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1. Final report
The final report must be prepared in English. Please fill in the following sections of the tem-
plate.

1.1 Project details

Project title Integrated Photovoltaics with Thermoelectrics
Project identification Energinet.dk project no. 12045
Name of the programme ForskEL

which has funded the pro-
ject

(ForskVE, ForskNG or ForskEL)

Name and address of the Department of Energy Technology, Aalborg University,
enterprises/institution Pontoppidanstraede 101, Aalborg 9000 Denmark
responsible for the project

CVR (central business register) 29 10 23 84

Date for submission 14-11-2014

1.2 Executive summary

The main goal of this small-scale project (budget: 500K DKK) is to investigate the potential
of PV cell performance integrated with thermoelectric generators through advanced numeri-
cal methods, analytical modeling and by including manufacturing process considerations in
the evaluation. The results focus on three main tasks done in this project. In the first task,
application of two conventional designs of micro-structured heat sink is studied. In the sec-
ond task, a comprehensive and coupled hybrid model of photovoltaic cell and thermoelectric
generator that can predict the performance of the hybrid model over a wide range of weather
variable parameters is proposed. In the third task of the project, a methodology is proposed
for fabrication of flexible photovoltaic and thermoelectric modules. The main results of the
project are summarized in the following.

Since configuration of the heat sink has a strong influence on the power generation and net
power in thermoelectric generators (TEGs), a micro-structured plate-fin heat sink (PFHS) is
compared to a modified design of cross-cut heat sink (CCHS) applied to the TEG. The Power
generation in the TEG and the required cooling energy in the heat sinks are considered over
a range of hot junction temperature and thermal conductivity of the thermoelectric materials.
The particular focus of this study is to explore maximum net power in the TEG module. The
three-dimensional governing equations for the flow and the heat transfer are solved using
the computational fluid dynamics simulation environment in conjunction with thermoelectric
characteristics of the TEG over a wide range of inlet flow velocity. The results show that for a
particular type of coolant fluid and dimensions of microchannel the maximum net power oc-
curs at lower flow inlet velocity when the hot junction temperature decreases and when the
thermal conductivity of the thermoelements is smaller. However, the thermal conductivity of
thermoelectric materials does not have strong influence on maximum power generation for
the considered heat sink geometries.
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A comprehensive model of hybrid photovoltaic and thermoelectric (PVTEG) module is able to
predict behaviour of the module for different weather conditions using real weather data
input. In the second task of this project, a fully coupled model is developed to predict per-
formance of conventional PV cell and also hybrid PVTEG module over a wide range of weath-
er conditions. This model can predict power generation by the PV cell and TEG and investi-
gate overall efficiency of the PVTEG module through a nonlinear set of equations which con-
sider radiative and convective losses from front and rear surfaces of the modules. A wide
range of the variable parameters of weather condition, such as ambient temperature and
solar radiation, and also TEG device, such as fill factor and figure of merit of thermoelectric
materials are considered in this evaluation. The results illustrate that conversion efficiency of
the hybrid PVTEG with conventional thermoelectric materials with ZT=1 is less than conver-
sion efficiency of the PV-only module. However, higher ZT thermoelectric materials can im-
prove the total efficiency compared to the PV-only case. In addition, primary results of hy-
brid concentrated photovoltaics (CPV) and TEG is able to provide higher efficiency compared
to CPV-only. Furthermore, in the last task of the project the pre-studying of the combined
flexible Photovoltaic thin film and flexible thermoelectric generator thin film as a sandwich
layer for merging on any micro channel heat exchanger or alternatively the solid state heat
sink is studied. The description is also based on different aspects as well as the manufactur-
ability of the device for power production which can increase the total electrical output of the
sandwich layer device. Further, industrial ability of the production by definition of the pro-
posed material is considered.

1.3 Project results

This section is divided into three sub-sections representing the objectives, methodology used
to achieve the expected results, and discussion of the results of the project. Each sub-
section reflects consideration of micro-structured heat sink effect on power generation of
thermoelectric generator (TEG), modeling of integrated photovoltaic (PV) cells with TEG im-
plemented for real whether conditions and considering of flexible PV and TEG cell as future
hybrid technology.

1.3.1 Objectives

TEGs, which convert heat energy to electrical power by means of semiconductor charge car-
riers due to temperature difference, have been of great interest to the energy research
community in recent years. A key factor in TEG systems is co-optimization of the TEG design
with its heat sink, where a challenge is to design and develop of effective heat exchanger.
The maximum power generation in the TEG can be enhanced with applying effective heat
sink. For instance, heat transfer coefficient on the cold junction of the TEG can affect the
optimal design of the thermoelements, where the maximum power generation occurs at
larger ratio of the thermoelements foot print area as the heat transfer coefficient increases
[1]. Using micro-structured heat sinks provides low weight and compact energy system,
compared to the conventional types of heat sinks and can increases modularity of the power
system. This type of heat sink has been interest of researchers for configuration optimiza-
tion.

Beside the thermal resistance consideration, the pressure drop is an important factor for
optimization of the micro-structured heat sink design, where the performance of the system
depends on the required cooling energy [2, 3]. In TEG systems, maximization of net thermo-
electric power is more important than enhancement of the power generation. The net power
generation is defined as power generation by the TEG minus required pumping power in the
heat sink. Higher voltage can be generated in the TEG if the temperature difference of the
hot and cold junctions increases by reduction of thermal resistance of the heat sink. One way
to reduce the thermal resistance is to enhance the convective heat transfer coefficient by
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increase of the mass flow rate in the channels. On the other hand, for a given channel hy-
draulic diameter, when the mass flow rate increases the required pumping power increases
due to rapidly increase of the pressure drop in the channel. High mass flow rate may require
higher pumping power than the power generation by the TEG and can cause negative net
power in the system [4]. The optimal mass flow rate can be explored at a practical limit on
the available required cooling energy by maximizing power generation in the TEG [5].

In this project, the effectiveness of flat-plate heat sinks (FPHSs) and cross-cut heat sink
(CCHS) are compared for reduction of the required pumping power and for maximization of
the net power generation. A modified design of the fins under the thermoelements is consid-
ered, where this design makes a CCHS for the TEG module. The fluid and thermal character-
istics in the heat sinks and the TEG are considered over a wide range of mass flow rate in
laminar regime by computational methods. Considering the maximum net power in the sys-
tem, the required cooling energy in the heat sinks is discussed versus the power generation
in the TEG for different thermal conductivity of the Bismuth Telluride based thermoelements
and imposed hot junction temperatures.

Solar cells combined with thermoelectric devices have been attractive technologies due to
the advantage of reliability, silent operation, and absence of moving parts. These have typi-
cally been bulky, segregated systems, matched to provide performance enhancement over a
narrow operational window. To achieve a high efficiency of solar electrical devices, the main
challenge traditionally is low efficiency of power conversion (electric power produced versus
solar radiation). However, the performance of the solar cells can be elevated by not only the
improvement of the materials but also the progress of system design. During operation, a
portion of the solar radiation converted to thermal energy and increases the temperature of
the PV cell, causing the efficiency to decrease. This temperature difference with ambient
provide can be suitable to apply TEG devices and make a hybrid power generation system.
Integration of the TEG with PV cells may enhance converting a fraction of the heat trans-
ferred to electricity to supplement that produced by the PV cell.

In order to improve the overall conversion efficiency of the solar radiation, some research [6,
7] and companies [8, 9] have mostly focused on hybrid photovoltaic and thermoelectric gen-
erators, while a few of them [10] considers the effect of the heat sink on the device perfor-
mance. Mizoshiri et al. [11] reported a hybrid micro-power module consisting of a hot mirror
that focuses the solar light on the hot side of the thin-film thermoelectric module. They could
increase the open circuit voltage of the thermal-photovoltaic hybrid generator by 1.3% com-
pared to that of the photovoltaic module only. Furthermore, using the micro-scale photovol-
taic-thermoelectric hybrid device, Wang et al. [12] could achieve overall conversion efficien-
cy larger than 13% for low-energy photons. The major challenge in integration of PV cell and
TEG is that by applying the TEG to the PV cell, thermal resistance of the module increases.
The higher temperature in the PV cell causes lower electrical conversion efficiency by the PV
cell. Therefore, influence of the TEG application on the PV cell needs to be evaluated careful-

ly.

To understand possibility of using the best and suitable material which makes the flexible
PVTEG product more energy competitive, we have to look at the material and processes for a
sandwich construction made of two layers and bonded to each other. Thin film silicon photo-
voltaic cells have normally a configuration classification which is referred to their deposition
process. This configuration is not limited to choice of a suitable substrate and therefore the
industrial manufacturer of the PV can in fact use a transparent or rigid as well as flexible
substrate based on poly-ethylene. Because of the easy roll to roll processing of flexible sub-
strate it has remained the main application of the N-I-P cells, which are connected to the
flexible substrate. The cells on this substrate made of the crystalline silicon cells, which are
connected to one another and form a crystal lattice. This crystal lattice is a solid state mate-
rial and forms the PV cells semiconductor.
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1.3.2 Methods

1.3.2.1 Governing equations for TEGs

The effect of radiation and natural convection heat transfer are neglected in this study, and
the surfaces exposed to the surroundings are assumed to be insulated. Under steady-state
condition, the electric field is irrational and the well-known coupled equations of thermoelec-
tric constitutive [13] including both the heat flow and the continuity of electric charge equa-
tions are [14]:

v.([11.)) = V. ([keeg]-VT) = ¢, (1)
V.([o].[a].VT) + V.([a].Ve) = 0. (2)

The maximum power generation by the TEG occurs at the matched load, where the internal
electrical resistance of the uni-couple is equal to the imposed electrical load resistance [15]:

(aAT)?
Pteg—max = T (3)

The internal resistance of the TEG in (3) is as follows [1]:

A7t AN\
(anH—n) +<apH—p> .
n p

R=nx(R,+R,) =nx

1.3.2.2 Heat transfer and fluid mechanics in heat sink governing equations
To calculate distribution of velocity and temperature for laminar and incompressible flow in
the heat sinks the following continuity, momentum and energy equations are solved [16]:

V.V =0, (5)
pf(VV. 17) = —Vp + V2V, (6)
pece(V.VT) = kV>T. (7)

The rate of heat removal from the heat sink to the coolant flow is:
Q = mce(T, — T). (8)
The required pumping power for the flow is related to the pressure drop and the volumetric
flow rate in the heat sinks and can be calculated as follows:
Poump = ApW. (8)

The pressure drop in the heat sink is an important factor that influences net power of the
module. The net power supplied by the TEG is the power generation by the TEG minus the
required pumping power.

Pnet = Pteg - Ppump- (9)
Nomenclature section of Appendix A defines the mentioned parameters above.

1.3.2.3 Integrated model for PV and TEG
Efficiency of PV cell has been traditionally represented with linear expression as follows [17]:

Mo = N1y, [1 = Bres (Tyw = Trer)] (10)
where nr,_, is cell’s electrical conversion efficiency at the reference temperature (T = 25 °C),
and reference solar radiation (G = 1000 W/m?) [18]. In (10) B, is the cells’ temperature
coefficient that normally given by its manufacturer and not only depends on the PV martial
but also on the reference temperature, and is defined as follows [19]:

1 1

= = ~ 0.004 (11)
Bres To—Trey 270°C—25°C 0.00
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where T, is the temperature at which the efficiency of the cell drops to zero, and for crystal-
line silicon cells is equal to 270 °C [20].

For a real environment condition radiative heat loss from front surface of the cell (Q,.;) and
convective heat loss from front glass cover and rear ethylene vinyl acetate (EVA) layer
(Qconvt @and Qconyp respectively) needs to be modeled. EVA layer is used to encapsulate the
silicon cells. Figure 1 illustrates the PV model studied in this project. The electrical power
generation by the module for a given solar radiation (G,) can be:

va only — npv(Gt Qconv,t - Qrad) (12)
chnv,t Qrad
Tg
Ly Glass (g)
. -
Lay R SRR SRR L EVA
Ly "

L]-l

Tev, b

T s

Figure 1 PV model studied in this project.

The convective heat loss from surfaces of the glass and EVA layers are:
Qconv,t = hWAC(Tg - Ta) (13)

Qconv,b = thc(TEVA,b - Ta) (14)
where 4, is the cell area, T, is temperature of the glass and Tgy,, is temperature on the rear

surface of EVA layer. For a given ambient temperature (T,) and wind speed (V},,,) the convec-
tive heat transfer on the surfaces (h,,) is given by Palyvos [21]:

294.26 "
_ (15)
h, =5.678 {a +b [(273_16 n Ta) Vm/0.3048] }

In (15) a, b and n are empirical constants given by Table 1 for smooth surfaces texture [22].

Table 1 Values for empirical constants in (15).

V,, < 4.88 m/s 488 <V, <3048 m/s
a b n a b n
0.99 0.21 1 0 0.50 0.78

The radiative heat loss from the PV cell depends can be important when the temperature of
the cell is relatively high due to high solar radiation and low wind speed:

Qrad = SO_A(Tpv4 - Tsky4) (16)

In (16) £ =0.9 is emissivity of the PV cell equal to 0.9 and o = 5.67 X 10°8 W /m?K* is Stefan-
Boltzmann constant. By taking energy balance equation for the nodes of PV cell shown in
Figure 1, a set of matrix can represent nonlinear equations for four nodal temperatures and
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electrical power generation by the PV cell along with the constant vector in matrix a of Table
2.

Table 2 Matrix coefficients for the nonlinear set of four governing equations based on nodal

temperatures.
kg 0
Hh+k_g _Z kEVA_I_kSi (())
. _ Bsi
L
" 1 kg 4 kgva | ksi Lo Lo G ksi  kgya
a=al LTI, ke ke ke ke Gy -p0-T 0
0 1 B keyva _ ﬁ Lyy Ly L3kl L}iz Ac ks + kgva +H
0 Lyy Ly _ st TEva Ly Lz e
0 Lz Lz
G+ AHn T, + SGAC(Tpu4 - Tsur‘r4)
b 0
Genr,,, (1 + .BT,.efTref)
ACHWCTG.

The hybrid model of photovoltaic cell and thermoelectric generator (PVTEG) is shown in Fig-
ure 2 where seven nodal temperatures represent temperature distribution in the PVTEG
model.

chnv,t Qrﬂd
Ty
4
Ly Glass (g)
S TEVA.t.

Ly ) EVA
=21

L3, -

L3 Tm ) EVA
Ls 1] it Ceramic (cr)
Ls
L | TTEG.c' Ceramic (cr)

Tere

A S

Figure 2 PVTEG model studied in this project.
Based on this temperature distribution, the power generation by the PV cell and the TEG can
be obtained. Efficiency of the TEG for constant property model of thermoelectric materials is
[23]:

ATy VI+2ZT-1

9 Tiegn Tteg,c
AVTFZT + iese
teg,h

Nte (17)
Power generation in the TEG depends on efficiency of the TEG and heat transfer across the
thermoelements (q,). Therefore, the power generation by the PV cell and radiative and con-
vective heat losses must be deducted from the solar radiation. The power generation in the
TEG is:

Pteg = Ntegqn = nteg(Gt = Qconvit — Qraa — va) (18)
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To calculate convective and radiative heat losses, (13) - (16) can be applied for PVTEG mod-
el, except the cold surface temperature of the EVA surface (Tzy,p) is replace with the cold
junction temperature of the TEG (T,,.,). Therefore by taking the energy balance equations for
the PVTEG model, the coupled temperature of the considered nodes can be found by a set of
nonlinear equations as follow:

Ak Ak
<ACHwh + ﬂ) T, — <ﬂ> Tevar = Gr + AcHynTy + €04 (T — Tourr)

Ly Ly (19)
Ackg Ackpv kEVA ksi kEVA ksi
- T,—A + +— T, + A (— +—4+G )T =0
< Ly ) g ¢ < Ly Ly Ly) P ¢ Lyy Ly MTrerPTrer ) Tow (20)
_ kgva | ksi keva | ksi | ksi | keva _ STres Prres _ ksi | keva _
Ac ( Laq + Lzz) TEVA't +Ac ( L2y + L2z + L3y + L3y Ac Tpv Ac (L31 + L3, )Tcr'h -
21
~Geng,, (14 Bryy Trer) (21)
ks; kEVA) ksi  kpva | Kern kern
B P L O R R () PR
(L31 Ly /7Y Ly Ly, Ly ) et L, ) TEE" (22)
kcr,h Ackcr,h ATEGkTEG ATEGkTEG
Ac (L_4) Terp + ( L, + L—s) Trech ( Iy ) Trece
T. —-T, V1+ZT -1
= —0.5< TEG'; TEG'C) T (Gt - thTref <1 - (BTref(Tp‘li - Tref)>>> (23)
tegh VI FZT + ZEee
Trecn
Arpck Arpck Ak Ack
_ ( TEZS TEG) Trean + ( TEZS TEG cL:r,c +) Trege — ( cL:r,c) Tors
T. - T, V1+4+ZT -1
= —0.5( TEG"; TEG'C) T (GE - thTTEf <1 - (ﬂT,ef(Tpu - Tref))>> (24)
tegh VI + ZT + 728c
Trecn
Ak k
-(== Trege + Ac T+ Hye ) Tere = AcHye Ty 25
Le Lg

When the one dimension (1D) temperature distribution in the PVTEG model is reached, the
electrical power generation by the PV cell and the TEG is calculated. The total efficiency of
the PVEG is defined as total electrical power generation for solar radiation on the PVTEG
module:

Py + P,
Teota = o2 (26)
t

1.3.2.4 Flexible PV-TEG technology

As mentioned the bonding process of the ready PV layer to the manufactured thermoelectric
(TE) layer is one of the important cases regarding the sandwich flexibility and heat transfer
through the flexible PV film (Figure 3) to the TE-film.

TEG-substrate: The second layer “TE-layer” can be made of commercially semiconductor
material as well as bismuth telluride to obtain the power generation from the heat flux
through the first layer perpendicular to the second layer. These materials have almost the
same strength and mechanical property as the PV material, but they are made by two differ-
ent manufacturing processes. Different material for the TE substrate has to be studied for
selection of the right approach for manufacturability and quality, and to the monotonous



ENERGINE'I/DI(

interaction of the layers. The selection of the layer for texturing and implementation of the
TE material is divided into two categories.

Figure 3 Flexible PV [http://www.cleantechinvestor.com].

The first category is the material of the layer and the second category is the preparation for
printing process.

Selected Material for TE- substrate/layer: as shown in Figure 4, the PVTE layer contains of 5
different micro layers which are bonded together and they can make a final 550 micron tick
multilayer. The layer starts from the hot side and is explored and explained as below:

alpcon

Dispenser printed .
P&N TE material 50 Micron silicone gel 76 Micron Polyimide film

HOT SIDE

COLD SIDE

Metallic connections 50 Micron silicone gel

20 micron
TE-layer contains of five p layers

Figure 4 PVTE layer with five micro layers

1.3.2.4.1 1™ Micro layer of PVTE

This layer is the bonding layer low toxic, thermal conductive silicon substance. The layer of
the PV and eventually the layer of the micro channels for active cooling will be connected
together by using preferably a micro layer of bonding that the process based on chemical
bonds. This substance will be used by coating process at room temperature.

The coating will be applied to the surfaces between PV substrate/layer and the TE-
substrate/layer, furthermore between the TE-layer and the micro channels surface. The di-
rect bonding process gives very good property concerning the radios of the flexibility and the
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sandwich layer performance in process of time. This will improve the longer operative life
time when the sandwich layers are thermally stressed. This means the layers exposed to
sever temperature fluctuations during the sun radiation on the surface of photovoltaic layer
(increased temperature) and during the dark period and winter time (decreased tempera-
ture). Not suitable bonding can affect to the poor heat transfer through the silicon film to the
thermoelectric layer.

By wafer bonding technique is possible to process almost all kind of the material if the sur-
faces fulfil the requirement, but as silicon is more popular in chemical industry it is most
established material for bonding process called direct bonding or by coating process. For the
processing this layer over the TE-material the coating method will be applied to the both
outer surfaces and will be protected by a preliminary paraffin paper before sandwich assem-
bly of the layers. This coating layer has a thickness of around 50 micron. The accuracy of
the thickness depends on which kind of industrial methods will be chosen for this process.
However small variation of the thickness have influence on the heat flux of the assembled
device.

1.3.2.4.2 2" Micro layer of PVTE (thermoelectric material)

Substrate printing method and dispenser printed thermoelectric material is a relatively new
but is promising and unique method to producing a thick or thin film thermoelectric material
with good thermoelectric property especially for operation temperature below 120 °C. All of
the processes for dispenser printing happen on the 4th micro layer with a layer thickness of
100-200 micron depend on the design and flexibility radius. The layer No. 4 is the substrate
for TE material and will be manufactured by using one of the most industrially valuable poly-
imides which is polypyromellitimides and hereafter prepared for dispenser printing. Alterna-
tively the main layer (Layer No. 4) can also be supplied by one of the supplier of the polyi-
mide.

For printing process and producing a good composite, the particle size for the ink must be
measured and a micro size particle suitable for this process has to be achieved, therefore the
process of quench, ball milling and laser scattering particle size of thermoelectric powder
material must be done very carefully. Before making the micro powder the process starts by
removal of TE ingot surface impurities such as dust/oxidations/fat and other impurities. Very
often the surface of ingot will be contaminated in process of time. After cleaning the ingot it
has to be crashed in pieces of max. 6 mm. The grinding process starts by moving the Jar
from Argon chamber and place it in the ball mill machine. The duration time for ball milling
must not leads to raising the temperature of the Jar and material beyond 50°C.

The result of this process will be a suitable micro Grain size of Powder. The Laser scattering
particle size distribution must also be used to shows a roughly compatible size of grains for
using in printing process.

Alternative for dispenser printing is; using the newest technology which is under test at
Fraunhofer, Institute for Material and Beam Technology IWS, Germany. As the AAU is al-
ready involved in FP7 project and have cooperation with Fraunhofer, then it will be an obvi-
ous topic for more cooperation with this partner on 3D printing of TEG on thin film. The 3D
printing technology at Fraunhofer is one of the achievements of Dr. Aljoscha Roch and his
colleagues at IWS. Using this method will result to a quicker success for AAU s innovative
technology. This process is based on using a non-toxic TE-active polymer, which is flexible
and will be printed in pm layer on the surface of a Polyimide film (Figure 5).

10
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The structure of polypyromellitimides

—

Polyimide film

Flexible TEG film made at Fraunhofer

Figure 5 3D printing process of TEG on thin film.

1.3.2.4.3 3™ Micro layer of PVTE (metallic contact)

This micro layer is a metallic coated or printed layer of either silver Nano wires or carbon
nanoparticles. The micro layers making the bridge connections between P&N bonds and P&N
dots. This process can be done with any metallic Nano powder with low electrical resistivity.
Very good electrical conductivity can be obtained by using the silver Nano wires or silver
pasta for metallic connection. A silver Nano wire film (Figure 6) can be transparent and with
a size of 40-50 um can be synthesized in present of Pt seeds and dispersed in a water-based
solvent. The thickness of the printed such silver additive ink is decisive factor for the electri-
cal conductivity of the metallic layer. These electrical conductive bridges can be printed by
inkjet printing on the flexible polyimide film substrate which is described above (2nd Micro
layer of PVTE). The electrical resistivity of this layer can be even lower than 1.0 pQ.cm de-
pends on the thickness of the printed layer.

The described processes above will be the first step of the printing processes on the polyi-
mide film. Hereafter the printing process of thermoelectric material will take place and de-
pend on the design; each zone will be printed and the external connection will be applied.
The design and planar geometry of the zone must be harmonized with the planar geometry
of the flexible PV sheet.

11
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Electrical conductive film

Silver Nano wire liquid

Figure 6 The silver Nano-wire liquid and electrical conductive film.

1.3.2.4.4 4" Micro layer of PVTE

Manufacturing the polyimide material: The polyimides family is solid substances which are
not combustible, not dissolve in organic solvents, oil and acids. But they can be hydrolyzed
by alkalis. Polyimide is a polymer of the imide monomers (Figure 7), which can be formed in
film/sheet and be used for different application. One of the advantages with these kind films
is their heat resistance. The Polyimides do not change the physical form under temperature
gradient. As these materials are heat resistance the heat conductivity of the material is low
and laying between 0.2 W/(m-K) to 0,6 W/(m.K). But by using the micro thickness layer the
matter of heat resistance of the polyimide films will become secondary for TE-layer. Polyi-
mides have an amorphous structure and at 20 °C room temperature have a density of 1400 -
1500 mg/cm?. Polyimides materials are produced mainly by poly condensation of the tetra
carboxylic acids and also their derivatives. In this process first the macromolecular soluble
polyamic acids are produced and later on thin and thick film material and fibers are formed
from polyamic acids. After this process the materials will be treated by heat. Polyimides are
also worked by pressure moldings. There are different applications where the Polyimides
beneficially can be applied. One of the important advantages of polyimide is the resistivity to
the fast electron, Ozone and the radiations from the sun, which will be dominant by using the
transparent Photovoltaic substrate. The resistivity to the fast electron make it possible to
produce high voltage layers, where the voltage output from TE-layer will be designed accord-
ing to the voltage output of a photovoltaic sheet layer, where the surface area is similar to
the thermoelectric sheet layer. By this way one of the challenges to convert the output volt-
age to a high voltage for matching the voltage of the PV sheet layer will be ignored. Im-
portant data about this process material is mentioned in the Table 3.

The structure of an imide molecule

Figure 7 Structure of an imide molecule.

12
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Table 3 Important data of the process material.

Description Value Unit
Tensile strength at 200C 180 MN/m2
Thermal conductivity 0.52 W/(m-K)
Melting point none =
Density at 200C 1430 kg/m3
Impact test/Notch test 4-8 kJ/m
Vicat softening level After 225 oC
Thermal expansion coefficient 5.5x10-5 Per K
Specific heat capacity 1.15 k1/(kg-K)
Dielectric constant 3.5 at 1 MHz
Water absorption 0.32 (ASTM)

Supplying commercially polyimides film sheet: There are numerous suppliers which supply
this material. The material is modified for different application. Some of the Polyimides film
structure have tendency to electrostatic charge on the surface especially in present of air-
flow. They can release over 9.000 Volts discharge to the components and circuit boards
which are in contact to them. This electro discharge can damage the sensitive electronic,
especially when a device contains programmable chips and is not earth protected. There are
also made many other industrial formulas to avoid such a disadvantage of polyimides films.
The recent researches and excellent high technological industrial methods made it possible
for researchers to make a polyimide film (Figure 8) with very low electrostatic charge at un-
wind environments. The new films overcome this problem without any of the typical draw-
backs of conventional anti-static/static-free films materials. Even this kind film is now availa-
ble with both polyethylene and cardboard tape core. The new polyimide films are used for
PCB solder masking and high temperature application. This kind film cannot change the
phase and be soften when the temperature raise, thus the film provides an excellent release
surface at elevated temperatures.

An efficient flexible TEG require that the fabrication gives possibility for a high density ther-
moelectric material with high aspect-ratio TE-legs/points placed and contacted electrically in
series. By utilizing a flexible device design it will be possible to fabricate the TEG on polyi-
mide flexible film which is very suitable insulating substrate for higher electrical voltages.
Furthermore a deposition technique of the printing on the film meets the requirements for
fabrication of flexible and planar TEG devices.

The process of dispenser printing involves the deposition of a synthesized thermoelectric ink.
This ink can consist of different active materials in a polymer binder which normally can be
formulated by silicon family and solvents. At this step the important factor is to optimizing
and synthesizing an effective thermoelectric composite for printing process. One of the
commercially available film materials is Kapton HN with a relevant data in the Table 4.
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Figure 8 The same Polyimide films for flexible PV and TEG.

Table 4 A commercially available film materials is Kapton HN.

SPECS

ITEM Film Tape

TYPE Premium Grade, No Adhesive
MATERIAL Dupont Kapton Polyimide
THICKNESS 5.0 mil

WIDTH 58

LENGTH 50 ft.

COLOR Amber

PERFORMANCE TEMP. -452 Degrees to 752 Degrees F
STANDARDS ASTM D5213

UNSPSC 31201522

WEIGHT 0.960000

SKUsS 3ZVN6

1.3.2.4.5 5™ Micro layer of TVTE

This layer is exactly the same material as the 1st layer. The bonding layer is thin and ther-
mal conductive silicon substance. The micro channel heat exchanger will be bonded to this
layer for cooling of the flexible TE device. As mentioned in description for coating of 15t micro
layer, the coating will be applied to the surfaces between PV substrate/layer and the TE-
substrate/layer, furthermore between the TE-layer and the micro channels surface. The di-
rect bonding process gives very good flexibility for the new sandwich device and its layers.
Here we must take in account that the radio of the multi sandwich device flexibility is used
when the micro channel heat exchanger will be designed as a flexible device, or as a device
with not planar surface. The radio of the total sandwich device flexibility is zero when the
micro channel heat exchanger is designed as a planar solid state device. The silicone bonding
material layers which must be used for this purpose have an adhesion to steel is measured
which is about 1.2 kg/cm?, which make it possible for mounting of the device in any position
without using the clamping tools.
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Figure 9 Flexible PVTEG device.

1.3.3 Selected results

1.3.3.1 Micro-structured heat sinks for TEG

Figure 10 shows configuration of the heat sinks with the TEG, indicating the symmetric calcu-
lation domain that is a quarter of the TEG and heat sinks. In this numerical investigation, the
length of the studied thermoelements is 2 mm with squared footprint area of 1 mm?. The dis-
tance between the thermoelements is 0.8 mm. The thickness of the ceramic substrate and the
silver interconnectors are 0.07 mm and 0.1 mm, respectively. For better consideration of the
effect of flow and heat transfer in the heat sink on the power generation in the TEG, the
properties of thermoelements are taken constant in this study. The thermoelectric materials
are Bismuth Telluride (Bi,Te;) with electrical resistivity and Seebeck coefficient equal to
9.09 0.m and +0.2 mV/K, respectively. Thermal conductivity of the thermoelements affects the
heat flux across the TEG module and the power generation. Therefore, three values for
thermal conductivity of the thermoelements are considered, 0.8 W/m.K [24, 25], 1.6 W/m.K
[26], and 2.0W/m.K [27]. The ceramic substrate is Alumina (AD — 995, Nom.99.5% Al,0;) with
thermal conductivity of 30 W/K.m. The interconnector is Silver with thermal conductivity of
429 W/K.m. Linear variation of the interconnector electric resistivity with the temperature is
0.0038T + 1.52 x 1078 Q.m [28]. Water is used as the coolant fluid with the inlet temperature of
290 K. The range of the flow inlet velocity to the microchannels is 0.01 — 0.7 m/s that produces
Reynolds number 3.9 —276.3 in the PFHS and 2.2 —153.5 in the CCHS. Fixed temperatures
considered for the hot junction are 350K, 450 K and 550 K. The designed microchannels have
the same hydraulic diameter equal to 75 um. Table 5 presents properties of the coolant fluid
and the heat sink used in the simulation. Furthermore, Figure 11 illustrates a screen shoot of
the software (ANSYS) used to solve the 3-D problem of the coupled thermoelectric and heat
sink for a sample thermoelement heat transfer conductivity and PFHS.
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Figure 10 Configuration of the studied TEG and heat sinks a. TEG and PFHS, b. TEG and
CCHS, c. front view of symmetric domain of thermoelement and PFHS, d. front view of sym-
metric domain of thermoelement and CCHS.
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Figure 11 Screen shoot of the ANSYS software used to solve the 3-D problem of the coupled
thermoelectric and heat sink.

Table 5 Properties of the coolant fluid and the heat sink.

Dimension

k (W/mK)

k(W/m K)

pr(kg/m*)

ne(kg/m.s)

ce(J/kg. K)

Value

237

0.6

998.2

0.001

4182

The thermoelectrical characteristic of the thermoelements are implemented in a three di-
mensional simulation environment and are solved by the finite element method, Mechanical,
in conjunction with the computational fluid dynamics (CFD) simulation environment, CFX,
that solves the thermal and fluid coupled equations in the heat sinks and in the coolant fluid.
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To reduce the computational effort, a symmetry boundary condition is imposed, which sur-
rounds a quarter of the TEG and the heat sinks.

The aim of computational model used in this study is to demonstrate detailed results for 3D
temperature distribution and voltage generation in the TEG affected by the flow in the micro-
structured heat sinks. The application of the heat sinks provides realistic thermal boundary
condition in the TEG in contrast to the commonly works on thermoelectricity, where the cold
junction is at constant temperature. The flow temperature rises along the heat sink due to
absorbing heat. Therefore, temperature on the cold junction of the thermoelements is not
constant, and each thermoelement generates different voltage. However the electric poten-
tial increases in the series design of the n and p-type thermoelement, as is illustrated in Fig-
ure 12 The effect of flow temperature variation on the temperature distribution in the ther-
moelements can be seen in Figure 13 This effect is more visible at low flow velocity due to
rapidly increase of the flow temperature along the heat sink. For better comparison, Table 6
shows the voltage generation in the thermoelements for sample inlet velocities.

Electric voltage (V)

0.207 Max
0.184
0.161
0.138
0.115
0.092
0.069
0.046
0.037
0.000 Min

0 0.0015 0.0030 0.0045 0.0060 (m)

Figure 12 Generation of the electric voltage, v; = 0.5 m/s T, = 550K, kyoq = 1.6 W/m.K.

Temperature of TEG (K) Tempareture of fins (K)
546 351
520 ! ! 349
493 347
467 | 345
441 343
415 341
389 340
363 338
337 336

ol

Figure 13 Temperature distribution in the TEG and fins of CCHS, v; = 0.01 m/s T, = 550K,
kieg =16 W/m.K.

0 0.0015 0.003 (m)
— —
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Table 6 Voltage generation in the thermoelements for sample inlet velocities, T, = 550K,
keeg = 1.6 W/m.K.

vi(m/s) voltage generation in TEG with CCHS (V) | voltage generation in TEG with PFHS (V)
TE#1 TE#2 TE#3 TE#4 TE#1 TE#2 TE#3 TE#4
0.01 0,04542 | 0,04462 | 0,04428 | 0,04401 | 0,04765 | 0,04680 | 0,04634 | 0,04599
0.10 0,05131 | 0,05103 | 0,05085 | 0,05067 | 0,05162 | 0,05144 | 0,05132 | 0,05120
0.70 0,05168 | 0,05163 | 0,05160 | 0,05156 | 0,05176 | 0,05172 | 0,05171 | 0,05168

At higher flow rate condition, the thermal performance of the PFHS is slightly superior to the
CCHS. As discussed by Kim et al. [29], for small dimensionless required pumping power,
10g(Ppump/(13/(p?Dnsr))), and large dimensionless heat sink length, log(H./Dyy), the PFHS is
recommended. For the considered inlet velocity in this study, the dimensionless required
pumping power is smaller than 11.35 for dimensionless heat sink length equal to 1.03, where
the FPHS is recommended. Moreover, at low flow rate the PFHS shows much better perfor-
mance than the CCHS.

Microchannel heat sinks contain several channels in contrast to typical heat sinks with large
scale channels which make it difficult to achieve constant wall temperature or constant wall
heat flux. Therefore, conjugate heat transfer effect should be accounted for the microchannel
heat exchangers, particularly at low Reynolds number [30]. As is mentioned in previous
works [31, 32] and as Figure 13 reveals in this study, the heat distributes in the part of the
CCHS that no fin is designed. Therefore, thermal performance of the CCHS drops at the low
flow inlet velocity and power generation in the TEG is less than that with PFHS. Since water
is considered as the coolant fluid in this study, the temperature variation of the cold junction
is limited in a small range of temperature. However suitable temperature is available on the
cold junction due to relatively high specific heat capacity of the water. Therefore, as Figure
14 shows, the voltage generation does not drop sharply when the flow inlet velocity decreas-
es. However, the effect of the hot junction temperature dominates in voltage generation and
the power generation is strongly affected by temperature difference of the cold and hot junc-
tions.

~-PFHS, 7},=550 K -#-PFHS, 7},=450 K -~-PFHS. 7},=350 K
--CCHS. 7},=550 K-+-CCHS, 7}, =450 K ~+CCHS. T;,=350 K

Ppump. PFHS Ppump. CCHS

0.6 10

0.5 107!

0.4 4 107 _
£
503 1 107 g
=~ K="

0.2 _.//!;3::__;;?&-—.—.—.—. “)_4 ~

i
0.1 1 L 107

00 P T e i TP T
0.01 0.1 1
Vi (m/s)

Figure 14 Variation of electric voltage generation and required pumping power with flow inlet
velocity, ke, = 1.6 W/m.K.

When the system operates at high inlet velocity and low temperature difference, the net
power of the system can be minus due to high required pumping power and small power
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generation. Therefore as Figure 15 reveals, depending to the design of the heat sink, the
limitation of inlet velocity needs to be considered to avoid of minus net power. On the other
hand, with decrease of the inlet velocity the power generation reduces, however a smaller
pumping power is required due to lower pressure drop in the heat sink. In addition, to avoid
of vaporization of the coolant fluid, there is a lower limit for the flow inlet velocity. In be-
tween of the low and high limitations of the flow inlet velocity there is an optimal point for
each hot junction temperature and type of heat sink that makes maximum net power in the
TEG. When the hot junction temperature increases the maximum net power occurs at higher
flow inlet velocity, because the increase of the voltage generation is greater for higher hot
junction temperature compared to that for small hot junction temperature.

~-PFHS. 7,=550 K -=-PFHS, T},=450 K
-+PFHS, 7,=350K  -e-CCHS. 7},=550 K

oo CCHS. T3=450K CCHS, 73,=350 K
O
0.5
0.4 -
g 0.3 -
:fu_z M
0.1 1
0.0 ¥ R ———— '_*“‘*ﬁ-%
0.01 0.1 1

-0.1 4

v; (m/s)

Figure 15 Variation of thermoelectric net power with flow inlet velocity, k.., = 1.6 W/m.K.

Researchers in the field of thermoelectrics have been tried to minimize thermal conductivity
of the thermoelectric materials in order to provide higher temperature difference and to en-
hance power generation in TEGs. However, the effect of thermal conductivity needs to be
considered in conjunction with the heat sink. As Figure 16 shows, the thermal conductivity
does not have strong influence on maximum value of the net power and the maximum net
power is slightly superior for smaller thermal conductivity materials. However, applying
smaller thermal conductivity material makes advantages of providing the maximum net pow-
er at lower inlet velocity and smaller pumping power.

Over studied range of the flow inlet velocity, the heat transfer rate in the PFHS is higher
compared to the CCHS and it makes higher heat flux across the TEG (Figure 16). For con-
stant hot junction temperature and thermal conductivity of thermoelectric materials, the
higher heat flux creates higher temperature difference in the TEG and enhances the voltage
generation. Although the required pumping power is smaller in the CCHS, the overall net
power in the TEG with PFHS is slightly superior to that with CCHS. It should be noted that
this evaluation is based on the particular considered microchannel dimensions, type of cool-
ant fluid and boundary conditions.
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Figure 16 Variation of thermoelectric net power and heat flux across the TEG with flow inlet
velocity, T, =550 K.

1.3.3.2 Integrated PV and TEG

Appendix B describes in detail the developed model for PVTEG integrated model. The model-
ing of the PV-only and PVTEG is based on practical variable parameters. The results of the
models are a function of solar radiation, ambient temperature wind speed, fill factor of the
TEG (f) and figure of merit of thermoelectric materials (ZT). Furthermore, two special cases
are also considered to evaluate the PVTEG model where the back surface of the PVTEG is
isolated and an active cooling principle enhances heat transfer coefficient on the rear surface
of PVTEG. When the PVTEG module is installed on roof of building with small roof-module
distance we can suppose that heat transfer coefficient on the rear surface is low (H,. = 0).
For force convection by air the heat transfer coefficient varies 20 — 50 W/m?K, while this
range is 300 — 1000 W/m?K for water. Table 7 shows the values of variable parameters in this
project that consider over wide range of weather conditions. Among the considered variables
G, = 1000 (W/m?), T, = 285 (K), V,, =5 (m/s), f =0.6 and ZT =1 are taken at reference varia-
bles. When effects of one or some variables are discussed in this project, the other variables
are fixed at the reference values.

Table 7 Variable parameters of the weather condition and TEG applied in this project.

Parameters Values

G, (W/m?) 500, 800, 1000, 2000, 5000, 10000

T, (K) 270, 275, 280, 285, 290, 295, 300

Vy (m/s) 1, 5, 10, 15, 20, 25, 30

f 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9

7T 1, 2, 3, 4

Hye (W/m2K) 50, 100, 200, 500, 1000, 2000, 5000, 10000

Power generation in the TEG strongly depends on the temperature difference between the
cold and hot junction of the thermoelements. As (16) shows, a higher temperature difference
makes the TEG more efficient and enhances power generation in the TEG. The impact of heat
transfer coefficient on the rear surface of the PVTEG is small at low wind speed and cannot
make suitable temperature difference between two junctions of the TEG. Therefore, the pow-
er generation by the TEG is too small. The heat transfer coefficient on the rear surface in-
creases with the wind speed and the power generation in the TEG enhances. The power gen-
eration by the TEG decreases at high wind speed. High heat transfer coefficient on the front
surface of the glass cover decrease the temperature at the hot junction of the TEG and re-
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duces the power generation. However, as Figure 17 shows, the power generation by the TEG
is not comparable with the power generation by the PV cell for low ZT. Power generation by
the PV-only and PVTEG enhance similarly when the wind speed increases.

—=PVTEG =e=PV-only -*TEG
0,31 0,002
0,29 L 0,0018
027 L 0,0016 =
5025 L 0,0014 &
0.23 - 0,0012
0,21 0,001

Vm (m/s)
Figure 17 Variation of the power generation by TEG, PV-Only and PVTEG with wind speed.

The temperature difference between the junctions of TEG can be modified by fill factor in the
TEG which is ratio of the thermoelements area per area of the TEG module. With increase of
the fill factor, thermal resistance of the TEG decreases and higher amount of heat flux passes
across the TEG. On the other hand, the temperature difference in the TEG decreases and
reduces the efficiency of the TEG. Considering both of these effects, the results of Figure 18
illustrates that power generation in the TEG decreases when the fill factor increases. Apart
from the TEG power generation, when the heat flux across the TEG enhances, the tempera-
ture of the PV cell in the PVTEG model reduces which results a higher power generation by
the PV cell. In general, the power generation in the PVTEG increases with the fill factor.
However, this value is still lower than power generation by the PV-only.

-8-PVTEG -=-PV-only -+TEG
10,87 0,0050
0,0045
10,86 0,0040
0,0035
1085 0,0030 _
é:__i 0,0025 &
10,84 0,0020
0,0015
10,83 0,0010
0,0005
10,82 : ; ; . 0,0000
0 0,2 0,4 ] 0,6 0,8 1

Figure 18 Variation of the efficiency of TEG, PV-Only and PVTEG with fill factor.

The most suitable thermoelectric materials for the temperature range in the TEG are bis-
muth-telluride based materials [33] which have a ZT < 1. Therefore, for current thermoelec-
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tric materials applying the TEG module to the PV cell may cause to reduce the overall electri-
cal conversion efficiency and may not be reasonable. If development of thermoelectric mate-
rials can provide higher ZT in future, then a hybrid module of the PVTEG can enhance the
total efficiency, as can be seen in the Figure 19.

--PVTEG -e-PV-only
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10,08 Aol

I (1 S R

n(%
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é

10,85

0 1 2 3 4 5
ZT
Figure 19 Variation of the efficiency of PV-Only and PVTEG with thermoelectric figure of mer-
it.

Figure 20 shows variation of the radiative heat loss and the efficiency over a wide range of
heat transfer coefficient on the rear surface of the PVTEG. Higher heat transfer on the rear
surface affects the temperature distribution in the modules and reduces temperature on the
PV cell. According to (16), the radiative heat loss decreases as the temperature variation
between the PV cell and sky reduces. Since the temperature of the PV cell of the PVTEG is
higher than that of PV-only surface due to additional thermal resistance caused by applying
TEG, radiative heat loss from the PV-only cell is lower compared to the PVTEG. Reduction of
the radiative loss also means that a bigger portion of the solar radiation is converted into
electricity and the efficiency of the modules increases. Moreover as mentioned, when the
surface temperature of the PV cell decreases its efficiency increases. Therefore, a higher heat
transfer on the rear surface of the PVTEG leads to a higher efficiency.

=+=PVVTEG -®=PV-only «=#=PVTEG =#=PV-only

12,4
L 12,1

<

118 €
115
112

50 500 5000
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Figure 20 Variation of the radiative heat loss and PVTEG efficiency with heat transfer coeffi-
cient on the rear surface
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As mentioned, efficiency of the PVTEG can enhance with higher ZT of thermoelectric materi-
als and heat transfer coefficient on the rear surface. A 3-D view of the efficiency variation as
shown in Figure 21 can show the limitation of the efficiency enhancement for the considered
variables. The active cooling requires cooling power dependent to the volumetric coolant flow
and pressure drop in the heat sink that reduces net power generation. In case of applying
active cooling principle the cost of cooling energy needs to be evaluated.

For the special case which the rear surface of the PVTEG is assumed insulated in order to
simulate roof installation of the PVTEG with small roof-module distance, the temperature
difference between the two junctions of the TEG is zero because of zero value of heat trans-
fer coefficient on the PVTEG rear surface. Therefore, the power generation by the TEG is
zero.

2122125 ®119-122 ®m116-11.9 m11.3116
125 1
122 4

1194+

n(%)

116 4

Hwe (W/Km”2)
Figure 21 Variation of the efficiency of PVTEG efficiency with heat transfer coefficient on the
rear surface and thermoelectric figure of merit.

1.4 Utilization of project results

The results of this project will be published in high impact international journals. The first
journal paper will present a numerical comparison of micro-structured flat-plate and cross-
cut heat sinks applied to thermoelectric generators (Appendix A). The results of the hybrid
model for photovoltaic cell and thermoelectric generator will be developed with adding re-
sults for historical weather conditions in sample cities in Europe (Aalborg in Denmark and
Malaga in Spain). This journal paper, that proposes comprehensive and coupled model, pre-
sents detail information of the PVTEG module in real weather condition. Both of these topics
are shared in the International Conference on Thermoelectrics (ICT). The results of humerical
investigation were presented in ICT 2013, Kobe, Japan and the hybrid model is presented in
ICT 2014, Nashville, TN, USA. The methodology representing technology of the flexible PV-
TEG module has a great potential as future proposal. This methodology offers a unique tech-
nology that is able to expand research at Department of Energy Technology at Aalborg Uni-
versity. However to submit this methodology as a patent or to consider it as future research
activity, further issues about applied materials need to be carefully considered.
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1.5 Project conclusion and perspective

The configuration effects of PFHS and CCHS on the power generation, the required pumping
power and the net power are compared in this project over a wide range of flow inlet veloci-
ty. The 3D governing equations of thermoelectricity and flow are solved, and analysis of the
model generates detailed description of the temperature distribution, voltage generation,
required pumping power and the net power in the TEG through realistic thermal boundary
conditions. The results illustrates that each thermoelement generates individual voltage due
to effect of flow temperature variation along the heat sink. In between of the low and high
limitations of the flow inlet velocity there is an optimal point for each hot junction tempera-
ture and type of heat sink that the thermoelectric net power in the module is the maximum.
The results also show that, the maximum net power occurs at lower flow inlet velocity when
the hot junction temperature decreases and when the thermal conductivity of the thermoel-
ements is smaller. Thermal conductivity of thermoelectric materials does not have strong
influence on maximum power generation for the considered heat sink geometries. The CCHS
requires smaller pumping power but the overall net power in the TEG with PFHS is slightly
superior to that with CCHS.

In addition, a coupled model of hybrid photovoltaic and thermoelectric generator is devel-
oped in this study and the results are compared with a PV cell to show the performance of
the hybrid model. The studied modules include practical and effective parameters of weather
condition and thermoelectric generator module. 1-D temperature distribution, electric power
generation in the thermoelectric generator and photovoltaic cell are obtained through a non-
linear set of equations and over a wide range of the variable parameters. The results illus-
trate that conversion efficiency of the hybrid PVTEG with ZT=1 is less than conversion effi-
ciency of the PV-only. However, if development of thermoelectricity can provide higher ZT
materials in future, a hybrid module of the PVTEG can enhance the total efficiency compared
to the PV-only case. Electrical power generation in the TEG decreases when the fill factor
increases while the power generation in the PVTEG increases with the fill factor. For case of
roof installation of the PVTEG with small roof-module distance, power generation by the TEG
is zero because of zero value of temperature difference between the two junctions of TEG.

As mentioned, the results of this project show that a hybrid module of PVTEG cannot im-
prove the total efficiency compared to the PV-only cell. Therefore, this project will not focus
on the integration of the conventional PV cells and TEGs for future work. The results of the
hybrid model also show that, when the solar radiation is concentrated on the PV cell, the
PVTEG module has better performance compared to the PV-only cell because higher heat flux
across the TEG and temperature difference between the cold and hot junctions is available.
Therefore, integration of CPV with TEGs can offer a promising offer to increase efficiency of
harvesting solar radiation. The concentrated level can be up to 1000 suns with consideration
of temperature limitation on the CPV cell and in the TEG module. When this project consorti-
um have shared the results of this project in the ICT conferences with other active institutes
in the field of thermoelectricity and photovoltaics in Denmark and Europe to invite them to
collaborate for project proposals on hybrid CPV and TEG systems, feedbacks on this idea
were remarkable and there are great interests to join to the project association for further
research activities considering CPV-TEG.

1.6 Updating Financial Appendix and submitting the final report

The Financial report of this project is already submitted to Ms. Inger Pihl Byriel (E-mail:
ipb@energinet.dk). Moreover, the Financial Appendix (Appendix C1 and Appendix C2) is at-
tached with this project report as well.
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Abstract

The configuration of heat sink has a strong influence on the power generation and net power in
thermoelectric generators (TEGSs). In this study, a micro-structured plate-fin heat sink (PFHS) is
compared to a modified design of cross-cut heat sink (CCHS) applied to the TEG. The Power
generation in the TEG and the required pumping power in the heat sinks are considered over a range of
hot junction temperature and thermal conductivity of the thermoelectric materials. The particular focus
of this study is to enhance the net power in the TEG module. The three-dimensional governing
equations for the flow and the heat transfer are solved using the computational fluid dynamics (CFD)
simulation environment in conjunction with thermoelectric characteristics of the TEG over a wide
range of flow inlet velocity. The results, which are in good agreement with the previous studies, show
that for a particular type of coolant fluid and dimensions of microchannel the maximum net power in
the TEG with PFHS is slightly superior to that with CCHS.

Keywords: Thermoelectric generator, plate-fin heat sink, cross-cut heat sink, maximum net power.

1. Introduction

Micro-scale single-phase heat transfer has been widely used in industrial and scientific applications [1].
Using micro-structured heat sinks provides low weight and compact energy system, compared to the
conventional types of heat sinks and increases modularity of the power system. This type of heat sink
has been interest of researchers for configuration optimization. To decreases the peak temperature and
thermal conductance in a microchannel heat sink, Adewumi et al. [2] presented a three-dimension

numerical study of an integrated design with micro pin fin inserts.

* Corresponding author: Alireza Rezania. E-mail: alr@et.aau.dk



Nomenclature

Greek symbols

A footprint area, m? a Seebeck coefficient, V/K
Dy ¢ hydraulic diameter of heat sink frontal area, m  u dynamic viscosity, N.s/m?
c specific heat capacity, ] /kg. K Il Peltier coefficient, V

H length, m p fluid density, kg/m3

] electric current density, A/m? o electrical conductivity, S/m
k thermal conductivity, W/m. K @ electric scalar potential, V
m mass flow rate, kg/s Subscripts

n number of uni-couples al aluminum

Nu Nusselt number C channel

P power, W cc cross-cut

p pressure, Pa f coolant fluid

Q absorbed heat, W h hot junction

q heat flux across TEG, W/m? i inlet

q heat generation rate per unit volume, W/m3 n n-type thermoelement

R internal electrical resistance, Q net  net

Re Reynolds number max maximum

T temperature, K 0 outlet

AT temperature difference, K p p-type thermoelement

V velocity vector, m/s pump pump

v velocity, m/s teg  thermoelectric generator
W volumetric flow rate, m3/s w wall

w width, m

X distance from channel inlet, m

Beside the thermal resistance consideration, the pressure drop is an important factor for optimization of
the micro-structured heat sink design, where the performance of the system depends on the required
pumping power [3, 4]. Chai et al. [5] proposed a newly microchannels with periodic expansion—
constriction cross section that enhance the average Nusselt number and reduce thermal resistance of the
heat sink. Pressure drop in the newly microchannels is lower compared to that in the flat plate
microchannels at low Reynolds numbers. The results of a study by Shafeie et al. [6] indicate that for the
same required pumping powers, the heat removal of the microchannel heat sink is higher than that in

pin finned heat sink at high and medium range of required pumping power (B, > 0.5 W). However in

low pumping power, the pin finned heat sink performs slightly better.

Micro-structured heat sinks have been recently applied in the thermoelectric generators (TEGS) [7, 8].
TEGs, which convert heat energy to electrical power by means of semiconductor charge carriers due to
temperature difference, have been of great interest to the energy research community in recent years. A

key factor in TEG systems is co-optimization of the TEG design with its heat sink, where a challenge is



to design and develop of effective heat exchanger. The maximum power generation in the TEG can be
enhanced with applying effective heat sink. For instance, heat transfer coefficient on the cold junction
of the TEG can affect the optimal design of the thermoelements, where the maximum power generation
occurs at larger ratio of the thermoelements foot print area as the heat transfer coefficient increases [9].
Zhou et al. [10] revealed that parallel flows in the hot and cold heat exchangers lead to greater overall

efficiency in the TEG compared to that of the counter flows.

In TEG systems, maximization of net thermoelectric power is more important than enhancement of the
power generation. Jang et al. [11] explored optimal fin height of Plate-fin heat sink (PFHS) to
maximize the net power density in TEGs. Lesage et al. [12] studied heat transfer enhancement in TEGs
using flow channel inserts in the both cold and hot side heat exchangers. Although the pressure drop
increases by the tabulating inserts, they showed that the net power generation enhances for a range of
temperature difference. The net power generation is defined as power generation by the TEG minus

required pumping power in the heat sink.

The temperature distribution in the thermoelements is strongly affected by the flow and heat transfer in
the heat sink [13, 14]. Variation of temperature distribution in the heat exchanger causes different
temperature distribution in the thermoelements [15]; so that each thermoelement shows particular
electrical and thermal behavior, and produces different voltage generation compared to other
thermoelements in the module. Higher voltage can be generated in the TEG if the temperature
difference of the hot and cold junctions increases by reduction of thermal resistance of the heat sink.
One way to reduce the thermal resistance is to enhance the convective heat transfer coefficient by
increase of the mass flow rate in the channels. On the other hand, for a given channel hydraulic
diameter, when the mass flow rate increases the required pumping power increases due to rapidly
increase of the pressure drop in the channel. High mass flow rate may require higher pumping power
than the power generation by the TEG and can cause negative net power in the system [16]. The
optimal mass flow rate can be explored at a practical limit on the available required pumping power by

maximizing power generation in the TEG [7].

Pin-fin heat sink and flat-plate heat sinks (PFHSs) have been widely used in industrial applications due
to their advantages. Kim et al. [17] found that to determine the effective type of heat sink between the

PFHS and pin-fin heat sink, both of the required pumping power and the length of heat sink should be



considered. Because of advantage of redeveloping region, the pin-fin heat sink can provide high heat
transfer rate [18]. On the other hand, the advantages of PFHS are easy fabrication and small pressure
drop [19]. At high required pumping power and small length of the heat sink the pin-fin heat sink is
recommended, while in small range of pumping power and at large heat sink length the PFHS has
better performance. Moreover, it is revealed that, in the middle region of the required pumping power

and heat sink length, the cross-cut heat sink (CCHS) is superior depending on its cross-cut length [20].

i~
Wy

d.

Fig. 1 Configuration of the studied TEG and heat sinks a. TEG and PFHS, b. TEG and CCHS, c. front view of
symmetric domain of thermoelement and PFHS, d. front view of symmetric domain of thermoelement and
CCHS.

In this study, the effectiveness of a PFHS and a CCHS are compared for reduction of the required
pumping power and for maximization of the net power generation. This study is part of an on-going
effort to optimize the thermal performance in TEG systems, where new configurations of micro-

structured PFHS where recommended [21] to reduce the required coolant pumping power. In contrast



to the previous study, a modified design of the fins under the thermoelements is considered, where this
design makes a CCHS for the TEG module. The fluid and thermal characteristics in the heat sinks and
the TEG are considered over a wide range of mass flow rate in laminar regime by computational
methods. Considering the maximum net power in the system, the required pumping power in the heat
sinks is discussed versus the power generation in the TEG for different thermal conductivity of the
Bismuth Telluride based thermoelements and imposed hot junction temperatures. Fig. 1 shows
configuration of the heat sinks with the TEG, indicating the symmetric calculation domain that is a

quarter of the TEG and heat sinks.

2. Governing equations
The effect of radiation and natural convection heat transfer are neglected in this study and the surfaces

exposed to the surroundings are assumed to be insulated.

2.1 Thermoelectric generator
Under steady-state condition, the electric field is irrotational and the well-known coupled equations of
thermoelectric constitutive [22] including both the heat flow and the continuity of electric charge

equations are [23]:

V.(1.)) = V.([keeg]- VT) = 4, (1)
V.([o].[a].VT) + V.([c].Vep) = 0. (2)

The maximum power generation by the TEG occurs at the matched load, where the internal electrical

resistance of the uni-couple is equal to the imposed electrical load resistance [12]:

(aAT)?
Pteg—max = 4R 3)

The internal resistance of the TEG in (3) is as follows [9]:
At A\
(O'n H—n) + (O'p H—p> .

R=nx(R,+R,) =nxX (4)




In this study, the length of the studied thermoelements is 2 mm with squared footprint area of 1 mm?.
The distance between the thermoelements is 0.8 mm. The thickness of the ceramic substrate and the

silver interconnectors are 0.07 mm and 0.1 mm, respectively.

For better consideration of the effect of flow and heat transfer in the heat sink on the power generation
in the TEG, the properties of thermoelements are taken constant in this study. The thermoelectric
materials are Bismuth Telluride (Bi,Te3) with electrical resistivity and Seebeck coefficient equal to
9.09 Q.m and +0.2 mV/K, respectively. Thermal conductivity of the thermoelements affects the heat
flux across the TEG module and the power generation. Therefore, three values for thermal conductivity
of the thermoelements are considered, 0.8 W/m.K [24, 25], 1.6 W/m.K [26], and 2.0 W/m.K [27].
The ceramic substrate is Alumina (AD — 995,Nom.99.5% Al,0;) with thermal conductivity of
30 W/K.m. The interconnector is Silver with thermal conductivity of 429 W/K. m. Linear variation of

the interconnector electric resistivity with the temperature is 0.0038T + 1.52 x 1078 Q. m [28].

2.2 Heat sink
To calculate distribution of velocity and temperature for laminar and incompressible flow in the heat

sinks the following continuity, momentum and energy equations are solved [29]:

V.V =0, (5)
pf(VV. 17) = —Vp + uV2V, (6)
pece(V.VT) = keV2T. @)

The rate of heat removal from the heat sink to the coolant flow is:

Q = mce(T, — Tj). (8)

The required pumping power for the flow is related to the pressure drop and the volumetric flow rate in

the heat sinks and can be calculated as follows:

Poump = ApW. (8)



The pressure drop in the heat sink is an important factor that influences net power of the module. The
net power supplied by the TEG is the power generation by the TEG minus the required pumping

POWer.
Pret = Pteg - Ppump- 9)

Water is used as the coolant fluid with the inlet temperature of 290 K. The range of the flow inlet
velocity to the microchannels is 0.01 — 0.7 m/s that produces Reynolds number 3.9 — 276.3 in the
PFHS and 2.2 — 153.5 in the CCHS. Fixed temperatures considered for the hot junction are 350 K,
450 K and 550 K. The designed microchannels have the same hydraulic diameter equal to 75 pm.

Table 1 presents properties of the coolant fluid and the heat sink used in the simulation.

Table 1 Properties of the coolant fluid and the heat sink.

Dimension ka(W/mK) | k((W/mK) | pe(kg/m®) | ue(kg/m.s) | ci(J/kg.K)

Value 237 0.6 998.2 0.001 4182

The thermoelectrical characteristic of the thermoelements are implemented in a three dimensional
simulation environment and are solved by the finite element method, Mechanical, in conjunction with
the computational fluid dynamics (CFD) simulation environment, CFX, that solves the thermal and
fluid coupled equations in the heat sinks and in the coolant fluid. To reduce the computational effort, a

symmetry boundary condition is imposed, which surrounds a quarter of the TEG and the heat sinks.

3. Validation

For validation, the results in this study are compared to results of previous 3D numerical models.

3.1. Thermoelectric generation

The thermoelectric power generation in this study is compared with a coupled thermoelectric model
with 127 uni-couple to the common CFD simulator FLUENT through a user defined function
introduced by Chen et al. [30] that is justified by experimental results. The length of thermoelements is

1.6 mm with cross section area of 1.4 x 1.4 mm?, and the linear load resistance equal to 3.4 Q.



Moreover, the power generation in this study is compared with a set of ANSYS couple-field elements
[23]. Compared to the previous studies, the maximum difference in power generation is 14.2 %, and it
happens at temperature different 40 K. Fig. 2 illustrates good agreement between simulated power

generation in this study and the previous studies [23, 30].

current study —ref [23] -+ ref [30]

Ptcg (W)

340 360 380 400 420
Th (K)

Fig. 2 Comparison of power generation in the TEG module compared to ref [23] and ref [30].

3.2. Heat sinks

The thermal characteristic of the PFHS is validated with the numerical investigation by Chen et al. [31]
with the same geometrical details. Fig. 3 shows variation of the circumferential Nusselt number along
the PFHSs with the same geometrical details and boundary conditions. Moreover, thermal resistance of
the CCHS is compared to results of [20] that consider characteristics of CCHSs. The comparison of the
thermal resistance is revealed by Fig. 3 over a range of Reynolds number, where the maximum
difference in thermal resistance is 13.8% at Re = 924. The difference at the smallest input of Reynolds
number (Re = 400), which is closer to the considered condition in this study, is 0.9%. The results of

this study are in good agreements with two other studies confirmed by Experimental data.
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Fig. 3 Comparison of the Nusselt number in the PFHS with ref [31] (v; =3 m/s T; = 293.15K, g =
30 W/cm?), and comparison of the thermal resistance of CCHS with ref [20] (w, = 1.5 mm, w,, = 1 mm,
H.. = 5 mm).

4. Results

The aim of computational model used in this study is to demonstrate detailed results for 3D
temperature distribution and voltage generation in the TEG affected by the flow in the micro-structured
heat sinks. The application of the heat sinks provides realistic thermal boundary condition in the TEG
in contrast to the commonly works on thermoelectricity, where the cold junction is at constant
temperature. The flow temperature rises along the heat sink due to absorbing heat. Therefore,
temperature on the cold junction of the thermoelements is not constant, and each thermoelement
generates different voltage. However the electric potential increases in the series design of the n and p-
type thermoelement, as is illustrated in Fig. 4 The effect of flow temperature variation on the
temperature distribution in the thermoelements can be seen in Fig. 5 This effect is more visible at low
flow velocity due to rapidly increase of the flow temperature along the heat sink. For better

comparison, Table 2 shows the voltage generation in the thermoelements for sample inlet velocities.
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Fig. 4 Generation of the electric voltage, v; = 0.5 m/s Ty, = 550 K, kieg = 1.6 W/m.K.
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Fig. 5 Temperature distribution in the TEG and fins of CCHS, v; = 0.01 m/s Ty, = 550 K, kieg = 1.6 W/m.K.

0 0.0015 0.003 (m)

Table 2 Voltage generation in the thermoelements for sample inlet velocities, T, = 550 K, kieg = 1.6 W/m. K.

vi(m/s) voltage generation in TEG with CCHS (V) voltage generation in TEG with PFHS (V)
TE#1 TE#2 TE#3 TE#4 TE#1 TE#2 TE#3 TE#4
0.01 0,04542 0,04462 0,04428 0,04401 0,04765 0,04680 0,04634 0,04599
0.10 0,05131 0,05103 0,05085 0,05067 0,05162 0,05144 0,05132 0,05120
0.70 0,05168 0,05163 0,05160 0,05156 0,051760 0,05172 0,05171 0,05168

At higher flow rate condition, the thermal performance of the PFHS is slightly superior to the CCHS.
[20], for
10g(Pyump/ (13/(p*Dnsr))), and large dimensionless heat sink length, log(H./Dyg), the PFHS is

As discussed by Kim et al. small dimensionless required pumping power,

recommended. For the considered inlet velocity in this study, the dimensionless required pumping
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power is smaller than 11.35 for dimensionless heat sink length equal to 1.03, where the FPHS is

recommended. Moreover, at low flow rate the PFHS shows much better performance than the CCHS.

Microchannel heat sinks contain several channels in contrast to typical heat sinks with large scale
channels which make it difficult to achieve constant wall temperature or constant wall heat flux.
Therefore, conjugate heat transfer effect should be accounted for the microchannel heat exchangers,
particularly at low Reynolds number [32]. As is mentioned in previous works [21, 33] and as Fig. 5
reveals in this study, the heat distributes in the part of the CCHS that no fin is designed. Therefore,
thermal performance of the CCHS drops at the low flow inlet velocity and power generation in the
TEG is less than that with PFHS. Since water is considered as the coolant fluid in this study, the
temperature variation of the cold junction is limited in a small range of temperature. However suitable
temperature is available on the cold junction due to relatively high specific heat capacity of the water.
Therefore, as Fig. 6 shows, the voltage generation does not drop sharply when the flow inlet velocity
decreases. However, the effect of the hot junction temperature dominates in voltage generation and the

power generation is strongly affected by temperature difference of the cold and hot junctions (3).

~-PFHS. 73,=550 K -#-PFHS. 7},=450 K -4-PFHS, 73,350 K
-CCHS. 73,=550 K-+-CCHS. T},=450 K+ CCHS, T,=350 K

Ppump. PFHS Ppump. CCHS 1o

0.6
t10!

=2
L 107

L 107

Ppump (W)

- 10

- 107

107

0.01 0.1 1
Vi (m/s)

Fig. 6 Variation of electric voltage generation and required pumping power with flow inlet velocity, ki, =
1.6 W/m.K.

When the system operates at high inlet velocity and low temperature difference, the net power of the

system can be minus due to high required pumping power and small power generation. Therefore as

Fig. 7 reveals, depending to the design of the heat sink, the limitation of inlet velocity needs to be
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considered to avoid of minus net power. On the other hand, with decrease of the inlet velocity the
power generation reduces, however a smaller pumping power is required due to lower pressure drop in
the heat sink (8). In addition, to avoid of vaporization of the coolant fluid, there is a lower limit for the
flow inlet velocity. In between of the low and high limitations of the flow inlet velocity there is an
optimal point for each hot junction temperature and type of heat sink that makes maximum net power
in the TEG. When the hot junction temperature increases the maximum net power occurs at higher flow
inlet velocity, because the increase of the voltage generation is greater for higher hot junction

temperature compared to that for small hot junction temperature.

~-PFHS. T},=550K  -PFHS, I;,=450K
-+PFHS. 7,=350K  -e-CCHS. 7},=350 K
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0.0 LS '";_ ‘1 5 : Ty .; 4 % =
0.0 § =1
001 0.1 N 1

-0.1 4

v (m/s)

Fig. 6 Variation of thermoelectric net power with flow inlet velocity, kg = 1.6 W/m. K.

Researchers in the field of thermoelectrics have been tried to minimize thermal conductivity of the
thermoelectric materials in order to provide higher temperature difference and to enhance power
generation in TEGs. However, the effect of thermal conductivity needs to be considered in conjunction
with the heat sink. As Fig. 8 shows, the thermal conductivity does not have strong influence on
maximum value of the net power and the maximum net power is slightly superior for smaller thermal
conductivity materials. However, applying smaller thermal conductivity material makes advantages of

providing the maximum net power at lower inlet velocity and smaller pumping power.

Over studied range of the flow inlet velocity, the heat transfer rate in the PFHS is higher compared to
the CCHS and it makes higher heat flux across the TEG (Fig. 8). For constant hot junction temperature
and thermal conductivity of thermoelectric materials, the higher heat flux creates higher temperature

12



difference in the TEG and enhances the voltage generation. Although the required pumping power is
smaller in the CCHS, the overall net power in the TEG with PFHS is slightly superior to that with
CCHS. It should be noted that this evaluation is based on the particular considered microchannel

dimensions, type of coolant fluid and boundary conditions.

—=—PFHS. k=0.8 W/m.K »—CCHS. £=0.8 W/m.K

-8-PFHS. k=2 W/m.K CCHS. k=2 W/m.K

-& -PFHS. k=1.6 W/m.K -4 CCHS. k=1.6 W/m.K
0.6 7
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0.5
Z L 6321044
& z
ot L 59104 T
0.3 4 5.5x10%

0.01 0.1 1
v; (m/s)

Fig. 8 Variation of thermoelectric net power and heat flux across the TEG with flow inlet velocity, T, = 550 K.

5. Conclusions

The configuration effects of PFHS and CCHS on the power generation, the required pumping power
and the net power are compared in this study over a wide range of flow inlet velocity. The 3D
governing equations of thermoelectricity and flow are solved, and analysis of the model generates
detailed description of the temperature distribution, voltage generation, required pumping power and
the net power in the TEG through realistic thermal boundary conditions. The results illustrates that each
thermoelement generates individual voltage due to effect of flow temperature variation along the heat
sink. In between of the low and high limitations of the flow inlet velocity there is an optimal point for
each hot junction temperature and type of heat sink that the thermoelectric net power in the module is
the maximum. The results also show that, the maximum net power occurs at lower flow inlet velocity
when the hot junction temperature decreases and when the thermal conductivity of the thermoelements
is smaller. Thermal conductivity of thermoelectric materials does not have strong influence on
maximum power generation for the considered heat sink geometries. The CCHS requires smaller
pumping power but the overall net power in the TEG with PFHS is slightly superior to that with CCHS.
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o\

Nonlinear equation system for PVTEG

Temperature index
Tpvg=T1

Tpvtop=T2

Tpv=T3

Tcrh=T4

Ttegh=T5

Ttegc=T6

Tcrc=T7

® A A A A A o° o°

o°

Equations:

#1-A
(Ac*Hwh+Ac*kpvg/L1l) Tl- (Ac*kpvg/Ll) T2=Ac*Hwh*Ta

o° o°

% #2-B
% - (Ac*kpvg/L1l) T1l+ (Ac*kpvg/Ll+Ac* (kEva/L21+kS1i/L22)) T2~ (Ac* ¢
(kEva/L21+kSi/L22)+Gt*Eref*Bref) T3=Gt-E*S*Ac* (T2"4-Tsky"4)

% #3-C

% - (Ac* (kEva/L21+kSi/L22)) T2+ (Ac* (kEva/L21+kSi/L22) +Ac* ¥
(kSi/L31+kEva/L32)+0.5*Gt*Eref*Bref) T3- (Ac* (kSi/L31+kEva/L32)) T4=-¢
Gt*Eref* (1+Bref*Tref)

% #4-D
% - (Ac* (kSi/L31+kEva/L32)) T3+ (Ac* (kSi/L31+kEva/L32)+Ac*kcrh/L4) T4-¢
(Ac*kcrh/L4) T5=0

#5-E

- (Ac*kcrh/L4) T4+ (Ac*kcrh/L4+Ateg*kteg/L5) T5- (Ac*kteg/L5) T6=-Pteg=¢
-0.5* ((T5-T6) /T5) * ((sqrt (1+2T)-1)/ (sqrt (1+ZT)+T6/T5)) * (Gt-Gt*Eref* (1-¢
Bref* (T3-Tref) ) -E*S*Ac* (T274-Tsky"4))

o° o°

#6-F

- (Ateg*kteg/L5) T5+ (Ateg*kteg/L5+Ac*kcrc/L6) T6—- (Ac*kcrc/L6) T7T=Pteg=—-¢
.5*% ((T5-T6) /T5)* ((sqrt (1+ZT)-1)/ (sqrt (1+ZT)+T6/T5)) * (Gt-Gt*Eref* (1-¢
Bref* (T3-Tref) ) -E*S*Ac* (T2"4-Tsky"4))

o° o\°

(@)

#7-G
- (Ac*kcrc/L6) T6+ (Ac*kcrc/L6+Ac*Hwe) T7=Ac*Hwc*Ta

o° o°
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hw:=5.678* (a+b* ((294.26/ (273.164Ta) ) *Vm/.3048) "n)
if Vm<4.88 m/s, a=0.99, b=0.21, n=1
if 4.88<vm<30.48 m/s, a=0, b=0.5, n=0.78

o® o° oo

function solveeqgs ()

guess=[310 309 308 307 306 305 304];

[result, fval, exit, output]=fsolve (@egnb, guess);
result;

Tglass=result(1l,1)
TpvTop=result (1l,2)
Tpv=result (1, 3)
Tcrh=result (1,4)
Ttegh=result (1, 5)
Ttegc=result (1, 6)
Tcrc=result (1l,7)

fval;

eqgnb (guess) ;
output;

end

function fcns=eqgnb (z)

Ac=1;

%$Variable Parameters
Gt=10000*0.9*Ac;
Ta=285;

2T7=1;

vm=5;

f=0.4;

% reference 12 (Lu & Yao) of Ref 73
kpvg=0.9;
L1=0.003;

kEva=0.35;
L21=0.0005;
kSi=148;
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L22=0.0002;
L31=0.0002;
L32=0.0005;

%3PV efficiency: Ref 66
Eref=0.12;
Bref=0.0045;

Tref=298;

$TEG
kcrh=30;
L4=0.0005;
Ateg=1f*Ac;
kteg=1.2;
L5=0.0002;
kcrc=30;
L6=0.0005;

% radiation Heat transfer coefficient-Ref 69
Ef=0.9; $Emissivity Coefficient

Er=0.85; %Rear surface Emissivity Coefficient- reference 32 of RefV

73

S=5.67*10"(-8) ; $Stefan-Boltzmann constant

Tsky=0.0553*(Ta) "1.5;

o)

Grcr=10"9;
theta=0.6105;
v=1.51267"(-05);
kair= 0.0257;
Pr= 0.713;
beta=0.00343;

g= 9.81;

L= Ac™(1/2);

o
°
[

°

Front surface of PV
Tac=Ta-273.15;

%$Sky temperature-Ref 70

% Natural Convection Constants

Heat transfer coefficient-Ref 69

if (Vm<4.88)Hwh=5.678*(0.99+0.21*((294.26/(273.16+Tac))*Vm/.3048)"1);

else Hwh=5.678* (0.5*((294.26/(273.16+Tac)) *Vm/.3048)70.78);
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end
SHwh=0;
S Back surface of PV

if (Vm<4.88)Hwc=5.678*(0.99+0.21*((294.26/(273.16+Tac))*Vm/.3048)"1);
else Hwc=5.678*(0.5*((294.26/(273.16+Tac))*vm/.3048)"0.78) ;

end

$Hwc=100000;

% #1-A
Al=(Ac*Hwh+Ac*kpvg/L1l) ;
A2=- (Ac*kpvg/Ll) ;

A3=0;

A4=0;

A5=0;

A6=0;

A7=0;

% #2-B

Bl=- (Ac*kpvg/Ll) ;

B2= (Ac*kpvg/Ll1+Ac* (kEva/L21+kSi/L22)) ;
B3=- (Ac* (kEva/L21+kSi/L22));

B4=0;

B5=0;

B6=0;

B7=0;

B=0;

% #3-C

C1l=0;

C2=- (Ac* (kEva/L21+kSi/L22)) ;

C3=(Ac* (kEva/L21+kSi/L22)+Ac* (kSi/L31+kEva/L32)-Gt*Eref*Bref) ;
C4=- (Ac* (kSi/L31+kEva/L32));

C5=0;

Ce6=0;

C7=0;

C=-Gt*Eref* (1+Bref*Tref) ;

% #4-D

D1=0;

D2=0;

D3=- (Ac* (kSi/L31+kEva/L32)) ;

D4= (Ac* (kSi/L31+kEva/L32)+Ac*kcrh/L4) ;
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D5=- (Ac*kcrh/L4) ;
D6=0;

E4=- (Ac*kcrh/L4) ;

E5=(Ac*kcrh/L4+Ateg*kteg/L5) ;

E6=- (Ateg*kteg/L5) ;
E7=0;

F5=- (Ateg*kteg/L5) ;

F6=(Ateg*kteg/L5+Ac*kcrc/L6) ;

F7=- (Ac*kcrc/L6) ;

G6=- (Ac*kcrc/L6) ;
G7=(Ac*kcrc/L6+Ac*Hwc) ;
G=Ac*Hwc*Ta;

fcns (1)=A1*T1+A2*T2-Ac*Hwh*Ta+Ac*
*LAN3*Pr/vh2) "~ (1/3)-0.14* (Grcr*Pr)

(0.14* (g*cos (theta) *beta* (T1-Ta) ¢
(1/3)+0.56* (Grcr*Pr*cos (theta) ) "¢
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(1/4))*kair/L) *(T1-Ta) ;

fcns (2)=B1l*T1+B2*T2+B3*T3-Gt+Ef*S*Ac* (T2"4-Tsky"4) ;

fcns (3)=C2*T2+C3*T3+C4*T4-C;

fcns (4) =D3*T3+D4*T4+D5*T5-D;

fcns (5) =E4*T4+E5*T5+E6*T6+0.5% ( (T5-T6) /T5) * ( (sqrt (1+2ZT)-1)/ (sqrt (1+2T) ¢
+T6/T5) ) * (Gt-Gt*Eref* (1-Bref* (T3-Tref) ) -Ef*S*Ac* (T2"4-Tsky"™4)) ;

fcns (6) =F5*T54+F6*T6+F7*T74+0.5% ((T5-T6) /T5) * ((sqrt (1+2T)-1)/ (sqrt (1+2T) ¢«
+T6/T5) ) * (Gt-Gt*Eref* (1-Bref* (T3-Tref) ) -Ef*S*Ac* (T2"4-Tsky"4)) ;

fcns (7)=G6*T6+G7*T7-G;

end
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Appendix P, regularly updated:

Ver 2012.1

Project Number 12045 w

Integrated Photovoitaics with Thermoelectrics

Title
(DDKx1000) QOrginal end-data 1-Dac-2013 Duration
Budget Yotal PSO funding Other funding Internal finaized 1-Dec2013 Siaation
Contract sum 5547 500,0 - 54,6 Extension / Delay
Supplementary grant 1 =
Supplementary graat 2 - X
Totat 554,7 500,0 - 54,6
Start End PSO sum excerded! Cortact Enercinet dk to reduce
Previous periods: 01-04-2013 31122013 - P80 share of expences.
Accumulatad costs { periods in this worksheet) 5738 %179 - 55,3
|Residual sum/ residialcommitent (191} § = {33} Budget, reporting and payment plan Accountbudget keyfigures
Net expenses realised during the periods (sum of periods) Hudget
" ’ 30 share
Start date End date Total PSO funding  Other funding Internal Praject menth | End period Reporting k1000 2ar
Phase 1 01-01~13 30-06-13 382,5 3431 - 35,9 7 th mantn 30-06-13 Juli 2012 <50
Phase 2 01-07-13 31-12-13 191.3 174,8 = 18,5 13 th menn 31-12-13 januar 2014 250
Phase 3 - - - . 13 th. month 00-01-00 januar 1500 4}
Fhase 4 = - - - 13 th manth 000100 januar 18004 v
Fhase 5 - 2 J - 13 th. month 400100 januar 1900, ¢
Phase 6 - = - = 131h month 000100 januar 1500 G
Phasa 7 - - - - 13 th, monin 000100 januar 1906 0
Phase 8 - - - - 13 th month 00-0%-00 januar 1500 <
Phase 9 o - - - 13 th. month 00-01-00 jariuar 1800] s ]
Phase 10 - - - - 13 th. morth C0-01-00 januar 1900 0
Phase 11 - - - . 13 th month 00-01-00 januar 1900 o
Phase 12 - - - - 13 tr. menth 00-91-00 Januar 1800 e}
Phase 13 - - - - 13 th montn 08-01-00 Januar 1800 ¢
Phase 14 - - - - 13 th monih 60-01.00 janusr 1600 o
Phase 15 - - - - 13 th, month 20.01-00 januar 1900 0
Accumulated costs 5738 - 55,9 5000 3
Budget =
Paither Total PSO funding  Other funding Internal Total (nternal Otherfunding {PS0 -
20102384 |Energiteknik, Aalborg Universitd 573,8 517.9 = 55,9 5547 S48 50,1
31119103Aarhus University - - - - s -
32787185|Alpcon A/S - - - B - - -
28850323| Dansk Solenergi ApS = - - - a - 3
Accumulated costs 5738 = 55,9 554,7 £4,6 -

Signature (when finalized)
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