
1	Introduction
The	demand	for	energy	in	human	society	is	increasing	with	the	improvement	of	human	living	standards	and	rapid	industrialization.	The	engineering	industry	is	more	eager	to	find	sustainable	and	cheap	energy	as	people	pay

more	attention	to	the	environmental	impacts	related	to	energy	production	and	the	trend	of	rising	energy	prices	[1].

It	is	important	to	explore	renewable	energy	that	can	be	used	as	alternatives	to	meet	the	growing	energy	demand	[2,3].	Notably,	solar	energy	has	obvious	advantages	over	other	types	of	renewable	energy	as	it	is	easy	to	be

obtained,	massive,	and	inexhaustible	[4].	Its	availability	greatly	exceeds	any	possible	future	energy	demand	[5].	Therefore,	this	kind	of	clean	energy	is	favored	by	governments	and	scientists	of	various	countries.

Photovoltaic	 is	a	method	of	converting	solar	energy	 into	electrical	energy.	However,	 the	electrical	efficiency	of	current	PV	cells	 is	 still	 relatively	 low.	Under	 the	reference	 test	conditions,	 the	electrical	efficiency	of	 typical

commercial	PV	cells	is	only	6.0 %–25.0 %	[6].	Most	of	the	remaining	solar	energy	is	converted	into	heat	energy,	which	makes	the	temperature	of	photovoltaic	panels	rise	and	the	electrical	efficiency	decreases.	Therefore,	researchers

have	proposed	a	photovoltaic	thermal	(PVT)	module,	which	integrates	PV	and	ST.	In	the	PVT	module,	the	PV	panel	is	cooled	through	the	flow	of	water,	which	can	reduce	the	PV	temperature	and	improve	electrical	efficiency,	and	can

also	produce	hot	water.	The	PVT	module	can	provide	more	energy	output	compared	with	a	single	PV	module	or	a	single	solar	collector	in	the	same	area	[7].
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Abstract

Both	 photovoltaic	 (PV),	 and	 photovoltaic	 thermal	 (PVT)	 are	 technologies	 that	 use	 solar	 energy	 for	 power	 output.	 Combining	 them	 with	 solar	 thermal	 (ST)	 can	 enable	 the	 generation	 of	 electricity	 as	 well	 as	 high-

temperature	hot	water.	In	this	study,	The	heat	transfer	model	was	established	to	investigate	the	thermal,	electrical	and	overall	performance	of	the	two	systems,	which	one	is	a	separately	operating	PV	and	ST	system	(i.e.	PV-

ST	system)	and	the	other	is	a	PVT	and	ST	system	in	series	(i.e.	PVT-ST).	By	comparing	the	electrical,	thermal	and	overall	performance	of	the	two	combinations	under	different	solar	radiation,	ambient	temperature	and	inlet

temperature,	the	application	range,	advantages	and	disadvantages	of	the	two	combinations	are	given,	which	can	provide	guidance	for	the	design	of	higher	electrical	and	thermal	output	system.	The	comparative	study	of	the

two	systems	shows	that	the	electrical	efficiency,	thermal	efficiency	and	primary	energy	saving	efficiency	of	the	PV-ST	system	are	higher	than	that	of	the	PVT-ST	system	under	the	conditions	of	low	ambient	temperature	and

solar	 radiation.	 This	 makes	 the	 PV-ST	 system	 have	 a	 wider	 application	 prospect	 in	 such	 low	 temperature	 and	 weak	 radiation	 environment	 conditions.	 However,	 under	 the	 environmental	 conditions	 of	 higher	 ambient

temperature	and	stronger	solar	radiation	intensity,	the	electro-thermal	efficiency	and	primary	energy	saving	efficiency	of	PVT-ST	system	will	be	higher	than	that	of	PV-ST	system.	The	PVT-ST	system	will	be	widely	used	in	high

temperature	and	strong	radiation	conditions.
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In	recent	decades,	researchers	from	all	over	the	world	have	conducted	a	large	number	of	experiments	and	simulations	to	study	the	performance	of	different	PVT	modules	[8–18].	Pang	et	al.	[8]	used	CFD	numerical	simulation	to

establish	a	simplified	thermal	transfer	model	and	verified	its	practicability	through	experiments,	thus	presenting	a	new	method	for	finding	efficient	PVT	modules.	Dhimish	[9]	analyzed	8000	photovoltaic	systems	distributed	throughout

the	UK.	The	effect	of	seasonal	heat	on	the	performance	of	photovoltaic	systems	was	investigated,	and	the	conclusion	was	that	the	monthly	PR	rate	in	spring	and	summer	will	be	higher	than	in	autumn	and	winter.	Finally,	detailed

experiments	 were	 carried	 out	 on	 three	 different	 photovoltaic	 modules	 affected	 by	 different	 hot	 spots.	 El	 Fouas	 et	 al.	 [10]	 proposed	 a	 new	 type	 of	 photovoltaic	 thermal	 solar	 power	 plant	 numerical	 model	 which	 was	 verified	 by

experimental	data.	The	simulation	was	carried	out	by	MATLAB,	accounting	for	the	influence	of	solar	radiation,	outdoor	temperature,	wind	speed,	heat	storage	temperature,	flow	rate	and	characteristics	of	photovoltaic	solar	panels	on

electricity	and	thermal	energy.	Barone	et	al.	[11]	developed	a	special	dynamic	simulation	tool	to	conduct	a	comprehensive	analysis	of	two	architectural	PVT	prototypes.	The	results	show	that	the	tool	can	perform	a	complete	system

performance	analysis,	showing	the	capabilities	of	the	proposed	innovative	device	and	the	capabilities	of	the	proposed	internal	code.	Sun	et	al.	[12]	proposed	a	new	method	for	calculating	the	nominal	operating	cell	temperature	(NOCT)

of	PVT	modules	using	water	as	the	working	fluid.	Under	the	condition	of	a	clear	sky	in	Chiang	Mai,	Thailand,	this	method	is	in	good	agreement	with	the	experimental	data.	Das	et	al.	[13]	developed	a	new	type	of	PVT	system	model

which	includes	the	thermal	resistance	of	each	layer	and	the	contact	thermal	resistance	between	them	in	detail,	and	the	agreement	is	well	verified	by	experiments.	Based	on	this	model,	the	experimental	electrical	efficiency,	thermal

efficiency,	and	exergy	efficiency	was	accurately	predicted.	Kant	et	al.	[14]	proposed	a	new	method	for	predicting	the	thermal	performance	of	photovoltaic	panels	which	were	verified	by	experiments.	In	addition,	two	cities	in	India	were

simulated	by	the	same	model	and	found	that	they	have	great	potential	 for	 installing	solar	photovoltaic	thermal	technology.	Sardouei	et	al.	 [15]	used	a	three-dimensional	computational	 fluid	dynamics	(CFD)	model	to	analyze	three

different	 types	 of	 PVT	 absorbers:	 round	 tubes	 and	 absorber	 plates,	 square	 tubes	 and	 absorber	 plates,	 and	 box-type	 PVT	 absorbers.	 Numerical	 simulations	 were	 performed	 to	 close	 the	 loopholes	 about	 these	 types	 of	 insufficient

research.	Photovoltaic	thermal	(PVT)	modules	can	generate	electricity	and	thermal	energy	at	the	same	time,	but	the	outlet	temperature	should	not	be	too	high.	The	efficiency	of	the	photovoltaic	cell	will	decrease	as	the	temperature

rises,	resulting	in	a	decline	in	photoelectric	performance	[16,17].	To	further	increase	the	temperature,	Ma	et	al.	[18]	proposed	an	innovative	integrated	system	called	PVT-ST	that	connects	PVT	modules	in	series	with	subsequent	solar

thermal	(ST)	absorbers.	This	model	can	overcome	the	drawback	of	low	output	temperature	of	PVT	and	not	generating	electricity	for	ST.

However,	 solar	 absorbers	 are	 often	 connected	 to	 a	 water	 tank	 to	 form	 a	 circulating	 hot	 water	 heating	 system	 in	 practical	 applications,	 so	 the	 inlet	 temperature	 will	 continue	 to	 increase	 instead	 of	 remaining	 at	 a	 lower

temperature.	Therefore,	the	system	has	certain	shortcomings	when	the	inlet	water	temperature	is	high.	The	electrical	efficiency	of	the	independent	PV	system	which	can	be	cooled	by	the	ambient	will	not	be	influenced	by	the	inlet

water	temperature.	The	cooling	effect	will	be	better	than	that	of	the	PVT	system	with	a	glass	cover	in	winter	or	cold	regions.	Therefore,	the	independent	PV	system	will	have	a	higher	electrical	efficiency	than	PVT	systems.

The	pros	and	cons	of	the	PV	and	ST	operating	separately	system	(PV-ST)	and	the	PVT	and	ST	connection	system	(PVT-ST)	cannot	be	directly	determined	in	the	case	of	obtaining	the	same	electricity	or	the	same	thermal	energy

output.	This	is	particularly	important	in	the	design	and	high-performance	output	of	solar	energy	systems.	However,	there	are	few	related	comparison	studies	presently.

This	paper	compares	the	electricity	and	thermal	energy	output	performance	of	PV-ST	and	PVT-ST	systems	with	the	same	total	receiving	area	under	different	environmental	conditions.	The	application	scope,	pros	and	cons	of

the	two	combinations	are	presented	through	the	comparison	of	electrical	and	thermal	performance	under	the	different	solar	irradiations,	ambient	temperature	and	inlet	temperature,	which	will	provide	guidance	for	the	design	of	the

higher	electrical	power	and	thermal	output	system.

2	Concept	and	configuration
The	PVT-ST	system	consists	of	a	PVT	module,	ST	absorber,	and	water	tank,	which	are	connected	in	series	as	a	whole	system.	The	schematic	diagram	of	the	PVT-ST	system	is	shown	in	Fig.	1.	Part	of	the	solar	radiation	reaches

the	solar	cell	and	is	converted	into	electricity	in	the	PVT	module,	and	the	rest	is	converted	into	thermal	energy.	Part	of	this	thermal	energy	is	lost	to	the	ambient,	and	the	rest	is	absorbed	by	circulating	water.	The	preheated	water	from

the	PVT	module	flows	into	the	subsequent	ST	module	for	reheating,	and	finally	outputs	high	temperature	water.

Fig.	1	Schematic	diagram	of	PVT-ST	system.
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The	PV-ST	system	consists	of	a	PV	module,	ST	absorber,	and	water	tank.	The	schematic	diagram	of	the	PV-ST	system	is	shown	in	Fig.	2.	The	ST	module	is	connected	in	series	with	the	water	tank,	and	the	PV	module	operates

independently.	Solar	radiation	is	directly	impinged	on	the	PV	module	without	cover	and	converted	into	electricity.	The	circulating	water	only	passes	through	the	ST	system	to	produce	hot	water.	The	PVT-ST	and	PV-ST	systems	maintain

the	same	total	receiving	area.

The	main	parameters	of	the	PVT-ST	and	PV-ST	system	are	listed	in	Table	1.

Table	1	Main	parameters	of	the	PVT-ST	and	PV-ST	system	[18].

alt-text:	Table	1

Parameters Value

Thickness	(m) Glass 0.004

PV	module 0.0058

Absorber 0.0003

Insulation 0.035

Glazing	spacing	(m) 0.025

Type	of	PV	modules JKM285PP-60-DV,	Jinko	Solar

Number	of	cells 60

Maximum	power	rating	(W) 285

Nominal	efficiency	of	PV	module	(%) 17.8

Temperature	coefficient	of	PV	modules	(%/°C) −0.38

Diameter	of	tube	(m) 0.01

Tube	number 10

Tube	spacing 0.1

Collector	area	of	PVT	module	(m2) 1.65	(1.658 m × 0.992 m)

Collector	area	of	ST	collector	(m2) 1.65	(1.658 m × 0.992 m)

Slope 30°

3	Methodology

Fig.	2	Schematic	diagram	of	PV-ST	system.
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In	this	section,	the	mathematical	model	of	the	three	main	modules	is	established	to	conduct	numerical	simulation	and	performance	evaluation	in	the	following	sections.

The	schematic	diagram	of	the	energy	transfer	process	of	the	PVT	module	is	shown	in	Fig.	3.	Part	of	the	solar	energy	absorbed	by	the	PV	panel	is	converted	into	electricity,	and	most	of	it	is	converted	into	thermal	energy.	Part	of

this	thermal	energy	is	lost	to	the	ambient	through	radiation	and	convection,	and	the	rest	is	taken	away	by	the	circulating	water.

The	heat	exchange	process	of	the	ST	module	is	similar	to	that	of	the	PVT	module,	but	there	is	no	photovoltaic	structure.	Most	of	the	thermal	energy	converted	from	the	solar	energy	which	is	absorbed	by	ST	is	taken	away	by	the

circulating	water	and	the	other	part	is	lost	to	the	ambient	through	convection	and	radiation.	The	schematic	diagram	of	the	energy	transfer	process	is	shown	in	Fig.	4.

The	energy	transfer	process	of	the	PV	module	is	shown	in	Fig.	5.	The	PV	module	is	completely	exposed	to	the	air,	part	of	the	solar	energy	absorbed	by	the	PV	is	converted	into	electricity,	and	of	the	remaining	solar	energy	most

of	it	is	lost	to	the	ambient	through	radiation	and	convection.

In	order	to	simplify	the	numerical	simulation	process,	the	following	assumptions	are	made:

(1) The	thermal	resistance	loss	inside	the	photovoltaic	module	is	negligible;

(2) The	thermophysical	properties	of	different	layers	remain	unchanged;

(3) Only	one	of	the	ten	parallel	tubes	is	considered;

Fig.	3	Schematic	diagram	of	PVT	energy	transfer	process.

alt-text:	Fig.	3

Fig.	4	Simplified	diagram	of	ST	energy	transfer	process.

alt-text:	Fig.	4

Fig.	5	Schematic	diagram	of	PV	energy	transfer	process.

alt-text:	Fig.	5



(4) Between	the	circulating	water	and	the	water	pipe,	there	is	no	frictional	resistance;

(5) The	influence	of	dust	and	dirt	is	ignored.

3.1	Mathematical	model
3.1.1	PV

Both	the	upper	and	lower	surfaces	of	the	PV	panel	are	exposed	to	the	air	and	heat	loss	through	convection	and	radiation.	Therefore,	the	energy	conservation	equation	is:

where

is	 the	 absorptivity	 of	 the	 PV	 panel;	 is	 the	 electricity	 output	 per	 unit	 area	 of	 the	 PV	 module;	 where	 is	 the	 electrical	 efficiency	 of	 the	 PV	 panel	 at	 the	 reference	 temperature;	 is	 the	 temperature	 coefficient;	 is	 the	 reference

temperature.	 is	the	solar	radiation;	 and	 respectively	represent	the	convective	and	radiative	coefficient	between	the	PV	panel	and	the	ambient;	 and	 	respectively	represent	the	PV	panel	temperature	and	the	ambient

temperature;	 	is	the	thermal	conductivity	of	the	PV	panel;	 	is	the	thickness	of	the	PV	panel;	 	is	the	temperature	distribution	of	the	PV	panel.

3.1.2	PVT
PVT	module	heat	exchange	components	are	mainly	divided	into:	(1)	Glass	cover;	(2)	PV	module;	(3)	Absorber;	(4)	Tube;	(5)	Circulating	water;	and	(6)	Insulation.	The	energy	balance	equation	of	each	layer	is	expressed	as	follows:

■ Glass	cover:	The	glass	cover	in	the	PVT	module	absorbs	a	small	part	of	solar	energy	and	converts	it	into	heat.	The	glass	cover	also	has	radiative	and	convective	heat	exchange	with	the	PV	module	and	the	ambient.	The	energy	conservation	equation	is:

where	 is	 the	 absorptivity	 of	 the	 glass	 cover;	 	 is	 the	 convective	 coefficient	 between	 the	 glass	 cover	 and	 the	 ambient;	 and	 are	 the	 convective	 and	 radiative	 coefficients	 between	 the	 glass	 cover	 and	 the	 PV

module;	 	is	the	radiative	coefficient	between	the	glass	cover	and	the	sky;	 ,	 ,	 and	 are	the	glass	cover	temperature,	ambient	temperature,	PV	temperature,	sky	equivalent	temperature;	 	is	the	thermal	conductivity	of	the

glass	cover;	 	is	the	thickness	of	the	glass	cover;	 	is	the	temperature	distribution	of	the	glass	cover.

In	addition,	the	temperature	of	sky	can	be	obtained	as	[19].

■ PV	module:	In	order	to	simplify	the	heat	exchange	process,	the	PV	module	is	regarded	as	an	integral	module.	The	simplified	PV	module	and	the	glass	cover	exchange	heat	through	convection	and	radiation,	and	the	collector	exchanges	heat	through	heat	conduction.	The

energy	conservation	equation	is:

where	 	represents	the	effective	absorptivity	of	the	PV	module.	Considering	the	transmittance	of	the	glass	cover,	the	calculation	formula	is:

In	addition,	 	is	 the	 conductive	 coefficient	 between	 PV	 and	 absorber;	 and	 	 are	 the	 convective	 and	 radiative	 coefficients	 between	 the	 glass	 cover	 and	 PV,	 respectively;	 	 is	 the	 absorber	 temperature;	

(1)

(2)

		αpv	 		Eele,pv	 		 ηref	 		 β	 		 Tref	

		G	 		hv,pv	−	amb	 		hr,pv	−	amb	 		Tpv	 		Tamb	

		Kpv	 		δpv	 		 	

(3)

		αgla1	 		 hv,gla1	 −	 amb	 		 hv,gla1	 −	 pv	 		 hr,gla1	 −	 pv	

		hr,gla1	−	sky	 		Tgla1	 		Tamb	 		Tpv	 		Tsky	 		Kgla1	

		δgla1	 		 	

(4)

(5)

		αpv,e	

(6)

		hc,pv	 −	 abs1	 		hv,gla1	 −	 pv	 		 hr,gla1	 −	 pv	 		 Tabs1	



	is	the	temperature	distribution	of	the	PV	panel.

Iis	the	electricity	output	per	unit	area	of	the	PV	module,	which	is	related	to	the	temperature	coefficient	and	can	be	derived	from	the	specifications	of	the	PV	module	[20].	The	expression	is:

where	 is	the	electrical	efficiency	of	the	PV	panel	at	the	reference	temperature;	 	is	the	temperature	coefficient;	;	 	is	the	reference	temperature.

■ Absorber:	For	the	absorber	of	the	PVT	module,	there	is	only	conduction	between	the	PV	panel,	the	tube,	and	the	insulation	in	contact	with	it.	The	energy	conservation	equation	is:

where	 is	the	effective	absorptivity	of	the	absorber,	which	is	related	to	the	transmittance	of	the	glazing	cover	and	PV	module	glass,	and	the	expression	is:

In	addition,	 	is	the	conductive	coefficient	between	PV	and	absorber;	 is	the	conductive	coefficient	between	absorber	and	tube;	 	is	the	conductivity	coefficient	between	absorber	and	insulation;	 is	the

contact	area	between	absorber	and	 tube	and	 is	 the	area	of	absorber;	 ,	 and	 are	 the	 thermal	 conductivity,	 thickness,	 and	 temperature	 distribution	 of	 the	 absorber,	 respectively;	 ,	 	 and	 are	 the

temperature	of	the	absorber,	tube,	and	insulation,	respectively.

■ Tube:	There	is	conduction	heat	exchange	between	the	tube	and	the	absorber	and	insulation,	and	there	is	convection	with	the	circulating	water	in	the	tube.	The	energy	conservation	equation	of	one	of	the	tubes	is:

where	 is	 the	contact	area	between	tube	and	 insulation;	 is	 the	contact	area	between	 tube	and	 fluid;	 is	 	 is	 the	conductive	coefficient	between	 tube	and	 insulation;	 	 is	 the	 convective	 coefficient	 between

tube	and	fluid;	 	is	the	temperature	of	fluid;	 	is	the	thermal	conductivity	of	tube;	 	is	the	temperature	distribution	of	tube.

■ Circulating	water:	The	circulating	water	in	the	tube	only	has	convection	heat	exchange	with	the	tube,	so	the	energy	conservation	equation	is:

where	 is	the	specific	heat	capacity	of	fluid;	 	is	the	mass	flow	of	fluid;	 	is	the	temperature	distribution	of	fluid.

■ Insulation:	There	is	conductive	heat	exchange	between	the	insulation	and	the	absorber	and	tube,	and	there	is	convection	and	radiation	heat	exchange	with	the	ambient.	The	energy	conservation	equation	is:

where	 is	 the	 area	 of	 insulation;	 	 is	 the	 convective	 coefficient	 between	 the	 insulation	 and	 the	 ambient;	 ;	 	 is	 the	 thermal	 conductivity	 of	 the	 insulation;	 	 is	 the	 thickness	 of	 the	 insulation;	 	 is	 the

temperature	distribution	of	insulation.

3.1.3	ST
The	heat	transfer	process	of	ST	system	is	similar	to	PVT	system,	mainly	divided	into:	(1)	glass	cover;	(2)	absorber;	(3)	tube;	(4)	circulating	water;	and	(5)	insulation.	The	energy	balance	equation	of	each	layer	is	expressed	as	follows:

	

		Eele	

(7)

		ηref	 		β	 		Tref	

(8)

		αabs1,e	

(9)

		hc,pv	−	abs1	 		hc,abs1	−	tub1	 		hc,abs1	−	ins1	 		Aabs1	−	tub1	

		Aabs1	 		Kabs1	 		δabs1	 		 	 		Tabs1	 		 Ttub1	 		 Tins1	

(10)

		Atub1	−	 ins1	 		Atub1	 −	 flu1	 		hc,tub1	 −	 ins1	 		hv,tub1	 −	 flu1	

		Tflu1	 		Ktub1	 		 	

(11)

		Cflu1	 		 	 		 	

(12)

		 Ains1	 		 hv,ins1	 −	 amb	 		 Kins1	 		 δins1	 		 	



■ Glass	cover:	The	glass	cover	absorbs	a	small	part	of	solar	energy	and	it	also	has	radiative	and	convective	heat	transfer	with	the	ambient	and	absorber.	The	energy	balance	equation	is:

where	 is	the	absorptivity	of	the	glass	cover;	 	is	the	convective	coefficient	between	the	glass	cover	and	the	ambient;	 and	 are	the	convective	and	radiative	coefficients	between	the	glass	cover	and	absorber;	

	is	the	radiative	coefficient	between	the	glass	cover	and	the	sky;	 ,	 ,	 	and	 are	the	temperature	of	glass	cover,	ambient,	PV	panel	and	the	sky	equivalent	temperature;	 	is	the	thermal	conductivity	of	the	glass	cover;	

	is	the	thickness	of	the	glass	cover;		 	is	the	temperature	distribution	of	the	glass	cover.

■ ST	absorber:	The	absorber	can	also	absorb	part	of	the	solar	energy	projected	from	the	glass	cover,	and	there	is	radiative	and	convective	heat	exchange	between	the	absorber	and	the	glass	cover,	the	tube	and	the	insulation,	respectively.	The	energy	conservation

equation	is:

where	 is	the	effective	absorptivity	of	the	collector,	and	the	expression	is:

In	addition,	 and	 are	the	convective	and	radiative	coefficients	between	the	glass	cover	and	the	absorber,	respectively;	 	is	 the	conductive	coefficient	between	absorber	and	 insulation;	 	 is	 the

conductive	coefficient	between	absorber	and	tube;	 is	the	contact	area	between	absorber	and	tube;	 is	the	area	of	absorber;	 ,	 and	 	are	the	thermal	conductivity,	thickness	and	temperature	distribution	of	the

absorber	respectively;	 ,	 ,	 	and	 	are	the	temperature	of	the	glass	cover,	absorber,	tube	and	insulation	respectively.

■ Tube:	There	is	conductive	heat	exchange	between	the	tube	and	the	absorber	and	insulation	respectively,	and	there	is	convective	heat	exchange	with	the	circulating	water.	The	energy	conservation	equation	of	one	of	the	water	pipes	is:

where	 	represents	 the	conductive	coefficient	between	absorber	and	 tube;	 	represents	 the	 conductive	 coefficient	between	 tube	and	 insulation;	 and	 respectively	 represent	 the	 contact	 area	 of	 tube	 and

insulation	and	the	contact	area	of	tube	and	fluid;	 	represents	the	temperature	of	fluid;	 	represents	the	thermal	conductivity	of	tube;	represents	the	temperature	distribution	of	tube.

■ Circulating	water:	There	is	only	convective	heat	exchange	between	the	circulating	water	and	the	tube,	and	the	energy	conservation	equation	is:

where	 is	the	heat	capacity	of	fluid;	 	is	the	mass	flow	of	fluid;	 	is	the	temperature	distribution	of	fluid.

■ Insulation:	There	is	conductive	heat	exchange	between	the	insulation	and	the	absorber	and	tube,	and	there	is	convective	and	radiative	heat	exchange	with	the	ambient.	The	energy	conservation	equation	is:

where	 is	 the	 area	 of	 insulation;	 	 is	 the	 convective	 coefficient	 between	 the	 insulation	 and	 the	 ambient;	 	 is	 the	 thermal	 conductivity	 of	 the	 insulation;	 	 is	 the	 thickness	 of	 the	 insulation;	 	 is	 the

temperature	distribution	of	insulation.
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The	area	in	the	above	formulas	is	the	area	under	unit	length,	where.	

3.2	Heat	transfer	coefficient
3.2.1	Conductive	heat	transfer	coefficient

The	thermal	conductivity	between	two	closely	adjacent	layers	i	and	j	is	obtained	from	the	reference	[19]	and	expressed	as:

3.2.2	Convective	heat	transfer	coefficient
The	system	has	three	different	types	of	convective	coefficients,	namely:	(1)	boundary	surface	and	ambient;	(2)	between	internal	layers;	(3)	between	water	and	tube	[20–22].

(1) The	convective	heat	transfer	between	the	glass	cover	and	the	ambient	is	mainly	related	to	wind	speed,	and	the	empirical	formula	[20]	is	expressed	as:

where	 represents	the	wind	speed,	and	the	default	wind	speed	is	2  mm/s.

(2) The	convective	heat	transfer	at	the	air	duct	can	be	regarded	as	natural	convection,	which	is	related	to	the	air	duct	parameters.	The	formula	is	given	in	Ref.	[21]:

The	Nusselt	number	 	here	is	expressed	by	the	empirical	formula	as	[22]:

where	 	is	 the	 inclination	 angle.	 The	 formula	 is	 valid	 when	 the	 inclination	 angle	 is	 between	 0°	and	75°.	 The	 inclination	 angle	 of	 this	 study	 is	 30°,	 which	 meets	 the	 conditions.	 In	 the	 formula,	 +	 means	 that	 only	 positive	 values	 are	 considered.	 In

addition,	the	Rayleigh	number	 	can	be	expressed	as:

In	the	formula,	 	is	the	acceleration	of	gravity;	 	is	the	volume	expansion	coefficient;	 	is	the	temperature	difference;	 is	the	thickness	of	the	duct;	 	is	the	thermal	diffusivity;	 	is	the	kinematic	viscosity.

(3) The	convective	heat	transfer	coefficient	between	water	and	pipe	is	expressed	as

The	Nusselt	number	 	here	is	calculated	according	to	the	estimation	formula	of	Bejan	et	al.	[23]:

where	the	Reynolds	number	 	can	be	expressed	as
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where	 is	the	characteristic	length,	here	is	the	length	of	the	tube;	 	is	the	fluid	kinematic	viscosity.

3.2.3	Radiative	heat	transfer	coefficient
The	radiative	coefficient	includes:	(1)	between	the	glass	cover	and	the	sky;	(2)	between	the	glass	cover	and	the	PV	module;	(3)	between	the	glass	cover	and	absorbers	in	the	ST	module.	It	is	represented	by	the	following	equation:

(1) The	radiative	heat	transfer	coefficient	between	the	glass	cover	and	the	sky	is	expressed	as	[24]:

where	 represents	the	emissivity	of	the	glass	cover;	 	represents	the	black	body	radiation	constant,	5.67 × ×10−8W/(m2·K4).

(2) The	radiative	coefficient	between	the	glass	cover	and	PV	is	expressed	as	[19]:

where	 represents	the	emissivity	of	the	PV	module.

(3) Similarly,	the	radiative	coefficient	between	the	glass	cover	and	the	ST	collector	can	be	expressed	as:

where	 represents	the	emissivity	of	absorber.

3.3	Performance	evaluation	criteria
The	electrical	efficiency	is	the	ratio	of	photovoltaic	module	electricity	generation	to	total	incident	solar	radiation,	is	calculated	as	follows:

where	 represents	electrical	generation,	 represents	solar	radiation,	 represents	collector	area.	It	should	be	noted	that	the	area	of	PVT-ST	is	constant,	while	that	of	PV-ST	is	variable.

The	thermal	efficiency	is	the	ratio	of	the	total	thermal	energy	absorbed	by	the	system	to	the	total	incident	solar	radiation	of	the	system,	calculated	as	follows:

where	the	total	thermal	energy	( )	collected	by	the	system	is	taken	away	by	the	water	in	the	tubes	and	is	calculated	by	the	following	formula:

where	 represents	mass	flow	rate	of	fluid,	 represents	heat	capacity	of	fluid,	 represents	outlet	water	temperature,	 represents	inlet	water	temperature.

Primary	energy	saving	efficiency,	accounting	for	the	overall	performance	of	both	the	quantity	and	quality	of	energy	output	for	a	system,	is	described	as	[25]:

where	 	is	the	conversion	efficiency	of	electrical	generation	for	conventional	power	plants,	which	is	primarily	considered	as	38 %	[26]	in	the	current	research.
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In	addition,	two	statistical	indicators,	root	mean	square	deviation	(RMSD)	and	relative	error	(RE),	are	used	to	verify	the	numerical	model	through	reference	results.	The	calculation	method	of	RE	is:

and	RMSD	is	taken	by:

where	 represents	the	reference	results	at	the	point	of , 	represents	simulation	results	at	the	point	of	 ,	 represents	the	number	of	reference	points	conducted.

3.4	Numerical	simulation	procedure
Gambit	 is	used	to	mesh	the	physical	model.	All	 the	calculation	areas	are	structured	grids,	and	the	boundary	 layer	grids	are	added	near	 the	tube	 for	encryption.	The	mesh	number	of	PVT	component	model	 is	476,740,	ST

component	model	is	304,600	and	PV	component	model	is	146,400.927,740	of	grid	number	is	adopted	to	simulate	after	an	independent	mesh	evaluation.	Due	to	the	small	hydraulic	diameter	of	the	cooling	channel,	the	flow	state	of	the

cooling	fluid	is	laminar.	Therefore,	the	turbulence	model	uses	the	default	laminar	flow	model	to	calculate	the	flow	process.	Furthermore,	the	radiation	model	adopts	the	DO	model.	The	mass	inflow	inlet	and	pressure	outlet	boundary

conditions	are	adopted	as	the	import	and	export	boundary	conditions.	The	solar	radiation	input	is	equivalent	to	a	user-defined	heat	flux	function.	User	defined	function	based	on	thermal	balance	equation	of	photovoltaic	module	is

connected	to	the	Fluent	solver	through	an	“interpret”	method,	and	the	bottom	and	other	walls	before	and	after	using	adiabatic	boundary	conditions.	The	Pressure-velocity	coupling	scheme	is	set	as	SIMPLEC.	The	Second	Order	Upwind

scheme	applies	to	momentum	and	energy.

With	the	help	of	Fluent	software,	the	control	volume	method	and	a	transient	model	was	used	to	solve	the	problem.	When	the	residual	is	lower	than	a	certain	standard	(the	residual	standard	of	the	energy	equation	is	10−6,	and

the	remaining	equations	is	10−3),	and	the	monitoring	point	 is	relatively	stable	or	the	fluctuation	is	small,	the	calculation	result	 is	considered	to	be	convergent,	and	the	simulated	steady	state	solution	is	obtained.	The	procedure	of

numerical	simulation	developed	in	this	research	is	illustrated	in	Fig.	6.

(34)
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In	addition,	the	validity	of	the	model	is	verified	in	this	study,	and	the	structural	parameters	and	working	conditions	are	the	same	as	the	data	in	the	references.	The	simulation	of	PV/T	in	paper	[18]	is	set	as	solar	radiation	level	of

1000 W/m2,	wind	speed	of	2 m/s,	water	flow	rate	of	0.04 kg/s,	both	the	inlet	water	and	ambient	temperature	of	298.15 KK.

According	to	the	simulated	data	under	different	environmental	conditions,	Figs.	7–11	is	drawn	using	Origin	2017.

Fig.	6	Procedure	of	numerical	simulation	for	the	system.

alt-text:	Fig.	6



Fig.	7	Comparison	of	PV	temperature	and	outlet	water	temperature	between	simulation	results	and	references	at	different	inlet	water	temperature.

alt-text:	Fig.	7

Fig.	8	Comparison	of	PV	temperature	and	outlet	water	temperature	between	simulation	results	and	references	under	different	solar	radiation.
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Fig.	9	Comparison	of	performance	of	PVT-ST	and	PV-ST	systems	at	different	ambient	temperatures.

alt-text:	Fig.	9

Fig.	10	Comparison	of	performance	of	PVT-ST	and	PV-ST	systems	at	different	inlet	temperatures.
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4	Model	validation
In	 this	 study,	 the	area	of	 the	PVT	module	and	 the	ST	module	are	 fixed	 for	 the	PVT-ST	system.	Because	 the	same	amount	of	electricity	 is	generated,	 the	PV	area	of	 the	PV-ST	system	 is	changed	and	only	 the	 total	area	 is

maintained	constant.	The	thermo-physical	parameters	of	different	layers	of	the	two	systems	are	listed	in	Table	2.

Table	2	Thermo-physical	properties	of	different	layers	of	the	PVT-ST	and	PV-ST	system	[24,27].

alt-text:	Table	2

Components Parameters Values Units

Glass	cover Density,	 2200 kg/m3

Thermal	conductivity,	K 0.9 W/(m∙k)

Specific	heat	capacity,	C 670 J/(kg∙k)

Absorptivity,	 0.02 –

Transmittance,	 0.9 –

Emissivity,	 0.9 –

Air	gap Density,	 1.185 kg/m3

Thermal	conductivity,	K 0.0263 W/(m∙k)

Fig.	11	Comparison	of	performance	of	PVT-ST	and	PV-ST	systems	under	different	solar	radiation.
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Specific	heat	capacity,	C 1005 J/(kg∙k)

Thickness,	 0.025 m

PV Density,	 2330 kg/m3

Thermal	conductivity,	K 140 W/(m∙k)

Specific	heat	capacity,	C 900 J/(kg∙k)

Emissivity,	 0.88 –

Absorptivity,	 0.81 –

Transmittance,	 0.06 –

Absorber Density,	 2702 kg/m3

Thermal	conductivity,	K 310 W/(m∙k)

Specific	heat	capacity,	C 880 J/(kg∙k)

Absorptivity,	 0.95 –

Emissivity,	 0.88 –

Tube Density,	 8920 kg/m3

Thermal	conductivity,	K 377 W/(m∙k)

Specific	heat	capacity,	C 386 J/(kg∙k)

Diameter,	D 0.01 m

Heat	transfer	fluid Density,	 996.95 kg/m3

Thermal	conductivity,	K 0.61 W/(m∙k)

Specific	heat	capacity,	C 4178.5 J/(kg∙k)

Insulation Density,	 230 kg/m3

Thermal	conductivity,	K 0.025 W/(m∙k)

Specific	heat	capacity,	C 1670 J/(kg∙k)

In	addition,	the	entire	PV	module	is	considered	as	a	whole	component	in	order	to	simplify	the	calculation	and	its	nominal	efficiency	is	17.8 %.	The	temperature	coefficient	of	photovoltaic	modules	is	−0.38 %.	The	parameters

indicated	by	the	PV	module	in	Table	1	are	the	parameters	of	the	overall	component.

Ma	et	al.	[18]	proposed	an	innovative	integrated	system	called	PVT-ST	that	connected	PVT	modules	in	series	with	subsequent	solar	thermal	(ST)	absorbers,	which	was	modeled	based	on	experimental	data.	The	results	show	that

the	numerical	results	are	in	good	agreement	with	the	collected	data,	and	the	root	mean	square	deviation	is	less	than	1.39 %.	This	article	uses	this	as	a	reference	to	compare	the	data	results.	Figs.	7	and	8	show	the	comparison	between

the	simulation	results	and	the	reference	results	under	different	inlet	water	temperature	and	solar	radiation	respectively.

It	can	be	seen	from	Fig.	7	that	under	different	inlet	water	temperature	conditions,	the	relative	error	of	PV	temperature	is	between	0.02 %	and	0.52 %;	the	relative	error	of	outlet	water	temperature	is	between	0.0039 %	and

		δa
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		εabs

		ρ
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0.094 %.	The	root	mean	square	deviation	of	PV	temperature	is	0.258 %;	the	root	mean	square	deviation	of	outlet	water	temperature	is	0.054 %.

It	can	be	seen	from	Fig.	8	that	under	different	solar	radiation	conditions,	the	relative	error	of	PV	temperature	is	between	0.02 %	and	0.3 %;	the	relative	error	of	outlet	water	temperature	is	between	0.002 %	and	0.194 %;	the

root	mean	square	deviation	of	PV	temperature	is	0.193 %;	the	root	mean	square	deviation	of	outlet	water	temperature	is	0.153 %.

When	the	solar	radiation	is	low,	the	maximum	relative	errors	of	photovoltaic	temperature	and	outlet	water	temperature	are	0.3 %	and	0.194 %.	As	the	inlet	water	temperature	increases,	the	relative	errors	of	PV	temperature

and	outlet	water	temperature	are	shrinking.	Therefore,	the	model	is	more	accurate	at	higher	inlet	water	temperature.

In	summary,	under	different	inlet	water	temperature	and	different	solar	irradiance	conditions,	the	simulation	results	of	PV	temperature	(Tpv)	and	outlet	water	temperature	(To)	are	in	good	agreement	with	the	reference	results.

The	verification	shows	that	the	model	has	excellent	performance	and	can	be	used	for	future	simulation	work.

5	Results	and	discussion
The	performance	of	PVT-ST	and	PV-ST	depends	on	many	factors.	This	section	will	discuss	in	detail	the	influence	of	several	parameters	such	as	ambient	temperature,	 inlet	water	temperature	and	solar	radiation	on	the	two

systems.	It	should	be	emphasized	that	the	following	results	are	all	based	on	the	conditions	of	the	same	total	receiving	area	of	the	two	systems	for	comparison.

5.1	Different	ambient	temperature
Fig.	9	shows	the	performance	comparison	of	PVT-ST	and	PV-ST	systems	at	different	ambient	temperatures.	Fig.	1	and	2	show	the	performance	comparison	of	PVT-ST	and	PV-ST	systems	at	different	ambient	temperatures	when

the	solar	radiation	G = 1000 WW/m2	and	the	inlet	temperature	Ti = 308.15 KK.Fig.	3	shows	the	comparison	of	outlet	water	temperature	and	thermal	efficiency	of	PVT-ST	and	PV-ST	systems	at	different	ambient	temperatures	when	solar

radiation	G = 1000 WW/m2	and	inlet	temperature	Ti = 318.15 KK.	Fig.	4	shows	the	comparison	of	primary	energy	saving	efficiency	of	PVT-ST	and	PV-ST	systems	under	different	ambient	temperatures	when	solar	radiation	G = 1000 WW/m2

and	inlet	temperature	Ti = 308.15 KK	and	Ti = 318.15 KK,	respectively.

It	can	be	seen	from	Fig.	1	that,	with	the	increase	of	ambient	temperature,	the	PV	temperature	of	both	systems	will	increase,	which	is	obvious.	This	is	because	the	higher	the	ambient	temperature,	the	less	heat	is	lost	by	the

system	through	the	environment,	and	the	more	heat	is	carried	away	by	the	water,	thus	the	higher	the	outlet	temperature.	It	is	worth	noting	that	the	PV	temperature	of	the	PV-ST	system	is	lower	than	the	PV	temperature	of	the	PVT-ST

system	when	the	ambient	temperature	is	below	300 KK.	It	is	well	known	that	the	lower	the	PV	temperature,	the	higher	the	electrical	efficiency.	Therefore,	when	the	ambient	temperature	is	low,	the	electrical	efficiency	of	PV-ST	system

is	greater	than	that	of	PVT-ST	system.	Moreover,	the	lower	the	ambient	temperature,	the	lower	the	PV	temperature	of	the	relative	PV-ST	system.	This	is	because	the	PV	components	of	the	PV-ST	system	directly	exchange	heat	with	the

environment	and	are	greatly	affected	by	the	ambient	temperature.	The	lower	the	ambient	temperature,	the	more	obvious	the	decrease	in	the	PV	temperature	will	be.	This	indicates	that	the	electrical	efficiency	per	unit	area	of	the	PV-ST

system	is	higher	than	that	of	the	PVT-ST	system	at	lower	ambient	temperatures.	At	this	point,	the	PV-ST	system	has	more	advantages	in	electrical	efficiency.

Figs.	2	and	3	respectively	show	the	comparison	of	outlet	water	temperature	and	thermal	efficiency	of	the	two	systems	under	different	ambient	temperatures	when	the	inlet	temperature	is	308.15 KK	and	318.15 KK.	It	can	be	seen

that	the	outlet	water	temperature	of	the	PVT-ST	system	will	increase	with	the	increase	of	the	ambient	temperature.	This	is	because	the	higher	the	ambient	temperature,	the	less	heat	the	system	will	lose	through	the	ambient,	and	more

heat	will	be	taken	away	by	water,	therefore	the	outlet	water	temperature	will	be	higher.	The	outlet	water	temperature	for	the	PV-ST	system	does	not	rise	but	decreases	as	the	ambient	temperature	increases.	This	is	because	the	PV

module	of	the	PV-ST	system	directly	exchanges	heat	with	the	ambient,	which	is	greatly	affected	by	the	ambient	temperature.	Low	ambient	temperature	will	make	the	area	of	PV	required	to	generate	the	same	electricity	as	the	PVT-ST

system	smaller,	and	the	area	of	ST	module	used	to	heat	water	will	be	larger,	so	the	outlet	water	temperature	will	rise	slightly.

At	 lower	temperatures,	the	water	outlet	temperature	and	thermal	efficiency	of	the	PV-ST	system	are	both	higher.	When	the	temperature	is	higher,	the	effluent	temperature	and	thermal	efficiency	of	the	PVT-ST	system	are

higher.	Moreover,	it	can	be	seen	from	②③	comparison	that	the	higher	the	inlet	temperature	is,	the	more	obvious	the	advantage	of	outlet	water	temperature	of	the	PV-ST	system	is	under	low	temperature.

Fig.	4	shows	the	comparison	of	the	primary	energy	saving	efficiency	of	the	two	systems	under	different	environmental	temperature	conditions	when	the	inlet	temperature	is	308.15 KK	and	318.15 KK.	It	can	be	seen	that	the	PV-

ST	system	have	more	advantages	in	low	temperature	environment,	and	the	higher	the	inlet	temperature	is,	the	more	obvious	this	low	temperature	advantage	of	the	PV-ST	system	is.	In	real	life,	the	temperature	of	circulating	water

should	be	increasing	and	will	stabilize	at	a	higher	temperature,	when	the	PV-ST	system	will	be	more	advantageous.

In	general,	the	lower	the	ambient	temperature,	the	more	advantages	the	PV-ST	system	has,	and	the	higher	the	ambient	temperature,	the	more	advantages	the	PVT-ST	system	has.

5.2	Different	inlet	water	temperature



Fig.	10	shows	the	performance	comparison	of	PVT-ST	and	PV-ST	systems	at	different	inlet	temperatures.	Fig.	1	and	2	show	the	performance	comparison	of	PVT-ST	and	PV-ST	systems	at	different	inlet	temperatures	when	the

ambient	temperature	is	Ta = 298.15 KK	and	the	solar	radiation	intensity	is	G = 1000 WW/m2.	Fig.	3	shows	the	comparison	of	outlet	temperature	and	thermal	efficiency	of	the	two	systems	at	different	inlet	temperatures	when	the	ambient

temperature	is	Ta = 298.15 KK	and	the	solar	radiation	intensity	is	G = 600 WW/m2.	Fig.	4	shows	the	comparison	of	primary	energy	saving	efficiency	of	the	two	systems	at	different	inlet	temperatures	when	the	ambient	temperature	is

Ta = 298.15 KK	and	the	solar	radiation	intensity	is	G = 200 WW/m2,	G = 600 WW/m2	and	G = 1000 WW/m2,	respectively.

Because	the	cooling	water	of	 the	whole	system	is	constantly	circulating,	and	the	water	temperature	will	keep	rising	 in	this	process,	 it	 is	particularly	 important	to	study	the	performance	of	 the	system	under	different	 inlet

temperatures.

Fig.	10	shows	the	performance	comparison	of	the	two	systems	at	different	inlet	temperatures.	As	can	be	seen	from	Fig.	1,	the	increase	of	inlet	water	temperature	leads	to	the	deterioration	of	PV	heat	transfer	of	the	PVT-ST

system,	thus	leading	to	the	rise	of	temperature.	The	PV	components	of	the	PV-ST	system	rely	on	the	air	to	exchange	heat	and	are	not	affected	by	the	circulating	water,	so	the	PV	temperature	remains	constant.

Based	on	Fig.	2,	at	G = 1000 WW/m2,	the	effluent	temperature	also	increases	with	the	increase	of	inlet	temperature,	but	the	thermal	efficiency	decreases.	Moreover,	the	effluent	temperature	and	thermal	efficiency	of	the	PVT-ST

system	are	higher	than	that	of	the	PV-ST	system	when	the	solar	radiation	is	strong.	It	is	worth	noting	that,	based	on	the	results	shown	in	Fig.	3,	at	G = 600 WW/m2,	it	can	be	seen	that	the	effluent	temperature	and	thermal	efficiency	of

the	PVT-ST	system	are	lower	than	those	of	the	PV-ST	system	when	the	solar	radiation	is	low.	This	indicates	that	the	performance	of	the	PV-ST	system	is	better	than	that	of	the	PVT-ST	system	at	lower	solar	radiation.

Fig.	4	shows	that	the	primary	energy	saving	efficiency	of	the	PV-ST	system	is	better	than	that	of	the	PV-ST	system	at	G = 1000 W/m2.	When	G = 600 WW/m2,	the	primary	energy	saving	efficiency	of	PVT-ST	system	is	lower	than

that	of	PV-ST	system.

In	conclusion,	as	can	be	seen	from	the	above	four	figures,	the	influent	temperature	changes	have	little	influence	on	the	PV-ST	system,	but	great	influence	on	the	PVT-ST	system.

5.3	Different	solar	radiation
Fig.	11	shows	the	comparison	of	performance	of	PVT-ST	and	PV-ST	systems	under	different	solar	radiation.	Fig.	1	and	②	show	the	performance	comparison	of	the	two	systems	under	different	solar	radiation	when	the	ambient

temperature	 Ta = 298.15 KK	 and	 the	 inlet	 temperature	 Ti = 318.15 KK.	 Fig.	 3	 shows	 the	 performance	 comparison	 of	 the	 two	 systems	 under	 different	 solar	 radiation	 when	 the	 ambient	 temperature	 Ta = 283.15 KK	 and	 the	 inlet

temperature	Ti = 318.15 KK.	Fig.	4	shows	the	comparison	of	primary	energy	saving	efficiency	of	the	two	systems	under	different	solar	radiation	when	the	ambient	temperature	is	Ta = 283.15 KK	and	Ta = 298.15 KK,	respectively,	and	the

inlet	temperature	Ti = 318.15 KK.

Based	on	the	results	shown	in	Fig.	1Fig.	1,	with	the	increase	of	solar	radiation	intensity,	PV	temperature	also	gradually	 increases,	 leading	to	the	decrease	of	battery	efficiency,	this	 is	because	the	increase	of	solar	radiation

intensity	makes	the	solar	radiation	absorbed	by	PV	convert	more	energy	into	heat.	In	addition,	it	is	worth	noting	that	the	PV	temperature	of	the	PV-ST	system	is	significantly	lower	than	that	of	the	PVT-ST	system	when	the	ambient

temperature	is	298.15 KK,	because	the	PV	components	of	the	PV-ST	system	directly	exchange	heat	with	the	environment,	and	the	lower	the	ambient	temperature,	the	more	obvious	this	low	temperature	advantage	will	be.

It	can	be	seen	from	Fig.	2	that	the	outlet	water	temperature	of	the	PVT-ST	system	increases	with	the	increase	of	solar	radiation.	This	is	because	the	solar	energy	absorbed	by	solar	panels	and	ST	absorbers	will	increase	with	the

increase	of	solar	radiation,	so	the	outlet	water	temperature	will	also	be	higher.	However,	the	outlet	water	temperature	of	the	PV-ST	system	does	not	increase	with	the	increase	in	solar	radiation.	This	is	because	the	increase	of	solar

radiation	leads	to	the	rise	of	photovoltaic	cell	temperature	and	the	decrease	of	electrical	efficiency.	The	PV	area	required	for	the	PV	module	to	generate	the	same	amount	of	electricity	as	the	PVT-ST	system	has	increased	slightly.	This

leads	to	a	reduction	in	the	ST	area,	which	in	turn	causes	the	outlet	water	temperature	to	drop	instead	of	rising.

The	PV	module	area	required	by	the	PV-ST	system	at	low	temperatures	will	be	smaller	than	the	PV	module	area	required	by	the	PVT-ST	system	on	the	premise	that	the	power	generation	and	total	area	remain	the	same.	Thus,

the	ST	area	of	the	PV-ST	system	will	be	larger,	and	the	effluent	temperature	and	thermal	efficiency	will	be	better,	which	are	also	reflected	in	Fig.	2.	When	the	ambient	temperature	is	high,	such	as	Ta = 298.15 KK,	this	advantage	is	not

obvious.	As	you	can	see,	The	outlet	water	temperature	and	thermal	efficiency	of	the	PV-ST	system	will	be	higher	than	that	of	the	PVT-ST	system	only	when	G	is	greater	than	800 WW/m2.	And	When	G	is	lower	than	800 WW/m2,	the

effluent	temperature	and	thermal	efficiency	of	PVT-ST	system	are	better.	However,	when	the	ambient	temperature	is	low,	such	as	Ta = 283.15 KK,	this	advantage	will	be	obvious.	As	you	can	see,	It	can	be	seen	that	when	G	is	lower	than

1000 WW/m2,	the	effluent	temperature	and	thermal	efficiency	of	the	PV-ST	system	have	absolute	advantages.

Fig.	4	shows	the	comparison	of	the	primary	energy	saving	efficiency	of	the	two	systems	when	the	ambient	temperature	is	283.15 KK.	Due	to	the	good	heat	dissipation	performance	of	the	PV-ST	system,	the	primary	energy	saving

efficiency	of	the	PV-ST	system	is	higher	than	that	of	the	PVT-ST	system,	and	the	lower	the	solar	radiation	intensity,	the	more	obvious	this	phenomenon	is.

In	conclusion,	when	the	solar	radiation	intensity	is	low,	the	PV-ST	system	has	more	advantages,	while	when	the	solar	radiation	intensity	is	high,	the	PVT-ST	system	has	more	advantages.



6	Conclusion
This	paper	introduces	the	PVT-ST	system,	which	operates	in	PV	and	ST	separately,	and	compares	the	PVT-ST	system	which	operates	in	series	with	PVT	and	ST.	The	original	PVT-ST	system	has	certain	deficiencies	under	the

conditions	of	low	ambient	temperature	and	high	inlet	water	temperature.	In	this	study,	PVT	was	replaced	by	common	PV	without	a	cover.	The	common	PV	cooling	effect	without	a	cover	will	be	better	in	the	conditions	of	low	ambient

temperature.	The	area	of	the	PV	module	with	higher	electrical	efficiency	will	be	smaller.	While	keeping	the	total	area	of	the	two	systems	equal,	their	respective	application	ranges	are	discussed.

Both	systems	are	modelled	using	Gambit	and	simulated	using	Fluent.	The	new	model	was	verified	with	the	simulation	results	of	the	original	PVT-ST	system	as	a	reference.	The	influences	of	ambiental	temperature,	inlet	water

temperature	and	solar	radiation	on	the	thermal	and	electrical	performance	of	the	system	are	analyzed	in	detail.	The	results	are	as	follows:

(1) While	keeping	the	total	area	and	electricity	generation	equal,	the	lower	the	ambient	temperature	(Ta)	and	the	higher	the	inlet	water	temperature	(Ti),	the	outlet	water	temperature	of	the	PV-ST	system	is	higher	than	that	of	the	PVT-ST	system.

That	is,	the	PV-ST	system	has	more	advantages.	Especially	when	the	ambient	temperature	is	lower	than	15 °C	and	the	inlet	water	temperature	is	greater	than	45 °C,	the	advantages	of	the	PV-ST	system	are	more	obvious.	When	the	ambient

temperature	is	greater	than	30 °C	and	the	inlet	water	temperature	is	less	than	40 °C,	the	PVT-ST	system	has	more	advantages.

(2) The	PVT-ST	system	can	provide	hot	water	at	a	higher	temperature	than	the	PV-ST	system	by	increasing	solar	radiation.	That	is,	under	high	radiation,	the	PVT-ST	system	has	more	advantages,	but	this	advantage	will	gradually	decrease	as	the

inlet	water	temperature	increases.

(3) The	higher	the	ambient	temperature	and	the	inlet	water	temperature,	the	worse	the	cooling	effect	of	PV	and	the	less	electric	is	generated.	The	greater	the	intensity	of	solar	radiation,	the	more	solar	energy	is	absorbed,	and	the	more	power	is

generated.

This	 study	also	has	 certain	 shortcomings,	 such	as	 the	 lack	of	 annual	performance	evaluation	of	 the	 system	and	 the	evaluation	of	 economic	 indicators.	 In	 future	 research,	we	will	 consider	 adding	 the	annual	performance

evaluation	to	discuss	the	influence	of	seasonal	factors	on	the	system.
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Nomenclature
:	collector	area	(m2)

:	heat	capacity

:	conductivity	(W/m·K)

:	solar	radiation	(W/m2)

:	electricity	(W)

:	temperature	(K)

:	wind	local	speed	(m/s)

:	total	thermal	energy

		Ac	

		C	

		K	

		G	

		E	

		T	

		Vwind	

		Qh	



:	diameter

:	characteristic	length

:	gravity

:	conductive	coefficient	(W/	m2·K)

:	convective	coefficient	(W/m2·K)

:	radiative	coefficient	(W/	m2·K)

:	Nusselt	number

:	Prandtl	number

:	Rayleigh	number

:	Reynolds	number

:	reference	results	at	the	point	of	i

:	simulation	results	at	the	point	of	i

:	the	number	of	experimental	points	conducted

Greek	number

:	thermal	diffusivity

:	absorptivity

:	coefficient	of	volume	expansion

:	kinematic	viscosity

:	transmittance

:	thickness	(m)

:	emissivity

:	Stefan-Boltzmann	constant

:	efficiency	(%)

:	temperature	coefficient

:	mass	flow	rate	(kg/s)

Δt:	temperature	difference

Subscript

c:	conduction

v:	convection

r:	radiation

amb:	ambient

sky:	sky

gla:	glass	cover

pv:	photovoltaic

abs:	absorber

tub:	tube
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flu:	fluid

ins:	insulation

ele:	electricity

ref:	reference	temperature

Abbreviation

CFD:	computational	fluid	dynamics

PVT:	photovoltaic	thermal

PV:	photovoltaic

ST:	solar	thermal

PVT-ST:	photovoltaic	thermal	and	solar	thermal	collector	connected	in	series

PV-ST:	photovoltaic	and	solar	thermal	collector	connected	in	series

:	root	mean	square	deviation

:	relative	error

		RMSD	

		RE	

Highlights

• A	new	combination	scheme	of	photovoltaic	module	and	solar	collector	(PV-ST)	is	proposed.

• Model	validation	shows	good	agreement	with	reference	results.

• The	advantages	and	disadvantages	of	PVT-ST	and	PV-ST	systems	under	different	environmental	conditions	were	compared.


