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Abbreviation
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Thermoelectric generator

Longitudinal thermoelectric energy harvester
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Length (m)

Cross sectional area (m?)

Specific heat capacity (J/kgK)

Thermal conductance (W/K)

Thermal capacity (J/K))

Convective heat transfer coefficient (W/m?K)
Heat rate (W)

Electric voltage (V)

Electric current (A)

Electric power (W)

Electric resistance (Q2)
Temperature (K)

Axis coordinate (m)

Vii
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ns

Greek symbols

(04

Subscripts

hp

tc1,2,3

ce

cp

cb

h,H

c,C

viii

Time (s)
Mass flow rate (kg/h)
Number of TEGs in parallel

Number of TEGs in series

Seebeck coefficient (V/K)

Electrical resistivity (Q2m)
Material density (kg(m?)
Thermal conductivity (W/mK)

Efficiency (%)

Hot plate

Thermal compound
Ceramic substrate
Cold plate
Water-cooling block
Hot side

Cold side

p-type semiconductor
n-type semiconductor
Input

Load resistance

Cooling water
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Nomenclature

oc Open circuit
max Maximum
ss Steady-state
hh Hot side heat exchanger
ch Cold side heat exchanger
cl Copper lid
out Output
amb Ambient air
AVG Average
i Stage number
/ Row number
f Fluid

k lteration number
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Resum

Els dispositius termoeléctrics poden convertir l'energia termica
directament en energia electrica, o poden treballar en mode invers |
utilitzar l'energia electrica per crear un gradient de temperatura per
aplicacions de refrigeracié o calefaccié. L'abséncia de parts mobils,
I'amplia gamma de temperatures de funcionament, I'escalabilitat i la seva
capacitat modular els fan atractius per a aplicacions de generacio
d'energia.

La recuperacié d'energia de fonts de calor residual pot tenir un paper
important en I'estalvi d'energia i reduir la dependéencia de fonts d'energia
primaria. Proporcionar un subministrament d'energia sostenible s'esta
convertint en un problema social important, atés que en els proxims anys
el subministrament de combustible fossil disminuira mentre que la
demanda energética augmentara. Es per aguest motiu que en els Ultims
anys s'ha observat un augment en l'interes i en el desenvolupament de
tecnologies alternatives. En particular, els materials termoelectrics han
esdevingut el centre d'atencio ja que permeten la conversio directa de
calor en energia eléctrica i proporcionen una font alternativa de
generacio d'energia.

S’ha estudiat el seu Us en tubs d'escapament de vehicles, en aplicacions
de cogeneracio, i en la recuperacio de calor en cicles termodinamics. Tot
i que els dispositius termoelectrics tenen eficiencies relativament baixes,
recentment hi ha hagut avencos en materials termoelectrics que obren la
porta a un gran nombre de noves aplicacions. Ates que els avengos en
nous materials continuen i per tant s’estendra el ventall d'aplicacions de

XXi



Content

generacio d'energia, els sistemes de modelitzacié seran fonamentals per
al disseny de la propera generacio de recuperadors termoeléctrics.

En aquest treball s’investiga la recuperacio termoeléctrica en xarxes de
fluids i es proposa una eina generica per a la simulacié i dimensionament
de recuperadors termoelectrics, els quals, poden ser utilitzats en
aplicacions industrials per convertir l'energia térmica residual en
electricitat.

Els models actuals que es troben en la literatura es basen sovint en
aplicacions molt especifigues 0 s6n massa generals per analitzar
realment el comportament de recuperadors en aplicacions reals. El
model desenvolupat en aquest treball és altament adaptable pel que
permet estudiar un gran nombre de sistemes diferents.

S’ha desenvolupat un model tedric per estimar amb precisid I'energia
recuperada tenint en compte les no linealitats de les equacions
termoeléctriques i de transferéncia de calor. Tenint en compte que un
recuperador termoeléctric compren sempre multiples moduls
termoeléctrics col-locats en respecte a la direccid de flux, ambdues
configuracions serie-paral-lel, tant la térmica com [I'eléctrica, s'han
considerat. El model presenta un NRMSE de 0.52% i 0.75% i un RMSE de
2.15x10%% i 2.9mW per a [leficiencia i la generacid electrica,
respectivament.

El nou model ha estat analitzat i validat sota diversos estats estacionaris i
transitoris a partir de dades experimentals. EI model de recuperador
proposat s’ha codificat per tal de treballar en I'entorn TRNSYS, de
manera que pot ser utilitzat en el disseny i optimitzacié de recuperadors
termoeléctrics, és facilment escalable, permet atendre a una gran varietat
d'aplicacions i requisits i, per tant, ajudar a la seva implantacio en
aplicacions reals. Aquest modul servira per predir el comportament de
recuperadors de calor termoelectrics aplicats en sistemes termics
convencionals.
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Resumen

Los dispositivos termoeléctricos pueden convertir la energia térmica
directamente en energia eléctrica, o pueden trabajar en modo inverso y
utilizar la energia eléctrica para crear un gradiente de temperatura para
aplicaciones de refrigeracion o calefaccion. La ausencia de partes
moviles, la amplia gama de temperaturas de funcionamiento, la
escalabilidad y su capacidad modular los hacen atractivos para
aplicaciones de generacion de energia.

La recuperacion de energia de fuentes de calor residual puede tener un
papel importante en el ahorro de energia y reducir la dependencia de
fuentes de energia primaria. Proporcionar un suministro de energia
sostenible se esta convirtiendo en un problema social importante, dado
que en los proximos afos el suministro de combustible fosil disminuira
mientras que la demanda energética aumentara. Es por este motivo que
en los Ultimos afos se ha observado un aumento en el interés y en el
desarrollo de tecnologias alternativas. En particular, los materiales
termoeléctricos se han convertido en el centro de atenciéon ya que
permiten la conversion directa de calor en energia eléctrica y
proporcionan una fuente alternativa de generacion de energia.

Se ha estudiado su uso en tubos de escape de vehiculos, en
aplicaciones de cogeneracion, y en la recuperacion de calor en ciclos
termodinamicos. Aunque los dispositivos termoeléctricos tienen
eficiencias relativamente bajas, recientemente ha habido avances en
materiales termoeléctricos que abren la puerta a un gran ndmero de
nuevas aplicaciones. Dado que los avances en nuevos materiales
continian y por tanto se extendera el abanico de aplicaciones de
generacion de energia, los sistemas de modelizacion seran
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fundamentales para el disefio de la proxima generacion de
recuperadores termoeléctricos.

En este trabajo, se investiga la recuperacion termoeléctrica en redes de
fluidos y se propone una herramienta genérica para la simulacion vy
dimensionado de recuperadores termoeléctricos, los cuales pueden ser
utilizados en aplicaciones industriales para convertir la energia térmica
residual en electricidad.

Los modelos actuales que se encuentran en la literatura se basan a
menudo en aplicaciones muy especificas 0 son demasiado generales
para analizar realmente el comportamiento de recuperadores en
aplicaciones reales. El modelo desarrollado en este trabajo es altamente
adaptable por lo que permite estudiar un gran numero de sistemas
diferentes.

Se ha desarrollado un modelo tedrico para estimar con precision la
energia recuperada teniendo en cuenta las no linealidades de las
ecuaciones termoeléctricas y de transferencia de calor. Teniendo en
cuenta que un recuperador termoeléctrico comprende siempre multiples
modulos termoeléctricos colocados en respecto a la direccion de flujo,
ambas configuraciones serie-paralelo, tanto la térmica como la eléctrica,
se han considerado. El modelo presenta un NRMSE de 0.52% y 0.75% y
un RMSE de 2.15x10%% y 2.9mW para la eficiencia y la generacion
eléctrica, respectivamente.

El nuevo modelo ha sido analizado y validado bajo diversos estados
estacionarios y transitorios a partir de datos experimentales. EI modelo
de recuperador propuesto se ha codificado para trabajar en el entorno
TRNSYS, por lo que puede ser utilizado en el disefio y optimizacion de
recuperadores termoeléctricos, es facilmente escalable, permite atender
a una gran variedad de aplicaciones y requisitos y por tanto ayudar a su
implantacion en aplicaciones reales. Este modulo servira para predecir el
comportamiento de recuperadores de calor termoeléctricos aplicados en
sistemas térmicos convencionales.
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Abstract

Thermoelectric devices can convert thermal energy directly into electrical
energy, or they can work in reverse and use electrical energy to create a
temperature gradient for cooling or heating applications. The absence of
moving parts, wide range of operating temperatures, scalability, and
modular capabilities makes thermoelectrics attractive for energy
generation applications.

Harvesting energy from previously unemployed ambient sources can play
an important role in saving energy and reducing the dependency to
primary energy sources. Providing a sustainable supply of energy is
becoming a major societal problem as fossil fuel supplies decrease while
demands increase. Hence, the past few years have witnessed a surge in
interest in developing alternative renewable energy technologies. In
particular, thermoelectric materials have drawn attention because
thermoelectric effects enable direct conversion from thermal to electrical
energy, and provide an alternative source of power generation.

They have been considered for use with vehicle exhausts, co-generation,
and other energy recovery from lost heat in thermodynamic cycles.
Thermoelectric devices have relatively low efficiencies but there have
been recent advances in thermoelectric materials potentially opening the
door to more power applications. As material advancements continue
and a wider range of power generation applications will be considered,
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module and system level modelling becomes critical for the design of the
next generation of thermoelectric systems.

In this work, we investigate harvesting thermoelectric energy from wasted
heat in fluid networks and propose a generic tool for the simulation and
sizing of thermoelectric energy harvesters, that can be used in industrial
applications to convert expended heat energy into electricity.

Current models found in the literature are often based on very specific
applications or are too general in nature to truly explore the optimization
of a wide range of potential thermoelectric applications. The model
developed in this work is highly customizable permitting the optimization
of a large number of varying systems.

We develop a theoretical model to accurately estimate the recovered
energy considering the nonlinearities of the thermoelectricity and heat
transfer equations. Taking into account that a real thermoelectric energy
harvester always comprises multiple thermoelectric modules placed with
respect to the flow direction, both thermal and electrical series-parallel
configurations have also been considered.

The new model has been analysed and validated under steady and
transient states with experimental data. The proposed energy harvesting
system is easily scalable, to cater to a variety of applications with different
requirements, while improving the energy recovery and operational
lifetime of energy sources. The value of RMSE is 2.15x10-4 % and 2.9mW
for efficiency and electrical output power. The model presents a
normalized root mean square error NRMSE of 0.52% and 0.75% for
efficiency and electrical output power.

On the other hand, this new model is coded in the TRNSYS environment,
hence it can be used in design, performance optimization and further
application of thermoelectric energy harvesters. The programmed module
will serve as the key component of the software package that will predict
the performance of the thermoelectric heat recovery unit used in common
thermal systems.
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Chapter 1. Introduction

1.1 Introduction

In the present chapter, there is firstly a general introduction about
thermoelectric energy harvesting followed by summary of the thesis
contents and finally the main objectives of this work are introduced.

This thesis has been prepared as a compendium of papers. Chapter 2
contains a transcription of the published paper “Development and
validation of a new TRNSYS type for the simulation of thermoelectric
generators”. In Chapter 3 there is a transcription of the published paper
“Modelling analysis of longitudinal thermoelectric energy harvester in low
temperature waste heat recovery applications”. Finally, in Chapter 4 a
transcription of the published paper “Advances in modeling and analysis
of longitudinal thermoelectric energy harvesters” can be found.

In the last chapter a discussion recapitulates and summarizes the main
findings. Suggestions for future research and necessary improvements in
the modelling systems are made.

1.2 Thermoelectric energy harvesting

A thermoelectric power generator (TEG) is a solid-state device that
provides direct energy conversion from thermal energy, due to a
temperature gradient, into electrical energy based on Seebeck effect.
Also, they can work in reverse mode and use electrical energy to create a
temperature gradient for cooling or heating applications.

The absence of moving parts, wide range of operating temperatures,
scalability, and modular capabilities makes thermoelectricity attractive for
a wide variety of applications, such as power for remote control and
monitoring of oil or gas pipelines and production facilities, automotive
waste heat recovery, power for navigational aids, spacecraft radioisotope
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power supply, telecommunications systems and cathodic protection, and
other energy recovery processes [1-6].

Thermoelectric devices have relatively low efficiencies but there have
been recent advances in thermoelectric materials potentially opening the
door to new power applications [7,8]. As material advancements continue
and a wider range of power generation applications will be considered,
module and system level modelling becomes critical for the design of the
next generation of thermoelectric systems.

TEGs contain two dissimilar thermoelectric materials which are arranged
electrically in series and thermally in parallel. The junctions of the different
conductors are kept at different temperatures which cause an open
circuit electromotive force to develop as follows:

Voc() = @y (T () = Ty e () (1.1)

where a,, is the difference in Seebeck coefficient of the two leg materials
and has the units of V/K and Ty, , and Ty, are the hot and cool side
absolute temperatures both measured in Kelvin. Thomas Johann
Seebeck, a German physicist, discovered this effect in the early 1800s.
When a load is applied, electric current is driven by the temperature
difference as heat conducts through the device. In the same time period,
an independent discovery from Seebeck’s research was made by French
physicist, Jean Charles Athanase Peltier. The Peltier Effect is the reverse
of the Seebeck Effect; as electric current is applied to a semiconductor,
heat is absorbed or released depending on direction of current and the
relationship of the Seebeck coefficients. The heat absorption or
dissipation may create a temperature gradient depending on thermal
loading [9].

An important unit-less metric for evaluating the performance of
thermoelectric materials is the thermoelectric figure of merit, ZT . It
characterizes the effectiveness of a specific thermoelectric material in

3
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terms of its electrical and thermal material properties. The figure of merit
is expressed as

where a is the Seebeck coefficient, ois the electrical conductivity 4, is the
thermal conductivity, and T is the absolute average temperatura of the
material [9]. ZT for materials has remained below one for decades but in
recent years, ZT of new materials has reached values greater than two
[10]. These increases in the figure of merit are a result of studies in
nanostructures of thermoelectric materials. This research has the promise
of increasing the figure of merit to even higher values. With values greater
than 3, thermoelectrics provide feasible solutions in many applications

[11].

Modules consist of a group of thermoelectric semiconductor pairs, called
legs or pellets, connected electrically in series and thermally in parallel as
is shown in Figure 1.1. The ends of the leg pairs are typically connected
by a conductor. On top of these conductors an electrically insulating but
thermally conductive material is attached to prevent electrical shorting of
the leg pairs, typycally a ceramic substrate.

CERAMIC
SUBSTRATE

P-TYPE

NEGATIVE II—/ AT X % Y SEMICONDUCTOR
) - N PELLETS
CONDUCTOR N-TYPE
TABS SEMICONDUCTOR

POSITIVE (+) PELLETS

Figure 1.1. Typical one-stage thermoelectric module [12].
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Figure 1.2. Schematic representation of a thermoelectric pair [13].

Figure 1.2 represents a single thermoelectric pair. The heat flowing into
the hot surface, Q;,, and out of the cold surface, Q., are given by

1
Qh (t) = Kpn (Tpn,h (t) - Tpn,c (t)) + apnl(t)Tpn,h (t) - Elz(t)an

1
Qc(t) = Kpn (Tpn,h(t) - Tpn,c(t)) + apnl(t)Tpn,c(t) + Elz(t)an

With K, representing the thermal conductance of the thermoelectric
material, I representing the current [6] and Ry, the electrical resistance of
the thermoelectric module. Module level Seebeck coefficient a,,, module
level thermal conductivity 4,,, and module level electrical resistance a,,
are the three parameters that define the performance of a thermoelectric
module. It must be take into account that a TEG is composed of multiple
thermoelectric pairs. Therefore, each parameter have to be multiplied by
the number of thermoelectric leg pairs n.
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K,, = 2= (1.5)
p €pn
Apn = n(ap — an) (1.6)
Apn =12, + 1) (1.7)
Op€p Opén
=n{——+ 1.8
Ryn n( 4, ta, ) (1.8)

This model operates under the assumptions that there is 1-D thermal
transport only, the Seebeck coefficient is constant, and contact
resistance of the conducting strips can be ignored. These equations are
derived from the heat equation subject to the Seebeck effect equation.
The first term is the thermal resistance of the thermoelectric leg pair for
the temperature gradient of the boundary surfaces. The second term
represents the Peltier effect which is reversible heat absorption or
emission at the leg interfaces. The third term is the Joule heating in the
semiconductor leg pairs operating at a specific current [14]. Applying
conservation of energy gives the following relationship

2 2
apn (Tpn,h(t) _Tpn,c(t)) RL

(Rpn + RL)Z

Pr, (t) = Qn(t) — Qc(t) = Vg, I =

where Pg, is the electrical power extracted from the system by the
thermoelectric module [15]. Although above equations describe the
performance of an individual thermoelectric module subject to Ty, , and
Tyn,c DOuNdary conditions, more complex formulations are required for
modeling entire thermoelectric power units utilizing multiple modules and
with thermal resistance between the modules and the heat source and
sink.
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To boost the waste heat recovery and consequently the output power,
energy harvesters are often composed of multiple arrays of TEGs
electrically arranged in series-parallel configuration. The way that TEGs
are connected strongly affects the electro-thermal outputs of each TEG
and the whole harvester as well.

When the heat source comes from a liquid or gas stream, the most used
topology is the longitudinal thermoelectric energy harvester LTEH [16], in
which TEG modules are located along the energy flow path with the
purpose to convert the maximum amount of thermal energy into electrical
power.

A basic drawing of a LTEH with insulation surrounding it, solid surfaces
holding it in place and a convective medium across these surfaces on the
hot and cold side is represented in Figure 1.3.
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Figure 1.3. Basic scheme of a longitudinal thermoelectric energy
harvester.

Figure 1.3 shows the basic scheme of the longitudinal model presented in
this thesis, which allows the simulation of LTEHs composed of multiple ns
stages and np rows. In fact, it is the same configuration used in the 1-D
thermoelectric generator model explained above, which takes into
account the heat extraction from fluid due the thermoelectric generation,
resulting in a fluid temperature and power reduction at every stage:
T}, > T and Py > P2 When TEGs are interconnected, both heat
transfer and electrical equations are dependents. It is important to note
that current I; flowing through a branch jis the same flowing through each
TEG in the same branch, though they are not working at the same
temperature difference: T, > Ti¥' . Consequently, the system of
equations formed by heat transfer and electrical equations must be
solved simultaneously at each time step.
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Many models describing the electro-thermal behaviour of thermoelectric
generators TEGs exist in literature. Gou et al. [17] and Meng et al. [18]
presented a theoretic dynamic model of a general thermoelectric
generator with finned heat exchangers. However, it does not take into
account the electrical interconnection effect of the TEG array, neither the
heat losses of the fluid at each stage. Hsiao et al. [19] also analyzed a
model of a TE module applied on an automobile exhaust. They provided
a scientific methodology with complicated equations on the field of
thermoelectric simulations. However, the model cannot be used to
simulate the behavior of a LTEH. It only solves the heat transfer and
electrical equations of a single TEG module. Therefore, it does not
consider the electrical and thermal losses due to the longitudinal and
array configuration.

Wu [20] performed a theoretical analysis on waste-heat thermoelectric
power generators. In this study, a real waste-heat thermoelectric
generator model was presented based on accounting for both internal
and external irreversibility to predict realistic specific power and
efficiency. Therefore, this approach gave a much more realistic generator
specific power and efficiency prediction than does the ideal TEG.

Crane and Jackson investigated thermoelectric waste heat recovery with
regards to cross flow heat exchangers [21,22]. A cross flow heat
exchanger model was validated against measured performance of
advanced cross flow heat exchangers without thermoelectrics. The
numerical simulations were compared to experimental data with good
agreement between them.

Wang et al. [4] presented a mathematical model of a TEG device using
the exhaust gas of vehicles as heat source. The model simulates the
impact of relevant factors, including vehicles exhaust mass flow rate,
temperature and mass flow rate of different types of cooling fluid,
convection heat transfer coefficient, height of PN couple, the ratio of
external resistance to internal resistance of the circuit on the output power
and efficiency. However, just a few experimental results are provided.
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Yu and Zhao [23] developed a numerical model for prediction of
performance of a TEG with a parallel-plate heat exchanger. They
assumed that the flat thermoelectric modules were held tightly between
hot and cold fluids, which had multiple thermocouples with a single layer
of p- and n-type semiconductors. The thermocouples along the fluid path
were connected electrically in series. A typical energy balance was used
to set up the model with the differential equations discretized along the
axial direction of the hot fluid. The solution to the numerical model was
provided using an iterative method. Simulations were performed to study
the effects of the various parameters. An experimental study based on
the Yu and Zhao model [23] was performed by Niu, Yu and Wang [24]. A
comparison of the experimental results with the numerical model is
presented in this work. A two fluid, multi-plate, multi-pass, counter/parallel
flow heat exchanger with thermoelectric generators was created for the
experimental phase. The data obtained through experimentation shows
that the numerical model over-predicts performances of the TEGs over
the entire range of data. At lower temperatures, the model displays better
agreement with experimental results, but as hot fluid inlet temperatures
are increased, the prediction diverges from the measured values. The
discrepancy is associated to the lack of accounting for heat losses and
the fact that thermoelectric properties are treated as constants.

Finally, Xiong et al. [25] developed a numerical model of two-stage
thermoelectric energy harvesting system driven by waste heat from the
slag water of a blast furnace. This model do consider the longitudinal
heat losses of the fluid but do not consider a multiple TEG array, neither
the electrical interconnection effect.

The above literatures provided some significant guidelines for the design
of the thermoelectric energy harvesters in terms of the principle of
thermodynamics. However, aforesaid models are only validated for stand-
alone applications without taking into account the electrical
interconnection effect of the TEG array.

The interconnection of TEGs can produce a global power production
drop of 12% with respect to a not interconnected LTEH. That is because
of the temperature mismatch between thermoelectric stages [26,27].
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Module mismatch reduces performance of thermoelectric modules as
they are connected together electrically. The degraded performance is
suspected to be a result of the difference in key module parameters
between modules including internal electrical resistance and Seebeck
coefficient. Modules are producing less power than predicted by simple
modeling means, so improved models need to be developed and
employed. Experimental data must first be gathered by comparing
thermoelectric modules with varying Seebeck coefficients and internal
electrical resistances to test and validate the module mismatch models.
Each module has these specific parameters that affect their voltage-
current relationship thus affecting their maximum power produced. If the
values of the maximum power points of the modules’ power curves were
simply added together, it could be significantly more than a maximum
power point of the power curve that represents the modules linked
electrically. A model for modules linked electrically in series as well as
electrically in parallel is needed to accurately predict power recovered by
modules with unequal material parameters.

Taking into account these phenomena, a complete LTEH model
considering electrical interconnection effect is mandatory.

1.3 Motivation

Our world hungers for energy. As global population is growing and more
and more people will increase their quality of life, this will also yield higher
energy consumption. According to recent report the energy demand will
continue to increase by 30-40% the next 20 years [28,29]. Today most of
the energy, around 80%, comes from fossil fuels and will continue to do
so in the near future. Because of the greenhouse gases these energy
conversion technologies emits, along with its inherent non-sustainable
usage of limited resources, others sources of energy will eventually need
to take over a much higher portion of the energy production. Renewables,
even though it accounts for very small portions of the energy production

11
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today, is believed to take care of much of the growth in energy production
in the last part of this century. But producing more clean and renewable
energy is not the only solution. We also need to utilize the energy we
already produce in a much more efficient way.

The utilisation of waste energy in industrial enterprises has enormous
potential in terms of energy efficiency, the exploitation of which delivers
both positive ecological and economic benefits.

In these days of mounting environmental awareness and more intensive
discussions on the subject of sustainability and the concomitant
conservation of fossil fuels, the energy industry is focusing increasingly
on the topic of energy efficiency. Both of these topics are intimately
entwined. In addition to renovation or modernisation of the plant and
depending upon the specific circumstances, the utilisation of hitherto
neglected energy potentials, such as waste heat, can contribute to a net
increase in the energy vyield from the primary energy carriers and
therefore to increased energy efficiency.

The term 'waste heat' refers to any heat generated by a living organism,
technical plant or process, which is dissipated into the surrounding
environment without being used. It is created through inefficient facilities
or process management as well as through thermodynamic constraints.

It is classified with reference to the prevailing temperature level in
accordance with the following scheme:

* Low temperature waste heat: < 150 °C
* Medium temperature waste heat: 150 °C-500 °C

» High temperature waste heat: > 500 °C

The greatest untapped waste heat potential is to be found in the industrial
sector. Extremely energy-intensive production processes are especially
prone to the creation of heat loss sources, in which useful energy

12
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generated from primary energy carriers is dissipated into the surrounding
environment as industrial thermal waste.

It is estimated that mankind wastes ~20% of the 15 terawatts required
annually for global power consumption as low level heat (<200°C)[30].
This amounts to 102° J/yr, which is greater than the total annual energy
usage of all EU member states. Widespread availability of new low-cost
thermoelectric devices would allow direct heat-to-electrical energy from
this vast, essentially untapped, resource generating a new industrial
sector based on local power generation from otherwise wasted energy
sources (engines, boilers, heat pumps, etc.) amounting up to 50 billion
€/yr[31].

From an ecological perspective, the generation of useful energy from
waste heat is carbon neutral. No additional primary energy carriers are
introduced for the conversion of waste heat into usable energy. Another
ecological consideration is the fact that the useful energy gained through
this technology substitute that which would have been consumed from
other energy sources that do consume primary energy carriers during the
conversion process. This substitution reduces the utilisation of primary
energy sources, for example, in the production of process heating,
electricity or heating.

In addition, this energy substitution has economic effects. By saving the
thermal or electrical energy that would have to have been supplied
through alternative energy production processes, the cost of fuel or
electrical power can also be saved. Energy expenditure is often a
significant cost factor, which directly influences the ability of production
firms to compete in the market. By contrast with the consumption of
energy from public sources, the costs associated with the conversion of
waste heat to usable energy can be calculated over the long term. This
reduced the dependency on the energy markets and the concomitant risk
of unpredictable price increases.

13
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Over and above this, the provision of process heating through waste heat
exploitation can result in a lower CO2 certificate quantity requirement,
which, in turn, results in cost savings.

Heat recovery has it theoretical foundation in thermodynamics. Waste
heat has a lower energy value (a higher entropy) than other forms of
energy such as electricity. The carnot efficiency is the highest theoretical
efficiency a heat recovery system can obtain and is given by n =
Ty —Tc/Ty where Ty is the temperature of the waste heat, T, the
temperature of the cold side heat exchanger and n the ratio between the
work done by the system (for example electricity generated) and the heat
energy supplied. This equation shows how the higher the temperature of
the waste heat is, the more efficient can this energy be exploited further.

Cases where the temperature is too low or the energy volume too small,
are seldom considered usable with existing technology to encompass
investment in energy recovery systems. Steam turbines, which are the
most used technology for converting heat into electricity, takes up a lot of
extra space, need extra maintenance and complicates the total process
further while also having a much higher cost per watt produced at lower
temperatures [32]. The same factors limit most of the existing waste heat
recovery technologies.

Key advantages of TEGs for waste-heat recovery are their simplicity,
minimal maintenance requirements, and reliability since there is no
rotating machinery in the system. Thermoelectric devices are making
gains in their efficiencies and power outputs for their most effective
operating conditions. As these advances are made, applications for these
devices need to be explored. Their implementation into industry could
lead to a plethora of power recovered from waste heat in many different
applications. Power utilities, turbine and compressor exhausts,
manufacturing plants, automobile exhausts, and incinerator plants are
prime examples of applications that could benefit from a thermoelectric
system. Many of these systems, either directly or indirectly, use finite
resources as their source of fuel.

14
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For industry purposes, heat exchanger subsystem level needs to support
the module level advancements to ensure proper design for the
application of the thermoelectric modules. A modeling tool will allow for
better development of thermoelectric subsystems for industry use and
provide justification for implementation into the thermodynamic system.

A tool that is being developed by GREFEMA, consist of a computational
platform that has the capability to simulate a thermodynamic system with
a thermoelectric recovery system attached. Performance can be
optimized by varying thermoelectric parameters as well as system design
parameters. This allows the user to perform a direct analysis as well as
obtain quantitative results. The results obtained span every point of the
entire system and provide detail to the exact operation of the system. It
also allows for optimization of design variables when proposing a
thermoelectric heat recovery unit.

1.4 Objectives

The primary objective of this thesis is to develop a new computational
model of a thermoelectric energy harvester capable to simulate the
electro-thermal dynamics of a longitudinal thermoelectric energy
harvester composed of an array of interconnected TEG modules, which,
at the same time, can be disposed thermally and electrically in different
series-parallel configurations. A secondary aim will be to develop a well
optimized model running without interruptions or delays, so it can be
used in design, performance optimization and further application of
thermoelectric energy harvesters.

15
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Although many models have been provided, most of them are only
validated for stand-alone applications without taking into account the
electrical interconnection effect of the TEG array. Therefore, the
objectives of this work can be summarized as:

» Study and analyse the existing LTEH models.

* Propose a new model capable to simulate the transient electro-
thermal dynamics of a LTEH.

» Develop a robust model that allows the optimization of the overall
system by varying the module level design parameters.

e Consider that thermoelectric parameters are temperature-
dependent.

» Reduce computation time.
» Test and validate the model with experimental data.

e Quantify the model mismatch.
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of a new TRNSYS type for the simulation of thermoelectric generators

This section is a transcription of the contents of the following paper (a
copy of the published version can be found in Appendix A):

E Massaguer, A Massaguer, L Montoro, JR Gonzalez. Development and
validation of a new TRNSYS type for the simulation of thermoelectric
generators. Applied Energy, 134, 65-74, 2014. ISSN 0306-2619 (Impact
factor 5,613; Journal 8 of 89; 1st quartile; Energy and Fuels)

Abstract

Thermoelectric generators (TEGs) make use of the Seebeck effect in
semiconductors for the direct conversion of heat into electrical energy,
being of particular interest for high reliability systems or for waste heat
recovery. Although several TEG models can be found in the literature,
many of them not offer a theoretical solution because they are based on
steady-state solutions or they are assuming fixed parameters as
boundary conditions. Consequently, to assess and optimize
thermoelectric generators in real applications a numerical transient
simulation tool, which takes into account the whole energy system, is
mandatory. For that purpose, a new TRNSYS type is developed. This TEG
component, which can be used as a design tool, is presented in this
paper and validated using experimental data.

The results show that the proposed component is able to cope with both
thermal and electrical dynamics. The comparison between theoretic and
experimental results has approved the reasonability of the new
component. The normalized root mean square errors are 3.53% and
2.33% for temperature difference between hot and cold sides and
electrical output power, respectively.
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2.1 Introduction

A thermoelectric power generator is a solid-state device that provides
direct energy conversion from thermal energy, due to a temperature
gradient, into electrical energy based on Seebeck effect. Also, they can
work in reverse and use electrical energy to create a temperature
gradient for cooling or heating applications. The absence of moving
parts, wide range of operating temperatures, scalability, and modular
capabilities makes thermoelectricity attractive for a wide variety of
applications, such as power for remote control and monitoring of oil or
gas pipelines and production facilities, automotive waste heat recovery,
power for navigational aids, spacecraft radioisotope power supply,
telecommunications systems and cathodic protection, and other energy
recovery processes [1-6]. Thermoelectric devices have relatively low
efficiencies but there have been recent advances in thermoelectric
materials potentially opening the door to new power applications [7,8]. As
material advancements continue and a wider range of power generation
applications will be considered, module and system level modelling
becomes critical for the design of the next generation of thermoelectric
systems.

Although several models for TEG modules can be found in the literature
[17-19,33-37], many of them not offer a theoretical solution because their
governing equations are based on steady-state solutions or they are
assuming fixed temperatures as boundary conditions at both sides of the
TEG. Moreover, almost none of them have studied the transient effects of
load resistance. Complete transient analyses are seldom presented and
just a few have already provided a complete mathematical solution of the
heat conduction equation for TEG devices [35-37].

This study attempts to fill the existing gap in the simulation of
thermoelectric generation through the development of a new component
that can be used in TRNSYS software. TRNSYS [38], developed at the
University of Wisconsin, is a transient systems simulation program with a
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modular structure. It recognizes a system description language in which
the user specifies the components that constitute the system and the
manner in which they are connected. The TRNSYS library includes many
of the components commonly found in thermal and electrical energy
systems, as well as component routines to handle input of weather data
or other time-dependent forcing functions and output of simulation
results. The modular nature of TRNSYS gives the program flexibility, and
facilitates the addition to the program of mathematical models not
included in the standard TRNSYS library. TRNSYS is well suited to
detailed analyses of any system whose behaviour is dependent on the
passage of time. It has become reference software for researchers and
engineers around the world. Main applications include: solar systems
(solar thermal and photovoltaic systems), low energy buildings, HVAC
systems, renewable energy systems, cogeneration, fuel cells and more.

Full integration of the new component within the TRNSYS simulation
package is another advantage of this study, which makes it more
applicable for designers in both the design and commissioning of waste
energy harvesting systems. The incorporation of the TEG model into
standard TRNSYS library will allow users to simulate TEGs coupled to
many different thermal facilities and applications (e.g. solar thermal
systems, geothermal systems and more). Because of the mentioned
benefits, TRNSYS is chosen to implement the new component.

The objective of this work is to develop a computational model capable to
simulate the electro-thermal dynamics of a TEG system into TRNSYS
software. The new component is fully analysed and validated under
steady and transient states with data obtained from the experimental
setup.
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2.2 TEG modelling

A TEG device in essence is a thermopile composed of a number of p-
and n-type semiconductor pairs connected electrically in series. Heat
carries the majority carriers from one junction to the other producing a
current and voltage. By placing many PN couples in series electrically
and in parallel thermally, a TEG module generates an open-circuit voltage
proportional to the temperature differential across the elements.

According to Seebeck, Peltier and Thomson effects, the TEG power
generation depends mainly on both temperature differential across the
semiconductor elements and electrical load connected (i.e. changes of
the temperature difference lead to changes of the open-circuit voltage,
and the TEG output performance will change as well). Therefore, the
unsteady-state heat transfer model is built to solve the TEG temperature
distribution. Thereafter, the TEG power and performance outputs can be
determined.

Similar with Gou [17,39], Kim [40], Nguyen [36] and Rodriguez [41], the
basic configuration of the thermoelectric study follows the general design
illustrated in Figure 2.1.
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Figure 2.1. One-dimensional heat transfer model of thermoelectric
generator.

A thermoelectric module is sandwiched between electrical heater and
water-cooled heat exchanger that can be treated as a convective heat
transfer system. The TEG consists of certain number of semiconductors,
corresponding solder layers, conducting strips and thermal insulation
material. In order to electrically isolate the module, a ceramic substrate is
located both sides of the TEG. A thermal compound increases
the thermal conductivity of the interfaces by filling microscopic air-gaps
between ceramic substrates and aluminium plates and TEG and ceramic
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substrates, respectively. At the same time, hot and cold plates allow to
introduce temperature sensors on the experimental set up.

2.2.1 Assumptions and boundary conditions

In the analytical assessing, the thermal conductivity, electric conductivity,
and Seebeck coefficient of semiconductors are all assumed to be
temperature-independent, and adiabatic boundary conditions were
supposed on the side surfaces of TEG element. Thermal conductivities,
electrical resistivity, and specific heat capacities of non-thermoelectric
materials are supposed constants within the operating temperature
range.

Due to the fact that this study is focused on low-temperature system, the
Thomson effect could be neglected [18]. Besides, initial temperature of
the system is equal to ambience temperature, this means that
temperatures at both sides of the TEG element are the same, and
consequently initial output data is zero. Finally, an instantaneous
response to electrical load transients is considered [35].

The heat leakage through the solder layer and conducting strips are
neglected. The flow of heat and current in the system are assumed one-
dimensional. All materials are assumed homogeneous and isotropic.
Finally, heat losses due to radiation and transverse convection are
neglected.

2.2.2 Governing equations

In thermoelectric devices, both refrigeration and generation applications,
the internal and external nodal temperatures of TEG can not be
determined analytically without knowing the heat flux due to the
thermoelectric effects. The reasons are the nonlinearities of the
thermoelectricity and heat transfer equations.
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The model solves the nonlinearities using finite difference and Newton-
Raphson methods, which calculates the temperature at different nodes
separated in space by a discrete distance. In the transient state, the
temperatures of these points are calculated at discrete periods of time
and the temperatures for all the nodes are recalculated at the end of this
time interval. Using the implicit finite difference method, the values of heat
flux can be determined using the values of the temperatures of the time
step before.

According to heat conduction theory, the one-dimensional unsteady heat
conduction equation of non-thermoelectric elements can be shown as:

s oT; _ 3 02T; (2.1)
Pioi 5 = iayiz

where p, S and A are density, specific heat capacity and thermal
conductivity, respectively, t and y are time and axis coordinate,
respectively. The subscript i determines the heat transfer related to node
i. As found in the referenced literature [35,41], the thermal-electrical
analogy is useful in the analysis of complicated unsteady heat transfer
problems, which can be understood by creating an electric circuit like
Figure 2.1 with following equations:

where K; and C; are the thermal conductance and thermal capacity
associated with each node /.
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The governing equations for p- and n-type thermoelectric elements
involve three basic effects, Seebeck effect, Peltier effect and Thomson
effect. Besides, there are two accessorial effects, Joule effect and Fourier
effect. Gou [17] explained that Peltier heat generates on the two sides of
semiconductor and Joule heat can be regarded as flowing equally to the
two sides of conductors, so they can be disposed as a boundary heat
fluxes. Thomson heat is small enough to be neglected since it is a
second-round effect. So the TEG inner unsteady-state heat transfer
equation can be translated also as Eq. (2.1).

The boundary condition applied at the hot plate surface, y; =0,
corresponds to the applied heat from electrical heater Q;,. On the top
surface, y,o = e, the convection boundary equation is employed. The
boundary conditions applied to solve the unsteady-state heat transfer Eq.
(2.1) for the system shown in Figure 2.1 are listed below.

Between heater and hot plate surface

aT 2.4
Qin = —AnpAnp a—y| (2.4)

y1=0

Between hot plate and thermal compound

aT aT 2.5
_AhpAhp 6_| = _Atcl,hAtcl,h 6_| ( )
y1i=enp Yly,=0
Between thermal compound and ceramic plate
aT . T (2.6)
_Atcl,hAtcl,h 6_ - _Ace,hAce,h 6_
y Y2=€tc1,h Ylys=0
Between ceramic plate and thermal compound
aT . aT (2.7)
_Ace,hAce,h 6_ - _Atcz,hAtCZ,h 6_
Y3=€cehn y Y4=0

Between thermal compound and thermoelectric element
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aT aT 1 (2.8)
—A A — = —A, A — + a,,IT, —=I°R
tc2,h‘ttc2,h ay|y4=etcz'h pnfipn ay o pnt ipnh 2 pn
Between thermoelectric element and thermal compound
oT 1 _ aT (2.9)
_ApnApn a_y|y5=epn + apnITpn,c + EIZan - _Atcl,cAtcl,ca_y Je=0
Between thermal compound and ceramic plate
aT aT 2.10
_Atcl,cAtcl,c %|y6=et51,c = _Ace,cAce,c E|y7=0 ( )
Between ceramic plate and thermal compound
T T (2.11)
—AcecAcec o :_AtZ,AtZ,_
ce,c ceca |y7=ece'c cz,C Cc Cay|y8=0
Between thermal compound and cold plate
T T (2.12)
Atz cAier e — = —AepAcp —
tc2,ctltc2,c ay|y3=etcz,c cpticp 6y|y9=0
Between cold plate and water-cooling block
T T (2.13)
—AepAep — = —ApAcp —
cpticp 6y|y9=€cp cb4ich ay|y10=0
Between water-cooling block and cooling fluid
oT 214
_Achcb 6_ = hchcb (ch - Tcoo) ( )
Y10=€cb

with
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Apn = n(ap - an) (2.15)
Aon =1(A, + Ay) (2.16)
Apn = (4, + 4,) (2.17)
_ (%2 4 onen (2.18)
an—n<Ap + An>
[ = apn(Tpnn—Tpnc) (2.19)
- Rpn+RL,

where Anp, Acp, A1, Ace, Az, Acw @nd Ay, are thermal conductivities of hot
plate, cold plate, external thermal compound, ceramic plate, internal
thermal compound, water-cooling block and thermoelectric generator,
respectively; en, €, w1, Ece, €z, Ecp ANA €pn  are lengths of hot plate,
cold plate, external thermal compound, ceramic plate, internal thermal
compound, water-cooling block and thermoelectric  generator,
respectively; Ay, Aoy At Acer Arar Ay @nd A, are cross sectional areas
of hot plate, cold plate, external thermal compound, ceramic plate,
internal thermal compound, water-cooling block and thermoelectric
generator, respectively; T,,,and T, are temperatures of hot and cold
side of semiconductor, respectively; T, and T.. are cold side
temperature of water-cooling block and cooling fluid temperature,
respectively; h,, is coefficient of convective heat transfer; I is electrical
current flowing through the thermoelectric circuit; R,, and oy, are the
electric resistance and Seebeck coefficient of TEG, respectively; n is the
number of semiconductor thermocouples; an, op, An, Ap, A, A, €n, €, O,
op, are the Seebeck coefficients, thermal conductivities, cross sectional
areas, lengths and electrical resisitivities of p- and n-type elements.

Once heat transfer equation system, Eq. (2.4) to (2.14) and additionally
Eqg. (2.15) to (2.19), is solved using implicit finite difference method, the
nodal temperatures on hot and cold side of the semiconductor are found
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for every time step. Consequently, the electrical and thermal outputs can
be obtained every time step. According to Seebeck effect the open
circuit electromotive force generated is expressed as follows

Voe(®) = tpn (Tonn(8) = Ton,e(8)) (2.20)

The output current / and output voltage Vs generated depends on the
load resistance R, and it can be calculated following Eq. (2.16) and
(2.18), respectively.

tpn(Tpm () ~Tpn () )Ry (2.21)

an-l-RL

Vg, (t) =

Besides, short circuit current also can be obtained

“pn(Tpn,h(t)—Tpn,c(t)) (222)

Rpn

Igc ) =

So the output power when R, is connected is given by

(2.23)

2
“an(Tpn,h(t)—Tpn,c(t)) Rp
Pp (t) =V I =
RL( ) Ry, (an-l-RL)Z

Deriving the Eq. (2.23) with respect to load resistance, dPr/0dR.=0, it can
be observed that maximum output power will be reached when load
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electric resistance is equal to the internal electric resistance. Therefore,
substituting R.= Ry» into EqQ. (2.23) the maximal output power is

(2.24)

2
apnz (Tpn,h ® —Tpn,c(t))
4Rpn

Pmax(t) =

The heat absorption on hot side and heat release on cold side of
semiconductor are given by Q» and Q., respectively.

1 (2.25)
Qh(t) = Kpn (Tpn,h(t) - Tpn,c(t)) + apnl(t)Tpn,h(t) - Elz(t)an

1 (2.26)
Qc(t) = Kpn (Tpn,h (t) - Tpn,c(t)) + apnl(t)Tpn,c(t) + 512 (t)an

Finally, the instantaneous and maximal system efficiency, n and 9max, are
calculated by Eq. (2.27) and (2.28), respectively.
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PR, (&)

n(t) = Qn(t)

2
apnz (Tpn,h(t)—Tpn,c(t)) Ry,

2
(an+RL) Kpn(Tpn,h(t) —Tpn,c(t))+(an+RL)2 Apnl (OTpn,n(t) —%(an +RL)212 (®)Rpn

(2.27)
« Z(T (O-T, (t))2
n (t) _ Pmax(t) _ pn“\Ipnh pn,c
max Qu(®)  4RpnKpn(Tpnn(D)=Tpn,c(t) ) +4Rpn@pnl (DT pnn(E)=2RpnI2(O)Rpn
(2.28)

2.2.3 Implementation in TRNSYS environment

The TRNSYS software package has been used extensively for thermal
system analysis. It has a modular structure and consists of individual
subroutines that represent real physical devices or utility components.
The components can be connected together to form complex systems.

TRNSYS uses a modular approach to solve thermal energy systems.
Basically, it is an equation-solving program based on standard numerical
techniques, which provides different subroutines to find analytical solution
to the set of equations. However, only a first-order linear differential
equation solver is provided. Therefore, a subroutine for solving nonlinear
differential equations of Section 2.2.2 using the finite difference and
the Newton-Raphson methods is programmed in Fortran.

30



Chapter 2. Development and validation
of a new TRNSYS type for the simulation of thermoelectric generators

62

-5 >
B -

- OUTPUT PRINTER ELECTRICAL OUTPUT

ELECTRICAL LOAD

= »>

’f__: +7/ ’:.d
=@ 6; - 1
INPUT DATA Type224 THERMAL OUTPUT
A > >
PUMP
ﬂ] > <
L
CONTROL HEAT EXCHANGER

Figure 2.2. TRNSYS project created for TEG system behaviour simulation.

Figure 2.2 shows the TRNSYS project created to simulate the TEG model.
To do so the following input connections has to be established:

» The applied heating rate Qi, obtained from heater specifications.

» The cooling fluid temperature, extracted from experimental data
measurements.

* The load resistance R, which is used to calculate the output data
when specific resistance is connected between positive and
negative connections. It may be assigned or leave as default if no
load is considered.

e Simulation time step size, which is selected based on the required
accuracy of the output data. It also affects to the required
computational time.

Additionally, the geometric data and the material properties of the
elements of the thermoelectric system studied have to be included into
the TEG model as TRNSYS parameter data. All these parameters can be
shown in Table 2.1 and Table 2.2. After the simulation, the output values
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obtained from Eq. (2.20) to (2.28) are shown through built-in online
plotter.

2.3 Experimental setup

To compare simulated results with experimental data, the simulation must
have the same operating conditions as the experiment. The validation of
the TRNSYS Type developed in this study uses experimental data from an
especially designed equipment to perform this test. The experimental
setup allows establishing parameters required for the simulation of the
performance of the TEG, such thermal and electrical transients of
different magnitudes.

Computer —

Reservoir

Thermocouple adquisition module
Voltage adquisition module

Cooling fluid

Water-cooling block Current adquisition module

Heat exchanger

National Instruments
CompactRIO

e

— Variable electrical load
— Pump

Figure 2.3. Experimental test scheme.

Figure 2.3 shows the schematic of the experiment with a TEG on top of a
heat source. The source temperatures, Ty and T,, are measured by two K-
type thermocouples with diameter of 2 mm placed, as shown in Figure
2.1, underneath the TEG and ceramic substrate, respectively. The
thermocouple is sealed by conductive thermal compound to assure
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uniform heat distribution on the TEG hot surface. A water-cooled block
cools the top surface of the TEG through a pumped liquid cooling loop
consisting of a pump, a heat exchanger and liquid lines. The pump
circulates the fluid in the loop, which picks up the heat in the cold plate
and dissipates it through the heat exchanger. Two ceramic plates made
of alumina (Al,O3;) are sandwiching the thermo-elements. The
temperatures of the top surface (cold side) of the TEG, T»and T, are also
measured by two K-type thermocouples of 2mm mounted above ceramic
substrate and cold plate. The hot and cold plates are treated as heat
spreaders to provide a uniform thermal field to both hot and cold sides of
TEG module.

Initially, the system is at room temperature, measured as 16.17°C, and
the electrical heater is switched on at its first heating level of Q,=23.6W
(Case 1). During temperature increase, an external switch intermittently
connects and disconnects an electrical load of 2.5Q0 (every 10 seconds).
This allows us to obtain loaded and open-circuit outputs simultaneously.
The transient temperatures at the hot and cold surfaces of the TEG, the
output voltage and the output current are recorded simultaneously into a
digital computer using a data acquisition system (National Instruments-
cRIO). The data acquisition is set at a rate of 1s for about 3500s at which
time the system attains the steady state. Once system reaches the steady
state, the output voltage and current are recorded simultaneously while
load resistance varied from 0Q to 100Q.

Table 2.1 shows the initial values of the test conducted. The experiment is
repeated for two additional hot side heat fluxes Qj, of 33.5W (Case 2) and
53W (Case 3) in order to assess the model at three different temperature
gradients.

To assess the TEG behaviour, several thermoelectric properties should
be tabulated as a reference. The parameters are determined either
according to direct measurement, from manufacturer’s data or from the
existing literature [17,42]. The geometric parameters and properties of
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hot and cold plates and water-cooling block are estimated considering
that materials used are aluminium and cooper, respectively.

Table 2.1 and Table 2.2 show the properties of materials used in the
experimental setup. In Table 2.1, the Seebeck coefficient, thermal
conductivity and electrical resistivity of the p- and n-type elements are
listed at steady-state average temperatures of T = (T, + T.)/2, which are
extracted from experimental data. All these three parameters are
obtained from manufacturer’s datasheet.

Parameters Case 1 Case 2 Case 3 Unit Source

Qi 23.60 33.50 53 W Measured
Towe 16.45 17.34 18.20 °C Measured
R 2.5 2.5 2.5 Q Measured
an 163.546 167.273 171.659 pV/K  Manufacturer
Qp -178.098 -188.726 -201.897 pV/K  Manufacturer
An 1.510 1.453 1.415 W/mK  Manufacturer
A 1.954 1.925 1.792 W/mK  Manufacturer
o, 10.896  12.001 13.767  pQm  Manufacturer
o> 11.196  13.100 15910 pQOm  Manufacturer

Table 2.1. Thermoelectric parameters for three different cases.
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Parameters Value Unit Source

n 98 - Measured

en 254%x108 M Measured

€o 254%x108 M Measured

Ehp 0.02 m Measured
Crct 1x10* m Measured

Ece 254x104 M Measured
Cic2 1x10* m Measured

€cp 0.02 m Measured

Ecb 0.002 m Measured

An 23x10¢ M2 Measured

Ap 23x10¢ m? Measured
Anp 7.22x10°%  m? Measured
At 8.41x10% m? Measured
Ace 8.41x10% m? Measured
Arcz 8.41x10% m? Measured
Acp 8.41x10* m? Measured
Aco 12.25x10*% m? Measured
Ao 180 W/mK  Estimated
. 2.5 W/mK  Manufacturer
Ace 36 W/mK  [35]

Aieo 2.5 W/mK  Manufacturer
Ao 180 W/mK  Estimated

Ach 380 W/mK  Estimated

On 7700 kg/m?®  [42]

o 7700 kg/m?®  [42]

Oho 2700 kg/m*  Estimated
Oret 2040 kg/m*  Manufacturer
Oce 3975 kg/m®  [35]

Oro2 2040 kg/m®  Manufacturer
Ocp 2700 kg/m*  Estimated

Och 8930 kg/m®  Estimated
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Parameters Value Unit Source

Sh 200 JIkgK  [42]

So 200 JIkgK  [42]

Shp 883 J/IkgK  Estimated
Ste1 200 J/kgK  Manufacturer
See 765 J/kgK  [35]

Scicz 200 J/kgK  Manufacturer
Sep 883 J/IkgK  Estimated

Seb 385 J/IkgK  Estimated

Peb 23781 W/m2K  Manufacturer

Table 2.2. Properties of materials used in TEG tests.

Experiments are conducted under following conditions: the temperature
of cooling fluid stays between 16.45°C and 18.20°C, the air temperature
is 16.17°C and the flow rate of the cooling fluid is 72I/h.

2.4 Results and discussion

Based on transient and steady state experiments and TRNSYS
simulations, the results and a discussion about their comparison are
presented in this section.

2.4.1 Effects of step changes of supplied heat flow rates

The dynamic response characteristics of temperature difference between
hot and cold sides AT= T, —T., hot side inlet heat flux Q», electric output
power Pr and closed-circuit voltage V. with step changes of supplied
heat flow rate Q, are described in Figure 2.4. Both the transitory
experimental and simulation results are plotted versus the transient time
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in the same plot. The conditions imposed in the experiment are listed in

Table 2.1.
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Figure 2.4. Correlation of experimental and simulated behaviours of the
TEG system under step changes of heat flow rates. (a) Temperature

difference between hot and cold sides AT= T, —T.. (b) Hot side inlet heat

flux. (c) Electric output power. (d) Closed-circuit voltage.

During the transient, the temperature difference across the TEG device
increased until the steady state is achieved. It can be observed that the
electric output characteristic is mostly dependent on the temperature
difference. The hot side temperature T, achieved is 99°C, 140°C and
216°C for cases 1, 2 and 3, respectively. Accordingly to experimental
data obtained and Eqg. (2.20) to (2.28), the higher the temperature
difference across the TEG is, the more electrical power generated and
the greater output system performance becomes.
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2.4.2 Effects of step changes of load current at constant supplied

heat flux

In Figure 2.5 to Figure 2.10, the step changes effects of load current
under conditions of Table 2.1 can be observed. The system has been
brought to steady-state temperatures of Figure 2.4 (a). It is very
interesting to note the effect that the load current has on the temperature
gradient across the device, which is the same obtained in Ref. [37]. The
load currents imposed for cases 1 to 3 are 0.49 A, 0.71 A and 1.01 A,
respectively.

Every increase in | leads to a decrease in temperature difference AT due
to the greater value of the Peltier term of Eq. (2.8) and (2.9). This current
increase also produces an increment of hot and cold side heat fluxes.
However, as explained in Section 2.2.2, the maximum output power and
efficiency happens only when load resistance is matched with internal
resistance.

Case 3 - Experimental
Case 3 - Theoretical

214

213 Case 2 - Experimental
140.5 Case 2 - Theoretical

140

T, ['C]

139

138.5 Case 1 - Expenmental
101 Case 1 - Theoretical

100.5

20 25 30 35 A
t [sec.

Figure 2.5. Correlation of experimental and simulated behaviours of the
TEG system under step changes of load current. Hot side temperature.
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Figure 2.6. Correlation of experimental and simulated behaviours of the
TEG system under step changes of load current. Cold side temperature.
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Figure 2.7. Correlation of experimental and simulated behaviours of the
TEG system under step changes of load current. Hot side heat flux.
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Figure 2.8. Correlation of experimental and simulated behaviours of the
TEG system under step changes of load current. Cold side heat flux.
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Figure 2.9. Correlation of experimental and simulated behaviours of the
TEG system under step changes of load current. Closed-circuit voltage.
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Figure 2.10. Correlation of experimental and simulated behaviours of the
TEG system under step changes of load current. Electric output power.

As it can be appreciated from Figure 2.5 to Figure 2.10, the simulation
results show good agreement with the experimental results, accurately
tracking the electro-thermal coupled effects occurring in the TEG system.
The plotted curves of T, and T, show that steady-state are not achieved
with step changes of 10 seconds. It also can be shown that parameter
variations with load current increase with higher values of supplied heat
flux. The low accuracy observed in Figure 2.7 and Figure 2.8 may be
caused by convection heat losses on hot and cold plates.

2.4.3 Effects of load resistance variation at steady-state

The variation of performance at steady-state with load resistance is
shown in the following figures. Three different conditions corresponding
to described cases in Table 2.1 are selected. The system has been
brought to the same steady-state temperatures of Figure 2.4 (a).
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Figure 2.11. Correlation of experimental and simulated behaviours of the
TEG system under different load resistances. Load current.
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Figure 2.12. Correlation of experimental and simulated behaviours of the
TEG system under different load resistances. Closed-circuit voltage.
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Figure 2.13. Correlation of experimental and simulated behaviours of the
TEG system under different load resistances. Closed-circuit voltage
versus load current.
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Figure 2.14. Correlation of experimental and simulated behaviours of the
TEG system under different load resistances. Electric output power.
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Figure 2.15. Correlation of experimental and simulated behaviours of the
TEG system under different load resistances. Electric power generated
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Figure 2.17. Correlation of experimental and simulated behaviours of the
TEG system under different load resistances. Case 2 hot and cold side
heat fluxes and system efficiency.
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Figure 2.18. Correlation of experimental and simulated behaviours of the
TEG system under different load resistances. Case 3 hot and cold side
heat fluxes and system efficiency.

Figure 2.11 to Figure 2.18 demonstrate that the electrical output is
strongly coupled to both the thermal behaviour and the load resistor
value. The electric load resistance that produces the maximum electrical
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power varies with the supplied heat flux. The power generation and
system efficiency are the highest when the load resistance value is close
to the internal resistance R, =R,,, which is measured to be about 2.5Q. As
can be shown in Figure 2.14, the generated power increases to a
maximum but then decreases to reach a steady state. The electrical
resistances at maximum power points are 2.4Q (0.65W), 2.45Q (1.28W)
and 2.9Q (2.6W) for cases 1 to 3, respectively. Those effects can be
observed in the theoretical model as well.

Besides, in Figure 2.16, Figure 2.17 and Figure 2.18 it can be observed
that both the hot and cold sides heat fluxes, Q» and Q., decrease with
resistance until steady state is achieved. It demonstrates that when load
resistance A, increase, the load current / falls to minimum, which reduces
the Joule and Peltier effect of the Eq. (2.25) and (2.26). Consequently,
when load current is very low, those effects are despicable and it's only
the Fourier’s law that governs the heat transfer equation.

2.4.4 Model uncertainty

The TEG model developed in this work is validated by comparing the
experimental data with the numerical data predicted by our model at the
same conditions. The calculus of the error is performed by the
comparison of the temperature difference and the electrical output power
of each point predicted by the model with the same point measured
experimentally. The value of RMSE is 4.85°C and 0.0648W for
temperature difference and electrical output power, respectively. The
model presents a normalized root mean square error of 3.53% and 2.33%
for temperature difference and electrical output power, respectively.

Although the model presented has slightly higher temperature difference
RMSE and NRMSE than the model developed by Montecucco [37]
(3.58°C and 2.76%, respectively), the output power prediction is
significantly better (0.2W and 4.55%, respectively). It's important to note
that the model accuracy is markedly affected by the thermoelectric
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parameters introduced into the simulation model. Consequently, the more
exact the thermoelectric parameters are, the more precise the outputs will
be.

2.5 Conclusions

Although thermoelectric phenomena have been used for heating and
cooling applications quite extensively, electricity generation has only
seen very limited market in niche applications and it is only in recent
years that interest has increased regarding new applications of energy
generation through thermoelectric harvesting. The widespread use of
TEGs depends on its optimization.

The TRNSYS component presented in this paper has been developed for
this purpose and is described and validated using experimental data.
The proposed component is able to cope with thermal and electrical
dynamics. The comparison of results between theoretic analysis and
experiment has approved the reasonability of the new component.

On the other hand, the TRNSYS simulation runs without interruptions or
delays, therefore the numerical model, and consequently the new
component, can be considered well optimized. Therefore, this system
model can be used in performance optimization and further application of
thermoelectric generation.
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This section is a transcription of the contents of the following paper (a
copy of the published version can be found in Appendix B):

E Massaguer, A Massaguer, JR Gonzalez, L Montoro. Modelling analysis
of longitudinal thermoelectric energy harvester in low temperature waste
heat recovery applications. Applied Energy, 140, 184-195, 2015. ISSN
0306-2619 (Impact factor 5,613; Journal 8 of 89; 1st quartile; Energy and
Fuels)

Abstract

The worldwide interest in thermoelectric waste heat recovery is constantly
growing, with a wide range of applications ranging from small harvesters
integrated into wireless sensor networks all the way to larger harvesters
such as the ones that can potentially be integrated into cars. The wide
range of applications makes a requirement for studying the dynamic
response of TEGs. The aim of this work is to develop a mathematical
model to accurately simulate the thermal and electrical behaviours of a
longitudinal thermoelectric energy harvester (LTEH). In order to
implement the theoretical analysis, a new TRNSYS component has been
developed so this new model can also be used as a design tool.

The LTEH model presented in this paper is validated through the
comparison of results between theoretical analysis and experimental
data. Testing results and discussion show the reasonability of this new
model and also their use as a simulation tool.

3.1 Introduction

Energy recovery techniques have become significantly demanding since
it makes an important contribution towards reducing the greenhouse
gases which cause global warming. Energy recovery includes any
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technique or method that converts waste energy (i.e. thermal, chemical or
mechanical energy) into another kind of energy which can be reused for
other energy purposes (i.e. electrical energy).

Research activities in energy recovery from waste heat using
thermoelectric effect have considerably increased since the 1990s. There
are recently reported researches such as thermoelectric power
generation from CPU waste heat [43], Si-Ge based TEGs applied to
gasoline engine vehicles [44], bismuth telluride based TEGs applied to
automotive exhaust systems (AETEG) [45,46], thermoelectric power
generation systems applied to generate electricity from municipal waste
heat [47], a thermoelectric power generator using solar heating [48] and
SO on.

At the same time, many mathematical models and approaches for
simulating heat exchangers that utilizes thermoelectric modules for power
generation has been designed. The majority of these models apply
general heat transfer techniques in cohesion with thermoelectric module
equations for a system level analysis.

Bohn developed one of the earliest models in 1981 [49]. It is an extension
of the effectiveness-number of transfer units (e-NTU) method for heat
exchanger analysis. The model implements TEG model into the common
e-NTU equations by setting up a dimensionless ratio of actual power
generated to the maximum possible power generation. An example case
is provided for a parallel flow configuration with promising results;
however, there is no experimental testing to validate the model. The
Esarte et al. model [50] also uses e-NTU method to simplify calculations.
They set up an energy balance with a hot and cold side heat exchanger
with a thermoelectric module in between and studied the influence of fluid
flow rate, heat exchanger geometry, fluid properties and inlet
temperatures on the power supplied by the TEG. The work could provide
some guidelines for determining the optimum operating parameters of
TEGs, however, limited experimental results are provided. Crane and
Jackson investigated thermoelectric waste heat recovery with regards to
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cross flow heat exchangers [21,23]. A cross flow heat exchanger model
was validated against measured performance of advanced cross flow
heat exchangers without thermoelectrics. The numerical simulations were
compared to experimental data with good agreement between them. Yu
and Zhao [23] developed a numerical model for prediction of
performance of a TEG with a parallel-plate heat exchanger. They
assumed that the flat thermoelectric modules were held tightly between
hot and cold fluids, which had multiple thermocouples with a single layer
of p- and n-type semiconductors. The thermocouples along the fluid path
were connected electrically in series. A typical energy balance was used
to set up the model with the differential equations discretized along the
axial direction of the hot fluid. The solution to the numerical model was
provided using an iterative method. Simulations were performed to study
the effects of the various parameters. An experimental study based on
the Yu and Zhao model [23] was performed by Niu, Yu and Wang [24]. A
comparison of the experimental results with the numerical model is
presented in this work. A two fluid, multi-plate, multi-pass, counter/parallel
flow heat exchanger with thermoelectric generators was created for the
experimental phase. The data obtained through experimentation shows
that the numerical model over-predicts performances of the TEGs over
the entire range of data. At lower temperatures, the model displays better
agreement with experimental results, but as hot fluid inlet temperatures
are increased, the prediction diverges from the measured values. The
discrepancy is associated to the lack of accounting for heat losses and
the fact that thermoelectric properties are treated as constants.

Wu [20] performed a theoretical analysis on waste-heat thermoelectric
power generators. In this study, a real waste-heat thermoelectric
generator model was presented based on accounting for both internal
and external irreversibility to predict realistic specific power and
efficiency. Therefore, this approach gave a much more realistic generator
specific power and efficiency prediction than does the ideal TEG. Hsiao
et al. [19] constructed a mathematical simulation model, based on the
testing results of a TEG module, to predict the performance of a waste
heat recovery system. They provided a scientific methodology with
complicated equations on the field of thermoelectric simulations. Finally,
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Wang et al. [4] presented a mathematical model of a TEG device using
the exhaust gas of vehicles as heat source. The model simulates the
impact of relevant factors, including vehicles exhaust mass flow rate,
temperature and mass flow rate of different types of cooling fluid,
convection heat transfer coefficient, height of PN couple, the ratio of
external resistance to internal resistance of the circuit on the output power
and efficiency. However, just a few experimental results are provided.
Recently, Montecucco et al. [51] have studied the impact of thermal
imbalance on the power produced at module and system level in a TEG
array. Experimental results in series-parallel configurations clearly
illustrate the issue and a theoretical model was presented to quantify the
impact.

The above literatures have mainly been focused on the analytical analysis
to a single or multiple thermoelectric elements for thermoelectric energy
harvesting from gas exhaust waste heat. These analytical methods
provided some significant guidelines for the design of the thermoelectric
energy harvesters in terms of the principle of thermodynamics. However,
aforesaid models are only validated for stand-alone applications without
taking into account the electrical and thermal effects of TEG array
configuration. A real thermoelectric energy harvester always comprises
multiple thermoelectric modules placed with respect to the flow direction,
and depending on the shape and the electrical output requirements of
the harvester, TEGs can be wired in series/parallel configuration.
Although series/parallel configuration has not been taken into account in
this paper, it will be considered in future work. Moreover, there is no
model in literature that uses liquid (e.g. water) as a heat source.

Thereafter, the objective of this work is to develop a new computational
model capable to simulate the electro-thermal dynamics of a
thermoelectric energy harvesting system. The new model incorporates to
the 1D mathematical model developed in Ref. [52] the longitudinal
thermal phenomena occurring in real LTEH systems. The model treats
TEG modules as a whole block and takes into account the fluid heat and
temperature reduction across the system due to thermoelectric energy
harvesting. Following the base model [52], the new component is fully
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analysed and validated under steady and transient states with data
obtained from the experimental setup and it is also created in TRNSYS.

3.2 Model description

A thermoelectric energy harvester is a device that converts some of the
waste heat of an element (i.e. liquid or gas) into electricity using the
Seebeck Effect. Although many different topologies and shapes have
been studied in literature (e.g. longitudinal, transverse, hexagonal,
circular, etc.) the longitudinal and rectangular box-like shape design is
termed as the baseline model [16]. Consequently, this is the type of the
thermoelectric harvester assessed in this paper. The name of the models
—longitudinal and transverse— are derived from the way the TEGs are
placed with respect to the fluid flow direction.

The LTEH follows the basic scheme shown in Figure 3.1. It consists of
four main elements:

* Hot-side heat exchanger used to capture and increase the heat
extraction from the heat source to the TEG modules. It is directly
exposed to the hot fluid.

» Cold-side heat exchanger to remove and transfer excess heat from
outer side of the TEG modules to the ambient air.

* Multiple thermoelectric modules that convert the waste heat into
useful electrical energy. The optimal number and configuration of
TEG modules must be considered.

» Compression assembly system comprising a top and bottom lid, a
support element that permits attachment of the lids and a sealing
rubber.
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TEGs are mounted along the exterior surfaces of the lids. The heat flows
from hot side to cold side heat exchanger and through the TEG. The
temperature difference between hot and cold sides of the TEG generates
voltage and current by Seebeck effect. The thermoelectric generation
also produces a heat extraction from fluid, resulting in a fluid temperature
reduction at every stage. Consequently, both the fluid temperature and
the electric power generation will be reduced as we incorporate new
stages: T}, > TEH and P};L’ > PR"zl'j, respectively. This effect is considered
within the new model.

Stage i=1 Stage i=i+1 Stage i=ns
Row j=1

FLUID

Row j=j+1

=

ij
It

R

Row j=np e

Figure 3.1. Heat transfer model of longitudinal thermoelectric energy
harvester LTEH.

As can be seen in Figure 3.2, thermoelectric modules are sandwiched
between hot side and cold side heat exchangers that can be treated as a
convective heat transfer system. The TEG consists of certain number of
semiconductors, corresponding solder layers, conducting strips and
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thermal insulation material. In order to electrically isolate the module, a
ceramic substrate made of alumina (AlL,O;) is located both sides of the
TEG. Moreover, a thermal compound increases the thermal conductivity
of the interfaces by filling microscopic air-gaps between ceramic
substrates and heat exchangers and also between TEG and ceramic
substrate.

QC:hchAch(Tch_Tam b)

~_—Cold side heat exchanger

~__—Thermal compound

~__—Ceramic substrate

~__—Thermal compound

A __—Thermoelectric element
Apn~ ; -
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Ad\Arcan "\ A
\ ~—Conducting strip
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€csn i |\ : \
€en | | as - Thermal compound
€con || _ “—Ceramic substrate
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Figure 3.2. One dimensional heat transfer model of a single TEG module.
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As already explained in Section 3.1, the new model developed in this
paper is based on Massaguer et al. model [52]. It solves the system of
equations using finite difference and Newton-Raphson methods and
calculates the temperature at different nodes separated in space by a
discrete distance. In the transient state, the temperatures of these points
are calculated at discrete periods of time and the temperatures for all
nodes are recalculated at the end of this time interval. Using the implicit
finite difference method, the values of heat flux can be determined using
the values of the temperatures of the time step before. Therefore, the
unsteady-state heat transfer model solves the TEG temperature
distribution first and then determines the TEG power and performance
outputs.

However, the solution to the heat equations assumes one-dimensional
heat transfer and treats the TEG module as a whole block (i.e. it
considers the TEG as a real complete module). In order to obtain an
accurately LTEH model, heat losses on the flow direction must be taken
into account. Therefore, the longitudinal dimension must be attached to
the Ref. [52] model. The fluid energy losses per stage due to the
thermoelectric generation can be expressed as

RO 3.1)
j=1

where /is the number of stage, jis the number of row, np is the number of
parallel TEG modules placed in the same stage and Qu is the heat
extracted from the fluid and absorbed by a TEG module because of the
thermoelectric generation. Qn can be obtained applying convective heat
transfer equations between fluid and hot side heat exchanger
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inéj(t) = h% A% ’ (ija ) - Tfif{ (t)) =

where hm, Amm and T are coefficients of convective heat transfer, cross
sectional area and temperature of hot side heat exchanger, respectively.
Tk, ¢ is the average fluid temperature on hot side heat exchanger and it is
the value used to solve the one-dimensional temperature distribution on
each TE module, expressed as

T o (t) = Tin(t) z Tt (£) (3.3)

where T}, and T}, are the fluid inlet and outlet temperatures on stage |,
respectively. Note that T}, is common for all rows j of a stage .

Considering only heat losses due thermoelectric effect, the heat extracted
from fluid in every stage can be found using the following equation

np
D0 © =i Sy - (Th(®) = Thue ) (3.4)
j=1

Consequently, T}, can be obtained from

np oij
Tl (£) = TE () — (w) (3.5)

Ti’l-Sf

where m is the fluid mass flow rate and Sy is the fluid specific heat, both
considered temperature independent.
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Due to the fact that Q,i{'j, T, and T}, are reciprocally dependant, the
only way to obtain an accurate solution is using an iterative method. The
solution adopted consists of an iteration loop that runs Massaguer et al.
model coupled with above equations until T, converges. The
convergence will be achieved when

|T/liVGk_1 - T}ivak| <g (3.6)

where k is the iteration number and ¢ is the tolerance value set up to
e=1e *°C. It must be noted that T}, is strictly necessary to be
calculated in order to obtain accurate temperature distribution and
electrical outputs on each module.

Once convergence has been attained, the inlet fluid temperature of next
stage will be temperature outlet in the stage before T =T}, .
Considering that the model solves consecutively the temperature
distribution at each stage, T}, must be obtained before starting next
stage. The same process is repeated until the last stage has been
reached, i = ns.

To better understand how the model is structured, the computer model
block is described in Figure 3.3.
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Figure 3.3. Block diagram representation of LTEH model.

Because of this new model is based on model presented in [52], the
same assumptions have been inherited. On the other hand, new ones
have been taken: thermal conductivity, electric conductivity and Seebeck
coefficient of semiconductors are all assumed to be temperature-
independent; adiabatic boundary conditions were supposed on the
outside surfaces of TEG element; also thermal conductivity, electrical
resistivity and specific heat capacities of non-thermoelectric materials are
supposed constants within the operating temperature range; an
instantaneous response to electrical load transients is considered; the
heat leakage through solder layer and conducting strips are neglected
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and, finally, heat losses due to radiation and transverse convection
through remaining area and lateral walls are also neglected. All TEGs are
considered equal and connected to an individual load resistance of the
same value. Therefore, series-parallel configuration effects explained in
Ref. [51] have not taken into account. In future work these effects will be
incorporated.

3.3 Computer model

The model presented in Section 2 was programmed in Fortran due to the
fact that TRNSYS software was chosen to develop the analysis. TRNSYS
[38] is a flexible software tool used to simulate the performance of
transient systems. At its heart, TRNSYS is a robust algebraic and
differential equation solver that is able to read and process Fortran based
components.

Each component is represented by a number of parameters and time-
dependent inputs, and produces a number of time-dependent outputs. A
given output of a specific component can be used as input to itself or to
any number of other components. This is mainly how the system
components can be interconnected.

The basic configuration of the LTEH dynamic study follows the general
design illustrated in Figure 3.4.
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Figure 3.4. TRNSYS project created for LTEH system behaviour
simulation. The connection parameters are indicated within boxes.

As it can be appreciated from Figure 3.4, the TRNSYS project developed
is composed of several components. The initial conditions block contains
the ambient temperature, convective heat transfer coefficients of hot and
cold side heat exchangers, fluid specific heat and mass flow rate.
Besides, the T;, and R, components contain the temperature and load
resistance profiles, respectively. Both T;,, and R, profiles are treated as
system inputs and can be shown in Figure 3.7. The three equal
components called TEG1 to 3 correspond to the three stages that form
the complete LTEH tested in Section 3.4. Each TEG component contains
the thermal and electrical characteristics of a single row and the number
of rows per stage. Control component allows selecting the start and stop
time for a simulation. Additionally, the simulation time step can also be
selected. Finally, the geometric data and the material properties have to
be included into the LTEH model as TRNSYS parameter data. All these
parameters can be shown in Table 3.1.
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3.4 Experimental setup

In order to validate the new LTEH model, an experimental setup has been
build. This new equipment allowed us to obtain real data to be compared
with simulation results. The experimental setup allows establishing
thermal and electrical transients of different magnitudes.

National Instruments cRIO
\ RTD module }

Voltage & Current module‘

Tamb

1. Cold side heat exchanger 2. Thermoelectric generator 3. Copper lid 4. Sealing rubber
5. Hot side heat exchanger 6. Support element 7. Thermal insulation

Figure 3.5. Transversal section of the experimental LTEH with data
acquisition modules.

Figure 3.5 shows the schematic of the experiment. A closed loop water
system was designed to supply hot water at different temperatures. The
heat source is an electric accumulator that produces hot water up to
80°C. A recirculating pump moves hot water through the water loop. It
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picks up the heat in the accumulator and exchanges it through the LTEH
system. An ultrasonic flow meter was used to measure the fluid mass flow
rate m. The temperatures T;, and T,,; were measured by two RTD
sensors placed, as shown in Figure 3.4, on the inlet and outlet of the
LTEH system, respectively.

1. Cold side heat exchanger 2. Thermoelectric generator 3. Copper lid 4. Sealing rubber
5. Hot side heat exchanger 6. Support element

Figure 3.6. Exploded and cross sectional view of the experimental setup.

As can be seen in Figure 3.6, the LTEH experimental setup is composed
of six elements: two hot-side heat exchangers, six cold-side heat
exchangers, six thermoelectric modules that convert the waste heat into
useful electrical energy, a compression assembly system comprising a
top and bottom lid, a support element that permits attachment of the lids
and a sealing rubber. All heat exchangers and external lids are made
from aluminium and copper, respectively. TEGs are mounted on the top
and at the bottom surface, and arranged uniformly over the available
surface. They are sandwiched between assembly system and cold side
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heat exchangers; therefore, the model can be treated as a natural
convective heat transfer system. The remaining area and the lateral walls
are thermally insulated to minimize heat leakage.

In order to validate the model under thermal and electrical dynamics,
three temperature steps were established combining steady and transient
states. Initially, the fluid temperature was 29.35°C while the room
temperature was measured as 20.10°C. The mass flow rate of the fluid m
was 54 kg/h. On the first step, the electrical accumulator was switched on
and the pump started moving fluid through the water loop. While T;,
started increasing, the R, was set to 2.20. When temperature achieved
50°C, T;, was maintained while load resistance changed to 1Q and to
open circuit after. As can be shown in Figure 3.7, the same process was
repeated for two additional inlet temperatures T;,, of 65°C and 80°C.
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Figure 3.7. T;, and R, profiles.
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During experimental data acquisition, the transient temperatures at the
inlet and outlet of the LTEH and the output voltage and current of each
TEG were recorded simultaneously into a digital computer using a data
acquisition system (National Instruments-cRIO). The data acquisition was
set at a rate of 1 s for about 10400 s.

Finally, the properties of materials used in the experiment are tabulated in
Table 3.1. The parameters were determined either according to direct
measurement, from manufacturer’s data or from existing literature [52].
Estimated values are extracted from ideal material properties (i.e. thermal
conductivity, density and specific heat of aluminium and copper,
respectively) and from theoretical calculations (i.e. convective heat
transfer coefficient of hot side heat exchanger). The Seebeck coefficient,
thermal conductivity and electrical resistivity of the p- and n-type
elements are listed at steady-state average temperature of T = (Tf,max +
Tump )/2, Which was 50.05°C.

Parameters Case 1 Unit Source

Tamb 20.10 °C Measured

np 2 - Experiment
ns 3 - Experiment
m 54 kg/h Measured

St 4180 J/kgK  Estimated

an 141587 puV/K Manufacturer
Qap -146.550 pV/K Manufacturer
A 1.615 W/mK  Manufacturer
Ao 1.872 W/mK  Manufacturer
o, 9.604 pQm  Manufacturer
o> 8.881 uOm  Manufacturer
On 7700 kg/m3  [52]

Oo 7700 kg/m®  [52]

€n 2 54x103 M Manufacturer
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Parameters Case 1 Unit Source

€p 2 54%x108 M Manufacturer
An 23x106 m? Manufacturer
Ap 23x106 mM? Manufacturer
Sh 200 JKgK  [52]

Sp 200 JkgK  [52]

N 98 - Manufacturer
Cig1 1x104 m Measured

€l 2%103 m Measured
g2 1x104 m Measured

Ece 254x104 M Measured
g3 1x104 m Measured
Ann 1.5x10°% m? Measured
A1 8.41x10* m? Measured
Ace 8.41x10* m? Measured
Auge 8.41x10* m? Measured

Aci 8.41x10* m? Measured
Ach 8.41x10* m? Measured
Aigi 2.5 W/mK  Manufacturer
Ace 36 W/mK  [52]

Mgz 2.5 W/mK  Manufacturer
Al 380 W/mK  Estimated
Atgs 2.5 W/mK  Estimated

Onh 2700 kg/m*®  Estimated
Dot 2040 kg/m®  Manufacturer
Oce 3975 kg/m®  [52]

Otz 2040 kg/m®  Manufacturer
Oc 8930 kg/m®  Estimated
Oias 2040 kg/m®  Manufacturer
Och 2700 kg/m*®*  Estimated

Shp 883 J/kgK  Estimated
Sigt 200 J/kgK  Manufacturer
See 765 JkgK  [52]
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Parameters Case 1 Unit Source

Sig2 200 J/kgK  Manufacturer
Sl 385 J/kgK  Estimated
Sigs 200 J/kgK  Manufacturer
Seh 883 J/kgK  Estimated
Pen 200 W/m2K  Manufacturer
P 5000 W/m2K  Estimated

Table 3.1. Thermoelectric parameters and material properties.

3.5 Results and discussion

Based on the transient and steady state experiments explained in Section
3.4 and TRNSYS simulations, the results and a discussion about their
comparison are presented in this section. Due to the fact that TEGs are
placed in the same stage and they produce the same output values, only
one TEG per stage has been presented. Both the transitory experimental
and simulation results are plotted versus the transient time in the same
plot. The conditions imposed in the experiment are listed in Table 3.1.
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Figure 3.8. Correlation of experimental and simulated output voltage of a
TEG located in stage 1.
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Figure 3.9. Correlation of experimental and simulated output voltage of a
TEG located in stage 2.
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Figure 3.10. Correlation of experimental and simulated output voltage of a
TEG located in stage 3.

In Figure 3.8 to Figure 3.10, the effects of inlet temperature and step
changes of load resistance under conditions of Section 3.4 can be
observed. Although there is not appreciable difference between above
voltages, an accurately analysis shown that as the stage increase, the
output voltage decreases. The voltage difference between each stage is
strongly affected by the quantity of heat extracted from the fluid. The
more inlet temperature, the more heat transfers through TEGs and the
more difference of voltages between each stage. Unlike theoretical
model, experimental results show a progressive increase of open-circuit
voltage when no load resistance is connected due to the disappearance
of the Peltier therm. That is because of the instantaneous response of the
model to electrical variations.
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Figure 3.13. Correlation of experimental and simulated output electrical
power of a TEG located in stage 3.

Simultaneously to the voltage measurements, the electrical output power
Pr. was obtained. As can be observed from Figure 3.11 to Figure 3.13,
Pr tend to increase as inlet temperature T;, increases. Moreover, as the
stage increase, the output electrical power decreases. However,
electrical power does not only depend on the temperature difference
between hot and cold sides of the TEG, but also on the load resistance
connected. As explained in Ref. [52], the power generation is highest
when the load resistance value is close to the internal resistance R.=Rpn,
which is measured to be about 2.2Q. Consequently, different values of R,
will produce lower electrical powers. This effect can be observed in
above figures.
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For the purpose of assessing the model, the temperature difference
between inlet T;,, and outlet T,,,; was also measured. Due to the fact that
T,.: differences between experimental and theoretical data were too
small, the AT = T;,(t) — T,,:(t) was plotted instead. The comparison
between experimental and theoretical data is shown in Figure 3.14.
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Figure 3.14. Correlation of experimental and simulated temperature
difference between inlet and outlet of LTEH.

Figure 3.14 demonstrates that T,,; is strongly affected by load resistance.
Every increase in I leads to an increase of temperature difference
between hot and cold side of TEGs due to the greater value of the Peltier
effect. This current increment also produces an increment of hot and cold
side heat fluxes. Consequently, every decrease in R, leads to a reduction
in fluid outlet temperature.
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The same effect occurs with heat extracted from LTEH, Eq. (3.1). As can
be shown in Figure 3.15, the total amount of heat extracted from fluid by
TEGs can be calculated considering the Eq. (3.4) and experimental AT
from Figure 3.14. It is interesting to note that heat transfer decrease with
load resistance due to the greater value of Peltier therm. Higher heat
transfer can be observed when lowest values of load resistance are
selected, and conversely. Besides, the LTEH efficiency n also is affected
by load resistance but not in the same way. In Figure 3.15, it can be
observed that R, values close to internal resistance produces the
maximum system efficiencies 7. This not only occurs to power generation
but also to system efficiency which is highest when load resistance value

is close to the internal resistance R, = R,.
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Figure 3.15. Correlation of experimental and simulated heat transfer and
system efficiency of the LTEH.
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As it can be appreciated from all figures, the simulation results show
good agreement with the experimental results, accurately tracking the
electro-thermal coupled effects occurring in the LTEH system. However,
the plotted curves show highest correlation when inlet temperatures are
near to average range. This is due to the fact that thermoelectric
parameters (i.e. Seebeck coefficient, thermal conductivity and electrical
resistance of TEGs) are constant and obtained from steady-state average
temperature T = (Tf max + Tamp)/2. The maximum error derived from this
assumption is estimated to be 2.35% for the temperature range of this
experiment. In future work, equations that relate above parameters with
temperature will be considered in the model.

3.6 Conclusions

In this paper, a new computational model capable to simulate the electro-
thermal dynamics of a LTEH is presented, and a thermoelectric energy
harvester has been constructed to validate it. The new component,
developed in TRNSYS software, had been analysed and validated under
low temperature conditions and under steady and transient states with
data obtained from the experimental setup.

The comparison of results between theoretic analysis and experiment has
approved the reasonability of the new component. The root mean square
errors RMSE for heat extracted, electrical power generated and
temperature difference between inlet and outlet are 0.566W, 3.9x10° W
and 7.4x10° °C, respectively. Additionally, the normalized root mean
square errors NRMSE are 0.67%, 0.5% and 0.894%, respectively.

Although global maximum output electrical power and efficiency is quite
low: 0.162W and 0.46%, respectively; these values could be improved by
optimizing the arrangement of TEGs, increasing its clamping force,
reducing the number of layers or increasing the convective heat transfer
with better geometries of hot and cold side heat exchangers.
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Besides, the TRNSYS simulation runs without interruptions or delays,
consequently the numerical model and the new component can be
considered well optimized. Therefore, this new model can be used in
design, performance optimization and further application of
thermoelectric energy harvesters.
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This section is a transcription of the contents of the following paper:

E Massaguer, A Massaguer, T. Pujol, JR Gonzalez. Advances in
modelling and analysis of longitudinal thermoelectric energy harvesters.
Submitted to Applied Energy. ISSN 0306-2619 (Impact factor 5,613;
Journal 8 of 89; 1st quartile; Energy and Fuels)

Abstract

A thermoelectric energy harvesting system takes advantage of any
temperature difference between inner and outer surfaces to produce
electricity by Seebeck effect. They are often used as waste heat recovery
systems from exhaust gases on internal combustion engines. To boost
the output power, energy harvesters are often composed of multiple
arrays of TEGs electrically arranged in series-parallel configuration. The
way that TEGs are connected strongly affects the electro-thermal outputs
of each TEG and the whole harvester as well. Although many TE models
co-exist in literature, there is no thermoelectric energy harvester model
considering this effect. Therefore, the purpose of this work is to improve
the accuracy of longitudinal thermoelectric energy harvester (LTEH)
models introducing the prediction of the interconnection effects. The
comparison of results between theoretical and experimental data shows
great accuracy and the possibility to be used as a simulation tool.
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Although thermoelectric phenomena have been used for heating and
cooling applications quite extensively, electricity generation has only
seen very limited market in niche applications and it is only in recent
years that interest has increased regarding new applications of energy
generation through thermoelectric harvesting. The widespread use of
TEGs depends on its optimization.

In order to meet the main objectives of this thesis, which are described in
Chapter 1, initially a new TRNSYS type modelling the transient behaviour
of a single thermoelectric generator has been described and validated.
The proposed component, which is explained in Chapter 2, is able to
cope with thermal and electrical dynamics. It has been used as a base
model of the LTEH model explained in Chapter 3. The new component,
which has also been programmed into TRNSYS environment, modelizes
an array of TEGs placed with respect to the fluid flow direction.

However, the model is only adequate for the simulation of LTEHs when
independent load resistances are connected to each TEG. Ideally each
TEG should be independently electronically controlled but this would
greatly increase the number and complexity of the MPPT power
electronic converters needed and adversely affect the cost of
implementing the system. A real LTEH is always formed by an array of
multiple interconnected TEGs. Consequently, a complete LTEH model
that takes into account the electrical interconnection of the TEG array has
been developed in Chapter 4.

The comparisons of results between theoretic models and experiments
have approved the reasonability of them. Therefore, they can be used in
design, performance optimization and further application of
thermoelectric energy harvesters.

Taking into account the maximum error of voltage, current and
temperature measurements presents in Table 4.2, which are the same for
all papers, the worst scenarios of power generation and efficiency can be
deduced from law of error propagation. Under the worst-scenario
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accuracy of measurements, uncertanties stays inside a low deviation
range: +0.57% for power generation measurement and +0.67% for
efficiency. Those uncertainties are smaller than the accuracy obtained
from the theoretical model. In fact, they are so small that can not be
appreciated in a chart.

In order to avoid experimental measurement errors such bias in the
instrument relative to the defined unit of measurement, all instruments and
equipment used are send out for calibration before any measurements
requiring highly accurate data.

Errors between theoretical and experimental data may be due to the
measuring instrument, the lack of accuracy of the material parameters
introduced into the model, the neglection of Thomson effect, the
ignorance of the contact resistances and the non-temperature
dependence of non-thermoelectric material parameters. Accuracy could
be improved by: enabling variations on the number of nodes, considering
heat losses due to convection in lateral faces or introducing temperature-
dependent parameters. In fact, the plotted curves of Chapter 2 and 3
show highest correlation when inlet temperatures are near to average
range. That is because thermoelectric parameters (i.e. Seebeck
coefficient, thermal conductivity and electrical resistance of TEGs) are
constant, that is to say, non-temperature dependent, and obtained from
steady-state average temperature.

The obtained LTEH efficiencies are somewhat lower than expected,
mainly because of the low hot side temperatures used. In the same
manner, low heat transfers on the cold side heat exchanger due to the
natural convection contributes to this reduced power generated and
efficiency. Contact resistances has not been considered but could also
adversely affect the heat flow.

As it can be observed in Chapter 4, the comparison between a LTEH with
independent resistances loaded to each TEG and when TEG array are
loaded to unique load resistance shows a significant difference. Such
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problem can impact the performance of a thermoelectric system, and a
theoretical analysis is presented to justify the results and to calculate
expected performance. The experimental results show that the power lost
by mismatched conditions (temperature, mechanical load, manufacturing
tolerances, aging) can be significant. Not taking into account
interconnection and temperature mismatch effects lead to an
overestimation of the total power production in large LTEHSs.

The first two models have been programmed in Fortran to be able to be
used into TRNSYS platform, because it is one of the most flexible energy
simulation software packages. These new components allow users to
simulate thermoelectric energy harvesters in infinite thermodynamic
systems.

However, the last model presents higher complexity and computational
requirements than the first two models. We have thus chosen MATLAB
instead of TRNSYS. This has allowed us to implement and debug the
complex above equations easier than any other low-level code. Matlab
programs are often much shorter and easier to read than programs
written for instance in C or Fortran. However, it requires additional time,
e.g. for checking the syntax every time a program is started.
Consequently, Matlab code uses more memory and processing time than
Fortran code does.

Finally, a number of improvement actions must be performed to allow the
development of a truly general-purpose LTEH model. These actions
suggest a variety of research works that need to be pursued to make
such a tool feasible:

e Consider non-thermoelectric material parameters temperature
dependent.

* Introduce the procedure to internally calculate the convection
coefficients of the hot and cold side heat exchangers at each
stage.

e Take into account the contact resistances.
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* Enable variations in the number of nodes.

* Analyse different electrical interconnections to determine which is
the most efficient way to connect the TEG array.
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Thermoelectric generators (TEGs) make use of the Seebeck effect in semiconductors for the direct conver-
sion of heat into electrical energy, being of particular interest for high reliability systems or for waste heat
recovery. Although several TEG models can be found in the literature, many of them not offer a theoret-
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1. Introduction

A thermoelectric power generator is a solid-state device that
provides direct energy conversion from thermal energy, due to a
temperature gradient, into electrical energy based on Seebeck
effect. Also, they can work in reverse and use electrical energy to
create a temperature gradient for cooling or heating applications.
The absence of moving parts, wide range of operating tempera-
tures, scalability, and modular capabilities makes thermoelectricity
attractive for a wide variety of applications, such as power for
remote control and monitoring of oil or gas pipelines and
production facilities, automotive waste heat recovery, power for
navigational aids, spacecraft radioisotope power supply, telecom-
munications systems and cathodic protection, and other energy
recovery processes |1-6|. Thermoelectric devices have relatively

* Corresponding author. Tel.: +34 972 418 489; fax: +34 972 418 098.
E-mail address: Eduard.massaguer@udg.edu (E. Massaguer).

http://dx.doi.org/10.1016/j.apenergy.2014.08.010
0306-2619/@ 2014 Elsevier Ltd. All rights reserved.

low efficiencies but there have been recent advances in thermo-
electric materials potentially opening the door to new power
applications | 7,8]. As material advancements continue and a wider
range of power generation applications will be considered, module
and system level modelling becomes critical for the design of the
next generation of thermoelectric systems.

Although several models for TEG modules can be found in the
literature [9-16], many of them not offer a theoretical solution
because their governing equations are based on steady-state
solutions or they are assuming fixed temperatures as boundary
conditions at both sides of the TEG. Moreover, almost none of them
have studied the transient effects of load resistance. Complete
transient analyses are seldom presented and just a few have
already provided a complete mathematical solution of the heat
conduction equation for TEG devices [13-15].

This study attempts to fill the existing gap in the simulation of
thermoelectric generation through the development of a new
component that can be used in TRNSYS software. TRNSYS [17],
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Nomenclature
T temperature (K)
Abbreviation y axis coordinate {m)
TEG thermoelectric generator t time (s)
Symbols Subscript
n number of thermocouples hp hot plate
o Seebeck coefficient (V/K) c12 thermal compound
g electrical resistivity (2 m) e ceramic substrate
e length (m) @ cold plate
A cross sectional area {(m?) ch water-cooling block
P material density (kg(m®)) h hot side
S specific heat capacity (J/kg K) ¢ cold side
A thermal conductivity (W/mK) p p-type semiconductor
K thermal conductance (W/K) n n-type semiconductor
C thermal capacity (J/K)) in input
h convective heat transfer coefficient (W/m? K) L load resistance
Q heat rate (W) Go coollng water
v electric voltage (V) oc open circuit
! electric current (A) max maximum
P electric power (W) 58 steady-state
n efficiency (%)
R electric resistance ()

developed at the University of Wisconsin, is a transient systems
simulation program with a modular structure. It recognizes a sys-
tem description language in which the user specifies the compo-
nents that constitute the system and the manner in which they
are connected. The TRNSYS library includes many of the compo-
nents commonly found in thermal and electrical energy systems,
as well as component routines to handle input of weather data
or other time-dependent forcing functions and output of simula-
tion results. The modular nature of TRNSYS gives the program flex-
ibility, and facilitates the addition to the program of mathematical
models not included in the standard TRNSYS library. TRNSYS is
well suited to detailed analyses of any system whose behaviour
is dependent on the passage of time. It has become reference
software for researchers and engineers around the world. Main
applications include: solar systems {solar thermal and photovoltaic
systems), low energy buildings, HVAC systems, renewable energy
systems, cogeneration, fuel cells and more.

Full integration of the new component within the TRNSYS sim-
ulation package is another advantage of this study, which makes it
more applicable for designers in both the design and commission-
ing of waste energy harvesting systems. The incorporation of the
TEG model into standard TRNSYS library will allow users to simu-
late TEGs coupled to many different thermal facilities and applica-
tions {(e.g. solar thermal systems, geothermal systems and more).
Because of the mentioned benefits, TRNSYS is chosen to implement
the new component.

The objective of this work is to develop a computational model
capable to simulate the electro-thermal dynamics of a TEG system
into TRNSYS software. The new component is fully analysed and
validated under steady and transient states with data obtained
from the experimental setup.

2. TEG modelling

A TEG device in essence is a thermopile composed of a number
of p- and n-type semiconductor pairs connected electrically in
series. Heat carries the majority carriers from one junction to the
other producing a current and voltage. By placing many PN couples
in series electrically and in parallel thermally, a TEG module

generates an open-circuit voltage proportional to the temperature
differential across the elements.

According to Seebeck, Peltier and Thomson effects, the TEG
power generation depends mainly on both temperature differen-
tial across the semiconductor elements and electrical load
connected (i.e. changes of the temperature difference lead to
changes of the open-circuit voltage, and the TEG output perfor-
mance will change as well). Therefore, the unsteady-state heat
transfer model is built to solve the TEG temperature distribution.
Thereafter, the TEG power and performance outputs can be
determined.

Similar with Gou [12,21], Kim [20], Nguyen [ 14| and Rodriguez
[19], the basic configuration of the thermoelectric study follows
the general design illustrated in Fig. 1.

A thermoelectric module is sandwiched between electrical
heater and water-cooled heat exchanger that can be treated as a
convective heat transfer system. The TEG consists of certain num-
ber of semiconductors, corresponding solder layers, conducting
strips and thermal insulation material. In order to electrically iso-
late the module, a ceramic substrate is located both sides of the
TEG. A thermal compound increases the thermal conductivity of
the interfaces by filling microscopic air-gaps between ceramic sub-
strates and aluminium plates and TEG and ceramic substrates,
respectively. At the same time, hot and cold plates allow to intro-
duce temperature sensors on the experimental set up.

2.1. Assumptions and boundary conditions

In the analytical assessing, the thermal conductivity, electric
conductivity, and Seebeck coefficient of semiconductors are all
assumed to be temperature-independent, and adiabatic boundary
conditions were supposed on the side surfaces of TEG element.
Thermal conductivities, electrical resistivity, and specific heat
capacities of non-thermoelectric materials are supposed constants
within the operating temperature range.

Due to the fact that this study is focused on low-temperature
system, the Thomson effect could be neglected | 17]. Besides, initial
temperature of the system is equal to ambience temperature, this
means that temperatures at both sides of the TEG element are the
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Fig. 1. One-dimensional heat transfer model of thermoelectric generator.
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[13].

The heat leakage through the solder layer and conducting strips
are neglected. The flow of heat and current in the system are
assumed one-dimensional. All materials are assumed homoge-
neous and isotropic. Finally, heat losses due to radiation and trans-
verse convection are neglected.

2.2. Governing equations

In thermoelectric devices, both refrigeration and generation
applications, the internal and external nodal temperatures of TEG
cannot be determined analytically without knowing the heat flux
due to the thermoelectric effects. The reasons are the nonlineari-
ties of the thermoelectricity and heat transfer equations.

The model solves the nonlinearities using finite difference and
Newton-Raphson methods, which calculates the temperature at
different nodes separated in space by a discrete distance. In the
transient state, the temperatures of these points are calculated at
discrete periods of time and the temperatures for all the nodes
are recalculated at the end of this time interval. Using the implicit
finite difference method, the values of heat flux can be determined
using the values of the temperatures of the time step before.

According to heat conduction theory, the one-dimensional
unsteady heat conduction equation of non-thermoelectric ele-
ments can be shown as:

where p, S and 4 are density, specific heat capacity and thermal
conductivity, respectively, t and y are time and axis coordinate,
respectively. The subscript i determines the heat transfer related
to node i. As found in the referenced literature [13,19], the ther-
mal-electrical analogy is useful in the analysis of complicated
unsteady heat transfer problems, which can be understood by cre-
ating an electric circuit like Fig. 1 with following equations:

i

K;
€

(2)

G= p,—S;A.-e; (3)
where K; and C; are the thermal conductance and thermal capacity
associated with each node i.

The governing equations for p- and n-type thermoelectric
elements involve three basic effects, Seebeck effect, Peltier effect
and Thomson effect. Besides, there are two accessorial effects, Joule
effect and Fourier effect. Gou [ 12] explained that Peltier heat gen-
erates on the two sides of semiconductor and Joule heat can be
regarded as flowing equally to the two sides of conductors, so they
can be disposed as a boundary heat fluxes. Thomson heat is small
enough to be neglected since it is a second-round effect. So the TEG
inner unsteady-state heat transfer equation can be translated also
as Eq. (1).
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The boundary condition applied at the hot plate surface, y; =0,
corresponds to the applied heat from electrical heater Q. On the
top surface, yjo=e€s, the convection boundary equation is
employed. The boundary conditions applied to solve the
unsteady-state heat transfer Eq. (1) for the system shown in
Fig. 1 are listed below.

Between heater and hot plate surface

aT
Q; ArpPp— (4)
in v ay i
Between hot plate and thermal compound
JT’ aT|
— A = —Awer plier 5
pAhpdy . il h m,hay = ( )
Between thermal compound and ceramic plate
aT ;
“xn' ,kA 1, h o] = "lcr, A e W) 6)
1 el hdy N N rrhdy Lm0 ( L
Between ceramic plate and thermal compound
aT aT
-Aco Ao AapBea i 7
¢, :ehdy i 02, hd 2, hay i ( )
Between thermal compound and thermoelectric element
aT| aT 1,
hanBiari— ApnBApn— 4 Ol IT, =I"R 8
12, h lZ.hdy i il pndy i ot d pnh 7 Dn ( )
Between thermoelectric element and thermal compound
T 1, aT’
—ApnAgr + OpalTone + 51" Ron = —dicr (Arcr o (9)
Ap MC’Y_v.Fq.. patlp “"2 P il el C’Yy,,:ﬂ
Between thermal compound and ceramic plate
g aT’ ar
e &LI.(Af:l.((T)y i, s }-u-.«.Acc.cw i (]0)
Between ceramic plate and thermal compound
JT T
"'lce.cAce,rf_ = —')-ch.cAth,:s—’ (11)
2 Y1=es % yg=0
Between thermal compound and cold plate
T ar|
—;ﬂ'r A ] =-3 P (12}
n oy Ve=tuze i "oy ¥g=0 o
Between cold plate and water-cooling block
aT aT
~AepAp=— = —AapAp— (13)
P may Yo=te E oy Yio=0
Between water-cooling block and cooling fluid
ar SR
_)mbAnb__ = hLbAd' (7 b — '(W) “ 4)
Oy Yo=ta
With
O = N0 — Oly) (15)
Apn = Ay + A7) (16)
Apn = n(A, +Ay) (17}
Gp€, e,
R,, = n(%te 4 Onkn 18
,, ( A, + ) (18)
Olpn (Tonp — Tpnic)
j=Epnh PR 19
Rpn + R (19)

where iy, Ag Arers Aces Aecae Ay and 4y, are thermal conductivities of
hot plate, cold plate, external thermal compound, ceramic plate,
internal thermal compound, water-cooling block and thermoelec-
tric generator, respectively; e, €., i1, € €2, € and ey, are
lengths of hot plate, cold plate, external thermal compound, cera-
mic plate, internal thermal compound, water-cooling block and
thermoelectric generator, respectively; Anp Agu Arctn Ace, Aras Ach
and Ay, are cross sectional areas of hot plate, cold plate, external
thermal compound, ceramic plate, internal thermal compound,
water-cooling block and thermoelectric generator, respectively;
Tonn and T, - are temperatures of hot and cold side of semiconduc-
tor, respectively; 7., and 7., are cold side temperature of water-
cooling block and cooling (luid temperature, respectively; hg is
coefficient of convective heat transfer; I is electrical current flowing
through the thermoelectric circuit; R, and o, are the electric resis-
tance and Seebeck coefficient of TEG, respectively; n is the number
of semiconductor thermocouples; o, oy, An, Ay, Ans Ap, €4, €4 G, G,
are the Seebeck coefficients, thermal conductivities, cross sectional
areas, lengths and electrical resistivities of p- and n-type elements.

Once heat transfer equation system, Eqs. (4)-(14) and addition-
ally Eqs. (15)-(19), is solved using implicit finite difference
method, the nodal temperatures on hot and cold side of the
semiconductor are found for every time step. Consequently, the
electrical and thermal outputs can be obtained every time step.
According to Seebeck effect the open circuit electromotive force
generated is expressed as follows

Voc(t) = apn(TpnA(f) = Tpn.c(r)) (20)

The output current [ and output voltage Vg, generated depends
on the load resistance R; and it can be calculated following Egs.
(16) and {18), respectively.

— apn('l.pn.h(t) - Tpm: (t))RL
VR( (r) = an ¥ RL (21)
Besides, short circuit current also can be obtained
Loty = 2ld)Tone0) @2)
i

So the output power when Ry is connected is given by

i alzml'Tpu.h(t) == Tyn.c(r)}zRL
(Ron + R

Deriving the Eq. (23) with respect to load resistance, Pg /Ry = 0, it
can be observed that maximum output power will be reached when
load electric resistance is equal to the internal electric resistance.
Therefore, substituting Ry = R;, into Eq. (23) the maximal output
power is

Py (t) = VI (23)

0 (Tonp(t) — Tonc(t )
AR

The heat absorption on hot side and heat release on cold side of

semiconductor are given by Qy and Q., respectively.

Prrax(t} = (24)

Qh(t)' Kﬂn(Tpn.h(t) Tp,,"(f))JO(‘,,,’(Y)TW.;,([) %lz(r)Rgm (25)

Qc(t) = Kpnl(Tonp(t) = Tonc(t)) + pnd ()T pnc(£) + %"(f)Rm (26}

Finally, the instantaneous and maximal system efficiency, n and
1 max are calculated by Eqs. (27) and (28), respectively.
n) =g
_ o (Tyma(t) ~Tpme (1)) Re
(Ron+Re) Kn (Tpun(8) = Ty (£)) + (Ron + Re) gl () Ty (£) =3 (R + R P ()R
(27)
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Pmﬂ‘ t
Nmax (1) = Qh((t])

'zgn(Tpﬂ.h(” e Tpn,r(t)]2
AR K pn(Ton ()~ Tone(t)) + 4Rpntpnd ()T (8) ~ 2Rpnl* () Rpn
(28)

2.3. Implementation in TRNSYS environment

The TRNSYS software package has been used extensively for
thermal system analysis. It has a modular structure and consists
of individual subroutines that represent real physical devices or
utility components. The components can be connected together
to form complex systems.

TRNSYS uses a modular approach to solve thermal energy
systems. Basically, it is an equation-solving program based on
standard numerical techniques, which provides different subrou-
tines to find analytical solution to the set of equations. However,
only a first-order linear differential equation solver is provided.
Therefore, a subroutine for solving nonlinear differential equations
of Section 2.2 using the finite difference and the Newton-Raphson
methods is programmed in Fortran.

Fig. 2 shows the TRNSYS project created to simulate the TEG
model. To do so the following input connections has to be
established:

e The applied heating obtained from heater
specifications.

e The cooling fluid temperature, extracted from experimental
data measurements.

e The load resistance R;, which is used to calculate the output
data when specific resistance is connected between positive
and negative connections. It may be assigned or leave as default
if no load is considered.

o Simulation time step size, which is selected based on the
required accuracy of the output data. It also affects to the
required computational time.

rate Qi

Additionally, the geometric data and the material properties of
the elements of the thermoelectric system studied have to be
included into the TEG model as TRNSYS parameter data. All these
parameters can be shown in Tables 1 and 2.

- ¢ i s
i——>—— ‘

After the simulation, the output values obtained from
Eqs. (20)-(28) are shown through built-in online plotter.

3. Experimental setup

To compare simulated results with experimental data, the
simulation must have the same operating conditions as the
experiment. The validation of the TRNSYS Type developed in this
study uses experimental data from an especially designed equip-
ment to perform this test. The experimental setup allows establish-
ing parameters required for the simulation of the performance of
the TEG, such thermal and electrical transients of different
magnitudes.

Fig. 3 shows the schematic of the experiment with a TEG on top
of a heat source. The source temperatures, 77 and T}, are measured
by two K-type thermocouples with diameter of 2 mm placed, as
shown in Fig. 1, underneath the TEG and ceramic substrate, respec-
tively. The thermocouple is sealed by conductive thermal com-
pound to assure uniform heat distribution on the TEG hot
surface. A water-cooled block cools the top surface of the TEG
through a pumped liquid cooling loop consisting of a pump, a heat
exchanger and liquid lines. The pump circulates the fluid in the
loop, which picks up the heat in the cold plate and dissipates it
through the heat exchanger. Two ceramic plates made of alumina
(Al,03) are sandwiching the thermo-elements. The temperatures of
the top surface (cold side) of the TEG, T, and T, are also measured
by two K-type thermocouples of 2 mm mounted above ceramic
substrate and cold plate. The hot and cold plates are treated as heat
spreaders to provide a uniform thermal field to both hot and cold
sides of TEG module.

Initially, the system is at room temperature, measured as
16.17 °C, and the electrical heater is switched on at its first heating
level of Q;,=23.6 W (Case 1). During temperature increase, an
external switch intermittently connects and disconnects an electri-
cal load of 2.5 Q (every 10s). This allows us to obtain loaded and
open-circuit outputs simultaneously. The transient temperatures
at the hot and cold surfaces of the TEG, the output voltage and
the output current are recorded simultaneously into a digital com-
puter using a data acquisition system (National Instruments-cRIO).
The data acquisition is set at a rate of 1 s for about 3500 s at which
time the system attains the steady state. Once system reaches the

e B

T

2

| T I TRICAL OUT

RECTRCALLOAD | OUTPUT PRINTER 4 ELECTRICAL OUTPUT
| :
RN I — S

l.g _._’g ST 3 IR,
P Y
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i
i

|
!
i

=

CONTROL

h ,
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Fig. 2. TRNSYS project created for TEG system behaviour simulation.
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Table 1 : _ In Table 1, the Seebeck coefficient, thermal conductivity and
Thermoelectric parameters for three different cases. electrical resistivity of the p- and n-type elements are listed at
Parameters  Case 1 Case 2 Case 3 Unit Source steady-state average temperatures of T = (T, +T.)/2, which are
Qn 2360 3350 53 W Measared extra_cted from experlmenta! data. All these three parameters are
ey 1645 1734 18.20 oC Measured obtained from manufacturer’s datasheet.
R 2.5 2.5 25 Q Measured Experiments are conducted under following conditions: the
Oy }‘;;x: ";;;’737 ” ";16‘:585;7 l'\‘xi m"““:mum temperature of cooling fluid stays between 16.45 °C and 18.20°C,
Oty - . L = Ny ~Z01.bE I anufaciurer ° : 17 o . .
i 1510 1453 1438 W/mK  Manufacturer .th?.alr temperature is 16.17 °C and the flow rate of the cooling fluid
o 1954 1925 1792 W/mK  Manafacturer is 72 1jh.
Tn 10.896 12001 13.767 o m Manufacturer
Gy 11.186  13.100 15.910 o m Manufacturer
4. Results and discussion
Based on transient and steady state experiments and TRNSYS
- simulations, the results and a discussion about their comparison
able : : : :
Properties of materials used in TEG tests. is presented in this section.
Parameters Value Unit Source 41, Eff . ; lied
1. Effects of step changes of supplied heat flow rates
n 98 Measured 2 f step ne f supp A
en 254 %107 m Measured 2 o2 —
e 254 %10 3 m Measured The dynamic response characteristics of temperature difference
e 0.02 m Measured between hot and cold sides AT = T;,~T, hot side inlet heat flux Qy,
2er 1x10 ¢ . m Measured electric output power Py and closed-circuit voltage Vg with step
z" f’f}; 10 : m::z:::: changes of supplied heat flow rate Q,, are described in Fig. 4. Both
w2 - . . -
ey 0.02 Bos Measured the transntory expgrungmal and simulation result:s are p_rlotted ver-
e 0,002 m Measured sus the transient time in the same plot. The conditions imposed in
An 23x10 ° m? Measured the experiment are listed in Table 1.
] 2 . . .
A 2;* 10 "3 o Measured During the transient, the temperature difference across the
2"’ ;' Aj 3 :g 3 :2 m:ﬁ:::::g TEG device increased until the steady state is achieved. It can
A: 8.41 x 10 * pakc Measured be observed that the electric output characterislic is mostly
Az 841x10% m* Measured dependent on the temperature difference. The hot side tempera-
Ay 841 x10 °‘ m: Measured ture Ty, achieved is 99 °C, 140 °C and 216 °C for cases 1, 2 and 3,
A 12.25 % 10 m Measured respectively. Accordingly to experimental data obtained and Eqgs.
g 160 Wink EHimated (20)-(28), the higher the temperature difference across the TEG
Aer 25 W/mK Manufacturer \ (<5} the g o LEMpE ' ? 2 = Y
7 36 W/mK [13] is, the more electrical power generated and the greater output sys-
ez 2.5 W/mK Manufacturer tem performance becomes.
Ap 180 W/mK Estimated
Ay 330 WimK Estimated
Pn 7700 kg/m* (18] 4.2. Effects of step changes of load current at constant supplied heat
p 7700 kg/m* [18] flux
Prp 2700 kg/m® Estimated
2040 m Manufacturer ; s
Z:' 3975 gm’ [13] In Fig. 5, the step changes effects of load current under condi-
Pz 2040 kg/m® Manufacturer tions of Table | can be observed. The system has been brought to
o 2700 kg/m: Estimated steady-state temperatures of Fig. 4(a). It is very interesting to note
Pee 3330 k{gk’ng F}‘;‘l"“‘“”d the effect that the load current has on the temperature gradient
5 J - across the device, which is the same obtained in Ref. [15]. The load
S 200 Jikg K (18] g
S 883 Jke K Estimated currents imposed for cases 1-3 are 049A, 0.71 A and 1.01A,
Sa 200 Jikg K Manufacturer respectively.
See 765 JikgK 113] i Every increase in I leads to a decrease in temperature difference
z‘:z ;gg iﬁg}f ::‘:;:;;“m AT due to the greater value of the Peltier term of Egs. (8) and (9).
o 385 Jkg K Estimated T‘hiS current increase also pr()duces_an ir?cremepl of hot and col.d
by 23781 wim? K Manufacturer side heat fluxes. However, as explained in Section 2.2, the maxi-

steady state, the output voltage and current are recorded simulta-
neously while load resistance varied from 0Q to 100 Q. Table 1
shows the initial values of the test conducted. The experiment is
repeated for two additional hot side heat fluxes Q;; of 33.5 W {Case
2) and 53 W {Case 3) in order to assess the model at three different
temperature gradients.

To assess the TEG behaviour, several thermoelectric properties
should be tabulated as a reference. The parameters are determined
either according to direct measurement, from manufacturer's data
or from the existing literature [12,18]. The geomelric parameters
and properties of hot and cold plates and water-cooling block are
estimated considering that materials used are aluminium and coo-
per, respectively. Tables 1 and 2 show the properties of materials
used in the experimental setup.

mum output power and efficiency happens only when load resis-
tance is matched with internal resistance.

As it can be appreciated from Fig. 5, the simulation results show
good agreement with the experimental results, accurately tracking
the electro-thermal coupled effects occurring in the TEG system.
The plotted curves of T, and 7. show that steady-state are not
achieved with step changes of 10s. It also can be shown that
parameter variations with load current increase with higher values
of supplied heat flux. The low accuracy observed in Fig. 5{c) and (d)
may be caused by convection heat losses on hot and cold plates.

4.3. Effects of load resistance variation at steady-state

The variation of performance at steady-state with load resis-
tance is shown in Fig. 6. Three different conditions corresponding
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Fig. 4. Correlation of experimental and simulated behaviours of the TEG system under step changes of heat flow rates. (a) Temperature difference between hot and cold sides
AT =Ty~T.. (b) Hot side inlet heat flux. (¢) Electric output power. (d) Closed-circuit voltage.

to described cases in Table 1 are selected. The system has been
brought to the same steady-state temperatures of Fig. 4(a).

Fig. 6 demonstrates that the electrical output is strongly cou-
pled to both the thermal behaviour and the load resistor value.

The electric load resistance that produces the maximum electrical
power varies with the supplied heat flux. The power generation
and system efficiency are the highest when the load resistance
value is close to the internal resistance R, = R,,, which is measured
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Fig. 5. Correlation of experimental and simulated behaviours of the TEG system under step changes of load current. (a) Hot side temperature. (b) Cold side temperature. (c)
Hot side heat flux. (d) Cold side heat flux. (e) Closed-circuit voltage. (f) Electric output power.

to be about 2.5 €. As can be shown in Fig. 6(d), the generated
power increases to a maximum but then decreases to reach a
steady state. The electrical resistances at maximum power points
are 2.4 Q (0.65W), 245 (1.28 W) and 2.9 Q (2.6 W) for cases

1-3, respectively. Those effects can be observed in the theoretical
model as well.

Besides, in Fig. 6(f)-(h) it can be observed that both the hot and
cold sides heat fluxes, Q, and Q. decrease with resistance until
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Fig. 6. Correlation of experimental and simulated behaviours of the TEG system under different load resistances. (a) Load current. (b) Closed-circuit voltage. (¢) Closed-circuit

voltage versus load current. (d) Electric output power. (e) Electric power generated versus load current. (f)-(h) Hot and cold side heat fluxes and system efficiency.
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steady state is achieved. It demonstrates that when load resistance
R; increase, the load current [ falls to minimum, which reduces the
Joule and Peltier effect of the Eqs. (25) and (26). Consequently,
when load current is very low, those effects are despicable and it
is only the Fourier's law that governs the heat transfer equation.

4.4. Model uncertainty

The TEG model developed in this work is validated by compar-
ing the experimental data with the numerical data predicted by
our model at the same conditions. The calculus of the error is per-
formed by the comparison of the temperature difference and the
electrical output power of each point predicted by the model with
the same point measured experimentally. The value of RMSE is
4.85°C and 0.0648 W for temperature difference and electrical
output power, respectively. The model presents a normalized root
mean square error of 3.53% and 2.33% for temperature difference
and electrical output power, respectively.

Although the model presented has slightly higher temperature
difference RMSE and NRMSE than the model developed by Monte-
cucco [15] (3.58 °C and 2.76%, respectively), the output power pre-
diction is significantly better {0.2 W and 4.55%, respectively). It is
important to note that the model accuracy is markedly affected
by the thermoelectric parameters introduced into the simulation
model. Consequently, the more exact the thermoelectric parame-
ters are, the more precise the outputs will be.

5. Conclusions

Although thermoelectric phenomena have been used for heat-
ing and cooling applications quite extensively, electricity genera-
tion has only seen very limited market in niche applications and
it is only in recent years that interest has increased regarding
new applications of energy generation through thermoelectric har-
vesting. The widespread use of TEGs depends on its optimization.

The TRNSYS component presented in this paper has been devel-
oped for this purpose and is described and validated using experi-
mental data. The proposed component is able to cope with thermal
and electrical dynamics. The comparison of results between theo-
retic analysis and experiment has approved the reasonability of
the new component.

On the other hand, the TRNSYS simulation runs without inter-
ruptions or delays, therefore the numerical model, and conse-
quently the new component, can be considered well optimized.
Therefore, this system model can be used in performance optimi-
zation and further application of thermoelectric generation.
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The worldwide interest in thermoelectric waste heat recovery is constantly growing, with a wide range of
applications ranging from small harvesters integrated into wireless sensor networks all the way to larger
harvesters such as the ones that can potentially be integrated into cars. The wide range of applications
makes a requirement for studying the dynamic response of TEGs. The aim of this work is to develop a

mathematical model to accurately simulate the thermal and electrical behaviours of a longitudinal

thermoelectric energy harvester (LTEH). In order to implement the theoretical analysis, a new TRNSYS

Keywouds: . component has been developed so this new model can also be used as a design tool.

Thermoelectric generator E 5 i s :

TEG The LTEH model presented in this paper is validated through the comparison of results between
LTEH theoretical analysis and experimental data. Testing results and discussion show the reasonability of this
Longitudinal thermoelectric energy new model and also their use as a simulation tool.

harvester @ 2014 Elsevier Ltd. All rights reserved.
TRNSYS

Computational model

1. Introduction

Energy recovery techniques have become significantly demand-
ing since it makes an important contribution towards reducing the
greenhouse gases which cause global warming. Energy recov-
ery includes any technique or method that converts waste energy
(i.e. thermal, chemical or mechanical energy) into another kind of
energy which can be reused for other energy purposes (i.e. electrical
energy).

Research activities in energy recovery from waste heat using
thermoelectric effect have considerably increased since the
1990s. There are recently reported researches such as thermoelec-
tric power generation from CPU waste heat | 1], Si-Ge based TEGs
applied to gasoline engine vehicles |2, bismuth telluride based
TEGs applied to automotive exhaust systems (AETEG) |[3.4],
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http://dx.doi.org/10.1016/j.apenergy.2014.12.005
0306-2619/© 2014 Elsevier Ltd. All rights reserved.

thermoelectric power generation systems applied to generate
electricity from municipal waste heat [5], a thermoelectric power
generator using solar heating |6 and so on.

At the same time, many mathematical models and approaches
for simulating a heat exchanger that utilizes thermoelectric
modules for power generation has been designed. The majority
of these models apply general heat transfer techniques in cohesion
with thermoelectric module equations for a system level analysis.

Bohn developed one of the earliest models in 1981 [7]. It is an
extension of the effectiveness-number of transfer units (e-NTU)
method for heat exchanger analysis. The model implements
thermoelectric generator equations into the common &-NTU equa-
tions by setting up a dimensionless ratio of actual power generated
to the maximum possible power generation. An example case is
provided for a parallel flow configuration with promising results;
however, there is no experimental testing to validate the model.
The Esarte et al. model [8] also uses &-NTU method to simplify
calculations. They set up an energy balance with a hot and cold
side heat exchanger with a thermoelectric module in between
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Nomenclature
Abbreviation np number of TEGs in parallel
TEG thermoelectric generator ns number of TEGs in series
LTEH longitudinal thermoelectric energy harvester t time (s)
Symbols Subscript
N number of thermocouples hh hot side heat exchanger
o Seebeck coefficient (V/K) tc1,2,3  thermal compound
[ electrical resistivity (Qm) ce ceramic substrate
e length (m) ch cold side heat exchanger
A cross sectional area (m?) d copper lid
p material density (kg(m®) H hot side
S specific heat capacity (J/kg K) C cold side
P thermal conductivity (W/m K) p p-type semiconductor
m mass flow rate (kg/h) n n-type semiconductor
h convective heat transfer coefficient (W/m? K) in input
Q heat rate (W) out output
v electric voltage (V) £ load resistance
1 electric current (A) amb ambient air
P electric power (W) AVG average
Ul efficiency (%) i stage number
R electric resistance (€2) J row number
T temperature (K) f fluid
y axis coordinate {m) k iteration number

and studied the influence of fluid flow rate, heat exchanger geom-
etry, fluid properties and inlet temperatures on the power supplied
by the thermoelectric generator. The Work could provide some
guidelines for determining the optimum operating parameters of
thermoelectric generator, however, limited experimental results
are provided. Crane and Jackson investigated thermoelectric waste

Stage i=1
Row j=1

heat recovery with regards to cross flow heat exchangers [9,10]. A
cross flow heat exchanger model was validated against measured
performance of advanced cross flow heat exchangers without ther-
moelectrics. The numerical simulations were compared to experi-
mental data with good agreement between them. Yu and Zhao
[11] developed a numerical model for prediction of performance

Stage i=i+1 Stage i=ns

FLUID

Row j=np

Fig. 1. Heat transfer model of longitudinal thermoelectric energy harvester LTEH.
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of a thermoelectric generator with a parallel-plate heat exchanger.
They assumed that the flat thermoelectric modules were held
tightly between hot and cold fluids, which had multiple thermo-
couples with a single layer of P-type and N-type semiconductors.
The thermocouples along the fluid path were connected electri-
cally in series. A typical energy balance was used to set up the
model with the differential equations discretized along the axial
direction of the hot fluid. The solution to the numerical model
was provided using an iterative method. Simulations were
performed to study the effects of the various parameters. An exper-
imental study based on the Yu and Zhao model | 11] was performed
by Niu, Yu and Wang [12]. A comparison of the experimental
results with the numerical model is presented in this work. A
two fluid, multi-plate, multi-pass, counter/parallel flow heat
exchanger with thermoelectric generators was created for the
experimental phase. The data obtained through experimentation
shows that the numerical model over predicts performances of
the TEGs over the entire range of data. At lower temperatures,
the model displays better agreement with experimental results,
but as hot fluid inlet temperatures are increased, the prediction
diverges from the measured values. The discrepancy is associated
to the lack of accounting for heat losses and the fact that the
thermoelectric properties are treated as constants.

Qe=hy Al TenTome)

Ay ~Cold side heat exchanger
Acze —Thermal compound

€czc | -Ceramic substrate

€cec | Thermal compound

~Thermoelectric element

Conducting strip

Thermal compound
~Ceramic substrate

Thermal compound

Copper lid

Thermal compound

Hot side heat exchanger

Fig. 2. One dimensional heat transfer model of a single TEG module.

Wu [13] performed a theoretical analysis on waste-heat
thermoelectric power generators. In this study, a real waste-heat
thermoelectric generator model was presented based on account-
ing for both internal and external irreversibility to predict realistic
specific power and efficiency. Therefore, this approach gave a
much more realistic generator specific power and efficiency
prediction than does the ideal thermoelectric generator. Hsiao
et al. [14] constructed a mathematical simulation model, based
on the testing results of a TEG module, to predict the performance
of a waste heat recovery system. They provided a scientific meth-
odology with complicated equations on the field of thermoelectric
simulations. Finally, Wang et al. [15] presented a mathematical
model of a TEG device using the exhaust gas of vehicles as heat
source. The model simulates the impact of relevant factors, includ-
ing vehicles exhaust mass flow rate, temperature and mass flow
rate of different types of cooling fluid, convection heat transfer
coefficient, height of PN couple, the ratio of external resistance to
internal resistance of the circuit on the output power and
efficiency. However, just a few experimental results are provided.
Recently, Montecucco et al. |16] have studied the impact of
thermal imbalance on the power produced at module and system
level in a TEG array. Experimental results in series-parallel
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Fig. 3. Block diagram representation of LTEH model.
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configurations clearly illustrate the issue and a theoretical model
was presented to quantify the impact.

In the above literatures, those research works have mainly been
focused on the analytical analysis to a single or multiple thermo-
electric elements for thermoelectric energy harvesting from gas
exhaust waste heat. These analytical methods provided some
significant guidelines for the design of the thermoelectric energy
harvesters in terms of the principle of thermodynamics. However,
aforesaid models are only validated for stand-alone applications
without taking into account the electrical and thermal effects of
TEG array configuration. A real thermoelectric energy harvester
always comprises multiple thermoelectric modules placed with
respect to the flow direction, and depending on the shape and
the electrical output requirements of the harvester, TEGs can be
wired in series/parallel configuration. Although series/parallel
configuration has not been taken into account in this paper, it will
be considered in future work. Moreover, there is no model in liter-
ature that uses liquid (e.g. water) as a heat source.

Thereafter, the objective of this work is to develop a new
computational model capable to simulate the electro-thermal
dynamics of a thermoelectric energy harvesting system. The new
model incorporates to the 1D mathematical model developed in
Ref. |17] the longitudinal thermal phenomena occurring in real
LTEH systems. The model treats TEG modules as a whole block
and takes into account the fluid heat and temperature reduction
across the system due to thermoelectric energy harvesting. Follow-
ing the base model [17], the new component is fully analysed and
validated under steady and transient states with data obtained
from the experimental setup and it is also created in TRNSYS.

2. Model description

A thermoelectric energy harvester is a device that converts
some of the waste heat of an element (i.e. liquid or gas) into
electricity using the Seebeck effect. Although many different topol-
ogies and shapes have been studied in literature (e.g. longitudinal,

transverse, hexagonal, circular, etc.) the longitudinal and rectangu-
lar box-like shape design is termed as the baseline model |18].
Consequently, this is the type of the thermoelectric harvester
assessed in this paper. The name of the models - longitudinal
and transverse - are derived from the way the TEGs are placed
with respect to the fluid flow direction.

The LTEH follows the basic scheme shown in Fig. 1. It consists of
four main elements:

e Hot-side heat exchanger used to capture and increment the
heat extraction from the heat source to the TEG modules. It is
directly exposed to the hot fluid.

o Cold-side heat exchanger to remove and transfer excess heat
from outer side of the TEG modules to the ambient air.

e Multiple thermoelectric modules that convert the waste heat
into useful electrical energy. The optimal number and configu-
ration of TEG modules must be considered.

« Compression assembly system comprising a top and bottom lid,
a support element that permits attachment of the lids and a
sealing rubber.

TEGs are mounted along the exterior surfaces of the lids. The
heat flows from hot side to cold side heat exchanger and through
the TEG. The temperature difference between hot and cold sides
of the TEG generates voltage and current by Seebeck effect. The
thermoelectric generation also produces a heat extraction from
fluid, resulting in a fluid temperature reduction at every stage.
Consequently, both the fluid temperature and the electric power
generation will be reduced as we incorporate new stages:
T4, > Tit' and P > PV, respectively. This effect is considered
within the new model.

As can be seen in Fig. 2, a thermoelectric module is sandwiched
between hot side and cold side heat exchanger that can be treated
as a convective heat transfer system. The TEG consists of certain
number of semiconductors, corresponding solder layers, conduct-
ing strips and thermal insulation material. In order to electrically
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Fig. 4. TRNSYS project created for LTEH system behaviour simulation. The connection parameters are indicated within boxes.
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isolate the module, a ceramic substrate made of alumina (Al,03) is
located both sides of the TEG. Moreover, a thermal compound
increases the thermal conductivity of the interfaces by filling
microscopic air-gaps between ceramic substrates and heat
exchangers and also between TEG and ceramic substrate.

As already explained in Section 1, the new model developed in
this paper is based on Massaguer et al. model [17]. It solves the
system of equations using finite difference and Newton-Raphson
methods and calculates the temperature at different nodes sepa-
rated in space by a discrete distance. In the transient state, the
temperatures of these points are calculated at discrete periods of
time and the temperatures for all nodes are recalculated at the
end of this time interval. Using the implicit finite difference
method, the values of heat flux can be determined using the values
of the temperatures of the time step before. Therefore, the
unsteady-state heat transfer model solves the TEG temperature
distribution first and then determines the TEG power and perfor-
mance outputs.

However, the solution to the heat equations assumes one-
dimensional heat transfer and treats the TEG module as a whole
block (i.e. it considers the TEG as a real complete module). In order
to obtain an accurately LTEH model, heat losses on the flow
direction must be taken into account. Therefore, the longitudinal
dimension must be attached to the Ref. [17] model. The fluid
energy losses per stage due to the thermoelectric generation can
be expressed as

np _—
> Qi) (1)

=

where i is the number of stage, j is the number of row, np is the
number of parallel TEG modules placed in the same stage and Qy
is the heat extracted from the fluid and absorbed by a TEG module
because of the thermoelectric generation. Qy can be obtained
applying convective heat transfer equations between fluid and hot
side heat exchanger

Qi (t) = hig, - A, - (T () — T (1) (2)

where hyy, Ann and Ty, are coefficients of convective heat transfer,
cross sectional area and temperature of hot side heat exchanger,
respectively. Tj, is the average fluid temperature on hot side heat
exchanger and it is the value used to solve the one-dimensional
temperature distribution on each TE module, expressed as

The(t) =

T4, () + Thu(t)
hioeed (3)

where 7}, and 7%, are the fluid inlet and outlet temperature on
stage i, respectively. Note that T',‘wc is common for all rows j of a
stage i.

Considering only heat losses due thermoelectric effect, the heat
extracted from fluid in every stage can be found using next

equation

np 5 | 5
> Qi (t) =i Sp - (Tiy(t) = Toue(t) (4}
j=1
Consequently, T, can be obtained from
np i
S aji
=) i i=1
Ton(t) = Th(t) s (5)

where it is the fluid mass flow rate and Sy is the fluid specific heat,
both considered temperature independent.

Due to the fact that Q}f, T4y and T.,,, are reciprocally dependant,
the only way to obtain an accurate solution is using an iterative
method. The solution adopted consists of an iteration loop that
runs Massaguer et al. model coupled with above equations until

Tl converges. The convergence will be achieved when
i i .
'I‘,wﬂ‘c T, | <& (6}

where k is the iteration number and ¢ is the tolerance value set up
to ¢ = 1e~*°C. It must be noted that T is strictly necessary to
obtain an accurate temperature distribution and, consequently,
the electrical outputs on each module.

Once convergence has been attained, the inlet fluid temperature
next stage will be temperature outlet in the stage before
T =T!,. Considering that the model solves consecutively the
temperature distribution at each stage, T\, must be obtained
before starting next stage. The same process is repeated until the
last stage has been reached i = ns.

To better understand how the model is structured, the
computer model block is described in Fig. 3.

Table 1

Thermoelectric parameters and material properties.
Parameters Value Unit Source
Tam> 20:10 °© Measured
Time step 1 s Experiment
np 2 - Experiment
ns 3 Experiment
m 54 kgfh Measured
S 4180 JkgK Estimated
Uy -141,587 HV/K Manufacturer
oy 146,550 uV/K Manufacturer
An 1615 WimK Manufacturer
n 1872 W/m K Manufacturer
Gy 5604 pom Manufacturer
ay 8881 pm Manufacturer
Pn 7700 kg/m* [17]
P 7700 kg/m* [17]
en 254x10 % m Manufacturer
I 254x10 ¢ m Manufacturer
An 23x10 % m? Manufacturer
Ay 23x%10 8 m? Manufacturer
Sn 200 JkgK [17]
S, 200 ke K [17)
N 98 - Manufacturer
€123 1x10 4 m Measured
ea 2x10?2 m Measured
on 254 x10 4 m Measured
ehh 2x10* m Measured
e 2x103 m Measured
Ari 22 841 x10 4 m? Measured
Aa 841 x10 * m? Measured
Ace 841 x10 * m* Measured
Awn 1.5x 10 * m? Measured
Ak 841x10 ¢ m’ Measured
Arc1 23 2:05 WimK Manufacturer
Aq 380 W/m K Estimated
Aer 36 W/mK [17]
pree 210 W/m K Estimated
Acn 210 W/m K Estimated
Preia 2040 kg/m® Manufacturer
Pa 8930 kg/m* Estimated
Pee 3975 kg/m* [17]
o 2700 kg/m* Estimated
Pen 2700 kg/m* Estimated
Swi23 200 J/kgK Manufacturer
Sa 385 J/kgK Estimated
Sce 765 JkgK [17]
Swn 883 JfkgK Estimated
Sen 883 J/kgK Estimated
hen 200 W/m?K Manufacturer
Bun 5000 Wim* K Estimated
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National Instruments cRIO
RTD module

Tamo

FLUID

Voltage & Current module

1. Cold side heat 2.Th

5. Hot side heat

6. Suppo;

4ric 3. Copper lid 4. Sealing rubber
7. Thermal i i

Fig. 5. Transversal section of the experimental LTEH with data acquisition modules.

1. Cold side heat exchanger 2. Thermoelectric generator 3. Copper lid 4. Sealing rubber
5. Hot side heat exchanger 6. Support element

Fig. 6. Exploded and cross sectional view of the experimental setup.

Because of this new model is based on model presented in [17],
the same assumptions have been inherited. On the other hand, new
ones have been taken: thermal conductivity, electric conductivity
and Seebeck coefficient of semiconductors are all assumed to be
temperature-independent and adiabatic boundary conditions were
supposed on the outside surfaces of TEG element; also thermal
conductivity, electrical resistivity and specific heat capacities of
non-thermoelectric materials are supposed constants within the
operating temperature range; the heat leakage through solder
layer and conducting strips are neglected and, finally, heat losses
due to radiation and transverse convection through remaining area

and lateral walls are also neglected. All TEGs are considered equal
and connected to an individual load resistance of the same value.
Therefore, series—parallel configuration effects explained in Ref.
[ 16] have not taken into account. In future work these effects will
be incorporated.

3. Computer model

The model presented in Section 2 was programmed in Fortran
due to the fact that TRNSYS software was chosen to develop the
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analysis. TRNSYS [19] is a flexible software tool used to simulate
the performance of transient systems. At its heart, TRNSYS is a
robust algebraic and differential equation solver that is able to read
and process Fortran based components.

Each component is represented by a number of parameters and
time-dependent inputs, and produces a number of time-dependent
outputs. A given output of a specific component can be used as
input to itself or to any number of other components. This is
mainly how the system components can be interconnected.

The basic configuration for the LTEH dynamic study follows the
general design illustrated in Fig. 4.

As it can be appreciated from Fig. 4, the TRNSYS project devel-
oped is composed of several components. The initial conditions
block contains the ambient temperature, hot and cold side heat
exchanger convective heat transfer coefficients and fluid specific
heat and mass flow rate. Besides, the T;, and R, components con-
tain the temperature and load resistance profiles, respectively.
Both T;, and R, profiles are treated as system inputs and can be
shown in Fig. 7. The three equal components called TEG1 to 3 cor-
respond to the three stages that form the complete LTEH tested in
Section 4, Each TEG component contains the thermal and electrical
characteristics of a single row and the number of rows per stage.

100,
T,
n
80+
)
s %
3
845l
£ 40
2
20 -
0 : L . ) . ) . : '
5O 15 30 45 60 75 920 105 120 135 150
all” Load Resistance ‘ | ‘
g of
o 2f | i
1+ L4
0 ) . 1 1 ! L L 1 " !
0 15 30 45 60 75 90 105 120 135 150
Time [min.]
Fig. 7. T, and R, profiles.
0.6
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0.5/ ——TEG"' - Theoretical
0.4+
=
§oa
S
0.2}

L

00 15 30 45 60
5 "
L= Load Resistance

G 3

= L
1 b
0 1 L 1

i A 1 A L
30 45 60 75 90 105 120 135 150
Time [min.]

Fig. 8. Correlation of experimental and simulated output voltage of a TEG located in stage 1.
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Control component allows selecting the start and finish simulation
time and time step. Additionally, the geometric data and the mate-
rial properties have to be included into the LTEH model as TRNSYS
parameter data. All these parameters can be shown in Table 1.

4. Experimental setup

In order to validate the new LTEH model, an experimental setup
has been build. This new equipment allowed us to obtain real data
to be compared with simulation results. The experimental setup
allows establishing thermal and electrical transients of different
magnitudes.

06
o TEG>' - Experimental

0.5/~ TEG™' - Theoretical
0.4+

B

So3-

S
0.2

Fig. 5 shows the schematic of the experiment. A closed loop
water system was designed to supply hot water at different tem-
peratures. The heat source is an electric accumulator that produces
hot water up to 80°C. A recirculating pump moves hot water
through the water loop. It picks up the heat in the accumulator
and exchanges it through the LTEH system. An ultrasonic flow
meter was used to measure the fluid mass flow rate m. The temper-
atures T;, and T, were measured by two RTD sensors placed, as
shown in Fig. 4, on the inlet and outlet of the LTEH system,
respectively.

As can be seen in Fig. 6, the LTEH experimental setup is com-
posed of six elements: two hot-side heat exchanger, six cold-side

|
T
|

0. L ' L A
0 15 30 45 60

Time [min.

L

1 1 1 L
9 105 120 135 150
]

Fig. 9. Correlation of experimental and simulated output voltage of a TEG located in stage 2.

0.6

o TEG*' - Experimental
osH— TEG™' - Theoretical

5r, .
4/~ Load Resistance

]

g 8r

= L
i
0‘. 1 L 1 1

0 15 30 45 60

1

1 L 1
90 105 120 135 150

Time [min.]

Fig. 10. Correlation of experimental and simulated output voltage of a TEG located in stage 3.
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heat exchangers, six thermoelectric modules that convert the
waste heat into useful electrical energy, a compression assembly
system comprising a top and bottom lid, a support element that
permits attachment of the lids and a sealing rubber. TEGs are
mounted on the top and the bottom surface and arranged
uniformly over the available surface. They are sandwiched
between assembly system and cold side heat exchanger; therefore,
the model can be treated as a natural convective heat transfer
system. The remaining area and the lateral walls are thermally
insulated to minimize heat leakage.

In order to validate the model under thermal and electrical
dynamics, three temperature steps were established combining

E. Massaguer et al./Applied Energy 140 (2015) 184-195

steady and transient states. Initially, the fluid temperature was
29.35 °C while the room temperature was measured as 20.10 °C.
The mass flow rate of the fluid m was 54 kg/h. On the first step,
the electrical accumulator was switched on and the pump started
moving fluid through the water loop. While T;, started increasing,
the R, was set to 2.2 Q. When temperature achieved 55 °C, Tj, was
maintained while load resistance changed to 1 and to open cir-
cuit after. As can be shown in Fig. 7, the same process was repeated
for two additional inlet temperatures T;, of 65 °C and 80 °C.
During experimental data acquisition, the transient tempera-
tures at the inlet and outlet of the LTEH and the output voltage
and current of each TEG were recorded simultaneously into a

0.04
¢ TEG"' - Experimental
0.035| —— TEG" - Theoretical
0.03+
0.025 M
z o
% 0.02}
a
0.015/
75 90 105 120 135 150
0 15 30 4 60 75 90 105 120 135 150
Time [min.)

Fig. 11. Correlation of experimental and simulated output electrical power of a TEG located in stage 1.

0.04r
o TEG™' - Experimental
0.035/| —— TEG?" - Theoretical
0.031
g 0.025+
% 0.02-
* 0015
0.01
0.005+
50 15 30 45 60 75 90 105 120 135 150
c 8
= || ||
1 -
0 . , . . \ . .
0 15 30 45 60 75 90 105 120 135 150
Time [min.]

Fig. 12. Correlation of experimental and simulated output electrical power of a TEG located in stage 2.
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digital computer using a data acquisition system (National Instru-
ments-cRIO). The data acquisition was set at a rate of 1 s for about
10,400 s.

Finally, the properties of materials used in the experiment are
tabulated in Table 1. The parameters were determined either
according to direct measurement, from manufacturer's data or
from the existing literature [17]. The Seebeck coefficient, thermal
conductivity and electrical resistivity of the p- and n-type
elements are listed at steady-state average temperature of
T = (Tf max + Tamn)/2, which was 50.05 °C.

193
5. Results and discussion

Based on the transient and steady state experiments explained
in Section 4 and TRNSYS simulations, the results and a discussion
about their comparison are presented in this section. Due to the
fact that TEGs placed in the same stage produce the same output
values, only one TEG per stage have been presented. Both the
transitory experimental and simulation results are plotted versus
the transient time in the same plot. The conditions imposed in
the experiment are listed in Table 1.

0.04
o TEGY' - Experimental
0.035 1— TEG*' - Theoretical
0.031
g 0.025
g 0.02f
§
0.015
@
d 't 1 1 1
! 75 90 105 120 135 150
4|l — Load Resistance | s :
g 3
=1 L L
1+ L_J
00 15 30 45 60 75 90 105 120 135 150
Time [min.]

Fig. 13. Correlation of experimental and simulated output electrical power of a TEG located in stage 3.
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0 15 30 45 60 75 90 105 120 135 150
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Fig. 14. Correlation of experimental and simulated temperature difference between inlet and outlet of LTEH.

145




Appendix B. Published paper: Modelling analysis of longitudinal thermoelectric
energy harvester in low temperature waste heat recovery applications

194 E. Massaguer et al./Applied Energy 140 (2015) 184-195
50 -
© Heat transfer — Experimental
2. 40f{ —— Heat transler - Theoretical A
2 30}
£
T
£ 104
0 | | L ) | | L ' L
0 15 30 45 60 90 105 120 1385 150
o ¢ Efficiency - Experimental <
& 041 Egficiency - Theoretical MW
S 0.3F
=
:g 0.2F
ﬁ 0.1F
) L L : s L i
50 15 30 45 60 90 105 120 135 150
= Load Resistance | &
c 8
<2
1
0 - 1 1 1 1 L 1 1 1 L -
0 15 30 45 60 90 105 120 135 150

Time [min.]

Fig. 15. Correlation of experimental and simulated heat transfer and system efficiency of the LTEH.

In Figs. 8-10, the effects of inlet temperature and step changes
of load resistance under conditions of Section 4 can be observed.
Although there is not appreciable difference between above volt-
ages, an accurately analysis shown that as the stage increase, the
output voltage decreases. It is very interesting to note the effect
that the load current has on the output voltage, which tends to
increase as load current decrease. Maximum output voltages (i.e.
open circuit voltages) were obtained when no load resistance
was selected.

Simultaneously to the voltage measurements, the electrical out-
put power Py, was obtained. As can be observed from Figs. 11-13,
Py, tend to increase as inlet temperature T;, increases. Moreover, as
the stage increase, the output electrical power decreases. However,
electrical power does not only depend on the temperature
difference between hot and cold sides of the TEG, but also on the
load resistance connected. As explained in Ref. | 17|, the power gen-
eration is highest when the load resistance value is close to the
internal resistance R; = Ry, which is measured to be about 2.2 Q.
Consequently, different values of R; will produce lower electrical
powers. This effect can be observed in above figures.

For the purpose of assessing the model, the temperature differ-
ence between inlet T;, and outlet T,,, was also measured. Due to
the fact that T,,, differences between experimental and theoretical
data were too small, the AT = Ty, (t) — To(t) was plotted instead.
The comparison of experimental and theoretical data is shown in
Fig. 14

Fig. 14 demonstrates that T, is strongly affected by the load
resistance. Every increase in | leads to an increase in temperature
difference between hot and cold side of TEGs due to the greater
value of the Peltier effect. This current increment also produces
an increment of hot and cold side heat fluxes. Consequently, every
decrease in R; leads to a reduction in fluid outlet temperature.

As can be shown in Fig. 15, the same effect occurs with heat
extracted from LTEH, Eq. (1). It is interesting to note that heat
transfer decrease with load resistance. Besides, the LTEH efficiency
n also is affected by load resistance but not in the same way. In
Fig. 15, it can be observed that R, values close to internal resistance

produces the maximum system efficiencies #. This not only occurs
to power generation but also to system efficiency which is highest
when load resistance value is close to the internal resistance
RL - Rp,,.

As it can be appreciated from all figures, the simulation results
show good agreement with the experimental results, accurately
tracking the electro-thermal coupled effects occurring in the TEG
system. However, the plotted curves show highest correlation
when inlet temperatures are near to average range. This is due to
the fact that thermoelectric parameters (i.e. Seebeck coefficient,
thermal conductivity and electrical resistance of TEGs) are
constant and obtained from steady-state average temperature

T= (T[.max T Tunlb)/z'

6. Conclusions

In this paper, a new computational model capable to simulate
the electro-thermal dynamics of a LTEH is presented, and a ther-
moelectric energy harvester has been constructed to validate this
model. The new component, developed in TRNSYS software, had
been analysed and validated under steady and transient states
with data obtained from the experimental setup.

Although global maximum output electrical power and
efficiency is quite low: 0.162 W and 0.46%, respectively; the com-
parison of results between theoretic analysis and experiment has
approved the reasonability of the new component. The root mean
square errors RMSE for heat extracted, electrical power generated
and temperature difference between inlet and outlet are
0.566 W, 3.9¢*W and 7.4e* °C, respectively. Additionally, the
normalized root mean square errors NRMSE are 0.67%, 0.5% and
0.894%, respectively.

Besides, the TRNSYS simulation runs without interruptions or
delays, consequently the numerical model and the new component
can be considered well optimized. Therefore, this new model can
be wused in design, performance optimization and further
application of thermoelectric energy harvesters.
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