðb;aÞ ð1Þ

2.2. Losses due to orientation and tilting

In northern latitudes, the amount of annual solar irradiance is
maximum when the photovoltaic module is orientated towards
the south (a = 0) and is tilted at an angle b = bopt. For any latitude
/, this angle can be defined as:

GaðboptÞ ¼
max Gaðb;0Þ½ � if / � 0
or
max Gaðb;pÞ½ � if / � 0

8><
>: ð2Þ

Thus, the percentage of annual losses due to tilt and orientation
can be calculated by:

Lb;a ¼ 100 1� Gaðb;aÞ
GaðboptÞ

 !
ð3Þ

Some authors [19,20] relate those losses using a highly useful
concept, known as the irradiance factor, FI. The document entitled
the Pliego de Condiciones Técnicas de Instalaciones Aisladas de Red
de España [Spanish Technical Specification of Off-grid Facilities]
[21], defines it as the incident annual radiation for an orientation
a and tilt b generator, with respect to that received for optimum
tilt and orientation Ga(bopt,0):

Gaðb;aÞ ¼ FIðb;aÞ � Gaðbopt ;0Þ ð4Þ

Therefore, Eq. (3) can be re-written as:

Lb;a ¼ 100 1� FIð Þ ð5Þ
FI depends on b, a, the latitude and diffuse radiation fraction of

the place [13]. Therefore, given that the local climate conditions
are characteristics of the site, the losses due to orientation and tilt-
ing cannot be unified in different places. Benchmark stations are
therefore usually used to estimate FI in similar latitudes.

One example of the use of FI in a polar diagram is the one
performed by Cronemberger et al. [22] who used this criterion to
estimate the photovoltaic potential of roofs and frontages in Brazil.
Brogren and Green [23] proposed an approach where the diagram
was used in a rectangular shape by means of the PVSYST software.
The analysis included in their research would allow building-
integrated photovoltaic applications to be analysed in the city of
Stockholm, Sweden.

Tilt and orientation can lead to the conclusion that some roof
surfaces are unsuitable for installing photovoltaic systems. For
instance, Lukac et al. [24] proposed a new method to evaluate
the solar potential of a roof’s surface. This method combines
extracted urban topography from LiDAR data with measurements
of global and diffuse solar irradiances.

With respect to the possible tilting and different shapes of the
rooftops, Hachem et al. [25] conducted a study into the effect of
those variables on the photovoltaic potential of houses in Canada.
One of their conclusions was that the best frontage receives
1179 kW h/m2 when it is south-facing.
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2.3. Losses due to shading

As the sun moves through the sky, two angles, the sun height
�s, and the azimuth a, allow us to know its exact position. When
plotting �s against a for the whole year, the so-called solar trajec-
tory diagram is obtained. When the diagram of the coordinates of
the obstacles surrounding the solar panel is superimposed on this,
the solar gain losses due to the shading can be calculated taking
into account the shaded areas in this diagram and the relative con-
tribution in terms of total annual energy for these areas. The rela-
tive total losses due to shaded areas, Lshading, are obtained as the
sum of the relative losses in each shaded area. FS is the so-called
shading factor, defined as the relationship between the real incident
solar irradiance in the photovoltaic generator, and the ideal irradi-
ance that the system will receive without shading [26].

On the other hand, the path diagram is then divided into 1 h
interval to establish the benchmark tables. Several areas emerged
from this division, each of which contains a set of days of the year
between 2 specific hours. The sum of the circumsolar diffuse and
direct irradiance components of each hour of the days is what
can be lost from shading. When dividing the result by the annual
irradiance, the fraction is obtained equivalent to the lost radiation
percentage of region i:

Ri ¼
P

j Bj þ DC
j

� �
Ga

ð6Þ

where the sum is calculated during the hours and days for the cor-
responding area of the diagram.

These two factors are related according to the expression:

Lshading ¼ 100ð1� FSÞ ð7Þ

There are many articles that report studies into losses due to shad-
ing in BIPV, even though the majority of them only propose tech-
niques for specific cases or assume that legislation already exists
in that respect. For example, Cellura et al. [27] proposed a photo-
graphic method, that was subsequently improved [28], to estimate
the effects of shading caused by surrounding obstructions. On the
other hand, large losses due to shading can be present in claddings
of buildings used for BIPV, depending on its azimuth and tilt [29].

Other quite interesting approach was taken by Nguyena Pearce
[30], who developed a methodology based on satellite images to
study global losses due to shading in the photovoltaic potential
of a US city. This research concluded that the average energy losses
for this concept in buildings are 25%. Loulas et al. [31] obtained
similar results, when they conducted a detailed shadow study in
a residential block in Greece. However, further research performed
for the Canary Islands shows that it can reach up to 52%, according
to Schallenberg-Rodríguez [32]. This corroborates the affirmation
made by Brito et al. [33], that the greater the penetration of the
photovoltaic modules on the roofs, the greater the importance
the shading acquires.

3. International legislation

In 1998, the International Electrotechnical Commission (IEC) pub-
lished the IEC 61724 International Standard. The annual energy
produced for Photovoltaic applications Connected to the Electricity
Grid according this standard can be estimated using the equation:

EPV ¼
Ga;realðb;aÞ � Ppeak � PR

GSTC
ð8Þ

where Ppeak is the installed photovoltaic peak power, PR the perfor-
mance ratio or yield of the facility, GSTC the solar irradiance under
standard measurement conditions, equal to 1 kW/m2, and Ga,real

(b, a) the annual solar irradiance on the surface, taking into account
losses due to shading. Therefore, it can be written as:

Ga;realðb;aÞ ¼ FS � Gaðb;aÞ ð9Þ

when introducing Eq. (4), the former equation becomes:

Ga;realðb;aÞ ¼ FS � FI � Gaðbopt ;0Þ ð10Þ

Both FI and FS limit the final energy in the field of the BIPV, however
the IEC 61724 document does not refer to them and does not pro-
pose allowed limits. This is understandable as the solar resource
is different in each region. Consequently, it is necessary to formu-
late criteria within each country. This paper proposes a simple
methodology to carry that out.

4. Proposed methodology

The following procedure is proposed to establish the loss limits
due to orientation and shading, it is valid for any country. The pro-
cedure is used in this work for different cities of Colombia.

As a convention, each of the cities of the country to be studied
(Colombia) were named as ‘‘Place 2’’. ‘‘Place 1’’ refers to the bench-
mark country, Spain (This country was taken as reference due to
have a legislation that limit the losses for BIPV).

The amount of annual average radiation that a surface receives
according to its tilt and azimuth was first calculated. The maxi-
mum incident amount in Place 2 was then compared to the worst
frontage in Place 1. The loss limit percentage due to orientation and
tilt per city was thus obtained. This criterion is highly useful as:

a. The limits are not established universally, taking into
account that the solar resource is different in each region.
This fact is important as equal global radiation percentages
may correspond to very different solar irradiance values on
the surfaces.

b. The fact that the amount of solar energy received per square
metre is aligned shows that the countries that receive
greater annual radiation have a greater variety of architec-
tural integration opportunities. In contrast, if a universal
percentage is adopted, no frontage could be used for BIPV
in equatorial countries (taking Spain as the benchmark).

c. It is more beneficial from the environmental and economic
point of view. This is due to the fact that replacing construc-
tion materials with photovoltaic modules is more beneficial
in countries with a high level of annual irradiance.

On the other hand, the diffuse fraction is different in Place 1
(Spain) was taken into account when establishing losses from
shading limits in Place 2 (Colombia). Thus, the loss limit percent-
age is equivalent to a fraction of maximum irradiance that can be
physically lost from shading. The main idea consisted of equalling
that fraction for both places. For example, if a third of the maxi-
mum possible radiation could be lost in Spain, that same fraction
would be kept in Colombia. Therefore, it was used an absolute var-
iable to compare these two places.

Finally, the benchmark tables were established for each city,
which will be used as input for future regulations in Columbia.

4.1. Calculating the annual solar irradiation on tilted surfaces in
Colombia

Only the global solar irradiation on a horizontal surface, Gdm(0),
in 12 monthly average daily values, is initially known. The method-
ology described in Section 2.1 has been used for obtaining the
monthly daily average irradiation on a tilted surface.
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Taking the above into account, the diffuse fraction of the main
cities of Spain was then calculated. The average value of the above
parameter representing the country was then established, with the
remaining fraction being direct radiation. This value was then com-
pared with the maximum stipulated according to the benchmark
tables published by the CTE. This comparison is used to deduct
the representative values of Ba(0) and Da

C(0) for Place 1.
It is also necessary to estimate the maximum annual solar

irradiance Ga(bopt) (Place 2) and minimum amount of annual solar
Ga,MIN(90,0) that a frontage can receive (Place 1).

For obtaining the first value, we propose to repeat the proce-
dure set out in Section 2.1 by increasing the tilt angle b from 0�
to 90�, taking Db = 1� as the increase and using azimuth equal to
0� for positive latitudes and equal to 180� for negative latitudes
(the generator is facing south). Thus, Eq. (2) was used to establish
the maximum annual irradiance.

According to the CTE, the losses from orientation and tilt on any
surface for BIPV cannot exceed 40% for fully integrated systems.
This surface was named the worst permissible frontage. Then, this
frontage is ‘‘transferred’’ to Place 2. Therefore, the permissible
percentage for Place 2 is:

Lb;a;MAX;2 ¼ 100 1� Ga;MIN;1ð90;0Þ
Ga;2ðboptÞ

 !
ð11Þ

where the subscripts 1 and 2 refer to places 1 and 2, respectively.

4.2. The loss limit percentage from shading

It was then supposed that there is a standard in the benchmark
country with maximum limits for losses from shading Lshading,MAX,1.

The fraction to which this percentage corresponds, with respect to
the physically possible maximum loss of irradiance is determined
for Place 1 by:

f M�AX;losses;1 ¼
Lshading;MAX;1

100%
Ba;1 0ð ÞþDC

a;1 0ð Þ
Ga;1 0ð Þ

� � ð12Þ

where subscript 1 indicates the irradiance of the baseline country,
while Lshading,MAX,1 was taken as 20%, pursuant to Spanish
regulations for fully integrated systems.

The fraction of Eq. (12) was equalled to its equivalent in Colom-
bia. Thus, the maximum losses from shading for Place 2 were cal-
culated by means of:

Lshading;MAX;2 ¼ 100%
Ba;2ð0Þ þ DC

a;2ð0Þ
Ga;2ð0Þ

 !
f M�AX;losses;1 ð13Þ

where subscript 2 indicates the irradiance of each city of Colombia.
The used method is described in detail below.

5. Results and discussion

Data used for this study have been obtained from RETScreen
International [34], which is funded by Natural Resources Canada. This
database is supported by 6700 land weather stations and by NASA
satellites, which cover the whole of the planet’s surface. Solar global
radiation data have been obtained for 20 cities in Colombia.
Moreover, data from the Atlas de Radiación Solar en España (Solar
Radiation in Spain Atlas) [35], published by the Spanish State
Meteorology Agency [36] were used.

The calculation described in Section 2.1 for obtaining global
solar radiation in a tilted surface was performed for 20 cities of
Colombia located between latitudes �4�S and 12�N.

5.1. Determining the loss limit percentage due to orientation and tilt

To establish the maximum loss percentage on each surface, the
benchmark of 100% was first established, that is, the maximum
annual solar irradiance Ga(bopt).

In order to achieve the above objective, the procedure set out in
Section 4.1 was used. Ga(bopt) for each city of Colombia and the
minimum amount of annual solar irradiance Ga,MIN(90, 0) that a
frontage can receive in Spain have been calculated.

The permissible percentage for Place 2 has been estimated
using Eq. (13).

5.2. Calculation of the loss limit percentage from shading

The diffuse fraction of the main cities of Spain and of cities of
Colombia was calculated according to the proposed method. The
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values of the maximum losses from shading for all cities were also
calculated using Eq. (13).

In Spain, the CTE sets the limit at 20% for BIPV. To transfer the
equivalent of this percentage to Colombia, the equivalent fraction
of this 20% was calculated, with respect to the permanent shading
situation. In such a hypothetical case, the radiation no longer per-
ceived would be equal to the direct radiation Ba(0), plus the cir-
cumsolar diffuse radiation Da

C(0); both measured on a horizontal
surface.

5.3. Preparing the solar paths and benchmark tables

To produce the solar path diagram for each city located at
latitude /, the solar height and azimuth angles were estimated.

sin cs ¼ sin d sin /þ cos d cos / cos x ð14Þ

cos ws ¼
sin cs sin /� sin d

cos cs cos /
sign/½ � ð15Þ

These angles were used to prepare the path of each representative
day of the month, for a total 12. The representative day is taken
to be the one on which the irradiance equals the monthly daily
average. For each day, the hour angle x was calculated every
15 min. The graph obtained was divided into 4 portions that cover
a range of months.

Approximately, the procedure for obtained the diagrams
explained before can be abbreviated by taking Fig. 1 into account.

It can here be seen that the lower central region of the graph
comprises 4 months: November, December, January and February.
Therefore, the sum of Eq. (6) is approximately:

X
j

Bj þ DC
j

� �
� 30

X
Nov;Dec;Jan;Feb

Bhm þ DC
hm

� �
ð16Þ

where the definition of the representative day of the month has
been used. Thus, Bhm and Dhm were the hourly components of this
day in the region i. Taking this into account, the irradiance percent-
age of region Ri was calculated by means of:

Ri ¼
P

months in the region Bhm þ DC
hm

� �
P

all monthsGdm
ð17Þ

The above equation was also used to produce the benchmark tables
on surfaces with typical orientations and tilting. To establish the
number of tables to be prepared, it was taken into account that
the plane was within the limits allowed by orientation and tilt.

Table 1
Annual maximum irradiance for each city of Colombia.

City Latitude / (�) Ga(bopt) (kW h/m2 year)

Leticia �4.2 1656
Puerto Asís 0.5 1358
Pasto 1.2 1488
Tumaco 1.8 1689
Neiva 3 1595
Cali 3.6 1495
Villavicencio 4.2 1564
Bogotá 4.7 1743
Manizales 5.1 1630
Medellín 6.2 1643
Barrancabermeja 7 1873
Cúcuta 7.9 1746
Montería 8.8 1744
Sincelejo 9.3 1951
Cartagena 10.5 2108
Valledupar 10.5 1930
Barranquilla 10.9 1942
Santa Marta 11.3 2303
Maicao 11.4 2154
San Andrés 12.6 2078
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Fig. 2. Maximum irradiance Ga(bopt) versus absolute latitude |/|.

Table 2
Benchmark cities and maximum irradiance values selected.

Benchmark city Latitude range / (�) Ga(bopt) (kW h/m2 year)

Leticia �4.2 6 / < 0 1656
Pasto 0 6 / < 4 1358
Bogotá 4 6 / < 7 1564
Cúcuta 7 6 / < 9 1744
Barranquilla 9 6 / < 12.9 1930

Table 3
Maximum annual loss percentages due to tilt and orientation.

Benchmark city Lb,a,MAX,2 (%)

Leticia 45
Pasto 33
Bogotá 42
Cúcuta 48
Barranquilla 53

Fig. 3. Possible surfaces for Leticia (/ = �4.2�).
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5.4. Maximum irradiation and selection of benchmark cities

The results of the annual maximum irradiation for the 20 cities
of Colombia are set out in Table 1. It can be seen that Ga(bopt)
increases with the absolute latitude of the place. This is consistent
with the irradiance maps of the Atlas de Radiación Solar de Colombia
[37].

The difference between the maximum and minimum value of
Table 1 was 945 kW h/m2/year, and is equal to 45% of the highest
irradiance. This broad range means that it is necessary to regroup
the data into benchmark cities, which facilitates the losses allowed
for orientation and tilt being approximately uniform in each
region. In this respect, Table 1 data are depicted in Fig. 2.

By performing a linear regression, the points establish a relation
as follows:

Ga bopt

� �
¼ 59:58 /j j þ 1383:2 ð18Þ

This expression implies that for each 3� of latitude, the maxi-
mum solar irradiance received increases approximately by 8%. On
other hand, in a previous article, we proposed 5 benchmark cities,
so that the irradiance factor FI does not vary significantly. Table 2
list the benchmark cities, along with the irradiance value Ga,2(bopt)
used in Eq. (13). The latter is selected so that reception not under
the minimum irradiance quantity allowed in Spain will be guaran-
teed on the frontage of each sub-group.

5.5. Loss limits due to orientation and tilt

In order to establish the maximum losses due to orientation and
tilt, Bilbao, with 1292.1 kW h/m2 year, was determined to be the
city of Spain that receives the lowest amount of annual solar irra-
diance on horizontal surface [35]. With this information and using
the FI irradiance factor of the CTE, the irradiance for the optimum
tilt was calculated to 1520.1 kW h/m2 year. In this respect, the
worst permissible frontage of Place 1 receives a minimum of 60%,
in other words, Ga,MIN,1(90,0) = 912.1 kW h/m2 year.

The above value and the data of Table 2 were used to calculate
the maximum permissible losses for Colombia. The results are set
out in Table 3.

The previous limits imply that there is a limited set of surfaces
for BIPV. In order to establish visually what they would be, all the
planes that receive an irradiation percentage higher than the

established one are expressed graphically in Figs. 3–7. In those
graphs, the tilt was represented as the concentric circumferences,
while the azimuth was indicated with the radial lines; each of
them at intervals of 10�. If the coordinates of the surface are within
the region shown in green1, the surfaces meets the standards,
otherwise it is shown in red.

It can be seen from the graphs that there is a great variety of
surfaces that comply with the calculated limits. Practically all
types of roofs can be used, a fact that is logical for an equatorial
country. However, in Leticia, Pasto and Bogotá, in other words, at
absolute latitudes under 7�, only frontages cannot be used for BIPV.
The above is true in the case that the generator is only located on
the frontage, but a part may be simultaneously on the roof, so that
the global loss percentage is within the limits.

Fig. 4. Possible surfaces for Pasto (/ = 1.2�). Fig. 5. Possible surfaces for Bogotá (/ = 4.7�).

Fig. 6. Possible surfaces for Cúcuta (/ = 7.9�).

1 For interpretation of color in Figs. 3–7, the reader is referred to the web version of
this article.

42 L.F. Mulcué-Nieto, L. Mora-López / Applied Energy 137 (2015) 37–45



For latitudes over 7�, the diagram opens up, indicating the exis-
tence of frontages with photovoltaic potential. For example, front-
ages with azimuth between 60� and 90�, both to the east and to
the west, are allowed for Cúcuta. Barranquilla is the one that allows
the greatest variety, as practically any frontage with
�110� 6 a 6 110� is adequate.

5.6. Loss limits due to shading

To calculate the maximum losses due to shading, the diffuse
fraction of 54 cities of Spain was first calculated. The results are
shown in Fig. 8, where it can be seen that the average is 0.34. This
means that 66% of the global irradiance is direct.

On the other hand, according to the Spanish CTE, the losses in
the case of total shading would be approximately 84%. The above
facts implies that there has to be Ba,1(0) = 0.66Ga,1(0) and
Da,1

C (0) = 0.18Ga,1(0) for Place 1. Therefore, it was established that
the fraction corresponding to the legally-established 20% was
fMAX,losses,1 = 0.238.

Fig. 9 likewise shows the sum of the fractions of circumsolar dif-
fuse and direct components for the 20 cities of Colombia. It can be
appreciated that the data fluctuation is greater than in Spain,
which is the reason for working with benchmark cities. Thus, the
average of the components was obtained for the cities within the
range of latitudes that cover each benchmark city.

Table 4 shows the maximum permissible losses due to shading,
calculated for Colombia. In general, the limits are lower than those
allowed in Spain. This is due to the fact that Colombia has a greater
diffuse radiation fraction, therefore there is a lower amount of
direct irradiance that can be lost by shading.

The closeness of the values of Table 4 raises the possibility of
establishing a single loss limit percentage for the whole of Colombia,
in which case this should be 16%.

5.7. Solar paths and benchmark tables

The solar path diagrams were prepared for the benchmark cit-
ies. In particular, the minimum point of the diagram at midday var-
ied from 70� to 55�. This ratifies the need for a single diagram not
to be taken for Colombia. Likewise, between each benchmark city,
there is a maximum displacement of 3� in the diagram, which is
acceptable when locating the coordinates of obstacles that cause
shadows.

Fig. 7. Possible surfaces for Barranquilla (/ = 10.9�).
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There is a benchmark table for each of the path diagrams. These
are not shown in this work due to their large extension and due to
they will be published in a future regulation about photovoltaic
applications for BIPV in Colombia.

5.8. Proposal for a future technical standard for Colombia

Fig. 10 summarises the results of the permissible limits for the
losses due to orientation and shading in Colombia, and these could
be taken as reference for equatorial countries. It is important to
know that the total losses were calculated by taking half of the
maximums due to shading, as the CTE stipulates. These should
be used in a future technical standard in Colombia.

With respect to the maximum total losses permitted, it can be
seen that the city of Pasto is the most restricted, with 40%. This
is due to the proximity of its latitude to the Equator and, therefore,
the lower quantity of irradiance received. On the other hand, the
city with the greater margin of possibilities was Barranquilla with
62%. The reason for this is the high annual solar irradiation that it
receives, together with the nearby cities.

The maxim value allowed in losses due to tilt and orientation
was obtained for the city of Barranquilla (53%). In contrast, Pasto
obtained the minimum with 33%. This performance is explained
by the fact that regions with greater solar resource have greater
flexibility for BIPV. Compared to the Spanish technical standard,
Colombia was shown to have more possibilities of surfaces for
BIPV.

In a similar way to what happened with the maximum losses
due to orientation and tilting, Pasto showed the lower permissible
limit in losses due to shading (14%). In contrast, the maximum was
registered in Barranquilla with 18%. This implies that for Colombia,
in general, the further away a city is from the Equator line, the
greater the losses will be allowed for both concepts.

With respect to Spain, it can be concluded that Leticia, Cúcuta
and Barranquilla exceeds it in terms of solar resource, as the total
permitted losses are greater than the 50% stipulated in the CTE.
This result is very important for the BIPV worldwide, as it implies
that regions with greater solar resource have greater architectural

integration possibilities. The above allows greater equity when
comparing the energy yield of two buildings located in different
regions. The main reason for accepting this is that the greater the
solar irradiance available, the higher the economic return for the
photovoltaic.

5.9. Proposal for a worldwide technical standard

In order to propose a simple expression to calculate the loss
limit due to orientation for any country, in Fig. 11 Eq. (11) was
depicted for usual values of annual maximum irradiation. It can
there be seen that the values of this variable range between 30%
and 60%. According to this, only by locating the value correspond-
ing to Ga(bopt) of the city, it can be easily determined the maximum
loss limit by this concept.

Similarly, to find a relation between the loss limit due to shad-
ing and the diffuse fraction DF of the city, Fig. 12 was drawn. It can
be appreciated that its figures range between 10% and 25%,
depending on the place.

By performing a linear regression, the points establish a relation
as follows (R2 = 0,943):

Lshading;MAX ¼ 31:907 0:951� DFð Þ ð19Þ

Table 4
Maximum percentages of annual losses due to
shading.

Benchmark city Lshading,MAX,2 (%)

Leticia 15
Pasto 14
Bogotá 15
Cúcuta 16
Barranquilla 18

15 14 15 16
18

45

33

42

48
5352

40

49

56

62

Li
m

it
 o

f  
lo

ss
es

 (
%

)

Shading Orientation and Inclination Total

Fig. 10. Limit losses allowed for each benchmark city.

Lo
ss

 li
m

it
 d

u
e 

to
 o

ri
en

ta
ti

on
 a

n
d

 t
il

t 
(%

)

, ,

1912.1
100 1

( )MAX
a opt

L
Gβ α β

= −⎜ ⎟
⎛ ⎞
⎜ ⎟⎝ ⎠

Fig. 11. Loss limit due to orientation and tilt against the annual maximum
irradiation of the city.

0

5

10

15

20

25

30

35

40

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

Lo
ss

 li
m

it
 d

u
e 

to
 s

h
ad

in
g 

(%
)

Diffuse fraction (DF)

Spain

Fig. 12. Loss limit due to shading against the diffuse fraction of the city.

44 L.F. Mulcué-Nieto, L. Mora-López / Applied Energy 137 (2015) 37–45



In Eq. (19) and Fig. 11 is summarised the process described in Sec-
tion 4. These tools are very useful to find easily the maximum losses
allowed due to shading and orientation for future regulations in any
city of a country, only by knowing the diffuse fraction and the
annual maximum irradiation (Ga for b = bopt).

6. Conclusions

A methodology has been proposed to calculate the maximum
losses permitted due to orientation and shading, in photovoltaic
applications integrated in buildings (BIPV). The procedure can be
used for any country, taking another country as a baseline that
has a technical standard in that respect.

The methodology used showed that, for Colombia, the maxi-
mum annual global irradiance Ga(bopt) increases with the absolute
latitude of the place. For each 3� of latitude, the increase is approx-
imately 8%, therefore it was proposed using 5 benchmark cities to
address the whole country. This criterion enables the permissible
shading limits to be approximately uniform in each region.
Although practically all types of roofs in Colombia can be used,
frontages cannot be used for BIPV at latitudes under 7�.

As regards the loss limits due to shading, the limits in Colombia
are lower than those allowed for Spain. This is due to it having a
greater diffuse radiation fraction than the European country. This
is coherent when comparing the amount of irradiance that can
be lost due to shading, that is, the sum of the circumsolar diffuse
and direct components. This figure was lower in Colombia than
in Spain, with 67% and 84%, respectively. In case of establishing a
single loss limit percentage due to shading for the whole Colombia,
this should be equal to 16%.

In order to unify world criteria for BIPV, it would be very inter-
esting to use this methodology in emerging countries within the
field of photovoltaic solar energy. Furthermore, a different bench-
mark to Spain could be taken.
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a b s t r a c t

Building-integrated photovoltaics (BIPV) is a growing reality worldwide and its development involves
implementing techniques to log and estimate the solar resources available. In this paper an easy
methodology for the pre-classification of façades in BIPV projects has been described. This step is pre-
vious to the calculation of the complete solar potential in a building, and don't include the shape and
shading factors. The proposed methodology covers the development of a new model that allows the
irradiation factor (IF) to be estimated on façades with only 2 input parameters: the latitude of the place
and the azimuth angle of the photovoltaic generator. The necessary tools to assess the “Energetic Effi-
ciency Rating” for BIPV facades are provided, as an initial stage to be applied by architects and engineers.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Building-integrated photovoltaics (BIPV) is a growing reality
worldwide and its development involves implementing techniques
to log and estimate the solar resources available. That estimation is
commonly named the BIPV potential, which can be classified ac-
cording to the availability of data, regional characteristics, spatial
resolution and the methodology used [1]. Furthermore, it is
necessary to differentiate between four different types of photo-
voltaic potential [2]:

- Theoretical potential: All the available solar irradiation in a
geographical region, based on its climate and without taking
into account any type of technical or geographical limitations
[3,4].

- Geographical potential: The fraction of the theoretical potential
that is useable, i.e., due to the area and shape of the building.
This potential also includes the shading factor because of the
urban form and the natural topography [5,6].

- Technical potential: The irradiation that is technically usable also
taking the efficiency of the photovoltaic modules, and other

equipment into account [7,8]. The technical potential of BIPV has
been addressed by the analysis of the energy and exergy of the
BIPV elements integrated with the coating of the building,
which is known as building-integrated photovoltaic-thermal,
BIPVT, [9e12]. Different BIPV products have already been
developed, as described in Refs. [13,14].

- Economic potential: The proportion of the economically usable
technical potential from a macroeconomic perspective [15].

Research into geographical potential is reviewed below, with an
emphasis on façades in BIPV as this is the approaches related to the
proposal of this paper.

Several models have been proposed to estimate the BIPV
geographical potential in a specific place. Brito et al. [16] put for-
ward a 3D solar model. The procedure that they used was LiDAR
(Light Detection and Ranging) data analysis using the ArcGIS Solar
Analyst tool. LiDAR is recommended at city and district level,
[17,18]. Molin et al. [19] analysed the photovoltaic potential ac-
cording to the electricity demand for Linkoping in Sweden. Basi-
cally, they used GIS data, Ecotect and PVsyst programmes. Esclapes
et al. [20] generated 3D maps from different solar irradiance data
sources and cadastral mapping. They concluded that for Spain the
most suitable facades for BIPV are those with approximate orien-
tation of 30�.

By contrast, the “Potential for BIPV” report by the International
Energy Agency (IEA) [21], mentions that the architectural
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suitability factor and the safety of the installed systems need to be
taken into account. The methodology used by IEA to assess the BIPV
potential is based on a statistical method, working on the
assumption that there is 0.4 m2 of roof and 0.15 m2 of façade for
each 1 m2 of floor area. This method has little resolution compared
to the models based on LiDAR and similar.

As can be appreciated, LiDAR technology and statistical methods
are very valuable to estimate the BIPV potential in cities where the
buildings are already built. It follows then that when the project is
just at the design stage, a methodology that allows the BIPV po-
tential on façades to be rapidly assessed is missing. One possible
direction to address the problem is to measure the performance of
vertically situated modules, as was it the case in the research re-
ported in Ref. [22]. However, such a procedure is not economically
viable to be performed for each specific project. It can therefore be
concluded that simulation methods are needed to predict the solar
irradiation on the hypothetical surfaces, before to take in to account
the landscape.

The studies with greater spatial resolution, but which are
computationally more complex, are those where each surface of a
specific building is independently assessed. Such an approach was
undertaken by Cronemberger et al. for Brazil [23].

The aforementioned studies calculate the photovoltaic potential
in broad area ranges. However, they do not allow the BIPV potential
of a specific façade to be assessed easily and quickly, without using
sophisticated software. To solve this problem we propose a new
methodology for the pre-classification of façades, based on simple
mathematical equations and data. That tools would facilitate the
design work for architects and engineers [24]. This initial estima-
tion would be applied previous to the complete calculation of the
solar potential in a façade of a building, and it don't include the
urban form and shading factors. The main advantage of the pro-
posal that is made in this work regarding previous works is the
facility to preclassify façades without the need to use complex
software. Thus, the use of the proposed methodology will allow to
obtain this preclassification in a very simple way. In addition, the
fact of having both a simple mathematical expression and the
proposed methodology will contribute to the easy divulgation of
concepts in BIPV at university level.

This research uses the irradiation factor in order to pre-classify
the BIPV façades. A new model and the “Energetic Efficiency Rat-
ing” for facades are also proposed, which can be used for countries
near to the earth's equator (between 15� S and 15�N). These user-
friendly tools are very valuable for architects and engineers work-
ing on projects. In summary, pre-classification of facades in BIPV
has several potential advantages:

� It allows architects and engineers to quickly assess possible
energy efficiency in each facade. Therefore, it is possible tomake
rapid estimates of the incident solar irradiation, as well as the
possible electricity produced by each surface.

� It facilitates analyzing and optimizing the possible orientations
of the building.

� It helps the process of deciding which façades to use for BIPV.
� It can be a criterion to select properly the photovoltaic modules
according to the efficiency of each facade, etc. For example,
installing modules with higher performance in more efficient
facades, will allow a faster return on investment.

After this introduction, the rest of the paper is organized as
follows. The solar irradiation factor and the BIPV are described in
the second section. The third section presents the theory and cal-
culations. The proposed methodology for the pre-classification of
façades is described in section fourth. Experimental data used to
check the proposed methodology are described in section fifth. The

obtained results are presented and discussed in section sixth.
Finally, the last section summarizes the conclusions of the work.

2. The solar irradiation factor and the BIPV potential

One of the fields of BIPV is to guarantee an adequate yield from
the facilities. In this area, Spain became aworld benchmark when it
published the Building Technical Code (CTE) in 2009 [25]. This
document set limits on the losses caused by spatial layout of the
photovoltaic generator. These losses are inevitable due to the en-
gineering and architectural considerations involved in the con-
struction, which often mean it is impossible to locate the generator
so that it maximises the use of the incident solar radiation. The
index named irradiation factor FI, has been proposed for charac-
terizing these losses. This is defined as the annual incident radia-
tion factor for an orientation a and tilt of generator b, with respect
to that received for optimum tilt and orientation. Several countries
have also used this simple tool on BIPV, such as England [26,27],
Switzerland [28], Germany, Australia [29] and the United States
[30].

FI depends on b, a, the latitude and diffuse radiation fraction of
the place [31]. An example of the FI diagram, used for BIPV in Spain
[25], can be seen in Fig. 1.

When it comes to integrating photovoltaics in buildings the FI
graphs can be very useful for the following reasons:

a. It is useful to estimate the photovoltaic potential of a city or a
country, as it visually enables themaximumpossible losses from
the façades and roofs to be determined. An example of this was
performed by Cronemberger et al. for Brazil in Ref. [23].

b. It can be used in the technical regulations of a country in order
to limit the solar gain losses regarding a photovoltaic generator
integrated in a building. This is very important for the sector
worldwide, as it limits the amount of modules used and
consequently, it has a direct economic and environmental
impact on the wholesale appropriation of the technology. This is
the case of the CTE in Spain, and of a proposal previously pub-
lished for a worldwide standard [32].

c. In the case of a new building, it becomes a highly useful tool for
the architectural design as it is an easy way to determine the
percentage of solar energy used by each surface [7]. This fact
introduces the sustainability concept as work criteria between
the project architecture and engineering.

Fig. 1. Graph of the irradiation factor for Spain BIPV projects [25].

L.F. Mulcu�e-Nieto, L. Mora-L�opez / Energy 141 (2017) 2264e2276 2265



This paper seeks to provide a detailed methodology for the pre-
classification of facades through the irradiance factor.

The paper is organized as follows. The theory and calculations
are described in Section 3. The methodology for preparing the
irradiation factor graphs is described in Section 4. The fifth section
presents the experimental data used for this study. The results are
presented and discussed in Section 6. Finally, the conclusions of the
work are summarized in Section 7.

3. Theory and calculations

3.1. Irradiation factor concept

Any flat surface of a photovoltaic generator is fully characterised
by two angles: tilt b of the modules with respect to the ground and
by its azimuth or orientation a with respect to the south. The
annual solar irradiation Ga(b,a) that influences this area is different
from the one on the horizontal surface Ga(0). Therefore, it is
necessary to introduce a factor that allows the first amount to be
calculated, once the second is established. This is known as the
annual global irradiation factor on a horizontal surface, FIh [31]:

Gaðb;aÞ ¼ FIhðb;aÞ$Gað0Þ (1)

Other authors [28,33] work with a similar parameter, that in
turn, the document entitled Pliego de Condiciones T�ecnicas de
Instalaciones Aisladas de Red de Espa~na [Spanish Technical Specifi-
cations for Off-grid Facilities] [34] simply calls irradiation factor, FI.
This is defined as the annual incident radiation factor for an
orientation a and tilt b generator, with respect to that received for
optimum tilt and orientation Ga(bopt,0):

Gaðb;aÞ ¼ FIðb;aÞ$Ga

�
bopt ;0

�
(2)

The equivalence between those factors can be determined from
the above two equations, thus:

FIhðb;aÞ ¼
FIðb;aÞ
FIð0Þ (3)

Where FI(0) is the radiation on a horizontal surface. It can be
deducted from Equation [3] that with a FI(b,a) graph, it is possible
to calculate FIh quickly and easily, and therefore, the total incident
irradiation on any photovoltaic module. This factor contributes in a
simple way to calculate the daily average energy produced by the
BIPV system, according to the equation:

EPV ¼ Gdmðb;aÞ$Ppeak$PR
GSTC

(4)

where Ppeak is the installed photovoltaic peak power, PR the yield of
the facility that can be easily determined by the Mulcue-Nieto and
M�ora-L�opez model [7], GSTC the solar irradiance under standard
measurement conditions, equal to 1 kW/m2, and Gdm(b,a) the
annual average daily solar irradiation on the surface, calculated
using the equation:

Gdmðb;aÞ ¼ FIhðb;aÞ$Gdmð0Þ (5)

In the above equation, Gdm(0) is the annual average daily solar
irradiation on a horizontal surface, that is usually easily obtained
fromweather stations or databases obtained from satellite images.
Note that the relation between Equations (1) and (5) is approxi-
mately Ga(b,a) ¼ 365 Gdm(b,a).

3.2. Annual solar irradiation on tilted surfaces

Only the global solar irradiation on a horizontal surface, Gdm(0),
in 12 monthly average daily values, is initially known. Taking those
as the baseline, each valuewas decomposed into diffuse Ddm(0) and
direct radiation Bdm(0). The fact described by Liu and Jordan [35]
was here taken into account, according to which the relation be-
tween the clarity index KTm and the diffuse fraction KDm is inde-
pendent from the latitude. The equation proposed by Page [36], and
valid for latitudes between 40�N and 40�S was taken as de-
pendency on those parameters:

KDm ¼ 1� 1:13KTm (6)

where:

KDm ¼ Ddmð0Þ
Gdmð0Þ

(7)

KTm ¼ Gdmð0Þ
Bodmð0Þ

(8)

With Bodm(0) being the extraterrestrial beam irradiation on a
horizontal surface, obtained for day dn of the month in which the
daily value, equal to the monthly daily average. The equation to
calculate it is [37]:

Bodmð0Þ ¼
24
p
B0ε0ðus sin d sin 4þ cos d cos 4 sin usÞ (9)

where:

B0 ¼ 1367
W
m2 (10)

ε0 ¼ 1þ 0:033 cos
�
2pdn
365

�
(11)

d ¼ 0:006918� 0:399912cosGþ 0:070257sinG
�0:006758cosð2GÞ þ 0:000907senð2GÞ
�0:002697cosð3GÞ þ 0:00148sinð3GÞ

(12)

G ¼ 2p
�
dn � 1
365

�
(13)

us ¼ arccosð�tan 4 tan dÞ (14)

With B0 being the solar constant, ε0 the correction factor of the
eccentricity of the orbit of the earth, d the solar declination angle
according to Spencer [38], G the daily angle, 4 the latitude of the
place, and us the sunrise angle; with all the angles measured in
radians.

The following was used for the direct radiation component:

Bdmð0Þ ¼ Gdmð0Þ � Ddmð0Þ (15)

Once the daily components of global radiation, Ddm(0) and
Bdm(0) were obtained, their respective hourly values, Dh(0) and
Bh(0) were calculated. This involved using the expressions pro-
posed by Collares e Pereira & Rabl [39]:

Dhð0Þ ¼ rdDdmð0Þ (16)

Ghð0Þ ¼ rgGdmð0Þ (17)
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Bhð0Þ ¼ Ghð0Þ � Dhð0Þ (18)

where:

rd ¼ p

24

�
cos u� cos us

sin us � us cos us

�
(19)

rg ¼ rdðaþ b cos uÞ (20)

a ¼ 0:409þ 0:5016 sinðus � 1:047Þ (21)

b ¼ 0:6609þ 0:4767 sinðus � 1:047Þ (22)

The following set was to calculate the hourly global irradiation
on the surface of the generator Gh(b,a). We therefore used the
three-component model, which has proven to be quite accurate [31],
and establishes that the incident radiation is made up of direct
Bh(b,a), diffuse Dh(b,a), and reflected Rh(b,a) radiation; thus:

Ghðb;aÞ ¼ Bhðb;aÞ þ Dhðb;aÞ þ Rhðb;aÞ (23)

The following equation was applied to calculate the direct
radiation:

Bhðb;aÞ ¼
�
Bhð0Þ
cos qzs

�
$maxð0; cos qsÞ (24)

With qs being the angle of incidence of the sun rays and the
normal to the plane considered, and qzs the solar zenith angle, given
by:

cos qs ¼ ðsin 4 cos b� signð4Þcos 4 sin b cos aÞsin d
þðcos 4 cos bþ signð4Þsin 4 sin b cos aÞcos d cos u
þcos d sin b sin a sin u

(25)

cos qzs ¼ sin d sin 4þ cos d cos 4 cos u (26)

In the above two equations, u is the hour angle and is expressed
in terms of time in hours, th:

u ¼ ð12� thÞ
12

p (27)

There are more than 20 models in the literature to calculate the
diffuse component on the tilted surface. The Hay-Davies isotropic
model [40] was selected, as it stands out in different comparative
studies for its high accuracy and simplicity [41e44]. In this, the
diffuse radiation composed by two parts is considered; a circumsolar
component DC(b,a) that comes directly from the sun, and another
isotropic component DI(b,a) from the whole celestial semi-sphere:

Dhðb;aÞ ¼ DC
hðb;aÞ þ DI

hðb;aÞ (28)

where:

DC
hðb;aÞ ¼

Dhð0Þk1
cos qzs

$maxð0; cos qsÞ (29)

DI
hðb;aÞ ¼ Dhð0Þð1� k1Þ

1þ cos b
2

(30)

Both components have a statistical weighting according to the
anisotropy index k1 defined as:

k1 ¼ Bhð0Þ
B0ε0 cos qzs

(31)

To calculate the reflected component, or albedo, it is assumed
that the ground is horizontal and infinite in extension, and it re-
flects the light isotropically:

Rhðb;aÞ ¼ rGhð0Þ
�
1� cos b

2

�
(32)

where r is the reflectivity of the ground, taken in general as r¼ 0.2.
Finally, the hourly components of the hourly global irradiation

were totalled in order to obtain the monthly daily average on a
tilted surface:

Gdmðb;aÞ ¼
X24
h¼1

Ghðb;aÞ (33)

The annual average daily value Gda(b,a) is approximately equal
to the mean of the monthly daily average values.

4. Methodology

The following procedure to prepare the FI graphs. The amount of
annual average radiation that a surface receives according to its tilt
and azimuth was first calculated. The peak of the graph where the
incident energy is maximumwas then identified. This point is given
a value of FI ¼ 1, thus determining the rest of the graph.

4.1. Determining the optimum surface

The above procedure was repeated by increasing the tilt angle b
from0� to 90�, takingDb¼ 1� as the increase. The azimuthwas kept
equal to 0� for positive latitudes, which means that the generator is
facing south. On the contrary, it was set as 180� for negative lati-
tudes. The optimum tilt angle bopt was thus determined by the
surface area that captures the maximum annual irradiation:

Gda

�
bopt

�
¼

�
max½Gdaðb;0Þ� 4 � 0
max½Gdaðb;pÞ� 4 � 0

(34)

This calculationwas performed for 20 cities of Colombia located
between latitudes �4�S and 12�N.

4.2. Preparing the graph of the irradiation factor

Once the annual maximum irradiation was obtained for a
certain city, the procedure of point 2.2 was repeated cyclically, so
that the value of Gda(b,a) was obtained for each pair of coordinates
(b,a). In order to obtain a highly reliable graph, the point scan
suggested by Cronemberger [23] was performed, where tilt b
ranged between 0� and 90�, taking Db ¼ 5�; and the orientation a
between �180� and 180�, taking Da ¼ 5�. All the possible config-
urations could thus be covered.

Finally, the irradiation obtained at each point was divided be-
tween the maximum, to obtain FI(b,a) according to the definition of
equation (2). The software used to plot FI was OriginPro 8. The steps
involved are shown in the flowchart of Fig. 2a.

Even though the FI data were obtained for the aforementioned
20 cities, only the graphs for 8 of them are included in this article
andwill be used as a benchmark to perform calculations for regions
at similar latitudes. These cities are shown in Fig. 2b.

5. Experimental data

The first step was to obtain global solar radiation data for
different cities in Colombia. The source to obtain this type of in-
formation was the website specialising in renewable energy
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projects called RETScreen International [46], which is funded by
Natural Resources Canada. This database is supported by 6700 land
weather stations and by NASA satellites, which cover the whole the
planet's surface. The data resolution is 0.3%, according to the At-
mospheric Science Data Center of NASA, and correspond to average

values from 22 years of data [47].

6. Results and discussion

6.1. Graphs of the irradiation factor and benchmark cities

FI was plotted for the following cities: Leticia (Fig. 3), Pasto
(Fig. 4), Cali (Fig. 5), Bogot�a (Fig. 6), Medellín (Fig. 7), Cúcuta (Fig. 8),
Barranquilla (Fig. 9) and San Andr�es (Fig. 10).

In Figs. 3e10 it can be observed that the irradiation factor has
values between 0.27 and 0.52 for the facades. This means that up to
73% of solar energy can be lost when installing photovoltaic mod-
ules on a vertical surface. For this reason it is necessary to have a
preclassificationmethod, in order to choose themost efficient ones.

In the case of the roofs, the losses from completely horizontal
roofs can be disregarded for latitudes under 8�N, as the maximum
is for San Andr�es with 2%. This is coherent with the fact that
Colombia is an equatorial country. For north-facing roofs, the losses
range between 7% and 21%, in the case of Leticia and San Andr�es.

It can be seen that the FI graph for Pasto is very similar to the one
for Cali, except for when the generator is facing completely
southwards or northwards, where the maximum error committed
may be 3%. It is therefore proposed to use the one for Pasto for
latitudes between 0 and 4�N.

Performinga similar analysis to theaboveone for the20cities,we
suggested using those listed in Table 1 as benchmark graphs of the
irradiation factor. The error committedwhenadopting this criteria is
amaximumof 4%, the reason forwhich theywould be convenient to
use for future legislation regarding BIPV losses in Colombia.

Fig. 2a. Flow chart used to draw FI graphs.

Fig. 2b. Location of the 8 cities for which the irradiation factor is plotted. Image used
with the permission of the IGAC [45].
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6.2. Radiation losses on façades

Fig. 11 shows the radiation losses on façades. It should be noted

that the minimums were 48% for east-west facing ones in cities
near to the Equator. This fact was to be expected as the irradiation
percentage on vertical surfaces in an equatorial country is

Fig. 3. FI graph for leticia (4 ¼ - 4.2�).

Fig. 4. FI graph for pasto (4 ¼ 1.2�).
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minimum. This would indicate that future legislation should enable
greater losses for this concept, with respect to the Spanish case.
This would be justified by the fact that Colombia receives a greater

annual amount of solar irradiation.
For north-facing façades, the losses range between 57% and 73%

in the case of Leticia and San Andr�es. When south facing, the values

Fig. 5. FI graph for cali (4 ¼ 3.6�).

Fig. 6. FI graph for bogot�a (4 ¼ 4.7�).
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range between 63% and 54% for Leticia and Barranquilla, respec-
tively. In the case of east- or west-facing facades, the losses do not
vary, as they are 48%.

6.3. Novel model of the irradiation factor on BIPV façades

Fig. 12 shows the irradiation factor for the façades, according to

Fig. 7. FI graph for medellín (4 ¼ 6.2�).

Fig. 8. FI graph for cúcuta (4 ¼ 7.9�).
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the azimuth and latitude. The values used can be seen to range
between 0.25 and 0.55. This means that the solar irradiation on
those surfaces range between 25% and 55% of the amount on the

optimum surface. The maximum FI values are for façades facing
east-west, i.e., with azimuth values of �90� and 90�.

Based on the data of Fig. 12 was developed a mathematical

Fig. 9. FI graph for barranquilla (4 ¼ 10.9).

Fig. 10. FI graph for san andr�es (4 ¼ 12.6�).
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expression. It was found that, for same latitude, the point curve
approximately describes a sum of two Gaussian functions. The
amplitude and location of such functions varies with the latitude of
the place. In accordance with this, we propose the following model
to calculate the irradiation factor on façades:

FIfacades ¼ A,e�0:0002ða�a0Þ2 þ A,e�0:0002ðaþa0Þ2 þ 0:386

� 0:0127$jfj (35)

where

A ¼ 0:1329þ 0:01413$jfj (36)

a0 ¼ 90� 1:36$jfj; jfj � 15� (37)

Where a is the azimuth angle and f is the latitude of the city, all
in degrees. Thus, an expression was obtained that only requires 2
input parameters. The first of them is the city where the photo-
voltaic system will be installed: latitude f. The other characterises
the plane of the façade of the generator, with its orientation angle a.

It should be noted that for countries in the southern hemi-
sphere, the zero azimuth is defined as the direction pointing to-
wards the geographic north. Therefore, the variable a in Equation
(35) must be changed by 180-|a|.

6.4. Degree of accuracy of the model

Fig. 13 was constructed in order to verify the degree of accuracy
of the model. It shows the points obtained using the long and
tedious process described in Point 3, and the mathematical surface

calculated using the proposed equation. A very good degree of
adjustment can be observed with a determination coefficient of
R2 ¼ 0.98.

Another validation of the model was performed by means of
reproducing the irradiation factor results reported for cities of
Brazil [23], which are adjusted with great accuracy.

Table 1
Proposed Graphs of the irradiation factor to be taken as benchmarks
for Colombia.

Benchmark city Latitude range 4 (�)

Leticia �4.2 � 4 < 0
Pasto 0 � 4 < 4
Bogot�a 4 � 4 < 7
Cúcuta 7 � 4 < 9
Barranquilla 9 � 4 < 12.9

63 58 57 58 57 55 54 5548 48 48 48 48 48 48 4857 58 59 63 62 65 70 73

010
2030
4050
6070
80
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ss
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(%

)

South-facing East/West-facing North-facing

Fig. 11. Maximum losses on façades.

Fig. 12. Irradiation factor for façades according to latitude and azimuth.

Fig. 13. Precision of the model for BIPV potential in façades.
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Finally, the following is described to provide an idea of the work
saved by using Equation (35) to calculate FI. To establish each black
point of the diagram in Fig. 13, it was necessary to use over 30
equations, in a computer algorithm that performed over 4000 op-
erations. To the contrary, only Equation (35) was used for the
mathematical surface of Fig. 13.

6.5. Validation of the model

In order to validate the model, a comparison with FI values
obtained by using the PVWATTSR web site [48] and equation (2)
was done. This tool was developed by the National Renewable
Energy Laboratory of United States NREL, and it is often used in
photovoltaic projects.

The validation procedure is described below:

1. The city is selected in PVwatts.
2. A system size was set at 1000Wp.
3. System losses were set to a given value.
4. The values of a ¼ 0, b ¼ bopt are introduced.
5. In the results Ga (bopt, 0)
6. The a values are introduced for the particular orientation to

be studied.
7. Let be b ¼ 90�.
8. In the results Ga (bopt, 0)
9. In the results Ga (b, a)

10. FI is calculated with equation (2).
11. The previous value is compared with that obtained using

equation (35) of the proposed model.

The results can be seen in Fig. 14. In general, the model works
very well, and has the advantage that it doesn't need internet
connection, like PVWatts tool. PVWatts does not work very well for
sites where no weather stations are available, especially in loca-
tions outside the United States. For these reasons we consider that
our model is very valuable to make rapid calculations, and to pre-
classify facades in BIPV projects.

6.6. Proposed methodology for pre-classification of BIPV façades

The following procedure will be used to pre-classification a
possible BIPV façade located in equatorial countries:

1. Define the latitude of the place f and orientation a that char-
acterise the façade of the building.

2. Calculate the FI irradiation factor of the façade using Equation
(35).

3. Establish the annual solar irradiation on the horizontal plane of
the place Ga(0), available on the radiation atlases.

4. Calculate the solar irradiation on the optimum surface Ga(bopt),
using equation:

Ga

�
bopt

�
¼ Gað0Þ

1� 0;0015$jfj � 0;00007$jfj2
(38)

where f is the latitude of the place.

5. Calculate the solar irradiation on the façade Ga(90,a), using the
equation:

Gað90;aÞ ¼ FIfacades$Ga

�
bopt

�
(39)

6. Use the obtained value of Ga(90,a) to classify the façade, ac-
cording to the “Energetic Efficiency Rating for façades” in Fig. 15.
This classification is based in publications about the amount of
solar irradiation that receives a facade in different places of the
world, as mentioned in the introduction of this paper.

The obtained results when the proposed methodology is used
for the 8 cities are shown in Table 2.

Once the pre-classification of the potential facades have been
done, the architects and engineers can proceed to calculate the
complete BIPV potential, including the shape and shading factors,
by using a complex software.

7. Conclusions

A simple expression was proposed that allowed the FI
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Fig. 14. Irradiation factor calculated by the proposed model, and by PVWatts web site. a) The case for Bogot�a-Colombia. b. The case for Rivas e Nicaragua.

Fig. 15. Energetic Efficiency Rating for façades.

7. Conclude about the potential use of the façade for BIPV.
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irradiation factor on façades to be estimated with just two input
parameters: the latitude and the azimuth angle of the photovoltaic
generator. This model is highly accurate and it is equivalent to
performing a complex simulation that uses over 30 equations, and
4000 operations. The equation was satisfactorily validated by using
PVWATTSR web site. Moreover, the proposed expression can also be
used for educational purposes, as it will allow quick calculations
without the need to use commercial software.

Finally, an easymethodology for the pre-classification of façades
in BIPV projects in equatorial countries has been described. This
includes a new proposal of “Energetic Efficiency Rating” for BIPV
facades. We hope this procedure can be used as the initial step in
the design process of BIPV projects, before of calculating the com-
plete BIPV potential. Therefore, it will make easier the work of ar-
chitects and engineers.
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Conclusiones		
			

	
	

§ Se	 propuso	 un	 nuevo	 modelo	 para	 calcular	 las	 pérdidas	 máximas	 por	

temperatura	en	sistemas	de	BIPV,	en	cualquier	país	del	mundo.	Este	modelo	

fue	validado	mediante	datos	de	sistemas	monitorizados	a	nivel	mundial.	

	

§ Mediante	 simulación,	 se	 calculó	 el	 Performance	 Ratio	 de	 sistemas	 BIPV	

ubicados	 en	 ciudades	 de	 baja	 latitud,	 considerando	 todas	 las	 superficies	

posibles.	 Se	 encontró	 que	 el	 PR	 tiene	 una	 variación	 de	 más	 del	 20%	 entre	

diferentes	 ciudades,	 mientras	 que	 dentro	 de	 una	 misma	 edificación	 puede	

variar	hasta	en	un	15%.	Estos	resultados	ratifican	que	la	práctica	generalizada	

de	 asignar	 siempre	 un	mismo	 valor	 de	 PR=0.75	 a	 sistemas	 fotovoltaicos	 no	

resulta	adecuada	para	dimensionar	sistemas	de	BIPV,	ya	que	esto	induciría	en	

el	peor	de	los	casos	a	cometer	errores	hasta	del	45%.	

	

§ Se	propuso	una	expresión	matemática	para	calcular	el	Performance	Ratio	en	

sistemas	 de	 BIPV,	 teniendo	 como	 base	 sólo	 4	 variables	 de	 entrada:	 La	

temperatura	 ambiente	media,	 la	 latitud,	 la	 inclinación	 y	 la	 orientación	 de	 la	

superficie	usada.	Este	modelo	probó	tener	un	alto	grado	de	precisión,	y	su	uso	

evita	realizar	cálculos	computacionales	complejos,		de	más	de	40	ecuaciones	y	

20.000	operaciones.	

	

§ Se	desarrolló	una	nueva	metodología	para	establecer	 los	 límites	de	pérdidas	

por	 inclinación,	 orientación	 y	 sombreado,	 en	 sistemas	 de	 BIPV.	 Con	 esta	

metodología	 se	 pueden	 elaborar	 normas	 técnicas	 para	 cualquier	 país	 del	

mundo,	 teniendo	 como	 referencia	 a	 otro	 país	 que	 cuente	 con	 una	 norma	

técnica	en	BIPV.	
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§ Según	cálculos	 realizados	de	pérdidas	máximas	por	orientación	e	 inclinación	

para	 diferentes	 ciudades,	 se	 evidencia	 que	 lugares	 con	 valores	 mayores	 de	

irradiación	solar,	 cuentan	con	más	 	 flexibilidad	para	 la	BIPV.	Tomando	como	

base	 a	 la	 norma	 técnica	 de	 España,	 CTE,	 se	 mostró	 que	 países	 ubicados	 en	

bajas	latitudes	tienen	más	posibilidades	de	superficies	para	destinar	a	BIPV.	

	

§ Al	 obtener	 los	 límites	 de	 pérdidas	máximas	 por	 sombreado,	 las	 ciudades	 de	

Colombia	presentan	valores	menores	que	 los	 establecidos	para	España	en	el	

CTE.	La	 razón	principal	para	esto	es	que	Colombia	 tiene	mayores	valores	de	

fracción	de	difusa,	en	comparación	al	país	europeo.		

	

§ Se	 propuso	 un	 modelo	 matemático	 que	 permite	 estimar	 el	 factor	 de	

irradiación	FI	en	 fachadas	con	solo	dos	parámetros	de	entrada:	 la	 latitud	del	

lugar	 y	 el	 ángulo	 de	 acimut	 del	 generador	 fotovoltaico.	 Este	 modelo	 es	

altamente	preciso	y	evita	realizar	una	simulación	compleja	que	utiliza	más	de	

30	 ecuaciones	 y	 4000	 operaciones.	 La	 ecuación	 se	 validó	 satisfactoriamente	

mediante	 el	 uso	 del	 sitio	 web	 PVwattsR.	 Además,	 la	 expresión	 propuesta	

también	 se	 puede	 utilizar	 con	 fines	 educativos,	 ya	 que	 permitirá	 realizar	

cálculos	 rápidos	 sin	 la	 necesidad	 de	 utilizar	 software	 comercial.	 Así	 mismo,	

esta	 ecuación	 se	 puede	 usar	 en	 lugares	 donde	 PVwatts	 no	 funciona	 bien,	

especialmente	en	ubicaciones	fuera	de	Estados	Unidos.			

	

§ Se	ha	propuesto	una	metodología	fácil	para	la	clasificación	previa	de	fachadas	

en	proyectos	BIPV	en	países	ecuatoriales.	Esto	incluye	una	nueva	propuesta	de	

"Clasificación	de	Eficiencia	Energética"	para	fachadas	BIPV,	según	un	código	de	

colores	similar	a	la	eficiencia	de	equipos	eléctricos,	de	letras	A-G.		

§ Mediante	 la	 integración	 de	 los	 modelos	 encontrados	 se	 propuso	 un	

procedimiento	a	usar	como	paso	inicial	en	el	proceso	de	diseño	de	proyectos	

BIPV,	antes	de	calcular	el	potencial	completo.	Por	lo	tanto,	facilitará	el	trabajo	

de	arquitectos	e	ingenieros	en	ciudades	sostenibles.	
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Conclusions	

			
	
	

§ It	was	found	that	the	maximum	equivalent	operating	temperature	of	the	cells	

was	about	15	°	higher	than	the	ambient	temperature.	Likewise,	a	new	equation	

was	proposed	to	calculate	the	maximum	temperature	losses	in	any	country	of	

the	world.	This	was	validated	using	data	from	monitored	systems	worldwide.	

	

§ The	 performance	 of	 an	 “average	 photovoltaic	 system”	 in	 each	 city	 was	

estimated,	 finding	PR	values	 that	vary	by	more	 than	20%,	while	within	each	

city	 it	was	 up	 to	 15%.	 These	 results	 go	 against	 the	 usual	 practice	 of	 always	

assigning	the	same	“standard”	value	of	PR	=	0.75	to	different	locations	or	types	

of	building	surfaces.	

	

§ A	simple	mathematical	expression	was	proposed,	which	allows	estimating	the	

PR	with	only	4	input	parameters:	the	average	ambient	temperature	of	the	city,	

latitude,	 and	 the	 tilt	 and	 orientation	 angles	 of	 the	 photovoltaic	 generator	

plane.	 This	 model	 has	 a	 high	 degree	 of	 precision,	 and	 is	 equivalent	 to	

performing	 a	 complex	 simulation,	 using	 algorithms	 with	 more	 than	 40	

equations	and	20,000	operations.	

	

§ A	 methodology	 was	 proposed	 to	 calculate	 the	 maximum	 losses	 allowed	 by	

orientation	and	shading,	in	BIPV	systems.	The	procedure	can	be	used	for	any	

country,	 starting	 with	 another	 country	 that	 has	 a	 technical	 standard	 in	 this	

regard.	

	

§ According	 to	 calculations	 of	 maximum	 losses	 due	 to	 orientation	 and	

inclination	 for	 different	 cities,	 it	 was	 evident	 that	 places	 with	 greater	 solar	

resources	 have	 greater	 flexibility	 for	 BIPV.	 In	 comparison	 to	 the	 technical	
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norm	of	Spain,	it	was	shown	that	countries	located	in	low	latitudes	have	more	

variety	of	surfaces	to	allocate	to	BIPV.	

	

§ Regarding	 the	 limits	of	 shading	 losses,	 in	Colombia	 the	 limits	are	 lower	 than	

those	 allowed	 for	 Spain.	 This	 is	 because	 it	 has	 a	 greater	 fraction	 of	 diffuse	

radiation	than	the	European	country.		

	

§ A	 mathematical	 model	 was	 proposed	 that	 allows	 estimating	 the	 irradiation	

factor	FI	on	facades,	with	only	two	input	parameters:	the	latitude	of	the	place	

and	 the	 azimuth	 angle	 of	 the	 photovoltaic	 generator.	 This	 model	 is	 highly	

accurate	and	is	equivalent	to	performing	a	complex	simulation	that	uses	more	

than	 30	 equations	 and	 4000	 operations.	 The	 equation	 was	 successfully	

validated	through	the	use	of	 the	PVwattsR	website.	 In	addition,	 the	proposed	

expression	 can	 also	 be	 used	 for	 educational	 purposes,	 as	 it	 allows	 quick	

calculations	without	the	need	of	use	commercial	software.	Also,	this	equation	

can	 be	 used	 in	 places	 where	 PVwattsR	 does	 not	 work	 well,	 especially	 in	

locations	outside	the	United	States.		

	

§ An	 easy	 methodology	 has	 been	 proposed	 for	 the	 previous	 classification	 of	

facades	in	BIPV	projects	of	equatorial	countries.	This	 includes	a	new	"Energy	

Efficiency	Rating"	proposal	for	BIPV	facades.		

	

§ By	integrating	the	models	found,	a	procedure	was	proposed	to	be	used	as	an	

initial	 step	 in	 the	design	process	 of	BIPV	projects,	 before	 calculating	 the	 full	

potential.	 Therefore,	 it	will	 facilitate	 the	work	of	 architects	 and	 engineers	 in	

sustainable	cities.	
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1.	 Finalista	 en	 ECO-LÓGICAS	 "Concurso	 Latinoamericano	 y	
Caribeño	en	Energías	Renovables"		
Brasil,	Octubre	de	2015	
Organizadores:		
Instituto	para	el	desarrollo	de	las	Energías	Alternativas		IDEAL	-	Brasil.	
https://institutoideal.org/es/		
Organización	Latino	Americana	de	Energía,	OLADE	–	Ecuador		
http://www.olade.org/		
	
DESCRIPCIÓN:	La	 investigación	fue	seleccionada	como	una	de	 las	10	mejores,	en	el	
"Concurso	 Latinoamericano	 y	 Caribeño	 en	 Energías	 Renovables	 y	 en	 Eficiencia	
Energética",	 edición	 2015.	 El	 concurso	 se	 organiza	 por	 parte	 del	 “Instituto	 para	 el	
desarrollo	de	las	Energías	Alternativas-IDEAL,	de	Brasil.	El	trabajo	que	se	presentó	se	
titula:	"Nuevos	aportes	al	diseño	de	edificios	fotovoltaicos	para	ciudades	sostenibles",	y	
será	publicado	y	distribuido	en	bibliotecas	públicas	de	América	Latina	y	el	Caribe.	Ver	
los	anexos	que	se	encuentran	después	de	los	artículos	publicados.	
	
	
2.	Premio	Nacional	Grupo	de	Energía	de	Bogotá		
Bogotá,	Noviembre	de	2014	
Organizador:		
Grupo	Energía	Bogotá	(GEB)	
https://www.grupoenergiabogota.com/		
	
DESCRIPCIÓN:	La	investigación	fue	seleccionada	como	una	de	las	3	mejores,	dentro	
de	la	categoría	maestría.	El	concurso	se	organiza	por	parte	del	Grupo	Energía	Bogotá	
(GEB),	que	es	una	multilatina	líder	en	el	sector	de	energía	eléctrica	y	gas	natural	que	
tiene	 presencia	 en	 Colombia,	 Perú,	 Guatemala	 y	 Brasil.	 Se	 participó	 con	 el	 trabajo:	
"Desarrollo	 de	 herramientas	 para	 el	 dimensionado	 y	 simulación	 de	 sistemas	
fotovoltaicos	en	Colombia".		
	
	
3.	BECA	IMP	(International	Mentor	Program)	Programa	de	
mentoría	de	la	Universidad	de	Harvard		
Málaga,	Noviembre	de	2016	
Organizador:		
International	 Mentorship	 Foundation	 for	 the	 Advancement	 of	 Higher	 Education	
(IMFAHE)		
http://www.imfahe.org/es 	
DESCRIPCIÓN:	 Se	 obtuvo	 beneficio	 del	 Programa	 Internacional	 de	 Asesoramiento	
(IMP)	2016-2017.	Se	aplicó	a	realizar	un	posdoctorado	a	la	Universidad	de	Stanford,	y	
se	recibiaceptación	académica.	Actualmente	se	está	en	espera	de	gestión	de	proyecto	
para	financiar	la	estancia.		
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