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Waste heat recovery is one of the suitable industrial applications of thermoelectrics. Thermoelec-
tric generators (TEG) are used, commonly, only for low-mid size power generation systems. The
low efficiency of thermoelectric modules generally does not encourage their combination with high
power and temperature sources, such as gas turbines. Nevertheless, the particular features of ther-
moelectric technology (no moving parts, scalability, reliability, low maintenance costs) are attractive
for many applications. In this work, the feasibility of the integration of a TE generator into a cogener-
ation system is evaluated. The cogeneration system consists of a microturbine and heat exchangers
for the production of electrical and thermal energy. The aim is to improve electric power generation
by using TE modules and the “free” thermal energy supplied by the cogeneration system, through
the exhaust pipe of the microturbine. Three different solutions for waste heat recovery from the
exhausts gas are evaluated, from the fluid dynamics and heat transfer point of view, to find out a
suitable design strategy for a combined power generation system.

Keywords: Thermoelectric Generator, Waste Heat Recovery, Micro Gas Turbine,
CFD Simulation.

1. INTRODUCTION

Thermoelectric materials are used to produce electri-

cal power from heat flow across a temperature gradi-

ent. A module for power generation is an assembly of

thermoelectric couples of n-type and p-type semicon-

ductors connected electrically in series and thermally in

parallel. The thermoelectric generator is realized by cou-

pling the modules with a heat source (hot side) and a heat

sink (cold side). The electrical power is generated with

efficiency:

� = P/Qh

where P [W] is the generated electrical power and Qh [W]

the thermal flux entering the module.

The conversion efficiency can also be expressed as:1�2

� = �T

Th

√
1+ZcT̄ −1√

1+ZcT̄ + �Tc/Th�
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where �T = Th−Tc is the temperature difference, T̄ is the

average temperature, �T /Th is the Carnot efficiency and

ZcT̄ is the device figure of merit, with:

Zc =
[

�pn

��pkp�
1/2+ ��nkn�

1/2

]2

where �pn = �p − �n is the Seebeck coefficient [V/K]

of the couple, �p and �n [	m] are the electrical resis-

tivity values of the p and n type legs respectively,

while kp and kn [Wm−1K−1] are the thermal conductiv-

ities. Thermoelectric technology has some highly valu-

able advantages: it does not require any moving part, it

provides silent operations (no vibrations), high scalabil-

ity and modularity. These features have encouraged the

use of thermoelectric devices for aerospace and automotive

applications. Nevertheless, currently available thermoelec-

tric power modules present quite low efficiency (5 to 8%);

state-of-the-art materials show ZTaverage ∼ 0
9 at medium

hot side temperature.3 For these reasons, thermoelectrics

can not compete with heat engine power generators for

stand-alone systems, in terms of efficiency. In some indus-

tries, however, there is limited opportunity to reuse waste
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thermal energy. This makes TE power generation attrac-

tive for waste heat recovery in industrial processes like

aluminium melting, metal casting, cement kilns, etc.3�4

In this work, an application of thermoelectric generation

at a medium temperature was evaluated. The issue is the

feasibility of waste heat recovery from a micro gas turbine

(MGT) for thermoelectric power generation. Waste heat

from micro gas turbines can be reused for hot water pro-

duction. Nevertheless, pressure drops in exhaust gas flow

through the required gas/water heat exchanger may cause

decrease in turbine efficiency.5 Integrating a thermoelectric

generator (TEG) into the cogeneration system consisting of

power module (MGT) and heat exchanger enhances elec-

tric power generation. As minimum target, the amount of

electric power to produce via thermoelectric generator has

been fixed at 500 W. It is reasonable to expect that such

an increment of generated power could compensate the

potential efficiency decrease due to the flow of exhaust gas

across a heat exchanger. Three suitable configurations for a

coupled system micro gas turbine (MGT) and thermoelec-

tric generator (TEG) to increase electrical power produc-

tion have been evaluated. The theoretical framework for

the evaluation of the performances of the coupled system

is provided by the correlations of the dimensional analysis

for heat transfer in solids and fluids,7�8 on one hand, and,

on the other, by finite element formulation of the Reynolds

averaged Newton-Stokes (RANS) equations.9 The numer-

ical simulation has been performed with the FEM code

COMSOL Multiphysics,® release 4.4.10

2. MICRO GAS TURBINE LAYOUT AND
TE MODULES MAIN FEATURES

Figure 1 shows the layout of the micro gas turbine (MGT)

and thermoelectric generator (TEG) coupled system. In the

thermoelectric generator, the heat source is provided by

exhaust gas and the heat sink is cooled by water. Hence,

hot and cold sides of TEG are supplied by the cogeneration

system for the production of hot water.

Figure 1. Layout of the micro gas turbine (MGT) and thermoelectric

generator (TEG) coupled system. Main components of the MGT are

indicated.

Table I. Turbec T100 P technical data.5

Electrical output: 100 kW

Electrical efficiency: 30 %

Fuel consumption: 333 kW

Exhaust gas flow: 0.80 kg/s

Exhaust gas temperature: 270 �C
Nominal volumetric exhaust gas emissions

@ 15% O2, 100% load

NOx: <6 ppm/v

CO: <6 ppm/v

Maximum volumetric exhaust gas emissions

@ 15% O2, 100% load

NOx: <15 ppm/v

CO: <15 ppm/v

2.1. MGT Layout
In this work, the micro gas turbine (MGT) Turbec

T100P5�6 has been considered. Its main components are

a radial compressor, a tubular combustor, a recuperator, a

radial turbine and the electrical generator (Fig. 1). Turbec

T100P produces an electrical power of 100 kW with a

global efficiency of 30%. Flue gas can be regarded as a

mix of air, CO2 and water vapor; the maximum content of

NOx and CO is less than 15 ppm @ 15% O2 (Table I).

Exhaust gas temperature is 270 �C; mass flow is 0.80 kg/s:

as exhaust pipe diameter is 30 mm, flue gas flow presents

high Reynolds number (Re≈ 122000, fully developed tur-

bulent flow). Exhaust gas properties at 270 �C can be taken

as follows: density �g = 0
64 kg/m3, specific heat cp =
1
035 kJkg−1K−1; viscosity �g = 2
8×10−5 Pa · s, thermal

conductivity kg = 0
042 Wm−1K−1.

2.2. TE Modules Characteristics
Commercial available thermoelectric modules operating in

the 30 �C–200 �C temperature range are based on bis-

muth and antimony tellurides. In the considered tempera-

ture range, these thermoelectric materials present average

ZT values varying between 0.6 and 0.9. Thus, the expected

efficiency range of TEG modules is 3–6%. The features

of typical commercial 40 mm× 40 mm TE modules for

power generation are summarized in Table II.13–17

In the evaluation of the coupled system, a precaution-

ary value of 4% for TEG modules efficiency has been

considered. With this value, the thermal flux that has to

be recovered from the exhaust gas is Qmin = 12
5 kW.

The required number of TE modules varies between 52

and 104, depending on the output power in the range

0.28–0.59 W/cm2.

Table II. Main features of commercial 40×40 mm2 TEG modules.

P [W/cm2] � [%]

�T = 100�C 0.10–0.22 3.2–3.6

�T = 170�C 0.28–0.59 4.6–5.4

�T = 200�C (∗) >0.6 ∼6.0

Note: (∗) Operating with Tc = 20 �C and Th = 220�C.
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3. SUITABLE CONFIGURATIONS FOR
A MGT—TEG COUPLED SYSTEM

Three suitable arrangements for the integrated MGT—

TEG system have been evaluated. In the first solution,

TEG modules are located directly on the external surface

of the exhaust pipe. In the other configurations, waste heat

is transported from the exhaust pipe to an external ther-

moelectric generator, by using a compact heat exchanger

and a suitable working fluid, or by means of heat pipes.

3.1. Configuration with TEG Modules Located on the
External Surface of the Exhaust Pipe

Figure 2 depicts the schematic of the coupled system with

TE modules placed directly on the external surface of

the exhaust pipe. The internal area of the pipe has to be

enhanced by fins (Fig. 2) to increase the heat transfer. The

evaluated geometry of the pipe segment allows the location

of 10 ranks of thermoelectric modules. The heat transfer

coefficient of flue gas h [Wm−2K−1] has been evaluated

using the correlations of the dimensional analysis for the

calculation of the Nusselt number:

NuL =
hL

k

where L [m] is a characteristic length of the flow,

k [Wm−1K−1] is the thermal conductivity of the fluid

(exhaust gas). In the case of turbulent pipe flow, Nusselt

number can be evaluated as a function of fluid flow char-

acteristics, fluid properties and pipe roughness:

NuD = f

(
ReD�Pr�

es
D

)

where D [m] is the pipe diameter, ReD is the Reynolds

number with D as characteristic length (ReD = uD/�, u
velocity magnitude [m/s], � kinematic viscosity [m2/s]),

Pr the Prandtl number (Pr = �/�, � thermal diffu-

sivity [m2/s]) and es [m] is the pipe roughness. The

evaluation of the heat transfer coefficient with the

expressions for smooth pipes (Dittus-Boelter, Petukhov),7

yielded 27–32 Wm−2K−1 for the MGT exhaust pipe.

Taking into account the pipe roughness, values up to

Figure 2. Schematic of the configuration with TE modules placed on

exhaust pipe external surface. The inner surface of the pipe, in the waste

heat recovery segment, is enhanced by fins.

Figure 3. Heat transfer coefficient h [Wm−2K−1] in exhaust gas as a

function of pipe relative roughness es/D.

60 Wm−2K−1 have been obtained. Figure 3 shows

heat transfer coefficient as a function of pipe relative

roughness es/D.

In this configuration, the thermoelectric modules are

directly integrated into a heat exchanger flue gas/water.

The evaluation of the flue gas/water counterflow heat trans-

fer with 0.2 l/s water mass flow rate (inlet temperature

30 �C), through a multi—layered 3 mm aluminium—5 mm

TE modules (kTEG =1.42 Wm−1K−1�—3 mm aluminium

wall and with 100 mm wide fins, has led to a minimum

pipe segment lmin ≈ 90 cm to achieve Qmin = 12
5 kW.

In Figure 4(a), mean temperature profiles in exhaust gas

and water sides are reported. Figure 4(b) reports the tem-

perature distribution in the exhaust gas evaluated with

finite element analysis (FEA). FE analysis of heat trans-

fer through a finned pipe segment shows high temperature

gradient within the boundary layer. Hence, some differ-

ence between the straight line of the gas side temperature

reported in Figure 4(a) and the temperature profile in the

TE modules hot side has to be expected. The electrical

arrangement of the modules could be made connecting in

Figure 4. Counterflow exhaust gas–water heat exchanger. (a) Mean

temperature profiles [�C] in exhaust gas (red) and water (blue). (b) Tem-

perature distribution [�C] in a internally finned pipe: high temperature

gradient occurs in the boundary layer near the wall pipe.
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series the modules in each rank; the ranks then should be

connected in parallel.

3.2. Configuration with Finned Pipe Heat Exchanger
and TEG Located Outside the Exhaust Pipe

The second evaluated heat recovery configuration is based

on the utilization of a compact heat exchanger, to trans-

port heat from the flue gas to the TEG hot side by means

of a working fluid. Figure 5 depicts a suitable layout of

the integration of a finned pipe heat exchanger into the

exhaust pipe. The exhaust gas flow through the pipe bun-

dle yields higher values of heat transfer coefficient. Nusselt

and Reynolds numbers must be referred to the diameter

of the bundle tubes d as characteristic length and to the

maximum velocity value. Figure 6 plots Nusselt number

values across the tubes bundle, calculated by using the

results of finite element (FE) fluid flow evaluation in the

expression:8

Nud = Pr0
36fn�Red�

where, for high Reynolds flow across aligned rows bundle,

it can be considered: fn(Red� = 0
27Red. With a Nusselt

number up to 150, exhaust gas flow across the tubes bank

can achieve a heat transfer coefficient up to 185 Wm−2K−1.

Heat transfer may be increased by fins. Flat thin fins, with

thickness 1 mm and pitch 10 mm, have been considered

across the bundle, as shown in Figure 7. Fins efficiency

is the ratio of global fin heat transfer rate to the heat

transfer rate of the fin entirely at the bundle tubes wall

temperature.7�11 Efficiency �f can be calculated as:

�f =
Q

Qid

=
∫
Af

h�Tf −T �dA

h�Tf −Tw�Af

where Af is the fins area [m2], h is the coefficient of heat

transfer [Wm−2K−1], Tf is the temperature of flue gas [K],

Figure 5. Suitable configuration of waste heat recovery from MGT

exhaust gas by a finned pipes heat exchanger. (a) Layout of the coupled

system in the considered configuration; (b) detail of the waste recovery

unit; (c) heat flow [W], recovered by the finned pipes heat exchanger, as

a function of the working fluid inlet temperature.

Figure 6. Nusselt number of flue gas flow across the pipe bundle. Max-

imum heat transfer coefficient was found hmax = 185 Wm−2K−1.

T is the local value of temperature on the fin [K], Tw is

the wall temperature of the tubes [K]. Fins efficiency is,

hence, calculated from the temperature distribution on the

fins, plotted for the single fin in Figure 7. With the cur-

rent geometry, fins efficiency was evaluated as �f ≈ 88%.

The considered configuration achieves high heat transfer

area, up to 3 m2, with a very small heat exchanger vol-

ume (∼30 l). In the evaluation of the waste heat recov-

ery unit, a synthetic fluid with the following properties at

200 �C was considered:18 density �f = 900 kg/m3; spe-

cific heat cp = 2.2 kJkg−1K−1, thermal conductivity kf =
0
1 Wm−1K−1, viscosity �f = 0
5 mPa · s. The recovered

heat flow as a function of the working fluid inlet tem-

perature, with a fluid mass flow rate of 1 l/s, is shown

in Figure 5. With a fluid inlet temperature of 204 �C,
recovered heat has been evaluated as Q = 12
5 kW. Pres-

sure drop in flue gas across the pipes bank was evaluated

with FE analysis. Figure 8 shows a slice plot of pres-

sure drop across the waste heat recovery unit: maximum

Figure 7. Compact heat exchanger flat fins: the efficiency is evaluated

from the temperature distribution on the fins. Plot of temperature distri-

bution on the single fin [�C]
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Figure 8. Pressure drop in the waste heat recovery unit (finned pipes

heat exchanger).

calculated pressure drop is �Pmax ≈ 3
4 mbar correspond-

ing to a minimum efficiency drop,5 which is can be easily

recovered with the proposed thermoelectric generator. In

this configuration, recovered heat is transported to the ther-

moelectric generator, outside the exhaust pipe. Heat flux

on the hot side of the thermoelectric generator is provided

by the working fluid used in the finned heat exchanger

to recover waste heat from the exhaust gas. Temperature

increase of water (TEG cold side) and cooling of work-

ing fluid (hot side) depend on the ratio of mass flow rates.

Thus, in this configuration, hot side temperature can be

adjusted by setting working fluid mass flow rate properly,

whereas, with the previous solution, hot side temperature

was definitively determined by the fixed mass flow rate of

the exhaust gas. On the thermoelectric generator, modules

can be arranged in 5 banks of 100 W each; in this config-

uration, the modules in each bank should be connected in

series, whereas banks should be connected in parallel.

3.3. Configuration with Waste Heat Recovery by
Means of Heat Pipes

The last considered solution for waste heat recovery is

heat transportation from the exhaust pipe to the thermo-

electric generation using heat pipes. Figure 9 plots the

layout of a heat pipe:12 the heat is transported from the

hot side (evaporator), where the working fluid vaporizes,

through an adiabatic segment, to the cold side (condenser),

where the vapor is condensed. The liquid mass flow rate is

pumped back to the evaporator by capillary forces through

the perimeter wicking structure. A suitable schematic of

the configuration of waste heat recovery by means of

heat pipes is shown in Figure 10. In this work, horizon-

tal heat pipes with an external diameter (sealed container)

of 16 mm and effective length of 15 cm (total length

22.5 cm) have been considered. Heat pipe effective length

Figure 9. Schematic of a heat pipe.

is defined as leff = 0
5le + la + 0
5lc, where le, la, lc are

evaporator, adiabatic and condenser regions lengths. For

250 �C–270 �C temperature range, Dowtherm A® has been

considered as working fluid. Saturated liquid prosperties

at 257.1 �C (atmospheric boiling temperature) are reported

in Table III.

Surface tension has been taken as l = 0
014 N/m. The

number of merit [W/m2] of a heat pipe working fluid is

defined as:

M = �llL

�l

For the considered operating fluid, M = 1
31×1010 W/m2.

The number of merit has been used to evaluate the maxi-

mum heat flow rate recovered by a single heat pipe with

reference to the wicking limit. The evaluation of the other

operating limitations (viscous, sonic, entrainment, boiling
limits)11�12 yielded higher heat transfer rates, with val-

ues from 1.2 kW (entrainment limit) up to 66 kW (sonic

limit). The wicking limit is linked to the maximum liquid

mass flow rate that capillary forces can pump back to the

evaporator. Maximum capillary pumping pressure must be

greater than the sum of the pressure drops in the liquid

Figure 10. Schematic of the configuration of waste heat recovery from

exhaust gas using heat pipes.
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Table III. Saturated liquid properties at 257.1 �C of the considered

working fluid for the heat pipes.18

Density �l = 851
9 kg/m3

Specific heat: cpl = 2
237 kJkg−1K−1

Thermal conductivity: kl = 0
101 Wm−1K−1

Viscosity: �l = 0
27 mPa · s
Vaporization latent heat: L= 296
4 kJ/kg

(flow from the condenser back to the evaporator) and in

the vapor (flow from the evaporator to the condenser) plus

the hydrostatic pressure drop, depending on the inclination

� of the pipe:

�Pc�max ≥ �Pl+�Pv+�Pg

If liquid properties and wicking structure do not vary along

the pipe, the maximum liquid mass flow rate satisfying the

above condition is:

ṁmax =
[
�ll

�l

][
KAw

leff

][
2

re
− �lgleff

l

sin�

]

where K is the wick permeability [m2], Aw is the

wick cross-sectional area [m2], re the effective capil-

lary radius [m]. The corresponding maximum heat flow

Qmax[W] is:

Qmax = ṁmaxL=M

[
kAw

leff

][
2

re
− �lgleff

l

sin�

]

The wick has been considered as follows:12 permeability

K = 1
6× 10−10 m2, 80% porosity, thickness tw = 3 mm,

pore radius 0.0015 cm. The chosen geometry of the pipe,

with �= 0 (horizontal pipe), led to a maximum mass flow

rate 0.7 g/s. Thus, maximum heat transport, for the single

heat pipe, has been found Qmax = 207 W. This means that

at least 12 heat pipes for 100 W produced electrical power

are required. To produce 500 W electrical power with this

waste heat recovery configuration, the thermoelectric gen-

erator should be splitted into 5 banks connected in parallel,

as for the solution with the compact heat exchanger; the

TE modules in each bank would be connected in series.

4. CONCLUSIONS

The feasibility of a coupled micro gas turbine (MGT) and

thermoelectric generator (TEG) system has been evaluated.

The aim was to increase the production of electrical power,

by generating a minimum power of 500 W with the TE

device. In the evaluated configurations, the thermoelectric

generator is thought as integrated into a cogeneration sys-

tem for the production of electrical power and hot water

. Three different strategies for waste heat recovery from

MGT exhaust gas have been considered. In the first one,

the TE modules are placed directly on the external surface

of the exhaust pipe. In this configuration no fluid pumping

is required and negligible efficiency drop for the micro-

turbine, due to pressure drop in the exhaust gas across

the TEG section, is to be expected. In the second con-

figuration, with waste heat recovery from the exhaust gas

through a finned heat exchanger, the thermoelectric gen-

erator is located outside the exhaust pipe. This solution

leads to a compact waste heat recovery unit and to easier

control of TEG hot and cold sides temperature, by set-

ting mass flow rates of heat exchanger working fluid and

water properly. On the other hand, in comparison with

the previous presented solution, a circulator pump for the

working fluid is required. Furthermore, pressure drop in

the exhaust gas across occurs. The pressure drop must be

minimized, to avoid efficiency drop in microturbine and,

hence, in the whole integrated system. The third presented

solution is based on the use of heat pipes for waste heat

recovery from exhaust gas and transport of thermal energy

to the thermoelectric generator hot side. This configura-

tion may require a high number of them for the production

of the needed electrical power (∼12 every 100 W gener-

ated electric power). Furthermore, heat pipes length has to

be limited as much as possible, in order to preserve their

heat transfer features. Nonetheless, the use of heat pipes

enhances adaptability to a large output power range. This

solution does not require any fluid pumping, as the first

one presented in this work. Integrating the thermoelectric

generator into a cogeneration system was considered to

be the only feasible solution for the MGT—TEG arrange-

ment. The cogeneration system supplies heat source and

heat sink for the thermoelectric generator, therefore the

cost of the coupled system is reduced to that of TE mod-

ules. Furthermore, by increasing electrical output power

the integration of the TEG into a cogeneration system

allows to balance potential microturbine efficiency drops

due to the insertion of a heat exchanger for hot water

production.
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