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Abstract —This paper analyses the possibility of using the low
potential heat from a surface of power transformers The authors
discuss the production of electricity by means oftiermoelectric
modules.

The feasibility of usage of thermoelectric modules as
analyzed by carrying out theoretical calculations ad a series of
experimental test, which gave a clear view of capdity of an
application of thermoelectric modules for recoverig of low-
potential heat of power transformers.
transformers
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I.  INTRODUCTION

Loses of high voltage power transformers, with noahi
power rating higher than 125 MVA usually are ldsst 1% of
nominal power. Still, it means that hundreds of iW\Mused
useless for heating an atmosphere [1]. The Europegon is
planning to achieve 20% growth in energy efficietyy2020

and 30% by 2030. Energy prices are rising everyr.ye

Renewable energy is expensive and its control ristdi.
Fossil fuels are harmful for the environment thatwhy its
usage for energy production shall be
efficiency becomes a cost effective and interestipgion for

investors. Power transformers are good sourcesastenheat,
which can be recovered and easily controlled. Ah o

temperature of 250 MVA power transformer of RigaRI#H2
at full load condition is shown at the diagram ig.E. We can
see that at ambient temperature of 0°C top oil exatpre
reaches 40°C. That means it could be used effégtigeheat

pumps to produce hot water for heating. Howevenyvegyo
transformers do not operate at full load all theetiand also
can be shut down. That means there is a need te he

alternative low potential heat source for heat psimgy
alternative heating system. [2]
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Fig. 1. 250 MVA power transformer oil top temperati
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There is a possibility to apply thermoelectric mieduto
generate electricity using waste heat from a sarfafcpower
transformer. Generated electricity could be suppli®
substation DC circuits, to provide power to measyrand
protective devices and other applications. As siiusts
already have rectifiers to provide DC, it meansrtiaelectric
modules could be used as auxiliary source of po®erit is
important to find out if thermoelectric module usags
possible in such way and how much power could
generated.

II. THERMOELECTRIC MODULES

Thermoelectric module is a semiconductor devicackvis
designed primarily for cooling or combined coolirand
heating applications where electrical power creates
temperature difference across the module. If teatpes
difference exists between the cold and hot side wibdule, it
ds possible to generate electrical power. [3]
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Fig. 2. Design of thermoelectric module [3].

Constructively thermoelectric modules are compried
two or several p-type and n-type semiconductor rizse
which electrically are connected in series andmniadlly are
connected in parallel (see Fig. 2).

Thermoelectric modules are generally sandwiched/dxt
two ceramic plates, which are kept together anthiisgy the
thermoelectric modules from each other and fromosunding
environment. [3]

Heating of one side of a thermoelectric module emaling
the other side results in heat flow in a semicotmtumaterial.
As the heat flows from hot to cold, free chargeriess
(electrons or holes) in the material are also driteethe cold

124

be



side of the module. Thanks to these movements afgels, a 1600 - —8— Gel sheet

potential difference between the module contactciseved. S 1400 —m— Adhesive double coated tape ,:

[4]EI ici i ER | T 7
ectricity output from thermoelectric module dedgsn .

greatly on the temperature difference between theband hot £ 1000 4

side of a module: the greater is the temperatifferdice, the & 800 | ‘/

grater is the movement of free charge carriersthadhigher is Eé 600 | ,V,_/"I

electricity production of a module. It also deperas the E if?"

surface temperature of a module: the higher is sindace 400 | V

temperature, the better are working conditions of 200 /
thermoelectric module. For modern thermoelectricdubes 0 s L " Y —
the secor_1d condition (surface t_emperature) is leportant 00 320 340 360 380 400 420 440
than the first one (temperature difference). Temperature of heat X
. . . perature of heat source (K)

The higher efficiency of thermoelectric modules foi
production of electricity is achieved, when the face Fig. 4.K. Murakami experiment results [5].
temperature is 150°C or above and the temperaitfezethce
is more than 100°C. Main function of thermoelectriodules
called Peltier coolers is to cool down or heat hup $urface of
any objects by using electricity. But Peltier caosleould be
used in opposite way to recover a low-potentialt Hemm a
surface of any objects to produce electricity. nfation
about their generating ability could be found ih [4

The temperature of transformer surface is usuallyel
than needed for thermoelectric generators, it @uaB0-55°C m
(see Fig.3.). Parameters of power transformer (showrig.3) .
are described in table 1. Nevertheless, the auttmmsidered ~ Theoretically, power and voltage produced by a redu
installation of Peltier modules on a surface of pow could be calculated if we know inner resistancéhefmodule,

transformer to feed different protection and meeswemt Material Seebeck coefficient and temperature diffee
devices of transformer or other substation appbost between hot and cold side of the module. SeebeeKicient

Similar experiments were performed by K. Muraka§ji [ shows the magnitude of an induced voltage in respdo
temperature difference across the material. Thiffiotent is
different for all materials, also it depends on penature. At
higher operating temperatures better effect coelddached.

(6]

During the hot summer day when ambient temperature
reaches 26°C, at full load (see Fig.1l) transfornters oil
temperature rises up to 68°C. Still difference lestavambient
temperature and transformer does not exceed 42°@chnV
means that additional study should be made to dindif we
can reach generated power from thermoelectric neosintilar
to K Murakami results.

THEORETICAL CALCULATIONS
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K. Murakami in his study used different kinds ofi@inum
fins to cool down cold side of thermoelectric maxduln his Fig. 5. 250 MVA power transformer oil top temperasi
experiment he used 6.27x6.27 cm thermoelectric teodine
result he reached is shown in the diagram of F\yd.can see
that at the surface temperature of 330°K (or 568 35¥0ltage
of thermoelectric module reaches about 100 mW. d&tthor
mentioned that when the surface temperature of seartce : .

transformer to mount thermoelectric modules, ass iseen

79.85°C and ding t t 24,8B8C . :
was ana SUIrounding femperature was from Fig. 3 the temperature is only about 20°C, aleady

gained temperature difference between hot and siold of g .
thermoelectric module equal to 36.5°C. The mentiloneknofW th?t efﬁcmincy (_?_f therkmoelelctrllct_module deq{:egl
temperature of heat source is very high. As it ddug seen surtace temperature. o make cajcuiation we neekn

from Fig.3, a top temperature of transformers srfa 40 °C. temperature_ difference betw_een hot a_md cold side ~ of
[6] thermoelectric module. In the diagram of Fig.5 e see that

We found out that at 0°C ambient temperature 250AMV
power transformer surface temperature can reachtafifC
on top part of the transformer and 30°C in the reiduhrt of
transformer (see Fig. 3.). We will not use bottoart pof

125



temperature difference between top oil temperatwieich A, =L xhx2xk=846x 367x2x 06= 3725m*> (3)
mostly equal to transformer surface temperaturdpfc. It is N
clear, that we could not reach the same temperditfezence
between hot and cold side of thermoelectric modilée
suggested it could be 30°C.
All the data for theoretical calculation was tak&om
Ferotec manufacture webpage. The material of thelentric : .
. : : : . In the same way is calculated area for shorterssiofe
module is Bismuth Telluride. All the information rfo )
. : transformer:
calculation of main parameters for 127 couple 4x# c
modules was provided. Main input dataAS = 30°C, & = Ajs =L xhx2xk=3x 367x2x 06=1321m>  (4)
0,05343 V/°C, R = 2,4796Q, where § average Seebeck
coefficient for module, R average resistance of module.[3]

where A, — area for longest sidem

L; — transformer length , m;

h — transformer height, m;

k — coefficient that consider constructive feasuref
transformer surface.

where A, — area for longest side’m
W, — transformer width , m;
Ug =Sy xAt =1 x(Ry +Rs) 1) h - transfo_rmer height, m; _ _
k — coefficient that consider constructive feasuref
transformer surface.
The whole area available for modules is calcutated

where | — obtained voltage from one module, V;
Su — Seebeck coefficient, V/°C;
At — temperature difference between cold and hat sid

module, °C; A= A, + A = 3725+ 1321= 5046m° (5)
| —current, A; _ where A — whole area of transformer surface used fo
Ruw — inner resistance of module; thermoelectric modules, n
Rs —resistance of_Ioadz. _ A, s— area for short sides of transformef, m
In formula (1) we input andAT : We mentioned, that we will use only top and miduoket of
U = 0.05343 30 = 1.6029/ (2) transformer, so useful areal will 2/3 from wholear
o— Y — 1.
i . 2
Maximum power could be produced by one module: A= %x A= % *5046= 3364m (6)
Ug 1.6029 where A,— used area of transformer’>.m
R 0259 @) Now we can calculate how many thermoelectric maglule

X T AxRy  4x 24796

where Pmax — maximal power of one module, W.
We can calculate power that could be obtained fmma

can be mounted on this transformer surface:

transformer surface if we know dimensions of thmwpr n= A _ 3364 — 21025 )
transformer. As an example power transformer “Ateat Anog.  0.0016
Riga CHPP-2 has been taken, the main informatiautathis where n — quantity of thermoelectric modules;
transformer is available in table 1. Anmoa.— area of one module,m

Power transformers height is 3.67 m, length 8.46vidth 3 It means the total produced power by one transfocoeld

m, dimensions were taken from power transformergch:

documentation. Area of one 127 couple thermoeteatadule

is 16 cmi, or 0.0016 rh Now area of transformer could be Prur = N% Bax = 21025¢ 0259= 544548V (8)
eaS”y calculated. Modules would not be mOUntecthH]tOp where Pull — maximal power could be generated by this
and on the bottom of the power transformer due tcocsve  amount of modules, W.

features. Also for calculation we will use only tapd middle

part of transformer. V. EXPERIMENTAL MODEL
TABLE | It is hard to find low potential heat at temperataf 100-
PARAMETERS OF POWER TRANSFORMER 150°C, especially if modules are mounted on tramnséos
Areva 250 000/330/110 surface. So_ it is more common to know efficiency of
thermoelectric modules at low heat source temperatat
Nominal power 250 MVA about 40-60°C. To analyze a behavior of thermoetect

modules if temperatures of 40-60°C are appliedaside of
the module, an experimental model shown in Fig.a6 wsed.
Low voltage 1 115 kv Experiments were performed with natural convectioaling.

It was not possible to purchase Ferrotec thermb@ec
module so following thermoelectric modules were sgho for
Non load loss 80 kw experiment series: TEC1-12703S, TES1-12703S, ET1131
13-S-RS. Where TEC1-12703S is similar to Ferrotec
theoretically studied module, it has the same dsimas and
Cooling method ONAF same amount of thermocouples. Main parameters efeth

Upper voltage 330 kv

Low voltage 2 11 kv

Load loss 450 kkW
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modules could be seen in table 2 and picture it/Fifys they

are not mentioned to be used as generating modble® is 250
no information about their generating ability. > 200
E
~ 150
g ——mod1
8 100
0 ——mod2
> 50
- 1 0 mod3
2
3 0 500 1000
4 Time, s
Fig. 8. Voltage of thermoelectric modules mod1- TE12703S; mod2- ET-
Fig. 6. Experimental model: 1 — additional cooliity (only for experiments 131-10-13-S-RS; mod3- TES1-12703S.
with additional cooler), 2 — thermoelectric module- heated surface; 4 — ) )
heat source. Then a series of experiments were made for eachul@od
TABLE Il with surface temperature of 40°C and 60°C. Ambient

temperature was the same- 15°C. Results of temyerat
measurements are seen in Fig.9.

PARAMETERS OF THERMOELECTRIC MODULES

ET-131-10-13-St
Name TEC1-12703S  TES1-12703S RS
Designation mod1l mod5 mod6 70
Dimensions, mn}  40x40x3.6 30x30x3.3 40x23x3,. 60

(4]
[}

g\

I.'

//7 —at 40°C
—at 50°C

Module temperature, °C
(W)
()

i 20
I I{II'| il at60°C
|l | ' 10
0
“ 0 200 400 600 800
Time, 5
F|g 7. Thermoelectric modules and cooler. Flg 9. Surface and cold side temperature of a ectiiC1-12703S.

We can see that at the higher surface temperatffieeethce
between module hot and cold side temperaturesgigebi At

The main aim of experiment series is to find outti®e surface temperature of 40°C difference between TETDB3S
module generating ability at real power transformemodule sides is only 3.8°C, at 50°C difference®i€ 5 but at
temperature regimes. However, sun and wind infleemere 60°C about 8°. It is clear now, that theoreticatljosen
not taken into account. This allows to keep sameditions temperature difference between hot and cold sidmadule
for all experiment series. Which means differentvas very optimistic and applies only for first mante after
thermoelectric modules could be compared. mounting module to hot surface.

First of all let us take the voltage of differehetmoelectric In the diagram of Fig.10 we can see that highekage is
modules for comparison (see Fig.8.), as it is ohth® main gained with surface temperature of 60°C and ibisabout 50
parameters for thermoelectric generator. This émpart took mV higher then were gained at surface temperatfiss0eC.
place at ambient temperature of 15°C and surfaoeeeature, But if we compare results at surface temperaturé06€ and
where modules were mounted, was 50°C. At firgb0°C, we can see that voltage difference is lomwely 30 mV.
measurement point after 30 s of work the tempesatuRise of surface temperature leads to higher thelenbi
difference between module hot and cold side isésgtso we module voltage. Rising temperature of power tramséy case
got 196 mV for TEC1-12703S, which is for 24% lovilean in is possible, but it means worse working conditiofios
theoretical calculation. But module heating procstxpped transformer insulation, that will lead to mainteoarcost rise
only after 300s, and the voltage in stabile modE2s mV for and it can negatively impress power transformeratpey life
first module, and even lower for other two modules. time.

V. RESULTS OF EXPERIMENTAL ACTIVITY
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Fig. 10. Voltage of TEC1-12703S module as a fumctiof surface
temperature.

Other possibility to raise thermoelectric
productivity in generating mode is to gain biggemperature
difference between hot and cold side. In case veullitional
cooler is mounted on thermoelectric module cold sl@°C
difference between module sides could be obtainheiface
temperature of 50°C. We did not use in our studged air
flow through cooler, because fans consume eletrici

module

used. Of course the cost of each module will béndrgThat
means that overall costs could be even highercbsis for 1
W could stay at about same level. Second oppoyttmitaise
efficiency of thermoelectric modules is to use thienplaces
where higher surface temperature is available.hia tase
more qualitative modules could show better efficienAlso
improving cooling circumstances could lead to resul
improvement, but additional costs and problemstedlavith
cooler mounting should be took into account.

6
%4 \
5‘ \ mod1
22
8 mod2
0 mod3
0 100 200
[ime, min

From the diagram in Fig.11 we can see, that exm@emim rig 12 Power of thermoelectric module in case wheditional cooler is

took much longer time, because additional coolgmicantly
increases time needed to obtain stabile heat flonwugh
thermoelectric module. Thermoelectric modules poedu
voltage at surface temperature of 50 °C is highantbefore.
Additional cooler was the same for each module.riSe in
produced voltage from smaller modules was evenehigfan

for bigger one TEC1-12703S. Produced voltage of TEEC

12703S raised from 116 mV to 226 mV, for ET-131133S-
RS from 68 mV to 258 mV and for TES1-12703S frorm%6
to 178 mV. As last experiment took longer time therent
also was measured. So we can calculate power peddog
each module.
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Fig. 11. Voltage of thermoelectric modules in casté additional cooler.

used, surface temperature is 50°C.

Experiment, when several modules were mounted under

one cooler, was made. Results are shown in Fig. 13.
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Fig. 13. Power of thermoelectric module in case rwhdditional cooler is
used and several modules are mounted, surface tameis 50°C.

We can see, that mounting several modules under one

cooling element leads to the fall of performandemkeans
modules should be mounted with some intervals twige
better heat exchange.

VI. DISCUSSIONS

Japanese researcher Kazuja Murakami has proposgskto
thermoelectric modules for recovery of low potenteat

From Fig.11 we can see that module produced posver from the surface of power transformers for eleityic

insignificant. To produce 1W at least 273 ET-1311B3S-RS
modules should be used. Each module price is abdEUR
depending on purchased amount. That means veryduigfis
for such system, with very low potential. The gainsower
could be higher if more qualitative thermoelectriodules are

production [5].

A series of experiments, performed during the nesgdas
shown that temperature difference between therrotvede
module hot and cold side is lower, than it was sstgd in
theoretical calculation.
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Transformer surface temperatures of 40 to 50 °Gglwéare In substations we can easily find much cheapercgoof
typical conditions for power transformers in Latviere not electricity. But this technology could be effectivapplied to
high enough to ensure proper work of thermoelectrimn measurement devices, which are far from etsttri
generators. Our try to use thermoelectric coolefr@verse” network, and high temperature heat source is daila

mode did not solve problem related with relativiely surface
temperature.

Even with additional cooling fin, the temperatuiffedence [1]
between the hot and cold side of the module wa=etkimes
lower than theoretically acceptable. This adverssfgcted [2]
the performance of all tested thermoelectric moslule

Experiments with thermoelectric modules have als]
indicated that the performance of modules is beitenigher
temperatures, which could have a negative impact
transformers operation. This statement is condisigth the [5]
theory. At higher temperatures modules are abieséoa larger
amount of heat efficiently. Still, extra coolingutd ensure the 6]
greater temperature difference between the hotcaldi side
of the module.

Thermoelectric modules are manufactured from diffier
materials. And it is extremely difficult to find lasigh-quality
and relatively cheap modules in the market. Formpta
Ferrotec thermoelectric module, used in theoretic
calculation, costs 70-100 EUR. Also there are moisl with
delivery to Europe. This is an additional negafasetor for the
wider use of modules.

The performance of thermoelectric modules is high
dependent on ambient temperature, temperaturetafunface
and different factors which can affect the effidgnof
cooling, such as sun, wind, rain. That makes harcatculate
real performance of thermoelectric module.

Experiments were made using stand alone thermoielec
module and several modules mounted one by othesrume
cooler. If more modules will be mounted close omamnother
that will affect heat exchange, so thermoelectriodoie
efficiency can fall.

VIl. CONCLUSIONS

Main advantages of thermoelectric modules are tho=s,
reliability and no moving parts used. But they alte
outweighed by very low efficiency. They can harvesste

available, thermoelectric module becomes cost éagiffe.

To gain higher performance of thermoelectric modul
additional cooling should be provided. It means italthl
constructions will be mounted on power transformerface,
also it is additional costs. Which is technicallymplicated
operation. Also, IEC and other standards shoulthken into
account. Which mean additional difficulties for tim@electric
module usage on power transformer surface.

Calculations and experiments performed in thisaedelet
us to conclude that usage of thermoelectric moddites
recovery of low-potential heat from a surface ofwpo A
transformers is not suitable in Latvian conditioBsen if we
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