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ENERGY CHARACTERISTICS OF THERMOELECTRIC CONVERTERS
POWERED BY HUMAN BODY HEAT

The paper presents a three-dimensional physical model, analytical description and results of
computer simulation of thermoelectric converters placed on the surface of the human body. Optimal
properties of thermoelectric converters are determined, whereby maximum values of electric power
Wnax and efficiency are achieved in a state of rest and during physical exertion on the human body.
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Introduction

In [1 — 10], simple one-dimensional physical models of a thermoelectric microgenerator and the
process of temperature distribution and heat flows in the "human body — thermoelectric microgenerator”
system are used. Such models do not take into consideration thermophysical processes in human
biological tissue, namely blood circulation and metabolic processes

Therefore, the purpose of the work is to develop a three-dimensional physical model of thermal
and electrical processes in the "human body — thermoelectric microgenerator" system, its mathematical
description and determination by computer methods of the optimal properties of thermoelectric
converters, which achieve the maximum values of electrical power and efficiency in a state of rest and
during physical exertion on the human body.

1. Physical model

Consider a three-dimensional physical model of human skin (Fig. 1), on the surface of which a
thermoelectric converter 1 is placed. Human skin consists of four layers (epidermis 2, dermis 3, subcutaneous
layer 4, internal biological tissue 5) and is characterized by the following parameters: thermal conductivity
K;, specific heat capacity C;, density p;, blood perfusion rate s, blood density ps, blood heat capacity Cp, and
specific heat release g due to metabolic processes (Table 1). The geometric dimensions of each skin layer
are a;, b;, Li. The temperatures at the boundaries of the corresponding skin layers are 7(z;).

A thermoelectric converter 1 is a monolithic homogeneous bar of thickness L; with equivalent thermal
conductivity k;. The temperature on the contact surface of the human skin and the thermoelectric converter
is 7(z1), and the temperature on the surface of the thermoelectric converter is 7(0). The temperature difference
across the thermoelectric converter is A7.

The surface of the skin and the thermoelectric converter are in a state of heat exchange with the
environment with heat exchange coefficients o and a,. The ambient temperature is Tamb. The density of the
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heat flow passing through the thermoelectric converter is Q. The lateral surfaces of the human skin and the
thermoelectric converter are adiabatically insulated.
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Fig. 1. Physical model of human skin, on the surface of which a thermoelectric converter is located:
1 — thermoelectric converter, 2 — epidermis, 3 — dermis, 4 — subcutaneous layer, 5 — internal tissue.
Table 1
Thermophysical properties of human skin layers [12 — 16]
Layers of biological tissue Epidermis Dermis Subclzjizeiieous Internal tissue
Thickness,
L (mm) 0.08 2 10 30
Specific heat,
C (Wekg K 3590 3300 2500 4000
Thermal conductivity,
(WK 0.24 0.45 0.19 0.5
Density, 1200 1200 1000 1000
p (kgm”)
Metabolic heat density, 368.1 368.1 368.3 368.3
Gmer (Wm”)
Blood tissue perfusion rate, e 0 0.00125 0.00125 0.00125
(m’s"m”)
Blood temperature
’ 310 310 310 310
T, by (IQ
Biood density, 1060 1060 1060 1060
py (kgm”)
Blood heat capacity,
Cy (Wcke K 3770 3770 3770 3770
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2. Analytical description

In general, the equation of heat exchange in biological tissue has the following form [12-16]:
oT
ch=V(KVT)+pbcbwb(Tb—T)+qmet, (1)

where p is the density of biological tissue, ¢ is the specific heat of biological tissue, k is the thermal
conductivity of biological tissue, ps is the density of blood, ¢; is the specific heat of blood, ®; is blood
perfusion rate, 7} is blood temperature, g is the density of heat release due to metabolism.

The term on the left side of equation (1) represents the rate of change of thermal energy contained
in a unit volume of biological tissue. The three terms on the right side of this equation represent,
respectively, the rate of change of thermal energy due to thermal conductivity, blood perfusion, and
metabolic heat.

To solve the problem posed in this paper, we will consider a three-dimensional stationary case.
Then equation (1) will take on the form (2):

0°T(x,y,z) . 0°T(x,y,z) N 0°T(x,y,z)

e " o

)+pbcbwb(];_T)+qmet :0 (2)

The stationary heat exchange equation for a thermoelectric converter, provided that the influence
of thermoelectric phenomena is neglected, which is valid for small temperature differences, will have
the following form:

O’T(x,y,z)  0°T(x,y,2) OT(x,y,z)
ox’ " oy’ " oz’

K(

)=0. 3)

Therefore, to find the stationary temperature distribution in the “thermoelectric converter — human
body surface” system, it is necessary to solve the boundary value problem for a three-dimensional
system of equations (4), each equation of which corresponds to the corresponding layer of skin according
to the physical model (Fig. 1):

O°T(x.,2) , O°T(x,p,2) , O°T(x,.2)

Kl‘( 2 2 2 )_; _O
Ox oy 0z ;i%;{ll
0’T(x,v,z) 0 T(x,v,z) O T(x,y,z
- (2y ) . (2y ) . (2y ))_; + gy =0
Ox oy 0z )}{;3:;27
T (x,y,z) O T(x,y,z) O’T(x,v,z
(L2200 0.2)  OT 02 (T~ Ty 2) + g, =0 (4)
ox o A

82T(x,y,z) N 62T(x,y,z) N 82T(x,y,z)

KT oy’ gy TP (T, =T (6.3 2)) + 4o, =0
82T(x, V,z) 82T(x,y,z) 62T(x,y,z)
KS ( axZ + ayZ + aZZ x=0+x, + pbcbwb (T;J - T('x’y’ Z)) + qmet4 = 0
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with the following boundary conditions (5 — 9) in the form:

oT(x,y,z
G.] ’ (T(X, s Z) - Tnoe) x=0+x = KI ' & x=0+x;
y=0=y, 0z y=0+y,
z=0 z=0
oT(x,y,2) ) T (x,y,2)\
Kl ’ (— x:0+x1 = K2 ' - 4 )C:O%.Xl (5)
0Oz y=0+p) 0z y=0+y
A
ox ;5. i
z=0+z z=0+z
T T
a o a
ox Y0y, oy ;Z(;X'
z=0+z z=0+z

_ + .

T (X,y,Z) x=0+x :T ()C,y,Z) x=0+x;
y=0+y y=0+y,
z=z z=2z)

oT ’
KZ (Mj X=X Xy = a‘Z '(TJr(‘x’y’Z)_T;mg) X=X +X,)
oz YR MAREE
oT(x,y,z) ) or(x,y,2)\
., K(_y)j R (/3TN | ©)
0z y_:0+ V) oz y_:0+ y
T or
a_ x=0 = 0 ) =0+ - 0
Ox y=0+3; oy =0
T T
ol ol
ox y:OZiyz ay ;}yzxz
T (%,,2)| cger, = T (x,y,2) =0,
oT(x,y,2) ) or(x,y,2)\
‘. (_yj R (AC3 757 ) i ™
0z y=0+y, 0z y=0+y,
ol _y o
x|, Lo
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At
e e i i
Tﬁ('x’y9z) x=0-+2x, =T+(x,y,Z) x=0-+2x,
ngﬂ/z ,ZV::S+J’2
oT(x,v,2)\ oT(x,v,2)\
K4 ' [—y)j x=0-+x, = KS ! (ﬁj x=0+x, (8)
0z y=0+y, 0z y=0+y
T oT
a_ x=0 =0 — —0-= =0
., ol
T
al -y
ik, YR
Ti(x,y,Z) x=0-+x, = T+ (X,y,Z) x=0-+x,
yith g’ihyz
T (x,y,2) =0, = 37+273 9
yi)%yz
a.  _, oI
ox 5., [,
T
o =0 or =0
s, ey

where o, is the heat exchange coefficient of the skin surface with the environment, o, is the heat
exchange coefficient of the thermoelectric converter with the environment, 7(x,),z) is the absolute
temperature, Tams is the ambient temperature (air).
The solution to this boundary value problem gives the distribution of temperature and heat flow
in the “thermoelectric converter — human body surface” system.
To determine the maximum value of the generated electric power W, of the thermoelectric
converter, we determine the EMF according to formula (10):
E=N-N-AT, (10)
(1)

Then the maximum generated electric power W, of the thermoelectric converter is determined
by the formula (12):

where AT =T(0,0,z,)—T(0,0,0).
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2
Wy = (12)
4-R,

where the load resistance R;, in the W, mode is equal to the resistance of the thermoelectric converter,
ie

R, =R= N . (13)

17z
c S
The efficiency of the thermoelectric converter is determined by formula (14):

n:%lOO%, (14)

where the amount of heat passing through the thermoelectric converter is determined as follows:

'y oT(x,y,z2)

1N
0=x, -8, [ [ =22 dxdy. (15)
00

3. Computer model

In order to determine the optimal properties of thermoelectric converters, whereby the maximum
values of electric power and efficiency are achieved, a three-dimensional computer model of human
skin, on the surface of which a thermoelectric converter is placed, was created. For this, the Comsol
Multiphysics package of application programs was used [17], which makes it possible to simulate
thermophysical processes in biological tissue, taking into account blood circulation and metabolism
[18 —39].

The calculation of temperature distributions and heat flux density in human skin and a
thermoelectric converter was carried out using the finite element method (Fig. 2), the essence of which
is that the object under study is divided into a large number of finite elements and in each of them the
value of the function is sought that satisfies the specified second-order differential equations with the
corresponding boundary conditions. The accuracy of the solution to the problem depends on the level
of division and is ensured by using a large number of finite elements [17].
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Fig. 2. Finite element method mesh.
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Using object-oriented computer simulation, temperature distributions (Fig. 3) and heat flux
density lines in the skin and thermoelectric converter were obtained.
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Fig. 3. Temperature distribution in a cross-section of human skin, on the surface
of which a thermoelectric converter is located (at an ambient temperature of T = 20 °C).

4. Results of computer simulation
Using computer simulation, the optimal parameters of thermoelectric converters were determined,
whereby maximum values of electrical power and efficiency are achieved in a state of rest and during
physical exertion on the human body (Fig. 4 —9).
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Fig. 4. Dependence of the generated electric power on the height of the thermoelectric converter at an ambient
temperature of T = 20 °C and a coefficient of heat exchange with the environment of a = 10, 25, 50 W/m? K.
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Fig. 5. Dependence of the efficiency on the height of the thermoelectric converter at an ambient temperature of

T = 20 °C and a coefficient of heat exchange with the environment a=10, 25, 50 W/m> K.
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Fig. 6. Dependence of the generated electric power on the height of the thermoelectric converter at an ambient
temperature of T = 25 °C and a coefficient of heat exchange with the environment a = 10, 25, 50 W/m’ K.
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Fig. 7. Dependence of the efficiency on the height of the thermoelectric converter at an ambient temperature of

T =25 °C and a coefficient of heat exchange with the environment a. = 10, 25, 50 W/m’ K.
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Fig. 8. Dependence of the generated electric power on the height of the thermoelectric converter at an ambient
temperature of T = 30 °C and a coefficient of heat exchange with the environment a. = 10, 25, 50 W/m2 K.
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Fig. 9. Dependence of efficiency on the height of the thermoelectric converter at an ambient temperature
of T = 30 °C and a coefficient of heat exchange with the environment o. = 10, 25, 50 W/m* K.

The obtained results show that the optimal height of the thermoelectric microgenerator is
L =30+ 50 mm, regardless of the heat exchange coefficient of the thermoelectric microgenerator
surface with the environment. Improving the heat exchange conditions from a =10 W/m’K to
o =50 W/m’K leads to an increase in the generated electric power by 4 — 5 times. In this case, the
efficiency of the thermoelectric microgenerator increases significantly in the range of L =0 + 100 mm,
and a further increase in the height of the thermoelectric microgenerator does not lead to a sharp increase
in efficiency due to a sharp decrease in the generated electric power. Improvement of heat exchange
conditions on the surface of the thermoelectric microgenerator provides efficiency increase by
approximately 3 times.

As the calculation results showed (Fig. 4 — 9), the generated electric power and efficiency depend
significantly on the ambient temperature. It is obvious that at elevated ambient temperatures the value
of the working temperature difference on the thermoelectric microgenerator decreases, which leads to a
decrease in the value of the generated power and efficiency. Thus, for instance, when the ambient
temperature changes from 20 to 30 °C, the optimal value of the generated electric power of the
thermoelectric microgenerator decreases several times from 25 pW/cm? to 5 uW/cm? for a coefficient
of heat exchange a = 10 W/m?K and, accordingly, from 110 uW/cm? to 18 pW/cm? for a coefficient of
heat exchange o =50 W/m’K. Therefore, in order to preserve the energy performance of the
thermoelectric microgenerator under elevated ambient temperatures, it is necessary to improve the heat
exchange conditions. In practice, this can be ensured by an electronic heat exchange control system on
the surface of the thermoelectric microgenerator. For example, for low-power electronic medical
equipment, for the power supply of which 20 uW/cm? generated by a thermoelectric microgenerator
under normal ambient conditions (7=20 °C, a=10 W/m? K) is sufficient, when the temperature
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increases to 7= 30 °C, it is necessary to improve the heat exchange of the surface of the thermoelectric
microgenerator under conditions in which the coefficient of heat exchange will be a = 50 W/m? K. In
practice, this can be achieved by switching to forced convection from the surface of the thermoelectric
microgenerator by controlling the electronic power supply system of the fans that cool the surface of the
thermoelectric microgenerator.

Thus, according to estimates and calculations carried out in the work, it was established that in a
state of rest, from 1 cm? of the surface of the human body can be obtained from 25 uW to 100 pW of
electrical energy, and during physical exertion — from 40 uW to 150 uW of electrical energy, depending
on the conditions of heat exchange of the surface of the thermoelectric microgenerator with the
environment. If we take into account that the average human body surface is 2 m?, then due to heat
emission from the entire surface of the human body, it is possible to obtain from 0.5 W to 2 W of
electrical energy in a state of rest, and from 0.8 W to 3 W of electrical energy during physical exertion.
Such indicators are sufficient to power many low-power electronic medical devices.

Conclusions

1. A three-dimensional physical model of thermal and electrical processes in the “human body —
thermoelectric microgenerator” system has been developed, taking into account thermophysical
processes in biological tissue, namely blood circulation and metabolism, and its mathematical
description has been performed.

2. Using computer simulation methods, the optimal properties of thermoelectric converters were
determined, whereby maximum values of electrical power and efficiency are achieved in a state of
rest and during physical exertion on the human body.

3. It has been established that from 1 cm?® of the human body surface in a state of rest it is possible to
obtain a maximum of about 100 uW of electrical energy and during physical exertion — about
150 uW, and, accordingly, from the entire surface of the human body in a state of rest and during
physical exertion it is possible to obtain about 2 W and 3 W of electrical energy, which is quite
sufficient to power a variety of low-power electronic medical equipment. At the same time, the
efficiency of thermoelectric microgenerators powered by the heat of the human body reaches
0.5-0.6 %.
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EHEPTETUYHI XAPAKTEPUCTUKHU TEPMOEJIEKTPUYHUX
IHEPETBOPIOBAYIB, 1O )KUBJIATbCA
BIJ TEIUIA TIJIA JIIOAUHA

YV pobomi nasedeno mpvoxeumipny @QizuuHy MmoOenb, AHANIMUYHULL ONUC MA Pe3yabmamu
KOMN T0MePHO20 MOOEN08AHHA MEPMOEIEKMPULHUX NePEeMEOPIOsais, po3MIWeHUx HA NO8EPXHi
mina AoOuHU. BUsHaueHo onmumanbHi 61acmueocmi mepmoeieKmpudHux nepemeoprosayis, npu
AKUX 00CA2AI0OMbCA MAKCUMATLHI 3HAYEHHA eNeKmpuinoi nomyxcnocmi Wae ma KK/ y cmani
CNOKOIO Ma Npu Qi3uUHOMY HABAHMANCEHHT OP2AHIZMY THOOUHU.

KaouoBi caoBa: TepMOENEKTpHUYHMI  MIKpOreHepaTop, TiIO JIIOJAWHHM, EHEepreTH4Hi
XapaKTEePUCTHKH, CTaH CIOKOI0, (pi3yHe HABAHTAXKCHHS, KOMIT IOTEPHE MOJICITIOBAHHS.
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