
1	Introduction
Preventing	a	world	energy	crisis	 is	one	of	the	most	important	tasks	of	the	21st	century	due	to	the	significant	rate	at	which	the	world's	energy	demand	is	growing	because	of	population	growth	and	industrialization	[1].	In

addition,	the	excessive	use	of	the	depleting	fossil	fuels	has	caused	global	warming	and	environmental	pollution	thus,	a	viable	solution	is	to	promote	the	use	of	renewable	and	clean	energy	[2,3].	Renewable	energy	sources	offer	several

advantages	such	as;	sustainability,	low	pollution	and	economic	benefits.	Therefore,	an	increased	amount	of	research	on	the	development	and	application	of	renewable	energy	sources	is	being	carried	out	as	a	solution	to	reduce	the	over

reliance	on	fossil	fuels	[4,5].

Thermoelectric	(TE)	device	is	a	viable	clean	energy	solution	that	can	convert	thermal	energy	into	electrical	energy	when	a	temperature	gradient	is	present	via	the	Seebeck	effect.	While	a	reverse	phenomenon	called	Peltier

effect	enables	the	TE	device	to	generate	thermal	energy	from	electrical	energy	[6].	A	thermoelectric	generator	(TEG)	can	be	used	to	convert	waste	heat	into	electricity	thereby,	reducing	the	use	of	fossil	fuel.	Compared	with	other	waste

heat	 recovery	 technologies,	 thermoelectric	 generators	 offer	 several	 advantages	 including	 gas	 free	 emissions,	 solid-state	 operation,	 no	 noise,	maintenance	 free	 operation,	 no	moving	 parts,	 vast	 scalability,	 long	 periods	 of	 reliable

operation	and	zero	environmental	pollution	[7,8].	These	unique	advantages	have	increased	the	application	of	TEG	for	power	generation	in	space	and	military	applications	[9],	wearable	sensors	[10–13],	waste	heat	recovery	[14–18],

wireless	sensor	network	[19,20],	micro-cogeneration	[21]	and	marine	engine	application	[22].
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Abstract

In	this	study,	a	segmented	asymmetrical	thermoelectric	generator	(SASTEG)	is	numerically	investigated	to	optimize	its	electrical	performance	and	mechanical	reliability	under	transient	and	steady	state	conditions.	The

thermal	and	electrical	performance	of	the	SASTEG	and	TEG	under	transient	and	steady	state	heating	conditions	are	studied	and	compared.	A	three-dimensional	numerical	model	is	developed	and	solved	using	finite	element

method	in	COMSOL	5.3	Multiphysics	software.	Temperature	dependent	thermoelectric	material	properties	are	considered,	and	the	elastoplastic	behaviour	of	copper	and	solder	is	accounted	for	in	the	thermal	stress	analysis.

The	initial	SASTEG	geometry	used	in	this	study	is	subsequently	optimized	to	reduce	the	maximum	von	Mises	stress	developed	in	its	legs	while	maintaining	its	enhanced	power	output.	Results	obtained	show	that	the	optimized

SASTEG	provided	a	power	output	enhancement	of	117.11%	compared	to	that	of	the	conventional	TEG	under	rectangular	pulsed	heat	condition.	Also,	the	asymmetrical	leg	geometry	used	in	the	SASTEG	n-type	leg	provided	a

reduced	thermal	stress	of	39.21%	in	the	lower	segment	(cold	side)	compared	to	the	symmetrical	leg	geometry	used	in	the	p-type	leg	lower	segment.	This	study	will	provide	vital	guidance	in	the	design	of	high-performance

TEG	with	improved	mechanical	reliability.
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However,	the	wider	application	of	thermoelectric	generator	is	still	limited	due	to	its	low	energy	conversion	efficiency	and	corresponding	high	material	cost.	Therefore,	the	main	focus	of	TEG	research	has	been	to	achieve	a	high

energy	conversion	efficiency	at	a	reduced	cost	[23].	This	can	be	achieved	by	optimization	of	the	thermoelectric	materials	and	thermoelectric	generator	geometry.	A	dimensionless	parameter	known	as	thermoelectric	material	figure	of

merit	(Z = 	 )	is	usually	used	to	determine	the	performance	of	a	thermoelectric	material,	where	 is	the	Seebeck	coefficient,	 is	thermal	conductivity	and	 is	electrical	resistivity	[24].	Generally,	thermoelectric	materials	with

high	electrical	conductivity	( ,	 low	thermal	conductivity	and	high	Seebeck	coefficient	are	desirable	to	increase	the	thermoelectric	figure	of	merit	and	subsequently	enhance	the	performance	of	the	thermoelectric	generator	[25].

However,	the	improvement	of	all	three	thermoelectric	parameters	( ,	 and	 )	simultaneously	is	the	general	challenge	in	thermoelectric	because	these	quantities	are	interrelated	to	each	other	by	the	charge	carrier	concentration	

[26].

Optimizing	 the	geometry	of	a	 thermoelectric	generator	 is	a	way	 to	enhance	 its	efficiency	and	power	output	 [27].	Ferreira-Teixeira	et	 al.	 [28]	performed	numerical	 simulations	using	 finite	 element	method	 to	 optimize	 the

geometry	of	a	thermoelectric	generator.	Two	geometries	of	the	thermoelectric	legs	were	studied	including	cubic	and	cylindrical	geometries	using	COMSOL	software.	Results	obtained	showed	that	there	exists	an	optimal	ratio	between

the	height	and	width	of	the	thermoelectric	legs	which	enhances	the	performance	of	the	TEG	and	increasing	the	cross-sectional	area	of	the	legs	could	enhance	the	power	produced	by	the	TEG.	Finite	element	method	was	also	used	by

Shittu	 et	 al.	 [29]	 to	 optimize	 the	 geometry	 of	 a	 thermoelectric	 generator	 attached	 to	 a	 Photovoltaic	module.	Using	COMSOL	 simulation	 software,	 they	 found	 that	 the	 optimum	 thermoelectric	 geometry	 in	 a	 hybrid	 Photovoltaic-

thermoelectric	(PV-TE)	device	is	different	from	that	in	a	stand-alone	TEG.

The	use	of	two	different	thermoelectric	materials	to	form	a	segmented	thermoelectric	generator	(STEG)	is	advantageous	because	no	single	material	is	thermally	stable	within	the	entire	temperature	regime	and	a	higher	overall

performance	can	be	obtained	if	two	thermoelectric	materials	with	high	figure	of	merit	are	utilized	in	their	optimum	temperature	region	[30].	Ge	et	al.	[31]	presented	a	general	method	to	optimize	the	structure	and	load	current	of	a

segmented	thermoelectric	generator.	Bismuth	telluride	and	Skutterudite	were	used	as	the	cold	and	hot	side	thermoelectric	materials	and	finite	element	method	was	utilized	for	the	simulation.	They	found	that	there	is	an	optimal	ratio

of	hot	and	cold	side	materials	to	obtain	maximum	power	output	in	a	segmented	thermoelectric	generator.	Recently,	Lundgaard	et	al.	[32]	presented	a	new	design	of	segmented	off-diagonal	thermoelectric	generators	using	density-based

topology	optimization	to	optimize	the	off-diagonal	figure-of-merit	and	off-diagonal	electric	power	output	of	the	thermoelectric	generations.	They	found	that	using	the	proposed	optimization	method,	the	off-diagonal	figure-of-merit	and

the	off-diagonal	electrical	power	output	could	be	improved	by	233%	and	229%	respectively	compared	to	other	optimization	methods	currently	available.

Furthermore,	Ouyang	et	al.	[33]	demonstrated	the	commercial	feasibility	and	competitiveness	of	segmented	thermoelectric	generators.	They	argued	that	proper	segmentation	of	TEG	using	materials	with	high	figure	of	merit

can	offer	<1$/W	cost-performance	ratio.	Fan	et	al.	[34]	studied	the	thermoelectric	and	mechanical	performance	of	an	annular	thermoelectric	generator	and	they	found	that	increasing	the	thermoelectric	leg	would	reduce	the	electrical

performance	but	improve	the	mechanical	reliability	of	the	annular	TEG.	Ming	et	al.	[35]	performed	a	numerical	analysis	of	a	segmented	thermoelectric	generator	and	the	thermal	stress	developed	was	studied.	Temperature	gradient

induced	thermal	stress	was	studied	with	several	heat	flux	distributions	and	they	found	that	the	thermal	stress	developed	in	the	horizontal	direction	is	the	major	cause	of	failure	or	damage	in	the	STEG.

Al-Merbati	et	al.	 [36]	 studied	 the	 influence	of	 thermoelectric	 leg	geometry	on	 the	 thermal	efficiency	and	 thermal	 stress	developed	 in	 the	TEG.	They	 found	 that	 the	use	of	 thermoelectric	 legs	with	asymmetrical	geometry

(trapezoidal	shape)	can	reduce	the	maximum	thermal	stress	developed	in	the	thermoelectric	leg	thus,	increasing	the	life-span	of	the	device.	Fabián-Mijangos	et	al.	[37]	presented	an	experimental	study	of	a	thermoelectric	generator

with	 asymmetrical	 legs.	Results	 obtained	 showed	 that	 the	 thermoelectric	 figure	 of	merit	 of	 the	 TEG	with	 asymmetrical	 legs	was	 also	 double	 that	 of	 the	 TEG	with	 conventional	 square	 legs	 thus,	 the	 TEG	with	 asymmetrical	 legs

performed	better	than	the	conventional	TEG.	Recently,	Liu	et	al.	[38]	presented	a	new	design	of	solar	TEG	with	combination	of	segmented	materials	and	asymmetrical	legs	with	variable	cross-sectional	area	long	the	leg	length.	A	three-

dimensional	numerical	model	was	used	to	optimize	the	solar	thermoelectric	generator	and	the	optimum	leg	length	ratio	of	the	two	segmented	materials	and	the	optimum	cross-sectional	area	ratio	of	the	TEG	cold	and	hot	ends	were

presented.	Results	obtained	showed	that	the	segmented	design	increased	the	power	output	by	14.9%	and	16.6%	respectively	compared	to	two	different	non-segmented	design	when	the	leg	length	was	optimized.	A	further	enhancement

was	observed	when	asymmetrical	legs	were	introduced	to	the	segmented	design	and	the	power	output	increased	by	4.21%	compared	to	the	optimal	segmented	design.

The	application	of	 transient	and	pulsed	heat	 inputs	 is	another	method	 to	enhance	 the	performance	of	 thermoelectric	devices.	Mahmoudinezhad	et	al.	 [39]	presented	an	experimental	and	numerical	 study	on	 the	 transient

response	of	an	oxide	thermoelectric	generator	to	variation	of	solar	radiation	in	semi-cloudy	weather.	Results	showed	that	the	graphite	absorber	attached	to	the	hot	surface	of	the	solar	TEG	enhanced	the	power	generation	performance

of	the	TEG	due	to	increased	absorbed	radiation.	Similarly,	an	experimental	and	numerical	study	on	the	behaviour	of	thermoelectric	generators	exposed	to	transient	heat	sources	was	performed	by	Nguyen	et	al.	[40].	Open-circuit	and

closed-circuit	experiments	were	performed,	and	results	showed	that	it	is	imperative	to	consider	the	Thomson	effect	in	TEG	analysis	for	accurately	predicting	the	thermoelectric	generator	performance.	Recently,	Merienne	et	al.	[41]

performed	an	experimental	study	on	the	effects	of	thermal	cycling	and	heating	rate	on	the	power	generation	performance	of	thermoelectric	generators	over	time.	Three	TEGs	of	the	same	specifications	were	subjected	to	different

heating	rates	and	results	showed	that	all	the	TEGs	had	a	significant	performance	reduction	after	just	600	cycles.

Chen	et	al.	[42]	presented	a	numerical	analysis	of	the	power	output	and	efficiency	of	a	thermoelectric	generator	operated	under	a	controlled	temperature.	Results	obtained	showed	that	the	average	power	output	and	efficiency

of	the	TEG	could	be	significantly	enhanced	by	the	oscillation	of	temperature.	Furthermore,	Chen	et	al.	[43]	performed	a	very	significant	study	on	the	effect	of	pulsed	heat	power	on	thermoelectric	generator's	thermal	and	electrical
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performances.	 A	 numerical	 and	 experimental	 study	was	 performed	 and	 the	 advantage	 of	 pulsed	 heat	 power	 over	 alternating	 temperature	 gradient	was	 presented.	Results	 obtained	 showed	 that	 pulsed	 heat	 power	 enhanced	 the

performance	of	TEG	(in	terms	of	maximum	efficiency)	by	8.6	times	that	of	the	alternating	temperature	gradient	under	the	same	input	power	condition.	In	addition,	they	found	that	the	application	of	transient	rectangular	pulsed	heat

power	resulted	in	a	higher	power	output	compared	to	the	steady	state.	Recently,	Asaadi	et	al.	[44]	performed	a	similar	study	on	the	effect	of	pulsed	heat	power	with	different	types	of	 input	functions	on	the	thermal	and	electrical

performance	of	an	annular	thermoelectric	generator.	Results	obtained	showed	that	the	transient	pulsed	heating	improved	the	efficiency	of	the	annular	TEG	for	all	types	of	heat	input	functions	and	rectangular	input	function	provided

better	 improvements	compared	to	other	 functions.	 In	 fact,	when	a	duty	cycle	of	0.1	and	ratio	of	maximum	heat	 flux	to	minimum	heat	 flux	(b/a = 48),	 the	rectangular	 input	 function	provided	a	maximum	efficiency	enhancement	of

249.36%.	The	additional	literature	reviewed	are	shown	in	Table	1	alongside	their	key	conclusions	concisely	stated.

Table	1	Additional	literature	reviewed.

alt-text:	Table	1

Reference Research	area Key	conclusion

Ma	et	al.	[54] TEG	geometry
optimization

There	exists	an	optimal	electric	conducting	plate	thickness	for	obtaining	maximum	power	output

Li	et	al.	[55] TEG	geometry
optimization

Thermoelectric	leg	length	and	area	significantly	affects	the	performance	of	the	hybrid	PV-TE.

Sun	et	al.	[56] TEG	geometry
optimization

The	optimization	of	the	thermoelectric	geometry	is	important	to	develop	more	compact	and	highly	efficient	thermoelectric	generators.

Li	et	al.	[57] TEG	load	resistance Optimum	TE	load	resistance	in	a	hybrid	PV-TE	should	be	lower	than	its	internal	resistance

Yu	et	al.	[58] TEG	load	resistance The	optimum	load	resistance	to	internal	resistance	ratio	for	obtaining	enhanced	thermoelectric	generator	power	output	was	found	to	be	1.5–1.8

Li	et	al.	[59] Heat	pipes	with	TEG Use	of	micro-channel	heat	pipe	in	PV-TE	can	reduce	quantity	of	TEG	needed.

Li	et	al.	[60] Heat	pipes	with	TEG The	use	of	solar	concentrating	thermoelectric	generators	in	combination	with	micro-channel	heat	pipe	can	significantly	reduce	the	cost	of	the	system.

Li	et	al.	[61] Heat	pipes	with	TEG The	solar	concentration	thermoelectric	generators	combined	with	micro-channel	heat	pipe	array	had	a	higher	electrical	efficiency	and	lower	cost	compared	to	traditional
solar	thermoelectric	generators.

Li	et	al.	[62] Heat	pipes	with	TEG The	novel	micro-channel	heat	pipe	evacuated	tube	solar	collector	incorporated	thermoelectric	generation	had	a	high	thermal	performance	with	additional	electricity
production

Shu	et	al.	[63] Segmented	TEG The	segmented	thermoelectric	generator	maximum	power	was	higher	than	that	of	the	TEG	by	13.4%.

Tian	et	al.	[64] Segmented	TEG The	segmented	TEG	is	better	for	high-temperature	heat	source	and	for	large	temperature	differences	compared	to	the	non-segmented	TEG.

Shen	et	al.	[50] Segmented	annular
TEG

Compared	to	the	non-segmented	annular	thermoelectric	generator,	the	segmented	annular	thermoelectric	generator	becomes	clearly	better	and	preferable	as	the
temperature	ratio	increases.

Shittu	et	al.	[49] Segmented	annular
TEG

The	segmented	annular	TEG	provided	an	increased	power	output	compared	to	the	non-segmented	annular	TEG.

Yamashita	et	al.
[65]

Transient	study The	application	of	periodically	alternating	temperature	gradient	to	the	TEG	can	enhance	the	efficiency	of	the	TEG

Yamashita	et	al.
[66]

Transient	study The	reason	for	the	low	efficiency	of	the	TEG	with	alternating	temperature	gradient	is	because	of	the	high	external	resistance	and	long	period	of	rectangular	wave	of	the
input	voltage	applied	across	the	two	TEGs.

The	extensive	literature	review	carried	out	above	shows	the	vital	importance	of	optimizing	the	thermoelectric	generator	geometry,	using	segmented	TEG,	performing	thermal	stress	analysis,	using	asymmetrical	legs	for	TEG,

using	transient	and	pulsed	heat	power	to	enhance	the	performance	of	a	thermoelectric	generator.	There	is	currently	only	one	study	[38]	on	a	thermoelectric	generator	with	combined	segmented	and	asymmetrical	legs	(varying	cross-

sectional	area	across	leg	length)	however,	only	steady	state	heating	was	considered	and	the	focus	was	on	optimizing	the	electrical	performance	of	the	TEG.	Furthermore,	there	are	currently	only	two	studies	[43,44]	on	the	effect	of

pulsed	heat	power	on	thermoelectric	generators	however,	both	studies	did	not	present	the	analysis	of	thermal	stress	developed	in	the	TEG.	In	addition,	temperature	dependent	thermoelectric	material	properties	were	not	considered	in

Ref.	[43]	while	the	study	carried	out	in	Ref.	[44]	was	specifically	for	annular	thermoelectric	generators.	Therefore,	this	study	is	very	vital	as	it	seeks	fill	in	the	research	gaps.
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For	the	first	time,	the	optimization	of	a	thermoelectric	generator	by	the	application	of	pulsed	heat	power	to	a	TEG	with	combined	segmented	and	asymmetrical	legs	is	presented	in	this	study.	In	addition,	the	thermal	stress

developed	in	the	TEG	is	analysed	and	this	stress	is	reduced	by	optimizing	the	geometry	of	the	TEG.	While	many	previous	studies	have	focussed	solely	on	optimizing	the	electrical	performance	of	the	TEG	with	no	consideration	for	the

thermal	stress	developed,	this	study	places	emphasis	on	enhancing	the	electrical	performance	of	the	TEG	and	simultaneously	reducing	the	thermal	stress	developed	so	as	to	increase	the	life	span	of	the	device.	Furthermore,	transient

rectangular	pulsed	heat	power	and	steady	state	heating	are	applied	to	the	thermoelectric	generator.	This	study	investigates	the	thermal	(temperature	and	thermal	stress)	and	electrical	(voltage,	current,	power	output)	performance	of	a

segmented	asymmetrical	thermoelectric	generator	(SASTEG)	under	both	transient	and	steady	state	heating	condition	and	a	performance	comparison	with	a	conventional	thermoelectric	generator	(TEG)	is	presented.	Finite	element

method	is	used	to	perform	the	numerical	analysis,	COMSOL	5.3	Multiphysics	software	is	employed	and	temperature	dependent	thermoelectric	material	properties	are	considered	to	ensure	the	accuracy	of	the	numerical	study.	The

remainder	of	this	paper	is	organized	as	follows;	Section	2	provides	the	geometry	description,	Section	3	presents	the	numerical	model,	Section	4	presents	the	results	obtained	and	discussion	while	Section	5	provides	the	conclusions

drawn	from	this	study.

2	Geometry	description	and	material	selection
The	geometry	of	a	typical	thermoelectric	generator	(TEG)	is	shown	in	Fig.	1a	while	that	of	the	segmented	asymmetrical	thermoelectric	generator	(SASTEG)	is	shown	in	Fig.	1b.	The	optimized	geometry	of	the	SASTEG	is	shown

in	Fig.	1c	and	the	rectangular	heat	 flux	pulse	applied	to	the	hot	side	of	 the	TEG	and	SASTEG	is	shown	in	Fig.	1d.	A	typical	 thermoelectric	generator	consists	of	alumina	ceramic	which	enables	thermal	conductivity	and	electrical

insulation,	copper	conductors	which	connects	the	semiconductor	materials	and	facilitates	electrical	conductivity	within	the	generator,	solder	material	which	is	useful	for	reducing	thermal	stress	developed	in	the	TEG	and	a	pair	of	n-

type	and	p-type	semiconductor	legs.	An	electric	closed	circuit	is	formed	when	an	external	load	resistor	(RL)	is	connected	across	the	copper	terminals	of	the	TEG	thus	power	output	of	the	TEG	can	be	measured.	Transient	and	steady

state	heating	conditions	are	applied	to	the	hot	side	of	the	TEG	and	SASTEG	while	the	cold	side	is	maintained	at	a	constant	temperature.	In	the	case	of	the	SASTEG,	two	different	thermoelectric	material	are	used	for	the	p-type	leg	as

shown	in	Fig.	1b.	The	dimensions	of	the	TEG	and	SASTEG	are	exactly	the	same	so	as	to	ensure	accurate	comparison	of	performance.	The	total	height	of	the	thermoelectric	legs	remains	the	same	in	both	the	TEG	and	SASTEG	therefore,

where	 is	 the	height	of	 the	hot	segment	p-type	thermoelectric	material,	 is	 that	of	 the	cold	segment	p-type	material,	 is	 the	height	of	 the	hot	 segment	n-type	 thermoelectric	material	and	 is	 that	 of	 the	 cold	 segment

n-type	material.

(1)

		H1	 		H2	 		H3	 		H4	

Fig.	1	Schematic	diagram	of	(a)	thermoelectric	generator	(b)	segmented	asymmetrical	thermoelectric	generator	and	(c)	optimized	SASTEG	geometry	(d)	rectangular	heat	flux	pulse.

alt-text:	Fig.	1
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For	the	sake	of	simplicity,	the	n-type	and	p-type	thermoelectric	legs	are	of	the	same	dimensions.	In	this	study,	only	the	n-type	leg	is	asymmetrical	because	the	n-type	materials	are	universally	weaker	compared	to	their	p-type

counterparts	[45].	In	addition,	asymmetrical	legs	have	been	reported	to	perform	better	than	the	rectangular	legs	[37].	Therefore,	to	improve	the	performance	of	the	n-type	leg	and	consequently	optimize	the	SASTEG	performance,	the

n-type	leg	is	made	asymmetrical.	The	effect	of	asymmetrical	p-type	leg	is	beyond	the	scope	of	this	present	study	and	would	be	considered	in	future	works.	The	asymmetrical	n-type	leg	used	in	the	SASTEG	is	achieved	by	varying	the

cross-sectional	area	across	the	leg	height.	Again,	to	simplify	the	analysis,	the	hot	side	cross-sectional	area	of	the	asymmetrical	leg	is	half	of	that	of	the	cold	side	therefore,

where	 is	the	width	of	the	 leg,	 is	 the	width	of	 the	hot	side	n-type	asymmetrical	 thermoelectric	 leg	and	 is	 that	of	 the	cold	side	 thermoelectric	 leg.	This	ratio	 is	kept	constant	 throughout	 the	study.	However,	 the	height

ratio	of	the	segmented	thermoelectric	materials	is	varied	to	find	the	optimum	value.	Thus,

where	 is	height	ratio	of	the	SASTEG	p-type	material	and	 is	that	of	the	n-type	materials.

The	geometric	dimensions	of	the	thermoelectric	generator	are	shown	in	Table	2.	Considering	the	optimum	operating	temperature	range	of	thermoelectric	materials,	Bismuth	telluride	(Bi2Te3)	and	Skutterudite	(CoSb3)	have

been	chosen	for	the	cold	segment/side	and	hot	segment/side	of	the	SASTEG	respectively.	While	for	the	TEG,	only	Skutterudite	thermoelectric	material	is	used	so	as	to	ensure	accurate	comparison	can	be	made	with	the	SASTEG	in	the

high	temperature	conditions	under	which	both	systems	are	studied.	Generally,	 the	TEG's	performance	 is	significantly	affected	by	the	choice	of	materials	used.	Thermoelectric	materials	can	be	divided	 into	three	main	temperature

ranges:	low	temperature	<500K	(e.g.	Bi2Te3),	middle	temperature	500–900K	(e.g.	PbTe,	CoSb3)	and	high	temperature	>900K	(e.g.	SiGe)	[46].	Bismuth	telluride	is	the	best	material	for	the	low	temperature	range	because	of	its	high

figure	of	merit	thus	it	is	used	in	this	study	while	the	Skutterudite's	figure	of	merit	increases	with	increasing	temperature	therefore,	it	is	appropriate	for	this	kind	of	study	in	which	pulsed	heat	power	is	applied,	and	high	temperature	is

achieved.	In	addition,	both	Bi2Te3	and	CoSb3	have	strong	mechanical	properties	and	provide	good	electrical	performance.	Temperature	dependent	thermoelectric	material	properties	are	used	in	this	study	to	ensure	result	accuracy	and

are	fitted	into	polynomials	with	temperature	shown	in	Table	3.

Table	2	Geometric	dimensions	of	thermoelectric	generator	[43].

alt-text:	Table	2

Parameter Symbol Value

Ceramic	height Hce 0.75 mm

Solder	height Hso 0.175 mm

Copper	height Hco 0.3 mm

Leg	height H 1.15 mm

Ceramic	depth D 1.4 mm

Ceramic	width Wce 3.92 mm

Leg	width Wle 1.4 mm

Copper	width Wco 1.68 mm

Table	3	Temperature	dependent	thermoelectric	material	properties	[50].

alt-text:	Table	3

Material	equations

Thermal	conductivity

(2)

		Wle	 		Wh	 		Wc	

(3)

(4)

		Hp	 		Hn	
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Electrical	resistivity

Seebeck	coefficient

Where	 and	 are	the	thermal	conductivities	of	n-type	and	p-type	CoSb3	respectively.	 and	 are	the	thermal	conductivities	of	p-type	and	n-type	Bi2Te3	respectively.	 and	 are	the	electrical

resistivities	of	p-type	and	n-type	Bi2Te3	respectively.	 and	 are	the	electrical	resistivities	of	p-type	and	n-type	CoSb3	respectively.	 and	 are	the	Seebeck	coefficients	of	p-type	and	n-type	Bi2Te3

respectively.	 and	 are	the	Seebeck	coefficients	of	p-type	and	n-type	CoSb3	respectively.

The	remaining	material	properties	are	shown	in	Table	4.	For	the	thermal	stress	analysis,	ceramic	and	thermoelectric	materials	(Bi2Te3	and	CoSb3)	are	considered	as	brittle	materials	and	the	yield	stress	of	Bi2Te3	is	112Mpa	[36]

and	the	ideal	strength	of	CoSb3	is	14.1 GPa	[47].	Copper	and	solder	are	considered	as	elastoplastic	materials,	the	yield	stress	and	tangential	modulus	of	copper	are	70 MPa	and	24 GPa	respectively	while	those	of	solder	are	26 MPa	and

8.9 GPa	respectively	[34].

Table	4	Remaining	material	properties	used	in	simulation	[34,36,43,47,51–53].

alt-text:	Table	4

Materials Thermal	conductivity,	 Electrical	conductivity,	 Specific	heat	capacity,	 Density,	 Coefficient	of	thermal	expansion, Young's	Modulus,	E	 Poisson's
ratio

Seebeck	coefficient,

(V/K)

Ceramic 25 1e-12 800 3970 0.68e-5 340 0.22 0

Copper 385 5.9e7 386 8930 1.7e-5 120 0.3 6.5e-6

Solder 55 2e7 210 7240 2.7e-5 44.5 0.33 0

Bi2Te3 – – 154.4 7740 0.8e-5	 1.32e-5 65–59 0.23 –

CoSb3 – – 238.7 7582 6.36e-6 145.38 0.223 –

		knh	 		kph	 		kpc	 		knc	 		ρpc	 		ρnc	

		ρph	 		ρnh	 		αpc	 		αnc	

		αph	 		αnh	

(GPa)
		α

		∼	
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3	Numerical	model
Thermoelectric	and	thermal	stress	analyses	are	carried	out	in	this	study	on	both	the	segmented	asymmetrical	thermoelectric	generator	(SASTEG)	and	the	conventional	TEG.

3.1	Thermoelectric	governing	equations
The	 thermoelectric	 analysis	 includes	 the	 Peltier	 effect,	 Fourier	 effect,	 Joule	 effect	 and	 Thomson	 effect.	 Finite	 element	method	 is	 utilized	 to	 solve	 the	 thermoelectric	 governing	 equations	 using	COMSOL	5.3	Multiphysics

software.

The	thermoelectric	effect	can	be	described	using	coupled	equation	of	heat	transfer	and	current	density	continuity	which	are	expressed	as	follows	[43]:

Conversion	of	heat	energy:

Continuity	of	electric	current:

where	 is	specific	heat	capacity,	 is	density	 is	time,	 is	temperature,	 is	charge	density,	 is	Joule	heating	energy	and	 is	the	input	heat	flux.

where	 is	the	Peltier	coefficient	and	 is	the	electric	current	flux.

where	 is	the	electrical	conductivity,	 is	thermal	conductivity,	 is	electric	scalar	potential	and	 is	the	Seebeck	coefficient.	(10)

Substituting	Eq.	(7)	and	Eq.	(8)	into	Eq.	(5)	and	Eq.	(6);

The	above	equations	can	be	used	for	both	the	steady	state	heating	condition	and	the	transient	heating	condition	however,	for	the	steady	state	heating	condition,

3.2	Electrical	performance	equations
Considering	the	Seebeck	effect,	when	a	temperature	difference	is	present,	an	open	circuit	voltage	is	generated	which	is	given	as	[43]:

where	 is	the	open	circuit	voltage,	 is	the	temperature	difference	across	the	TEG	and	 is	the	Seebeck	coefficient.

When	an	external	load	resistor	is	connected	to	the	TEG,	the	power	output	is	expressed	as

(5)

(6)

		Cp	 		ρd	 		t	 		T	 		ρc	 		Q'	 		q"	

(7)

(8)

		P'	 		J	

(9)

		σ	 		k	 		V	 		α	

(11)

(12)

(13)

(14)

		Voc	 		ΔT	 		α	

(15)
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where	 is	the	external	load	resistance	and	 is	the	TEG's	internal	resistance.	Maximum	power	output	can	be	obtained	when	 .

Input	power	applied	to	the	TEG	hot	side	is	given	as

where	 is	the	input	heat	flux	and	 is	the	TEG	hot	side	surface	area.

In	this	study,	stead-state	heating	(SSH)	and	pulsed	heating	(PH)	are	applied	to	both	the	SASTEG	and	the	TEG.	Duty	cycle	and	period	time	 are	used	to	characterize	the	pulsed	heat	flux.	Duty	cycle	 is	defined	as	the	ratio

of	heating	time	 to	period	time.	Throughout	the	simulations,	the	overall	heat	input	in	the	pulsed	heating	case	is	equal	to	that	of	the	steady	state	heating	case.	Rectangular	function	is	used	to	model	the	pulsed	heat	input	flux	and

considering	Fig.	1d,	the	input	time-average	heat	flux	for	the	rectangular	function	is	given	as	[44]:

where	 is	the	ratio	of	maximum	input	heat	flux	to	minimum	input	heat	flux	for	a	time	period.	Throughout	this	study,	 and	 .

Considering	six	continuous	time	periods	 ,	the	transient	heat	input	is	given	as

where	 is	the	rectangular	input	function.

3.3	Thermal	stress	governing	equations
Thermal	stress	is	developed	in	a	thermoelectric	generator	because	of	the	uneven	expansion	of	the	TEG	components	and	to	describe	the	displacement-strain	relation,	the	coupled	thermal	stress	equations	are	given	by	Ref.	[35]:

Expressing	the	stress-strain	relation	in	a	dimensionless	form	using	a	non-symmetrical	Jacobian	gives,

The	three-principal	stress	in	a	TEG	are	represented	as	 ,	 and	 respectively.	The	von	Mises	equivalent	stress	can	be	obtained	from	the	fourth	strength	theory	of	mechanics	of	materials	also	known	as	the	distortion	of

energy	theory	which	describes	the	entire	stresses	in	all	three	dimensions	as,

Finite	element	method	 is	used	to	solve	all	 the	equations	above	which	are	already	built	 into	COMSOL	Multiphysics	software	therefore,	 the	electrical	and	thermal	performance	of	 the	TEG	can	be	obtained	from	the	coupled

equations	above.

3.4	Boundary	conditions	and	computation	procedure

		RL	 		Rin	 		RL	=	Rin	

(16)

(17)

		q"	 		A	

		(τ)	 		 	

		(t0)	

(18)

		b/a	 		 	 		q"	=	60kW⋅m	−	2	

		(6τ	=	720s)	

(19)

		f(t)	

(20)

(21)

(22)

		σ1	 		σ2	 		σ3	

(23)
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To	simplify	the	analysis,	some	basic	assumptions	are	made	while	still	ensuring	there	is	no	significant	deviation	from	the	real	conditions.	These	assumptions	are:

1) The	input	heat	flux	is	applied	to	the	top	surface	(hot	side)	of	the	TEG	with	temperature	Th	while	the	bottom	surface	(cold	side)	is	maintained	at	a	constant	temperature	(Tc)	of	300K.

2) Adiabatic	condition	is	assumed	therefore,	no	heat	losses	from	all	the	other	surfaces.

3) The	hot	side	of	the	TEG	is	constrained	during	the	thermal	stress	analysis	while	other	boundaries	are	free.

4) Anisotropic	material	properties	are	not	considered.

5) The	lower	left	copper	electrode	is	grounded	while	the	lower	right	copper	electrode	is	connected	to	the	external	resistor	circuit.

6) Electrical	and	thermal	contact	resistance	are	not	considered.

This	 numerical	 study	 is	 carried	 out	 using	COMSOL	Multiphysics	 5.3	 software	 and	 the	 electrical	 and	 thermal	 performance	 of	 the	 segmented	 asymmetrical	 thermoelectric	 generator	 and	 conventional	 TEG	are	 studied	 and

compared.	The	heat	transfer	in	solids,	electric	currents,	electrical	circuit	and	solid	mechanics	interfaces	are	used	in	the	simulation	software.	All	materials	are	considered	as	linear	elastic	material	and	the	plasticity	interface	is	used	to

model	the	elastoplastic	behaviour	of	copper	and	solder.	A	rectangular	function	is	used	in	conjunction	with	the	analytical	function	to	model	the	rectangular	input	heat	flux	and	the	period	is	120s.	To	ensure	the	transient	and	periodic

heating	is	accurately	modelled,	the	events	interface	in	COMSOL	is	used	and	two	explicit	events	are	used	to	model	the	switching	on	and	off	time	of	the	pulse	heat	power.

3.5	Numerical	model	validation
Two	kinds	of	validations	are	done	to	ensure	the	numerical	model	could	be	used	to	accurate	predict	the	performance	of	the	thermoelectric	generators.	Firstly,	a	mesh	convergence	test	is	carried	out	in	COMSOL.	A	uniform

structured	mesh	is	built	and	three	grid	systems	with	total	elements	of	4715,	11545	and	42756	are	tested	and	compared	to	study	the	grid	independence	of	the	model.	The	temperature	and	open	circuit	voltage	obtained	using	these	three

grid	systems	are	shown	in	Fig.	2a	and	Fig.	2b	respectively.	What	is	observed	from	both	figures	is	that	the	values	for	the	three	grid	systems	are	very	similar	therefore,	to	reduce	computation	time,	the	grid	with	4715	elements	is	selected

for	all	simulations.	Secondly,	the	numerical	model	is	validated	using	similar	works	available	in	the	literature.	Since	pulsed	heat	power	and	thermal	stress	are	the	two	main	Multiphysics	to	be	modelled,	the	simulations	carried	out	by

Asaadi	et	al.	[44]	and	Yilbas	et	al.	[48]	are	recreated.	The	simulations	conditions	are	reset	to	the	ones	used	by	the	authors	and	similar	parameters	are	used.	The	temperature	from	rectangular	pulse	heat	obtained	in	the	previous	study

[44] and	this	present	study	is	shown	in	Fig.	2c	while	the	thermal	stress	result	obtained	in	the	previous	study	[48]	and	this	present	is	shown	in	Fig.	2d.	It	is	clear	from	both	figures	that	the	results	are	very	similar	thus,	the	numerical

model	in	this	study	is	validated	and	results	obtained	from	this	study	are	justifiable.
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4	Results	and	discussion
In	this	study,	the	thermal	(temperature	and	thermal	stress)	and	electrical	(open	circuit	voltage,	current	and	power	output)	performance	of	the	segmented	asymmetrical	thermoelectric	generator	(SASTEG)	is	compared	to	that	of

the	conventional	thermoelectric	generator	(TEG).	Transient	rectangular	pulsed	heating	and	steady	state	heating	are	applied	to	both	the	SASTEG	and	TEG.	Furthermore,	the	SASTEG	is	optimized	to	improve	its	power	output	and	reduce

the	thermal	stress	developed	in	the	device.

4.1	Thermal	and	electrical	responses	to	pulsed	heat	flux
The	responses	of	temperature,	open	circuit	voltage,	current	and	maximum	power	output	of	the	SASTEG	and	TEG	to	transient	rectangular	pulsed	heating	and	steady	state	heating	for	five	continuous	time	periods	are	shown	in

Fig.	3a,	Fig.	3b,	c	and	d	 respectively.	The	 steady	 state	heating	 is	 represented	by	a	 straight	 line	while	 the	 rectangular	pulsed	heating	 is	 represented	by	dotted	and	dashed	 lines	 for	 the	SASTEG	and	TEG	respectively.	The	 spatially

averaged	heat	flux	used	in	all	simulations	is	 and	this	is	kept	constant	for	both	the	pulsed	heating	and	the	steady	state	heating.	Maximum	power	output	can	be	obtained	when	the	load	resistance	is	matched	to	the	TEG's

internal	resistance.	Therefore,	the	external	load	resistance	is	varied	till	maximum	power	output	is	obtained	which	represents	the	matched	load	condition.	The	matched	load	under	steady	state	heating	for	the	SASTEG	is	found	to	be

0.012Ω	and	that	of	 the	TEG	 is	 found	to	be	0.006Ω.	To	simplify	 the	analysis,	 the	 load	resistance	 is	kept	constant	 throughout	 this	study	 for	both	 the	steady	state	heating	and	the	pulsed	heating.	Fig.	3a	 shows	 the	 spatially	 average

temperature	on	the	hot	surface	of	the	SASTEG	and	TEG	while	Fig.	3b	shows	the	open	circuit	voltage	obtained	from	both	devices	at	steady	state	and	pulsed	heating	conditions.	It	can	be	seen	from	Fig.	3	that	the	temperature	voltage,

current	and	power	output	follow	the	same	trend	and	transient	heating	provides	a	better	performance	compared	to	steady	state	heating	due	to	the	fact	that	the	rectangular	pulsed	heating	allows	for	a	greater	temperature	difference

across	the	thermoelectric	generator.	Another	clear	observation	from	Fig.	3	is	that	the	performance	of	the	SASTEG	is	almost	twice	better	than	that	of	the	TEG.	This	shows	that	the	new	design	for	thermoelectric	generator	incorporating

the	segmented	materials	and	asymmetrical	legs	provides	better	electrical	performance	compared	to	the	conventional	TEG	design.

Fig.	2	Model	validation	(a)	temperature	and	(b)	open	circuit	voltage	variation	with	time	and	mesh	grid	number	(c)	rectangular	pulse	validation	with	previous	study	[44]	and	(d)	thermal	stress	validation	with	previous	study	[48].

alt-text:	Fig.	2

		60kW⋅m	−	2	
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The	variation	of	the	load	current	with	time	shown	in	Fig.	3c	is	identical	for	the	SASTEG	and	TEG	because	of	the	difference	in	load	resistance	used	to	attain	the	maximum	power	output.	The	load	current	simply	obeys	the	ohms

law	therefore,	it	is	given	as	the	output	load	voltage	divided	by	the	load	resistance.	Although,	the	load	current	in	both	the	SASTEG	and	TEG	is	identical,	the	power	output	of	each	device	is	clearly	different	because	of	the	difference	in

their	open	circuit	voltage	and	corresponding	output	load	voltage	when	the	external	resistance	is	matched.	It	can	be	seen	from	Fig.	3d	that	the	maximum	power	output	of	the	SASTEG	at	steady	state	condition	is	0.0038469W	while	that

of	the	TEG	is	0.0015034W	under	the	same	condition.	Therefore,	a	power	output	improvement	of	about	155.88%	is	observed	under	steady	state	condition	simply	by	using	the	new	design	of	the	thermoelectric	generator	(i.e.	SASTEG

design).	Furthermore,	the	application	of	transient	rectangular	pulsed	heat	power	is	shown	in	Fig.	3d	to	enhance	the	power	output	of	the	SASTEG	and	TEG	significantly	compared	to	the	steady	state	heating.	In	fact,	it	can	be	seen	that

for	the	transient	heating,	the	areas	above	the	straight	line	(steady	state	heating)	are	larger	than	the	areas	below	the	straight	line	therefore,	it	can	be	concluded	that	the	performance	enhancement	offered	by	the	transient	heating	is

significantly	greater	than	that	of	the	steady	state	heating.	This	finding	is	in	agreement	with	[43,44].

The	maximum	von	Mises	stresses	developed	 in	 the	n-type	and	p-type	 thermoelectric	 legs	of	 the	SASTEG	and	TEG	under	 transient	and	steady	state	heating	conditions	are	shown	 in	Fig.	3e.	Although,	 the	SASTEG	offers	 a

significant	power	enhancement	compared	to	the	TEG,	it	can	be	seen	that	the	maximum	von	Mises	stress	developed	in	the	legs	of	the	SASTEG	are	greater	than	that	of	the	TEG	under	both	heating	conditions.	This	is	an	expected	trend

Fig.	3	Transient	and	steady	state	responses	of	the	SASTEG	and	TEG	(a)	temperature	(b)	open	circuit	voltage	(c)	load	current	(d)	power	output	and	(e)	von	Mises	stress.

alt-text:	Fig.	3
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because	 the	 thermal	stress	developed	 is	directly	proportional	 to	 the	 temperature	distribution	 in	 the	TEG.	Therefore,	 since	 the	SASTEG	operates	at	a	significantly	higher	 temperature	compared	 to	 the	TEG,	 its	von	Mises	stress	 is

expected	to	be	higher.	Also,	it	is	obvious	that	the	maximum	von	Mises	stress	under	transient	heating	will	be	greater	than	that	under	the	steady	state	heating	due	to	the	difference	in	operating	temperature.	The	trend	observed	during

the	transient	heating	for	the	SASTEG	and	TEG	shown	in	Fig.	3e	is	simply	because	of	the	periodic	switching	on	and	off	of	the	pulse	heat	and	this	is	why	the	von	Mises	stress	goes	to	a	minimum	value	and	then	it	starts	rising	again	as	the

rectangular	pulse	is	applied.	A	solution	to	reduce	the	maximum	von	Mises	stress	developed	in	the	SASTEG	while	maintaining	its	enhanced	power	output	compared	to	the	TEG	is	to	optimize	the	SASTEG	geometry.

4.2	Optimization	of	SASTEG
Two	stages	of	optimization	are	carried	out	on	the	SASTEG	including	the	p-type	leg	optimization	and	the	n-type	leg	optimization.	Firstly,	the	optimum	height	ratio	for	the	segmented	p-type	leg	(Hp)	is	found	by	varying	this	ratio

for	the	range	 .	This	range	was	considered	because	of	the	ease	of	manufacturing.	If	smaller	ratios	are	considered	like	below	0.2,	the	material	size	for	the	low	segment	will	be	so	small	that	it	might	be	difficult	to	manufacture.

In	addition,	since	it	might	be	difficult	to	consider	all	possible	ratios	that	could	be	used,	a	sample	range	is	chosen	for	analysis	in	this	study.	Fig.	4a	shows	the	maximum	von	Mises	stress	developed	in	the	hot	and	cold	side	legs	of	the	p-

type	leg	as	the	height	ratio	is	varied.	It	is	clear	from	Fig.	4a	that	the	optimum	height	ratio	for	the	segmented	p-type	leg	(Hp)	is	0.2.	This	is	because,	when	Hp = 0.2,	for	all	time	periods	and	for	both	the	hot	side	and	cold	side	of	the	p-type

leg,	the	von	Mises	stress	developed	is	the	lowest	compared	to	other	height	ratios.	Furthermore,	as	expected,	the	von	Mises	stress	in	the	hot	side	p-type	leg	is	greater	than	that	of	the	cold	side	p-type	leg	due	to	the	higher	temperature

impinged	on	the	hot	side.	In	addition,	it	is	clear	that	the	height	ratio	Hp = 0.5	provides	the	worst	performance	in	terms	of	maximum	von	Mises	stress	developed	thus,	the	need	for	the	optimization	of	the	initial	geometry	used	in	this

study	is	shown.	Fig.	4b	shows	the	variation	of	the	maximum	von	Mises	stress	in	the	SASTEG	with	the	optimized	p-type	leg	(Hp = 0.2)	and	it	can	be	seen	that	compared	to	the	thermal	stress	in	the	initial	geometry	shown	in	Fig.	3e,	the

maximum	von	Mises	stress	 in	the	SASTEG	hot	side	p-leg	has	been	reduced	by	about	20.95%	while	that	of	the	cold	side	p-leg	has	been	reduced	by	about	21.16%	due	to	the	optimization	of	the	height	ratio	under	transient	heating

condition.

In	the	second	optimization	stage,	the	n-type	leg	of	the	SASTEG	is	optimized	while	keeping	the	p-type	leg	at	the	optimized	height	ratio	(Hp = 0.2)	obtained	from	the	first	optimization	stage.	Thus,	the	n-type	leg	is	segmented

similar	to	the	p-type	leg	in	the	initial	geometry	then	the	optimum	height	ratio	(Hn)	for	the	newly	segmented	n-type	leg	is	then	found.	Similar	to	the	findings	in	Figs.	4a	and	5a	shows	that	the	optimum	height	ratio	for	the	n-type	leg	is	also

0.2	and	the	worst	height	ratio	is	0.5.	Thus,	the	lowest	von	Mises	stress	can	be	obtained	in	the	n-type	segmented	leg	when	the	height	ratio	(Hn)	of	0.2	is	used.	This	again	proves	the	benefit	of	geometry	optimization	of	thermoelectric

generators	as	 lower	von	Mises	 stress	means	 the	 life	 span	of	 the	TEG	can	be	 increased.	Fig.	5b	shows	 the	variation	of	 the	maximum	von	Mises	 stress	 in	 the	SASTEG	with	optimized	p-type	 leg	 (Hp = 0.2)	 and	optimized	n-type	 leg

(Hn = 0.2).	It	is	clear	that	for	both	the	hot	side	and	the	cold	sides,	the	asymmetrical	thermoelectric	leg	(n-type)	possessed	a	lower	von	Mises	stress	compared	to	the	symmetrical	thermoelectric	leg	(p-type).	In	fact,	the	maximum	von

Mises	stress	in	the	hot	side	asymmetrical	leg	(n-type)	is	lower	by	about	7.45%	compared	to	that	of	the	symmetrical	leg	(p-type).	While	in	the	cold	side,	the	maximum	von	Mises	stress	in	the	asymmetrical	leg	is	lower	by	about	39.21%

compared	to	that	of	the	symmetrical	leg.	This	finding	clearly	shows	that	the	thermal	stress	in	a	thermoelectric	generator	can	be	reduced	by	the	use	of	asymmetrical	legs	and	this	resonates	well	with	the	findings	in	Ref.	[36].

		0.2	≤	Hp	≤	0.5	

Fig.	4	(a)	Variation	of	von	Mises	stress	with	SASTEG	p-type	height	ratio	(Hp)	and	(b)	first	optimized	SASTEG	p-type	leg.

alt-text:	Fig.	4
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Due	to	the	results	obtained	from	both	optimization	stages,	the	final	optimized	geometry	in	this	study	is	found	to	be	when	Hp = Hn = 0.2.	Thus,	the	power	output	of	this	optimized	geometry	compared	to	that	of	the	conventional

TEG.	As	shown	in	Fig.	6a,	under	transient	response	condition,	the	power	output	of	the	optimized	SASTEG	is	greater	than	that	of	the	conventional	TEG	by	about	117.11%.	This	huge	power	output	enhancement	is	obtained	at	a	reduced

thermal	stress	condition	in	the	legs	of	the	SASTEG	thus,	the	device's	reliability	is	improved.	In	addition,	the	three-dimensional	temperature	and	voltage	distribution	in	the	optimized	SASTEG	is	shown	in	Fig.	6b	and	c	respectively.

Fig.	5	(a)	Variation	of	von	Mises	stress	with	SASTEG	n-type	height	ratio	(Hn)	and	(b)	second	stage	optimized	SASTEG.

alt-text:	Fig.	5
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4.3	Effect	of	duty	cycle	on	optimized	SASTEG	and	TEG	performance
The	duty	cycle	determines	the	ratio	of	the	heating	time	to	the	period	time	thus,	it	is	important	to	know	the	optimum	value	for	the	duty	cycle	at	which	the	optimized	SASTEG	and	the	TEG	can	achieve	the	best	performance.	The

duty	cycle	is	varied	from	0.1	to	0.5	and	its	effects	on	the	maximum	power	output	and	maximum	temperature	on	the	hot	surface	of	the	SASTEG	and	TEG	are	shown	in	Fig.	7a	and	Fig.	7b	respectively.	It	is	obvious	from	both	figures	that

as	the	duty	cycle	increases	from	0.1	to	0.5,	the	power	output	and	temperature	of	both	the	SASTEG	and	TEG	reduces.	Thus,	the	optimum	duty	cycle	is	0.1	which	is	the	initial	value	used	throughout	the	study.	The	reason	for	the	decrease

in	performance	as	the	duty	cycle	increases	is	due	to	the	fact	that	as	shown	in	Eq.	(18),	the	duty	cycle	also	determines	the	maximum	and	minimum	input	heat	flux	applied	to	the	devices.	Thus,	even	though	in	this	study,	the	heating	time

for	peak	heat	flux	is	increased	as	the	duty	time	increases	(since	period	is	constant	and	 is	constant),	the	peak	heat	flux	is	reduced	thus,	the	temperature	difference	across	the	device	is	reduced	and	consequently,	the	performance	of

both	 the	 SASTEG	 and	 TEG	 is	 reduced.	 Therefore,	 under	 the	 conditions	 used	 in	 this	 study,	 very	 short	 duty	 cycles	 are	 desirable	 as	 a	 decrease	 in	 duty	 cycle	 enhances	 the	 performance	 of	 the	 SASTEG	 and	 TEG	 because	 of	 the

aforementioned	reason.	Also,	Fig.	7a	and	b	resonate	the	general	findings	throughout	this	study	that	the	SASTEG	provides	an	enhanced	performance	compared	to	the	conventional	TEG.

Fig.	6	Second	stage	optimized	SASTEG	(a)	power	output	response	comparison	with	TEG	(b)	three-dimensional	temperature	distribution	and	(c)	voltage	distribution.

alt-text:	Fig.	6

		b/a	
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4.4	Thermal	stress	distribution	in	SASTEG	and	TEG
Fig.	8	shows	the	thermal	stress	distribution	in	the	segmented	asymmetrical	thermoelectric	generator	and	the	TEG	especially,	the	areas	with	high	thermal	stress	concentrations.	The	maximum	von	Mises	stress	developed	in	the

n-type	and	p-type	legs	of	the	conventional	TEG,	SASTEG	and	optimized	SASTEG	are	shown	in	Fig.	8a,	b	and	c	respectively.	It	can	be	seen	clearly	from	all	the	figures	that	the	maximum	von	Mises	stress	occurs	at	the	hot	surface	of	the

thermoelectric	legs	and	it	is	highly	concentrated	at	the	edges	of	the	thermoelectric	legs	which	are	the	positions	most	likely	to	crack.	The	lifespan	of	a	thermoelectric	generator	is	affected	by	the	intensity	of	thermal	stress	developed	in

its	legs	therefore,	it	is	important	to	reduce	this	stress.	Comparing	the	initial	SASTEG	geometry	in	Fig.	8b	to	the	optimized	geometry	in	Fig.	8c,	it	is	obvious	that	the	maximum	von	Mises	stress	in	the	legs	has	been	reduced	due	to	the

geometry	optimization.	Asides	changing	the	height	ratio	in	the	SASTEG	to	reduce	the	thermal	stress,	increase	in	thermoelectric	leg	length	can	also	reduce	the	thermal	stress	in	a	thermoelectric	generator	[34,49].	In	addition,	the	use	of

asymmetrical	legs	can	lead	to	reduced	thermal	stress	developed	in	the	thermoelectric	generator	[36].

Fig.	7	Variation	of	optimized	SASTEG	and	TEG	(a)	power	output	and	(b)	temperature	with	duty	cycle.

alt-text:	Fig.	7
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Fig.	8	Thermal	stress	distribution	in	(a)	thermoelectric	generator	(b)	segmented	asymmetrical	thermoelectric	generator	and	(c)	optimized	SASTEG	geometry.

alt-text:	Fig.	8
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5	Conclusion
A	comprehensive	numerical	 investigation	of	a	 segmented	asymmetrical	 thermoelectric	generator	 (SASTEG)	and	a	conventional	 thermoelectric	generator	 (TEG)	was	performed	 in	 this	 study.	A	 three-dimensional	model	was

developed	and	solved	using	finite	element	method	in	COMSOL	5.3	Multiphysics	software.	The	thermal	(temperature	and	thermal	stress)	and	electrical	(output	voltage,	current	and	power	output)	performance	of	the	SASTEG	and	TEG

were	analysed	using	the	numerical	model	under	transient	and	steady	state	heating	conditions.	Rectangular	pulsed	heat	input	flux	was	applied	to	both	devices	and	the	temperature	dependency	of	thermoelectric	material	properties	was

accounted	 for.	The	optimization	of	a	 thermoelectric	generator	by	 the	application	of	pulsed	heat	power	 to	a	 segmented	asymmetrical	 thermoelectric	generator	was	performed	and	 results	obtained	were	compared	with	 that	of	 the

conventional	symmetrical	non-segmented	thermoelectric	generator.	The	focus	of	this	study	was	to	enhance	the	performance	of	the	thermoelectric	generator	while	also	reducing	the	thermal	stress	developed	in	the	device.	Furthermore,

copper	and	solder	which	display	an	elastoplastic	behaviour	were	accounted	for	and	modelled	as	such	thus,	the	thermal	stress	predictions	in	the	thermoelectric	generator	were	accurate.	The	transient	and	steady	state	response	of	the

SASTEG	and	TEG	to	temperature,	voltage,	current	and	power	output	were	studied	for	five	continuous	time	periods	with	each	period	lasting	for	12s.	In	the	entire	study,	the	overall	heat	input	under	pulsed	heating	was	equal	to	that	of

the	steady	state	heating	and	the	average	heat	flux	was	 .	The	ratio	of	maximum	input	heat	flux	to	minimum	heat	flux	(b/a)	was	kept	constant	throughout	this	study	and	the	matched	load	resistances	for	the	SASTEG	and	TEG

were	also	kept	constant	in	the	entire	study	for	both	the	steady	state	heating	and	pulsed	heating	conditions	in	order	to	simplify	the	model.	Furthermore,	the	asymmetrical	leg	was	obtained	by	varying	the	cross-sectional	area	across	the

leg	height.

Two	stages	of	optimization	were	performed	on	the	SASTEG	to	reduce	its	thermal	stress	at	an	enhanced	electrical	performance	condition.	In	the	first	stage,	the	optimum	height	ratio	for	the	p-type	leg	(Hp)	was	found	and	then

kept	constant	while	the	n-type	leg	was	segmented	and	similarly,	its	optimum	height	ratio	(Hn)	was	also	determined.	Finally,	the	optimized	SASTEG	was	compared	to	the	conventional	TEG	and	the	effects	of	duty	cycle	on	both	devices

were	investigated.	The	major	conclusions	from	this	study	are	summarized	as	follows:

1) Rectangular	pulsed	heat	power	enhances	the	performance	of	SASTEG	and	TEG	significantly	compared	to	steady	state	heating.

2) Under	transient	condition,	the	maximum	von	Mises	stress	in	the	SASTEG	hot	side	p-leg	reduced	by	about	20.95%	while	that	of	the	cold	side	p-leg	reduced	by	21.16%	simply	because	of	the	optimization	of	the	height	ratio	(Hp).

3) Asymmetrical	leg	geometry	(n-type)	optimization	reduced	the	thermal	stress	developed	in	the	leg	by	7.45%	and	39.21%	for	the	SASTEG	hot	side	and	cold	side	respectively	compared	to	the	values	of	the	symmetrical	leg	geometry	(p-type).

4) The	power	output	of	the	optimized	SASTEG	with	optimum	height	ratio	Hp = Hn = 0.2	was	greater	than	that	of	the	conventional	TEG	by	117.11%.

5) The	optimized	SASTEG	geometry	provided	an	enhanced	electrical	performance	at	a	reduced	thermal	stress	condition	thereby	increasing	the	SASTEG's	reliability.

6) The	optimum	duty	cycle	found	in	this	study	was	0.1	for	the	SASTEG	and	TEG.
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Nomenclature
H:	Leg	height,	mm

Hp:	Height	ratio	of	p-type	leg

Hn:	Height	ratio	of	n-type	leg

D:	Ceramic	depth,	mm

Wle:	Leg	width,	mm

Wce:	Ceramic	width

:	Heating	time

:	Period

q":	Input	heat	flux

Qin:	Input	flux	power,	W/m2

Qout:	Output	flux	power,	W/m2

RL:	Load	resistance,	

Pout:	Power	output,	W

:	Specific	heat	capacity,	J/kg/K

T:	Temperature,	K

E:	Young's	modulus,	GPa

Z:	Figure	of	merit

Greek	symbols

:	Seebeck	coefficient,	

:	Electrical	conductivity,	

:	Thermal	conductivity,	

:	Density,	

:	Electrical	resistivity,	

Abbreviations

SASTEG:	Segmented	asymmetrical	thermoelectric	generator

		t0	

		τ	

		Ω

		CP	

		α	 		V⋅K	−	1

		σ	 		S⋅m	−	1

		κ	 		W⋅m	−	1⋅K	−	1

		ρd	 		kg⋅m	−	3

		ρ	 		Ω⋅m
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STEG:	Segmented	thermoelectric	generator

TEG:	Thermoelectric	generator

Bi2Te3:	Bismuth	telluride

CoSb3:	Cobalt	Antimony

Subscripts

c:	Cold	side

h:	Hot	side

Highlights

• A	thermoelectric	generator	with	segmented	materials	and	asymmetrical	leg	is	studied.

• Rectangular	pulsed	heating	and	steady	state	heating	are	applied	to	the	TEG.

• Geometry	optimization	is	done	to	reduce	thermal	stress	and	enhance	power	output.

• Comparison	is	made	between	the	new	TEG	design	and	conventional	TEG	design.
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