Homework Week 4: Thermoelectric Systems
Thermoelectricity: From Atoms to Systems

Je-Hyeong Bahk and Ali Shakouri
nanoHUB-U Fall 2013

Answer the 21 questions including sub-questions below by choosing one, best answer. This
homework does not count toward the final score, but solving and understanding this
homework will be very helpful for passing the exam. Several homework problems are
developed to help you familiarize with related nanoHUB-U simulation tools (thermoelectric
cooling/power generation device simulator as well as TE system material cost analysis).

1.

(Thermoelectric heat balance equation) The heat generation rate per unit volume, ¢, in a

solid is described as the sum of the divergence of heat current density and the localized
Joule heating. In one dimensional problem, it is given by

dJ,
q=—E+JeE, (1)

where Jq is the heat current density in W/m?, J. is the electric current density in A/m?, and E
is the electric field.

From the week 2 lectures, we have coupled charge and heat current equations as

dT
J,=8T], —x—, 2
(0] e dx ( )
E=£+Sd—T, (3)
o dx

where S is the Seebeck coefficient, T is the temperature, k is the thermal conductivity, and
ois the electrical conductivity.



1-1. In the steady state, the heat generation rate ¢ becomes zero. By plugging (2) and (3)
in (1), find the second derivative of temperature as a function of the material
properties and the electric current density, and see how it is related to the Joule

heating.
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1-2. (1D Temperature profile under a current flow) Now, imagine a solid of length d and
cross-sectional area A as shown in the figure below. An electric current / flows in the
+x direction, and a temperature gradient is created from the cold side at temperature
Tcto the hot side at Ty.

Cross sectional area: A

x=0 x=d

Solve the differential equation for the second derivative of temperature obtained
from the previous problem to find the one-dimensional temperature profile along the
x-axis. Use the boundary condition of T(x=0) = T¢, and T(x=d) = Ty. | =J.A, AT=Ty - Tg,
K = kA/d is the thermal conductance, and R = d/(0A) is the electrical resistance. Also,
see how the temperature changes with x in the case of no current.

RI? AT RI?
a) T(x)=- x4 —+ x+T,
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1-3. The heat dissipated to the cold side is given by the heat conduction equation as

dT

=kA—| .
Qout dx o

(4)
Then find the heat balance equation at the cold side that depicts the balance between

Qout, the Peltier cooling (= ST¢l), and the net cooling power Q¢ absorbed at the cold
side.

a) Qg =ST.I—RI* - KAT

b) Qg =ST.I —%Rlz — KAT
c) Q=ST.I +%R12 + KAT

d) Q. =ST.I —%Rlz + KAT

e) Qg =ST.I-KAT



2.

(Quasi-ballistic thermoelectric cooler) Figure below shows the result of Monte Carlo
simulations for carriers injected into a 3 um-long GaAs under an applied bias of 5 kV/cm.
It can be seen that it takes a distance of the order of 1 um before electrons reach
equilibrium and lose energy equal to what they gain at steady state from the external
electric field. Fitting the result by an exponential expression that includes an energy
relaxation length A, we get the distributed Joule heating density per unit length as

quoule :l‘]ez l—eXp _L . (5)
dx (o Ag

GaAs, 5000 electrons, E=5kV/cm, ¢.=0.1eV
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Fig. 2 Joule heating generated in the quasi-ballistic GaAs cooler
as a function of distance



(Temperature profile in a quasi-ballistic cooler) Update the second derivative of
temperature obtained in Problem 1-1 with Eq. (5), and then obtain the temperature
profile for this quasi-ballistic thermoelectric cooler with the boundary condition of
T(x=0) = T, and T(x=d) = Ty4. Use the same symbols for the material properties and
dimensions as in Prob. 1-2.
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2-2.

2-3.

(Heat dissipation at cold side) Using Eq. (4) and the temperature profile obtained in
Prob. 2-1, find the heat dissipated to the cold side for the quasi-ballistic cooler.

a) Oy = %Rlz + KAT

1 2
b =RI*?{——ZEL L KAT
) Qout {2 d}

(Fraction of Joule heating dissipated to the cathode side) The heat dissipated to the
cold side consists of the Joule heating term and the heat conduction term. If the
length of the cooler is d = 3 um and A¢ is obtained from Fig. 2, what fraction of the
total diffusive Joule heating (= RI?) is dissipated to the cold side? Choose the closest
value.

a) 0.5

b) 0.47
c) 0.44
d) 0.41
e) 0.38



3. (Thermoelectric cooler) A thin film cooler is fabricated on top of a substrate that is much
larger than the size of the thin film. An electric current can be injected from the top
contact through the thin film in the cross-plane direction and then through the
substrate to the ground contact. The top surface of the thin film will be cooled due to
the Peltier effect.

top contact

supply electrode
isolator

Tomb ground contact
a

Fig. 3 Schematic of a thin film thermoelectric cooler

3-1. (Maximum net cooling) First, imagine there is no substrate and neglect the parasitic
heat conduction through the supply electrode. Use the heat balance equation
obtained for a diffusive thermoelectric cooler in Problem 1-3, and find the
maximum net cooling ATmax and the optimal electric current /oo that maximizes AT
under an adiabatic condition at the top (cold) side, i.e. Qc = 0. Use Z = $*/(RK).

1 2 ST,
a. ATmax :EZTH , Iopt :T
1 2 ST,
b. ATmax :EZTC N Iopt :T
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(Prob. 3 continued) Now, run the thermoelectric device simulator on nanoHUB to check
the maximum net cooling for this device. Go to the following address to reach the
website for the tool, and click the ‘launch tool’ button. You may need to install
Java™ to run nanoHUB tools.

https://nanohub.org/tools/thermo

This is a screenshot of the first phase of the tool. Click the button as shown in the
figure to proceed to the second phase.

Click here
o | | 9z

Thermoelectric Device Simulator

Welcome! This simulation tool is intended to
simulate thermoelectric (TE) devices under TE film
various conditions and designs. Both micro-
scale thin-film TE devices fabricated on a
substrate (Fig. 1) and large-scale multi-
element TE modules (Fig. 2) can be simulated.

There are currently six modes that user can

choose from in the next page. Please select

one mode depending on what type of TE .
device (Thin film or module), what operation Fig. 1 Thin film thermoelectricdevice
mode (cooling or power generation), and

what boundary conditions (Heat input or top

temperature) to simulate. Then, enter the

material properties and dimensions of the TE

device, specify the simulation conditions, and

then press ‘simulate’ button.

Users can choose an independent variable
such as material parameters and dimensions
of the TE device, and simulation conditions.
The device performances are simulated as a

function of the independent variable. . 1 .
' Wil ' Fig. 2 Multi-element thermoelectric module

Click here for more information about the modeling of thermoelectric devices.
Or click this button to proceed to the second phase

Mode Selection and Conditions » |

In the second phase “Mode selection and Conditions”, select the first mode “Mode
1: Thermoelectric Thin Film Cooler: Cooling power is known.” Enter 0 W/cm? for
Cooling Power Density, 300 K for T ambient, Select “Current [Amp]” as an
independent variable. The bottom surface of the cooler is assumed to be in contact
with an ideal heat sink so that the temperature is maintained at the ambient
temperature. Set “0”, “0.01”, and “2” A for Minimum value, Step value, and
Maximum value of the current, respectively, as shown in the screenshot below.



@ Mode Selection and Conditions w3 About his fool
Questions

Select a mocg [Mode 1: Thermoelectric Thin Film Cooler: Cooling power is known

Select Mode 1 )
Thin Film Thermoelectric

Cooler (Qin is known)

top contact

supply electrode

isolator

In this mode, the cooling power density (G, ) is known. .,CU”Ent I
The model solves for the temperatures (Tv Tz) with a

given current (1) applied. The model can also solve for
the adiabatic condition at the top surface by G'h =0

The total electrical power consumed (/) and the
coefficient of performance (COP = Q“NV) are also

obtained, In the substrate, both electrical current and
heat spreading effects are taken into account.

substrate

ground contact

Enter the values here

Cooling Power Density [W/cm*2): |0 Independent Variahla:ICurrem [Amp]

Minimum Yalue: ]l]

T ambient [<]: 300 Step Value: [0.01
[5 Maximum Value: [2

K

< Intro Material Properties and Dimensions > |

Proceed to the third phase “Material Properties and Dimensions.” Set “Substrate and
Spreading Effect Options” to “No Substrate.” You will see the drawing below the
option changing to the no-substrate figure. Click the blue button next to the “Thin Film
Properties” to enter the material property values for thin film. Enter “200” uV/K for
Seebeck coefficient, “2” W/mK for thermal conductivity, “1000” (Q-cm)™ for electrical
conductivity, “50” um for thickness, and “10000” pm? (100 pm x 100 um) for Area as
shown in the screenshot below:



- - - A About this fool
€) Material Properties and Dimensions o

Select “No Substrate”

Substrate an' Spreading Effect Options: |No Substrate

T

Please CllMﬂﬂMﬁﬂM|a.

Thin Film Properties «

Contact Resistance

The drawing will be updated

< Mode Selection and Conditions Simulate >

About this fool

Change values... = o 4 B Ty

Seebeck Coefficient, TF [micrd J'K]:IZD[I
Themal Conductivity, TF [W/(#*K)): |2

Substrate and Spreading Effect Electrical Conductivity, TF [1/(ohmjcm)): | 1000 j

5 e e R Thickness, TF [micromgters]: | 50
ease click the blue buttor 5.
Area, TF [micrometeys~2]: (10000
\/ 2. Enter the values here
Thin Film Prr]w o
: : Contact Resist:
1. Click this blue butto oract Resistance =

< Mode Selection and Conditions Simulate >




Click the second blue button for Contact Resistance, and enter “0” value for now.

e 5 s 2 Di . Onmmw
v Questionsy

Substrate and Spreading Effect Options: |No Substrate =l

Please click the blue buttons to enter the material properties and d

Specific Contact Resistance [ohm*cm~2]: |0
Thin Film Properties .

Contact Resistance
Enter value “0" for contact
resistance here.

And then click this button to simulate

\ ,

< Mode Selection and Conditions | Simulate >

Now, you are ready to run the simulation. Click the “Simulate” button to start
simulation. You will get various output plots in seconds. Please note that in all of these
simulations the parasitic heat conduction through the supply electrode on the cold
junction is neglected.

3-2. (Simulation for maximum net cooling) What are the maximum net cooling and the
current at the maximum cooling according to the simulation? Also, what are T¢ at the
maximum cooling and Z value? Note that T¢ is denoted as T_1 in the simulation tool.
Check if they match the calculated values from Prob. 3-1.

a. AT, =214K,I,, =020A,T.=278.6K, Z=0.001K"

> ~opt

b. AT, =354K, I, =031A,T,=2646K, Z=0.001K"

> ~opt

c. AT, =584K,I,  =097A,T,=241.6K, Z=0002K"

> ~opt

d. AT, =844K, I =048A,T.=2156K,Z=0002K"

> ~opt

e. AT, =1504K,1,, =132A,T.=149.6K,Z =0.004 K™

> ~opt



3-3. (Effect of contact resistance) Now, add a contact resistance at the interface between the
top contact metal and the thin film by clicking the blue button for Contact Resistance in
the second phase “Material Properties and Dimensions.” Enter “le-6” (Q-cm?) for
Specific Contact Resistance. The total contact resistance Rc is given by

r,
R, =-<, 6
= (6)

where r. is the specific contact resistance, and A is the cross-sectional area of the device.
Note that the contact resistance is inversely proportional to the area. This contact
resistance is added as an additional Joule heating in the heat balance equation at the
cold side. Click “Simulate” button in the simulation tool to see the effect of contact
resistance on the net cooling.

) Material Properties and Dimensions. O :::::‘m

Substrate and Spreading Effect Options;lNo Substrate =~

Please click the blue buttons to enter the material properties and dines

Thin Film Properties ./

Enter value “1e-6" for
specific contact resistance

And then click this button to simulate

\

< Mode Selection and Conditions | Simulate >

What are the maximum net cooling and the current at the maximum cooling with the
contact resistance according to the simulation?

a. AT, =324K, I, =024A

> Lopt

b. AT, =46.1K, I, =0.73A

> Lopt

c. AT, =584K,I,, =097A

> Lopt

d. AT, =734K, I, =124A

> Lopt

e. AT, =924K,I

opt

=142 A



3-4. (Substrate effect) If there is a substrate underneath the thin film, the analysis becomes
more complicated as there is additional Peltier effect at the interface between the thin
film and the substrate. Thus, the temperature at this interface becomes different from
the ambient temperature and the top surface temperature. Two heat balance equations
at the top surface and the interface between the thin film and the substrate are
simultaneously solved to obtain the two temperatures, T; and T, using the 1D thermal
resistance network as shown in the figure below.

< 1D thermal resistance
network model >

| Q;: heat input
or cooling
power

Yon: Thermal
l 0 spreading
2 in substrate

T,

amb

At node 1 (top surface) we need to add Joule heating due to the contact resistance:

(L -T) _

g;+%RHJ?+&44—Smﬂ1— 0,

Vg
and at node 2 (thin film-substrate interface):

1 , 1
“R.IP+=R
2 TE )

I _(Ssub _STE)T21+ (7 _Tz) - (73 _Tamb) ~0.
Ve YV sub

sub

In both thermal and electrical resistances of the substrate, the spreading effect has been
taken into account as the substrate is assumed to be semi-infinitely large. More details
about the modeling can be found by clicking the link at the first page of the simulation
tool.

To see the effect of substrate on the cooler performance, use the simulation tool and
add the substrate in the tool. In the third phase “Material Properties and Dimensions”,
select “Substrate With Spreading Effect” from the pull-down menu. The drawing will be
updated with a figure with substrate. Keep the previous values for the thin film
properties and the contact resistance. Click the blue button next to “Substrate



Properties” to enter “90” uV/K for the Seebeck coefficient, “130” W/mK for the thermal
conductivity, “300” (Qcm)! for the electrical conductivity, and “500” pm for the
thickness of the substrate. Click the “Simulate” button to start simulation.

© Material Properties and Dimensions @ ;::::}M
Substrate and Spreading Effect Opnons:lsubstrate with Spreading Effect j

Please click the blue buttons to enter the material properties and dimensions.

Thin Film Properties
Contact Resistance

Enter the values
for substrate

Change values...
Seebeck Coefficient, Substrale |micmWK]:,5lJ—
Thermal Conductivity, Substrate [W/(m*K)):[130
Electrical Conductivity, Substrate [1/{ohm*cm)]: | 300
Thickness, Substrate [micrometers): [0

ISubstrate Propertlos!

And then click this button to simulate

*

< Mode Selection and Conditions | Simulate >

What are the maximum net cooling and the current at the maximum cooling with the
contact resistance according to the simulation? Compare the values with the previous
simulation without the substrate.

a. AT, =225K, I, =024A

> Lopt

b. AT, =341K, I, =043A

> Lopt

c. AT, =445K, 1, =0.69A

> Lopt

d. AT, =534K, I, =082A

> Lopt

e. AT, =628K, I, =094A

> Lopt



3-5. (Continued from Prob. 3-4) What is the temperature (T;) at the thin film-substrate
interface at the maximum cooling condition? Why is T, higher than the ambient
temperature?

a.

T, =301.9 K, because there is a Peltier heating at the interface due to the positive
Seebeck value of the substrate

T, =301.9 K, because there is a Peltier heating at the interface due to the smaller
Seebeck value of the substrate than that of the thin film

T, =310.9 K, because there is a Peltier heating at the interface due to the positive
Seebeck value of the substrate

T, =310.9 K, because there is a Peltier heating at the interface due to the smaller
Seebeck value of the substrate than that of the thin film

T, =310.9 K, because there is a Joule heating larger than the Peltier cooling at the
interface.



4. (Segmented element for enhanced cooling) Two dissimilar materials can be connected in
series with the same cross-sectional area to build a segmented thermoelectric element as
shown in the figure below.

I Material Material
2
L, L,=L,/4
S, S, = 2§,
o 65=04/4
R R2 =R

Ideally, if / = ST/R is satisfied at the cold side of a material, the Joule heating and the Peltier
cooling cancel each other, so that the maximum cooling is obtained as you have solved it for
a homogeneous material in Prob. 3-1. If the temperature variation is small, in order to have
this condition satisfied at the junction between the two segmented materials, the second
material needs to have a Seebeck coefficient that is twice larger than that of the first
material, i.e. S, = 253, so that the change in Seebeck coefficients AS becomes equal to the
first Seebeck coefficient S;. The Peltier cooling is proportional to AS. We keep the
resistances of the two segments equal. We assume the power factor, S°c, to be constant
throughout the device; the electrical conductivity of the second material is set to be a
guarter of that of the first material.



In the thermoelectric device simulator (https://nanohub.org/tools/thermo), one can
simulate such a segmented element with a thin film on a substrate that has no spreading
effect. With no spreading effect, the substrate is assumed to have the same cross-sectional
area as that of the thin film, so the structure mimics an element with two segments in series.
In the second phase “Mode Selection and Condition” in the tool, select “Mode 1:
Thermoelectric Thin Film Cooler: Cooling power is known.” Enter “0” for Cooling Power
Density (this is the actual heat load at the cold junction), “300” K for T ambient, and

“Current [Amp]” as an independent variable with minimum 0 A to maximum 2 A with a step
of 0.01 A.

@ Mode Selection and Conditions: 43 % Rahivkd
Questions>

Selecta mnmi [Mnde 1: Thermoelectric Thin Film Cooler: Cooling power is known v|

Select Mode 1 i
Thin Film Thermoelectric supply electrode

Cooler (Qin is known) isolator

top contact

In this mode, the cacling power density (@, ) is known. ‘,Cui‘l'e"‘t -
The model solves for the temperatures (Tv Tz) with a

given current (1) applied. The model can also solve for
the adiabatic condition at the top surface by Gm =0,
The total electrical power consumed (W) and the
coefficient of performance (COP = Q,,fWJ are also

obtained. In the substrate, both electrical current and
heat spreading effects are taken into account.

substrate

ground contact

Enter the values here

Cooling Power Density [W/cm~2]: |0 Independent \fariahle]currem [Amp] |

Minimum Value: Jn

T ambient (k]: [300 Step Value:[0.01

[— Maximum Value: ‘2

< Intro Material Properties and Dimensions >




In the next phase “Material Properties and Dimensions,” select “Substrate with no
spreading effect.” The drawing will be automatically updated with a shrinked substrate to
the size of the thin film. Remember that we are still neglecting the parasitic heat conduction
through the supply electrode on the top side. The drawing shows this electrode and the
insulator region near the top segment. These are not included in the simulations but indicate
some parasitic effects that should be considered in real applications.

N . 7y Aboutthis fool
e TR and Q Questions>

Select “Substrate with No Spreading Effect”

Substrate and Spreading Effect Oph‘ins:[Substra!e with No Spreading Effect - |

Please click the blue buttons to enter the material properties and dimensions.

* Thin Film Properties
Contact Resistance

The drawing will be updated

ubstrate Properties .

< Mode Selection and Conditions Simulate »

Click the blue buttons to enter the material properties. For the first material (thin film), use
Seebeck coefficient of 200 uV/K, thermal conductivity of 2 W/mK, electrical conductivity of
1000 Q'cm™, thickness of 50 um, and area of 1e4 pm®. For the second material (substrate),
use Seebeck coefficient of 400 uV/K, thermal conductivity of 2 W/mK, electrical conductivity
of 250 Q'lcm'l, and thickness of 12.5 um. Leave the contact resistance to be “0”. Then click
“Simulate” to start the simulation.



About this faol
Quesfions »

Change values... » < fFions

Seebeck Coefficient, TF [microV/K]: [znn
Themal Conductivity, TF [W/(m*K)]: |2
Electrical Conductivity, TF [1/(ohm*cm)]: | 1000

Thickness, TF [micrometers]: [50 l

Please click the blue butio H.
Area, TF [micrometers*2]: 10000

Substrate and Spreading Effe

rhin Film Properties\LG

Enter the values for 15t material Sontact Resistance ©

C‘hange values...
Seebeck Coeflicient, Substrate [microV/q:[400
Thermal Conductivity, Substrate [W/(m*K)]: |z—
Electrical Conductivity, Substrate [1/(ohm*cm]:[250
Thickness, Substrate [micrometers): IT

—Substrate Properties}_;(

Enter the values for 2" material

And then click this button to simulate

v

< Mode Selection and Conditions | Simulate >

After the simulation is done, find the maximum cooling, AT.x. Calculate ®ZTS in this case
using the cold side temperature T. obtained from the simulation, and the material
properties. See that the maximum cooling was enhanced from %ZTZ with the additional
segment made of the second material at the hot side.

a. AT, =4157K, %ZTcz =58.38K
b. AT, =5482K, %ZTcz =58.38K
c. AT, =7197K, %ZTcz =52.0K
d. AT, =7697K, %ZTcz =52.0K
e. AT, =8827K, %ZTJ = 48.04K



5. (Thermoelectric power generator) The same geometry of a thermoelectric device can be
used as a power generator when the top surface is heated and substrate heat sunk to
create temperature gradient across the device and generate a Seebeck voltage. When a
load resistance R, is connected to the power generator, a power is generated at the load by
current flow as the thermoelectric device acts as a voltage supplier.

top contact

supply electrode
—

R

T ground contact
am

Fig. 3 Schematic of a thin film thermoelectric power generator

5-1. (Power output) First, imagine there is no substrate. What are the electrical current and
the power generated at the load if the top surface temperature is Ty, the bottom
temperature is T¢, S is the Seebeck coefficient, and R is the electrical resistance of the
power generator? (we neglect heat conduction through the supply electrode as well as
Joule heating in the wires).

] I:S(TH—TC) _S*(ary
RL >~ out RL
2 2

¢ 15T Out:STHRLZ
R+R, (R+R,)

o 1o STe p _STCR
R+R,™ (R+R,)

. I:S(TH—TC) _S*(AT)'R,

: > © out

R+R, (R+R, Y



5-2. (Maximum power output) What is the load resistance that maximizes the power output,
and what is the maximum power output? (Hint: Differentiate P,, found in Prob. 5-1
with respect to R;.)

2 2
d. RL =RZTH’ Poutmax =LT)2
4 R(+ ZT,,)
S*(ATY

b. RL =R 1+ZTH’POutmax =
™ T 4R(+ 2T,

2 2
(oN RL :R(1+ZTH)’ Poutmax :LT)Z
M AR(+ ZTy,)
2 2
d. RL :Rapoutmax :M
’ 4R
2 2
e. R, =2RP _SHary

s> © out,max 9 R



5-3. (Maximum efficiency) The efficiency of a thermoelectric power generator is given by

P
:Lﬂt’ (7)
0,

where Qy is the heat input from the hot (top) surface. Py is given from Prob. 4-1, but
can be rewritten as a function of current / as

P

out

= I(SAT - IR). (8)

From the heat balance equation at the top (hot) side, Qy, is given as
1
Qy = STy 1 —5R12 +KAT . (9)

Plug (8) and (9) in (7), and differentiate (7) with respect to current to find the current
that maximizes efficiency and the corresponding maximum efficiency. Also, what is the

load resistance to induce the current at the optimal level? Use y =/1+ ZT),, , where Ty

= (Ty+T¢)/2 is the average temperature.

Izﬂar]max:(}/_l)g’RL:R
2R (y+1) T,
b, 1=8T - (r-1) E,RL=(7—1)R
R AT T,
&7
(2}/+1)—T} "
L TH
g 1= SAT (y-1) AT b R
. - s> 'fmax — T oL T
R(l+y) {(Ml)_AT} o
TH
e. 1=58T max=(}/_1)£,RL=2R
3R (y+2) 1y



5-4. (Carnot limit of efficiency) What ZTy, value is needed to have the maximum efficiency
equal to the Carnot efficiency, Ncarnot = AT/TH?

a. ZT,, =1
b. ZT,, =0
c. ZT,,=10
d. ZT,, =100
e. ZT,, =

5-5. (Simulation for maximum power output) Use the thermoelectric device simulation tool
(https://nanohub.org/tools/thermo) to simulate the performance of a thermoelectric

power generator. Clear the previous output plots by clicking “clear” at the output page
if necessary.

In the pull-down menu in the second phase “Mode Selection and Conditions,” select
“Mode 4: Thermoelectric Thin Film Power Generator: Top temperature is known.”
Enter “600” K for Temperature 1, “300” K for ambient temperature, “Load Resistance
[Ohm]” as an independent variable, and “0”, “1e-4”, and “0.3” Q for Minimum Value,
Step Value, and Maximum Value of the load resistance, respectively.

-, - 5 About his fool
@ Mode Selection and Conditions Q Questonst

Selecta mnu}: ‘ Mode 4: Thermoelectric Thin Film Power Generator: Top temperature is known = I

Select Mode 4
Thin Film Thermoelectric supply electrode

Power Generation (T, ] is 1

top contact

known)

In this mode, the top surface temperature (T, ) Is
known, and the model solves for the heat flux from the
heat source at the top (@, ), the eleclrical current (1),
and the bottom temperature (Taj‘ TZ is equal to T!mb if
there is no substrate, which can be simulated. In the
substrate, both electrical current and heat spreading
effects are taken into account. Power output (P, = IR, ) and power generation efficiency (n = P, /G, ) are also
obtained.

Ry

ground contact
Tamo 7

Enter the values here

Temperature 1 [K]:|600 Independent Variable:|Luau Resistance [Ohm] -

Minimum Yalue: [0

T ambient [K]: | 3 o Step Value:|0.0001
o5 Maximum Value: [0.3

< Intro Material Properties and Dimensions >




In the third phase “Material Properties and Dimensions,” select “No Substrate” option
from the pull-down menu. Click the blue button next to “Thin Film Properties” to enter
“-250” (uV/K) for the Seebeck coefficient, “2” (W/mK) for the thermal conductivity,
“500” (Qcm)™ for the electrical conductivity, “2000” (um) (=2 mm) for the thickness, and
“1e6” (um?) (=1 mm x 1 mm) for the area of the thin film element. Enter “0” for the
contact resistance. Then, click “Simulate” to start the simulation.

- 7y Aboutihi ool

B S o v~ Wi D
Seeheck Coefiicient, TF [microV/Kk):[-250
Themal Conductivity, TF [W/(m"K)] lzi
Electrical Conductivity, TF [1/(ohmecm)]:[500

Thickness, TF [mit J:|z000 =
5.

Area, TF [micrometers™2]: | 1e+06

Substrate and Spreading Efig

Please click the blue butjol

Thin FIIrIn Properties\\_c

Contact Resistance

Enter the valued here

And then click this button to simulate

\

< Mude Selection and Conditions | Simulate >

What are the maximum power output, and the load resistance that maximizes the
power output according to the simulation results? Check how the optimal load
resistance for maximum output is compared to the internal resistance.

a. R, =0012Q,P, ... =0.010W
b. R, =0.02Q, Py =0.018 W
c. R, =0.035Q, P =0.028W
d. R, =0.04Q, P 0 =0.035W
e. R, =0.05Q, P . =0.043W



5-6. (Maximum efficiency, continued from Prob. 4-4) What is the maximum efficiency,
and the load resistance for that maximum efficiency according to the previous
simulation results? Check how the optimal load resistance for maximum efficiency
is compared to the internal resistance.

a. R, =0.012Q,7n,,. =0.027
b. R, =0.024Q,1n,,,, =0.041
c. R, =0.032Q,1n,,, =0.052
d. R, =0.044Q,1,,, =0.069

e. R, =0.052Q,7,, =0.085



5-7.

(Simulation on Power output as a function of temperature difference)
Now, simulate the power output as a function of the temperature difference AT.
Click “clear” at the down right corner at the output page to clear the previous
simulation results. Go back to the second phase “Mode Selection and Conditions”,
and leave the mode to be “Mode 4: Thermoelectric Thin Film Power Generator.”
Change the independent variable to “Temperature 1 [K].” Set the minimum, step,
and maximum values of the temperature 1 to be “300”, “10”, and “600” K,
respectively. Leave the ambient temperature to be “300” K. Enter “0.04” Q for the
load resistance. Note that this load resistance value matches the internal resistance

of the power generator.

@ Mode Selection and Conditions

1
Select a mode||Mode 4: Thermoelectric Thin Film Power Generator: Top temperature is known -

Leave the mode to be Mode 4
Thin Film Thermoelectric
Power Generation (T_ is TEfilm

top contact

supply electrode
—

known)

In this mode, the top surface temperature (T, ) is known,

and the model solves for the heat flux from the heat
source at the top (@h)J the electrical current (1), and the

bottom temperature (Tz). T2 is equal to Tm if there is

no substrate, which can be simulated. In the substrate,
both electrical current and heat spreading effects are

taken into account. Power output (P_ = IR ) and power generaion effici =P_/Q ) are also obtajned,,,
ot §Je1e(§‘tew&mtﬂefaafure il N
as an independent variable

| 1
600 Independent Variable ITemperature1 K M

Minimum Value: |3I]D

T ambient (K):[300 Step Value: 10

Load Resistance [Ohm): [0.04 Maxdmum Value: [600

R

(.jT'L)LIT\[J contact
Tgmh

Enter the new values here

< Intro Material Properties and Dimensions >

Keep the previous material property and dimension values as used in the previous
simulation in the third phase. Click “Simulate” to start the simulation.



After the simulation is done, check the power output graph as a function of the top
surface temperature (T;). What are the power outputs at T; = 400 K, 500 K, and
600K, respectively? See if the power output increases in proportion to (AT)* as
predicted in Prob. 5-2.

a. P,=12,48,and10.8 mW

b. P, =2.3,9.2,and 20.7 mW
c. P,=39156,and35.2 mW
d. P, =4.5,18.0,and40.5 mW

out

e. P

out

=5.2,20.8,and 46.8 mW



6. (Thermoelectric system optimization) A thermoelectric energy conversion module consists
of multiple pairs of n-type and p-type elements connected electrically in series, and placed
in parallel along the heat flow direction. One side of the module is attached to a heat source
via a heat exchanger to ensure high heat transfer between them. The other side of the
module is attached to a heat sink to create a large temperature gradient across the module.
This whole thermoelectric energy conversion system needs to be optimized together with
both-side heat exchangers.

Substrates

Fractional
coverage

ofelement coid side

Heat sink

Fig. 6 A thermoelectric energy conversion system with heat exchangers

The analysis and optimization is complicated, so we have built another simulation tool on
nanoHUB for the performance optimization of a thermoelectric system. Go to the following
link to launch the system optimization tool:

https://nanohub.org/tools/tedev

Click “Launch Tool” on the website to launch the tool. Read the introduction page in the
tool carefully. This tool finds the optimal thickness of the thermoelectric elements and the
optimal load resistance by co-optimizing the thermal and electrical resistances of the
thermoelectric module with given material properties of the thermoelectric elements, and
the heat transfer coefficients of the heat exchangers, and calculates the maximum power
output and cost of the system.



In the case of the symmetric thermal resistances at hot and cold sides, the maximum power
output per unit area is given by

YA 1 2
P = T.-T ), 10
" 41+ 1+ 2T, ) AZ‘P( s—T.) (10)

where A is the substrate area, YW is the sum of the external thermal resistances including
heat exchangers and spreading thermal resistances in the substrates, Ts is the heat source
temperature, and T, is the ambient temperature. Note that as we change the number of n-
and p-legs without changing the area covered by TE material, we trade off the generated
voltage and the current but the power output of the TE module per unit area does not
change.

In the second phase named “Simulation Options,” one can vary either one of the material
properties such as Seebeck coefficient, electrical conductivity and thermal conductivity of
the thermoelectric material used, or a heat transfer coefficient at hot or cold side to study
the variation of the maximum power output and cost per Watt as a function of the
independent variable.

6-1. (Power output) First, choose “Power Output as a function of Material Properties” in
the topmost pull-down menu in the second phase. Then choose “Thermal
Conductivity” as an independent variable in the second pull-down menu. Enter “0.5”
W/mK for the initial value of thermal conductivity, “3.0” W/mK for the final value, and
“0.1” W/mK for increment. Set the Seebeck coefficient at “300” uV/K , and the
electrical conductivity at “370” Q*cm™. For both heat transfer coefficients at the hot
and cold sides, use “400” W/m?K.



»

Select “Power Output as a function of Material Properties’
@ simulation Options J

Choose Analysis Opﬁnrl |F'nrwar Output as a function of Material Properties = |

Choose an Independent Variatle: IThermal Conductivity j |

Select “Thermal Conductivity”

Thermal Conddctivity (W§m.K) varies from |0.5 1o (3.0 with (0.1 increment
as an mdep- Var@emcﬁc:.em-:iem(uw :[300
Electrical Conductivity (1/0hm.cnj :|37|l

Set values here

Hot Side Heat Transfer Coefficiept (W/m~2.K): ‘40!]

Cold Side Heat Transfer Coeflicieft (W/m~2 K): [4&!!]

“NOTE: User is advised to clear all the previous plots befare switching the independent variable to
avoid plotting different independent variables on the same x-axis.

Then click this button to go to the next phase.

< Introduction Fixed Parameters >

In the next phase named “Fixed Parameters”, check the set values for the other
parameters describing system conditions, dimensions and cost information of the
thermoelectric system to simulate. These set values are realistic values obtained from a
steam turbine environment. Among them, note that the fractional area coverage, or fill
factor is set to 0.1, meaning that only 10 % of the substrate area is covered by the
thermoelectric elements. We will keep the set values for the parameters during the
simulations. Click “Simulate” button to start the simulation.

Once the simulation is done, check the output graphs. Then, do not clear the output
plots and go back to the second phase “Simulation Options.” Now, choose “Seebeck
coefficient” as an independent variable, and vary from “100” puV/K to “500” uV/K with
“10” uV/K increment. Set the thermal conductivity at “1.5” W/mK, and the electrical
conductivity at “370” Qcm™. Keep both heat transfer coefficients at “400” W/m’K.
Click “Simulate” to start the simulation.



Then click this button to start simulation

@ Simulation Options

Choose Analysis Option: IPuwer Output as a function of Material Properties |

Choose an Independent Variahl*:lseebeck Coefficient - |

Select “Seebeck cQSHIGIEAR, wmd s
as an Indep' Varl@J?JegcCuemcienl(u ) varies from |100 o |500 with |10 increment

Electrical Conductivity (1/0hm.cm} ‘|3?I1

=

Set values here

Hot Side Heat Transfer Coefficiet (W/m~2.K): |4lJD

Cold Side Heat Transfer Coefficieft (W/m~2.K): |4IJD

*NOTE: User is advised to clear all the previous plots before switching the independent variable to
avoid plotting different independent variables on the same x-axis.

< Introduction Fixed Parameters >

Once the simulation is done, do not clear the output plots again and go back to the
second phase “Simulation Options.” Now, choose “Electrical Conductivity” as an
independent variable, and vary from “100” Q*cm™ to “1000” Q" cm™ with “10” Q'cm™
increment. Set the thermal conductivity at “1.5” W/mK, and the Seebeck coefficient at
“300” uV/K. Keep both heat transfer coefficients at “400” W/m?K. Click “Simulate” to
start the simulation.



Then click this button to start simulation

9 simulation Options

Choose Analysis Opt‘mn:|iner Output as a function of Material Properties M

Choose an Independe iable: |E\ectm:al Conductivity - |

Select “Electrical Gonduetivity.. i
as an indep. Vatiabtencen wvo [300

Electrical Conductivity [1/0hm cm) varies from 100 to [1000 with [10 increment Set values here

Hot Side Heat Transfer Coef§cient (W/m~2.K): |400
Cold Side Heat Transfer Coefjcient (W/m~2.K): |4[II]

*NOTE: User is advised to clear all the previous plots before switching the independent variable to
avoid plotting different independent variables on the same x-axis.

< Introduction Fixed Parameters >

Now, you have collected all the graphs for the three simulations in the output page.
Choose the “Power Output vs. ZT” graph from the pull-down menu in the output page.
See how the power output changes with varying different material properties.

Repeat the three simulations done so far with different values of the hot and cold-side
heat transfer coefficients of “200” W/m?K. Then, repeat the three simulations again
with “600” W/m’K for the two heat transfer coefficients. Learn how the power output
changes with varying all the heat transfer coefficients and the material properties. Pay
particular attention to “Power Output vs. ZT” plots. Be careful with the graphs plotted
together in a plot with different x-axes. You can turn on and off some of the curves
using the legend sidebar on the right side, and zoom in and out with your mouse on a
plot.



After all these simulations, which of the following statements is correct about the

power output of this thermoelectric system?

a.

The higher the heat transfer coefficient is, the lower the power output is
generated.

Optimal power output is only a function of the heat transfer coefficients, and not
of the material properties.

Optimal power output does not change with varying any of the three individual
material properties and the heat transfer coefficients as long as the ZT value
remains the same.

Optimal power output does not change with varying any of the three individual
material properties as long as the ZT value and the heat transfer coefficients
remain the same.

None of the above.



6-2. (Cost analysis) Now, choose “Power Cost vs. ZT” graph among the output plots. Open
the legend sidebar by clicking the blue arrowed button on the right hand side of the
plot. Deselect all other curves, leaving only the first three simulation curves selected.
These curves are the ones with the constant heat transfer coefficients of 400 W/m?K

while varying the three material properties.

Click this button to open legend sidebar.

O ‘About this fool
Questions

Result:|Power Cost vs ZT

0.6 =

Power Cost ($/W)
~
1

02—

] — Power Cost vs ZT #0
[ === Power Cost vs 7T #0
*| ) — Power Cost vs IT #0
[[] == Power Cost vs ZT #0
[[] = Power Cost vs IT #0

— P

[¥] — Power Caost vs IT #0
—— Power Cost vs IT #0
—— Power Cost vs ZT #0

bct only the first t

<

[<) [s] [

Then, clickthis button
again to closg the legend

49 resulis

2T (unitless)

hree curves.

Clear One  Clear All

After carefully looking at the three remaining curves, find a correct statement among

the followings.

a.

b.

Materials produce the same power cost if their ZT values are the same.

In the high ZT regime (e.g. ZT higher than ~ 3.0), lowering the thermal
conductivity is more desired than enhancing the power factor in terms of

power cost if ZT remains the same.

In the high ZT regime (e.g. ZT higher than ~ 3.0), enhancing the power factor is
more desired than lowering the thermal conductivity in terms of power cost if

ZT remains the same.

Power cost increases with increasing ZT.

Power cost decreases with decreasing efficiency.



