Dottorato di Ricerca in Fisica - XXX Ciclo

DEVELOPMENT OF A NEW
SATURATED VAPOUR-ANODE,
SATURATED VAPOUR-CATHODE
AMTEC-LIKE DEVICE

Dr. Eng. Gianluca Tumminelli

PhD Coordinator: Tutor:
Prof. Massimo Palma Prof. Marco Barbera

e—e—e————
—




?S}ESTVDI

S 8% UNIVERSITA
2 Q&0d 2 DEGLI STUDI
2" e S DI PALERMO
}7’0135\3‘7&\

Blank page

“Development of a new saturated vapour-anode, saturated vapour-cathode
AMTEC-like device”
Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



,\’SA:‘ STy,

S5 ta% UNIVERSITA
@;{; 2 DEGLI STUDI
%X P& DI PALERMO

Zopg g™

Table of contents

PREFACE . ...ttt bbbt bbb s e et et bbb b 6
CHAPTER | INTRODUCTION ....oiiiiiiiie ettt 10
1.1 Thermo-electric CONVEISION.......cccciiiiiiiiierieieie e 11
1.2 The AMTEC CeIl .o 12
1.3 TRETEG CEllL.ooie e et 15
1.4 The StIrliNg ENQINE ....ccooiice e 18
CHAPTER I THE AMTEC CELL...ciiiiiiiiittceeee s 21
2.1 Basic Principles of Operation...........ccccceiieiiiieieeie e 22
2.2 Liquid-Anode and Vapour-Anode CYCIES..........cccovvieieeieiie e 23
2.3 Thermodynamic cycle of the fluid ... 25
2.4 Cell @SSEMDIY ..o 28
I O | IV - UL = SRS 31
CHAPTER 11l TOWARDS A SECOND GENERATION AMTEC-LIKE CELL......34
K200 A 1 011 /oo [ T £ o] o OSSR 35
3.2 The WOrking FIUI..........coooiiii e 35
3.3 The Solid EICLIOlYte.........cceiieeee e 46
34 TRE EIECIIOUES ...ttt sre e 50
3.5 Material PrOCUFEMENT ........oiieiiiieceee e 54
CHAPTER IV DESIGN OF A SIMPLIFIED EXPERIMENTAL CELL .................. 57
O VAV o] o S o F- 1 o USSP 58
4.2 MeChaniCal DESIGN .....ccuiiiieiie et 59
4.3 Design of the Experimental Test APParatus...........cccocveeiveiiieviiesieesie s 65
CHAPTER V MODELLING OF THE DEVICE ......cocooiiiieiectceeeee e 69
5.1 General Principles of Electrochemistry ..........ccccovviiiiiiiic e 70
5.2  Modelling of the Cell Voltage..........ccoooieiiiiiicce e 76
5.3 State of the Art of AMTEC modelling .........ccccoovviiieiiiii e, 96
5.4  Modelling of vapour anode/vapour cathode Systems..........c.cccevvveiieeiiiecnnnns 100
“Development of a new saturated vapour-anode, saturated vapour-cathode 3
AMTEC-like device”

Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



,\’SA:‘ STy,

Sy 8% UNIVERSITA
@« DEGLI STUDI
%L eC DI PALERMO
5.5 Novel Statistical Thermodynamics-based Model ..............cccccovvveiieiicicieenee. 104
5.5.1 Preliminary ConSiderations ..........cccccveiueiieieeriesieseesie e sie e sse e 105
5.5.2 Model DeVEIOPMENT .....c.oeiieiie e 110
CHAPTER VI EXPERIMENTAL RESULTS. ..ottt 120
6.1 Experimental Tests With Hydrogen..........cccccevviiiiieii i 121
B.1.1 PrOCEAUIE ....cvviiiie ettt bttt bbb 121
6.1.2 ReSUItS @nNd diSCUSSION........coiuiiiiiiiiiiiiiiiiiie et e 123
6.1.3 Interpretation of experimental results .........cccccoveviveiiiiccie e, 128
6.1.4 Conclusions about tests with hydrogen ..o 144
6.2 Design and Realisation of a Non-Alkali Metal TEC ............ccccccvvviviiieiiennne 145
6.2.1 New Working Fluid and Doped Electrolyte Preparation.............c.ccoccovruenne. 146
6.2.2 Estimation of ion conductivity from diffusion data............cccccocevininininnnn. 148
6.2.3 Cell Model SIMUIALIONS ..o 149
6.2.4 Experimental Apparatus and ProCedure ...........ccocoeriieninieienese e 151
6.2.5 Design and Realisation of the Experimental Cell............ccccooeiiiiiiininninnn 153
CHAPTER VII INDUSTRIAL APPLICATION AND DEVELOPMENT OF A
SECOND GENERATION AMTEC-LIKE CELL ...c.ccooviiee e, 158
7.1 Potential application to solar ENergy ..........ccceeviiieiiniiieieeee e 159
7.2 Novel Cell Regeneration MeChaniSm .........ccccoceoiiiieniniiniiieeee s 161
7.3 BASEs and electrodes in industrial deVviCes...........c.ccoovveiiiiiieieicnenceee 163
(1@ ]\ [0 U] 0 NP 166
ACKNOWIBAGEMENTS ... 167
] (= =] o0 SR 168
“Development of a new saturated vapour-anode, saturated vapour-cathode 4
AMTEC-like device”

Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



?S}ESTVDI

S 8% UNIVERSITA
2 Q&0d 2 DEGLI STUDI
2" e S DI PALERMO
}7’0135\3‘7&\

Blank page

“Development of a new saturated vapour-anode, saturated vapour-cathode
AMTEC-like device”
Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



A ST,
SESTI,

¥ _t8% UNIVERSITA
@;& 2 DEGLI STUDI
'L ¢Z S DI PALERMO

Ve D
Zopg s

fe

§ PANOR, ”//

O

PREFACE

It is back in the Nineties when the developed Countries have taken awareness about
the impossibility to maintain the energy consumptions of the last decades. “Energy
efficiency” represents the ratio between the amount of energy consumed in useful products
or services with respect to total energy input. Greater energy efficiency and energy savings
can be achieved either by various complex technologies, components and systems, or by a
more conscious and responsible behaviour of final users. Then, economic and
environmental motivations moved towards the direction of environment protection.

The energetic efficiency can be easily expressed with three concepts:

e savings on energetic expenses for families;
e better comfort;
e help to environment.

To make a safer, more competitive, more sustainable, low energetic consumption-
economy, our Country has already fixed a target of savings to 2016 equal to 9,6% with
respect to the average annual consumption of the period 2001-2006, equivalent to 10,8
Mtoe (Million Tonnes of Oil Equivalent), which corresponds to about 4 billion Euros
(calculated assuming a crude oil cost of 75$ per barrel and a Dollar-Euro change of 1,25).
If measures for the improvement of the energetic efficiency are properly implemented,
such a goal is actually achievable. Economic advantages for consumers, once realized the
improving interventions, are immediately visible from savings in bills, furthermore, thanks
also to national and regional incentive measures, the payback of the investment occurs in
the short-medium period.

Heavy interventions have already been programmed in all fields of our society:

e in the domestic sector, a heavy recourse to more efficient technologies could permit
to get reduction in consumptions up to 12% even within year 2020, about 4 Metp less
than current trend, equal to about 1,4 billion Euros (calculated assuming a crude oil cost

of 75% per barrel and a Dollar-Euro change of 1,25);
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e in the commercial sector, the diffusion of better performing air conditioning
systems, boilers and electrical devices, capable to grant significant reduction in
consumptions in the short-medium period: about 2 Metp with respect to current trend,
over 10% of sector consumption (according to PAEE 2007 the estimate of reduction in
2016 is 2 Metp);

e in the transport sector, the use of more performing vehicles represents the main
option for the reduction of consumption in the medium period (2020 onwards). As in the
long period an opportunity for reduction of consumptions is represented by the decrease
in the demand of movement with private means (about 15% less than current trend), the
main technological option in the short-medium period is represented by the energetic
efficiency. Sector consumptions may reduce, in fact, of 12% in 2020 with respect to the
reference projection (about 5,7 Metp, in accordance to the estimation made in the draft of
the “Piano straordinario per I’efficienza e il risparmio energetico”, March 2010);

e in the technological and industrial sector, the reduction of consumptions is about
2% in 2020 with respect to current trend. The slight reduction in the medium period,
proof of some rigidity of the sector, follows instead, in the long period, a more significant
reduction, equal to 16% in 2050.

The International Energy Agency (IEA) recommends to prefer energetic efficiency
as a strategy for carbon dioxide emissions reduction, because such solution has the best
chances of success, at lower costs.

“The best strategy to reduce CO, emissions, from now to 2050, is to improve the
energetic efficiency: there are several ways to do that. In the short period, this must be our
highest priority” IEA, Energy.

In practice, it is not always so easy to make these advantages concrete. Governments,
companies and single citizens can make their own, but it is necessary a coordination for
these actions. Main obstacles to investments in energetic efficiency are: insufficient
competences, lacking of resources and limited capitals.

The present research project belongs to the general technology development field

aimed at maximizing the conversion of the solar energy into electrical energy and heat, in
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such a way to reach global efficiency far greater than the traditional photovoltaic
technology efficiency, which is about 16%.

One of the technologies capable to convert efficiently and directly the thermal energy
or the solar energy into electrical energy is the Alkali Metal ThermoElectric Converter
(AMTEC) [1, 2]. Despite such device has a high theoretical efficiency, close to the Carnot
cycle efficiency, its application at industrial scale has been so far limited by low durability,
low power output/weight ratio and high cost.

The present work of thesis is about the modelling, development and electrical
characterization of a new AMTEC-like not-rechargeable prototypal device, which could be
used for the industrial production of a second generation of electrochemical/membrane-
based cells for the high efficiency production of electrical energy.

The present work is divided into seven chapters. In the first one, | present the state of
the art of the devices for the direct conversion of thermal energy at high temperature (e.g.
from solar energy concentration) into electrical energy. A detailed description of the
AMTEC cell is given in the second chapter. In chapter Il the selection of new materials is
proposed for the design of a second generation AMTEC-like device. Chapter IV presents a
simple test apparatus set-up to investigate novel materials. In Chapter V 1 present
currently developed AMTEC cell models and describe novel modelling based on a
statistical-thermodynamics approach, for the prediction of the generated voltage, current
and power extractable by a simplified cell, as well as the full polarization curve (voltage vs
current characteristic).

Chapter VI describes experimental campaigns carried out in order to assess the
validity of the mathematical model developed and to demonstrate the capability of the
device of using a new working fluid and a new electrolyte. Preliminary tests have been
carried out with hydrogen as working fluid, useful to check and solve criticalities occurred
in the first developed device.

The realization of a second modified version of the device, capable to operate with
zinc, as well as a modified version of the whole experimental apparatus, is described in

Chapter VII in view of performing a new test campaign for future development.
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The results of the present research have been included in two submitted papers and

one on-going patent request, which can be summarised as follows:
Paper 1: Tumminelli et al., “A thermodynamic-statistical model of the electrical

characteristics of a 2nd generation AMTEC-type cell for the renewable heat-to-electrical
energy direct conversion”, submitted to AIP — Journal of Renewable and Sustainable

Energy.

Paper 2: Tumminelli et al., “Towards an AMTEC-like device based on non-alkali
metal for efficient, safe and reliable direct conversion of thermal to electric power”,

accepted by AEIT International 2018 Annual conference, Bari 3-5 October 2018.
Patent request: Tumminelli et al., “Dispositivo per la conversione di energia, sistema

di conversione di energia e relativo procedimento di conversione di energia”, deposited on

2018, July 31% with number 102018000007710.
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1.1 Thermo-electric Conversion

The latest technological frontier for the production of electric energy from
photovoltaic and the recovery of thermal energy are bi-functional photovoltaic panels. It is
a system that, taking advantage of the solar light and heat through bi-functional
photovoltaic panels, is capable to increase the efficiency of photovoltaic panels for the
production of the electrical current (cooling down the panels themselves), on one hand, and
also to simultaneously recover thermal energy (heat) to supply a heat pump air
conditioning system, adopted for winter heating, or summer air conditioning, as well as
for the production of hot water.

The heat recovery is made by means of an insulated aluminium enclosure which is
installed just below the PV panel. The box, having the same shape of the panel, contains a
copper coil which, being in contact with the bottom surface of PV cells, cools down the
panel. The cooling occurs by direct expansion through circulation of a cooling liquid. Such
a liquid, taking heat away from the panel, recovers heat and transfer it to a system which is
capable to use it for heating or conditioning.

The disadvantages of such a system are:

e Huge amounts of silicon used,

e Excessive cost;

e The heated water does not reach high temperatures;
e Payback time too long.

In particular, considering the cost, such a technology needs incentives for
photovoltaic, the so-called “Conto Energia”. Considering the current perspectives, the so-
called “V Conto Energia” will have a very short lifetime, so the economical revenue of
such plants will be based exclusively on grid parity cash flow, which in facts limit today

their diffusion on a large scale.
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As an example, an attempt to improve the efficiency of solar energy conversion is the
use of concentration systems (which act in the way of reducing entropy) coupled to systems
that directly transform highly concentrated radiant energy into electricity (photovoltaic
effect), or systems that directly convert high temperature thermal energy into electrical
energy. This work focuses on the latter one.

The main systems for the direct conversion of thermal energy at high temperature
into electricity, that can be matched to a solar energy concentrator (SEC) are:

1) Alkali Thermocouple Converter (AMTEC: Alkali Metal Thermal Electric
Converter),

2) Seebeck Thermocouple Converter (TEG: ThermoElectric Generator);

3) Stirling engines.

In the following, the operating principle, the main technical features, and the
advantages/disadvantages of the above mentioned devices, are presented. A more detailed

analysis of the AMTEC cell is provided in the next Chapter.

1.2 The AMTEC cell

The AMTEC electrochemical device is capable of statically converting the thermal
energy into electricity. For the conversion process, this system employs an alkali metal
such as sodium or potassium. In AMTEC cycles, a solid electrolyte (e.g. B-alumina) is used
as the basis for carrying electrical charges. On both sides of the electrolyte there are two
electrodes firmly connected to it and they are in turn electrically connected via an external

circuit. In the circuit, an electric load is connected in series.
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Figure 1. Schematics of an AMTEC system operation principle [3].

For the conversion process, this system employs an alkali metal such as sodium,
lithium or potassium as working fluid, and a solid electrolyte (e.g. p-alumina) as the basis
for carrying electrical positive charges [1, 4, 5, 6, 7]. On both sides of the electrolyte, two
electrodes firmly connected to it are in turn connected electrically to an external circuit
where an electric load is applied.

Alkali metal atoms ionise at the interface between the electrode and the electrolyte
(oxidation). The positive charges can cross the electrolyte, while free electrons can only
migrate from the anode to the cathode through the external load, if present, and then
recombine with the cations passed through the membrane to form again the neutral metal
atom (reduction).

Such a process is driven by the higher pressure at the anode side and is made
possible by the non-permeability of the solid electrolyte to neutral atoms and free
electrons. This means that the alkali vapour atoms must ionise to expand from the high

pressure side to the low pressure side of the Beta-Alumina Solid Electrolyte (BASE),
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generating free alkali cations onto the solid electrolyte and free electrons at the electrode
(see figure 1).

As long as the external electric circuit is open, alkali cations, driven by the pressure
difference, can pass through the BASE and accumulate on the opposite surface (lower
pressure side), while free electrons, unable to pass through the electrolyte, accumulate on
the anode (higher pressure side).

This charge separation process continues until electrostatic repulsion balances the
differential pressure. When closing the external circuit on an electric load, it is possible to
exploit the electric potential so generated: electrons start to flow through the load, produce
electric work and return to the cathode where they are recombined with the alkali metal
cations.

During the recombination process occurring in the gaseous state at lower
temperature, neutral alkali metal atoms move towards the condenser, where they return to
the liquid state and are pumped back into the higher temperature region. In this way, a
continuous current is obtained.

Two main types of AMTEC cycles exists, the so-called liquid-anode and the vapour-
anode cycles, depending on the phase of the alkali metal in contact with the anode [1, 8, 9,
10].

The metal used as working fluid also determines the operating temperatures, which
typically range between 900 K and 1300 K at the hot source (anode), and between 400 K
and 700 K at the cold source (cathode).

The main advantages of AMTECs are: no moving parts, small size, no material flows
outside the cell enclosure, relatively low operating temperatures suitable for their coupling
with thermal waste from other processes, high theoretical energy conversion efficiency. On
the other hand, some important disadvantages exist, such as: thermal degradation of BASE
due to high operating temperatures resulting in a low durability (-25% power output in 500
hours, -50% power output in 18,000 hours) [11, 12], safety issues due to the use of
potentially dangerous alkali metals (sodium, lithium), quite low power output per unit
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weight (16 W/kg) with respect to other thermal-to-electric energy direct converters [13, 14,
15], high maintenance and production costs [16].

In order to overcome some of the mentioned limitations so far encountered by the
AMTEC cells, | investigated a new type of AMTEC type cell operating with a working
fluid different than an alkali metal, a solid electrolyte constituted by proper conditioned ion
conductive membrane, and an operating mode which does not require the use of a pump

for fluid recirculation.

1.3 The TEG cell

A TEG thermal converter transforms the thermal energy into electricity through the
Seebeck effect. This thermoelectric effect occurs when, two different metal conductors in a
circuit, are kept at different temperatures. Such temperature difference generates a voltage
difference resulting in a current through the junction. This effect is more pronounced in
semiconductors.

In a system using this effect, there are: a heat source, a TEG module, a heat sink,

and an applied load.
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Figure 2. Schematics of a TEG system operation principle [17].

The TEG module is placed in the central part of the thermo-converter and consists of
a semiconductor pellet array doped with both positive and negative charge carriers. N/p
junctions are configured to be electrically connected in series, but at the same time
thermally in parallel.

This is possible by using a metallic ceramic substrate that wraps the pellets and the
circuits that connect them to form a single layer. The layer, called Functionally Graded
Material (FGM), allows thermal stress relaxation on TEG cells that are particularly fragile
and simultaneously promotes heat flow.

The efficiency of these systems depends essentially on the nature of semiconductor
pairs and the operating temperature of the two surfaces. Generally, the temperature
difference inside the thermoelectric module must be between 200 and 300 K. The
efficiency of theoretical energy conversion achieved by the TEG is 10% but currently the
HZ-20 modules of the Hi-Z Technology consisting of semiconductors with bismuth and

tellurium have yields of about 5%, with a temperature range of 520-300 K. The theoretical
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yield of exergetic conversion is 21%. The real yield of exergetic conversion of the HZ-20
commercial form is 11%.
The advantages of TEG thermal converters are:
1) No moving parts;
2) High power output per unit of weight: HZ-20 = 160 W/Kg, theoretical = 300
WI/Kg;
3) Stability in performance characteristics (voltage-current). Business models are
guaranteed to operate longer than 10 years;
4) High availability in the components market as well as extreme simplicity of
construction that allows production costs to be reduced (4.400 €/kW);
5) Temperature values of the hot and cold walls low, therefore able to be used in

highly degraded thermal waste
As far as the disadvantages of TEG Thermo-converters are concerned, the major

limit is, however, the energy conversion efficiency which is in practice of the order of 5%.

“Development of a new saturated vapour-anode, saturated vapour-cathode 17
AMTEC-like device”
Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



A ST
N I)O

¥ _t8% UNIVERSITA
@;’3 2 DEGLI STUDI
'L ¢Z S DI PALERMO

Ve D
Zopg s

fe

& PAN: Op, ”//

O

1.4 The Stirling Engine

The Stirling engine belongs to the family of closed-loop combustion engines. As an
evolving fluid, it uses air or nitrogen in most cases, but in new versions where performance
Is optimized, helium or hydrogen can be used. The ideal thermodynamic cycle, carried out
by the evolving fluid, is the Stirling cycle. In the operation of the Stirling system, there is
the movement of the pistons following expansion and compression of the gas passing
alternately from a warm to a cold environment. This obviously has to be passed through a
heat regenerator.

The high temperature source is actually the hot exchanger. This, being released from
the car, can be of any kind. The cold exchanger or low temperature source is usually a
cross-flow tube blower exchanger that uses water as a coolant. Depending on the positions
taken by the plungers, four phases are identified:

1) Transfer of the hot fluid from the vertical cylinder (high temperature) to the
horizontal cylinder (low temperature) with the crossover of the regenerator;

2) Compression of cold gas with a work L.

3) The gas compression in the horizontal cylinder expands the gas into the vertical
cylinder which at the same time undergoes an expansion due to the temperature rise
due to the regenerator and the hot surface. This expansion produces the work L.

4) The work Le, through the shaft to which both pistons are connected, causes an
expansion to the cold cylinder that recalls the hot gas contained in the vertical

cylinder and restarts the cycle.
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Figure 3. Schematics of a Stirling Engine system operation principle [16].

It is clear that the work done is greater than compression work and frustration losses.
Stirling’s energy performance is closely related to its thermodynamic configuration. It has
the same maximum theoretical thermal yield of a Carnot cycle but in the latest versions it
is in the order of 33%. Considering the mechanical yields and the alternator of 0.82 and
0.92, respectively, the system has an electrical output of about 25%. For innovative
prototypes, the efficiency of thermal conversion can reach a maximum of about 57%,
which, considering the mechanical performance and the alternator, results in an electrical
performance of the system of about 43%.

The advantages of Stirling engines are:

1) High efficiency of conversion of thermal and electrical energy;

2) Possibility to operate with a wide temperature range of the hot spring;

3) Thanks to external combustion, the number of maintenance and oil changes is also
considerably reduced.

4) High power per unit of weight (can also reach 170 W/kg);
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5) The cost of the Stirling engines is not high and varies from 1500 €/kW for large

size plants (50 + 200 kW) up to 3500 € / kW for small power plants.
As far as its disadvantages are concerned, substantially the largest limit is the high

starting time due to the considerable thermal inertia of the system itself.

Table 1 compares the main characteristics of the three thermoelectric power

generation technologies described above, with in addition the GaAs photovoltaic cell [16].

Table 1. Comparison between the main thermoelectric power generation technologies.

Taken and adapted from [16].

TEG STIRLING GaAs

AMTEC
Energetic Theor 40 10 43 35
Efficiency
[%] Real 19 5 25 27
350

1.000-1.300 | 300-800 1.000

Maximum temperature [K]
Cold source 400700 | 200-500 300 300
temperature [K]
Duration [hours] 170 90.000 60.000 40.000
Cost [E/kWh] 10.000 4.000 1.500-3.500 500-750
Mechanical moving NO NO YES NO
parts
Potentially hazardous YES NO NO NO
substances
Maintenance VERY VERY
costs HIGH LOW LOW LOW
ORC system VERY VERY
compatibility HIGH Low LOW LOW
Power/Weight ratio [Wikg] 16 160 170 200

As it can be seen, all the technologies described above have their own pros and cons,

and AMTECs seem so far less developed than others, but one of the most promising.
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CHAPTER II
THE AMTEC CELL
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2.1 Basic Principles of Operation

The AMTEC technology appears as a very promising technology for the direct
conversion of the energy collected by a solar concentrator into electrical energy
considering that its operating temperature range allows the usage of the thermal “waste”
energy for a second conversion into electrical energy through Organic Rankine Cycle
(ORC) systems with a mark increase of the global system performance (SEC + AMTEC +
ORC).

For this reason, | decided to focus the Ph.D. research project on the AMTEC cell,
trying to remove some of the known limitations, pointed out in table 1, and to try to obtain
a device with reduced cost of industrial production, increased cell life time, increased
power per unit of weight and with low maintenance costs and risks for human health and
for the environment.

The research project is supported by the company Qohelet Solar Italia, which offered
financial co-funding and by INAF-OAPA which offered scientific and technical advices.

In order to better understand the scientific and technological goals of the proposed
research project, it is advantageous to focus on each single basic component of the
AMTEC cell that can individually determine significant performance variations.

First of all, it is necessary to make a distinction that, while keeping the operating
principle unchanged, divides AMTEC systems into two categories: forced recirculation
systems or natural recirculation systems. The substantial difference lies in the liquid alkali
metal circulation from the low-temperature zone to the high-temperature zone: it uses a
pumping system in the former and uses gravity in the latter.

It is clear that moving a high temperature fluid requires exquisite technology, but it is
also true that this entails advantages in the heat transmission and power generation
phenomena that result in an increased system performance.

Ultimately, this aspect needs to be properly evaluated in the present project.
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2.2 Liguid-Anode and VVapour-Anode Cycles

There are two types of AMTEC cycles respectively called liquid-anode cycle and
vapour-anode cycle. Figure 4a shows the liquid-anode cycle.

The electrolyte, on the one hand, is in contact with a porous electrode in turn
immersed in a sodium gas phase while the other side is in contact with the sodium metal in
the liquid state that acts as an electrode itself.

When the electrodes are electrically connected through an external circuit, sodium
(but the same can be said of any other metal and especially alkali metals) ionises to the
interface between B-alumina and the anode.

The cations pass through B-alumina, while electrons that cannot pass it (being a
protonic membrane, conducting positive ions and waterproof to the passage of negative
charges) are forced to flow from the anode to the cathode, through the outer circuit
recombining in this way with the cations, neutralizing them with cathode formation of

neutral sodium atoms.

>
a) —— b) RS G

Condensation Sodium Vapor - -] Liguid Sodium f
{Low pressure)

Sodium Vapor

Sodium ion -clectron recombination at
interface.

SRR
CNER LR
SRR AR

Sodium ion — electron recombination at

interface.

Liquid Sodium

Sodium ionization at interface.

Sodium ionization at interface.

Sodium Vapor

g Liquid Sodium [
(High pressure)

Liquid Sodium

A

Figure 4. AMTEC liquid-anode cycle (a); AMTEC vapour-anode cycle (b) [12].

The gaseous sodium is then condensed, in a suitable condenser, collected and
conveyed through a demister and then sent to the hot semi-cell that hosts the liquid anode
through a recirculating system. Figure 4b shows the vapour-anode cycle.

In this case, both sides of B-alumina are in contact with sodium or any other alkali
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metal in the vapour state.
In the cell element core that hosts the anode is high temperature steam and high

pressure, while in the other semi-cell cell that houses the cathode there is steam at low

temperature and low pressure.
An anode electrode is placed on the side of B-alumina in contact with the high
pressure sodium vapour, while the cathode electrode is placed on the other side of B-

alumina in contact with the sodium vapour at lower temperature and pressure.
Sodium vapour subject to higher pressure tend to expand, however, p-alumina is a

protonic membrane impermeable to the passage of both negative and neutral atoms and

conducting positive ions.
For sodium, the only way to expand to balance the two different pressure semi-cells
Gibbs’s chemical potential, is by ionising its neutral atoms, producing free alkali cations
and electrons. The B-alumina, allowing the passage of alkali cations, thus facilitates the

expansion of the metal from a higher pressure to a lower one.
Sodium cations are gradually accumulating on the semi-cell of the low-pressure side

(that is, cathode), while the electrons remain stationary on the semi-cell of the high-
pressure side (that is, anode). This creates a difference in potential balance that prevents

the further flow of cations from one half to the other.
By electrical contacting the two electrodes through an external load, the electrons

driven by the potential difference, will produce a current and consequently an electrical

work on the external load.
At the cathode, the electrons recombine with the cations, neutralizing them, and thus

allow a new stream of cations from the high-pressure semi-cell to the low-pressure one.
Obviously, if the pressure difference between the two environments is not

maintained, after a certain time, they will find themselves in equilibrium or under isobaric

conditions and the potential difference to the electrodes would gradually decrease.
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Figure 5. Schematic drawing of a multitube vapour anode/vapour cathode AMTEC device used for
space applications. The main components of the cell and operation principle are shown.

2.3 Thermodynamic cycle of the fluid

After the examination of the components that form the AMTEC cell and their
function, one can better understand the physics of the transformation involved and the

thermodynamic cycle performed by the working fluid crossing the various components of

the cell.
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It should be noted that each thermodynamic transformation represented on the state
diagram (P-V or T-S) between two consecutive points, is realized by a specific part or
component of the cell (e.g. evaporation, lamination, condensation).

The following one is for example the thermodynamic cycle performed by sodium in

an AMTEC cell with forced circulation:

1 06 T T T T T T T T T T
3 1200 2 . 5
105 [4 Ste : Step 56:
—_ o p4—5: Step5—-6:
DG.S 3 I/ lIsothermal Isothermal [
= 104} ~ 1000F &/ vaporization expansion |8
: g ]
- . Q -y
21037 g 8 &
@ ¢ 80O ¥ S
8 102 = o Step 2—3: 5
as 2 §  Isometric/isothermal -
o 10 k @ pressurization
2 6005, 3 Step 152 1]
1 Isothermal/isobaric condensation
| 1 1 | 1 1 1 1 1 1
Volume V(m3) Entropy, S (arbitrary units)

Figure 6. Thermodynamic cycle occurring in an AMTEC system. Taken and adapted from [18].

1 — 2 Isothermal and isobaric condensation (condenser). This transformation
takes place in the “condenser” component where through a heat exchanger, the heat
extraction takes place by the heat transfer fluid and an isothermal phase passage occurs at
the boiling temperature between sodium liquid sodium vapour;

2 — 3 Isothermal liquid sodium pressurization (high pressure zone). This
transformation takes place by means of a pump that cuts work to the liquid (work in the
case of natural circulation is done by the force of gravity);

3 — 4 Isobaric heat absorption. This transformation takes place in the “evaporator”
component where thermal energy is shed on sodium which at this stage is heated up to the

boiling temperature at the pressure set by the pump;
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4 — 5 Isothermal and isobaric evaporation (BASE electrolyte). This
transformation takes place in the “BASE electrolyte” component that allows the passage of
sodium cation;

5 — 6 Isothermal expansion up to initial pressure (low pressure zone). This
transformation takes place in the “Cathode” component that hosts the electrons and where
the sodium cation is neutralized;

6 — 1 Quasi-isentropic cooling of vaporized sodium with the beginning of a new
cycle (cavity between electrolyte and condenser). This transformation occurs in the
cavity between the electrolyte and the condenser. The sodium vapours cool to the boiling

temperature at the initial pressure.

R, =0713Q
21.26 W(20.5) P=469W, W\.'—{
0.60 W 4.59) =256 A
€= — Qs (623 K) (2.54)
866 645 M 680 K
Qi 888 ijwf 728 tQ 311
4%W 1™ 134w G 3ATW )
919 804 " 882
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Figure 7. Schematics of the operating cycle of the AMTEC cell [19].
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2.4 Cell assembly

Below is a brief list of components of a cell with natural recycle:

1. The electric circuit consisting of an internal and an external circuit. This, as is
easily perceived, guides the current flow to the external load. Inside, there are the
terminals of the individual electrolytes (31) needed to determine the internal
parallel series configuration and the internal electric conductor (33) that collects the
resulting flow leading to the outside. On the outside, there is the terminal (35)
which is the component made of conductive material that guides the flow of
electrons to the external load, which is closed with the wall which is in electric

contact with the alkali ionic metal;

Figure 8. Schematic drawing of an AMTEC cell with indication of main items (see text for details) [20].
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2. Base electrolyte (30) is the heart of the AMTEC cell. In the most popular models it
is solid and tubular. The material used in most cases is B-alumina. This ceramic
material has the chemical-physical property of allowing the passage of positive ions
and at the same time preventing the electrons from acting as an electrical insulator;

3. The outer casing including the lower cover (18) and the top cover (20) is the part
in contact with the outside. This, on the one hand hosts the Hot Point (16) and the
Cold Point (22) on the other. In the project phases, it is important to bear in mind
that this part of the cell is continually subjected to thermal stress at high
temperatures. In the most popular models, the cell wall is made of stainless steel to
lower heat losses due to the reflection of this material;

4. The component required to change the state to alkali metal is the evaporator (38).
This component is in contact with the hot wall made of material with high
absorption power and low reflection of solar radiation in order to optimize the
conversion efficiency solar radiation-thermal energy.

5. On the opposite side of the hot wall, there is the condenser (32). This component
is in contact with the cold wall, lowering the gas-vapour temperature of the
working fluid, condensing it and conveying it into the main artery bringing the fluid
back to the evaporator; the working temperature of this component is determined
by several parameters that can take advantage of different technological solutions
for heat dissipation and/or maintaining stable working temperature values.

6. As anticipated, the return artery (34) is the channel leading the condensed metal
back to the evaporator; in this part of the cell, the circulator is introduced in the
case of forced recirculation;

7. Very important for the good functioning of the cell, the high pressure zone (26) is
located near the hot spot where, by contact with the high temperature wall, the
liquefied metal vaporizes to move near the base and restart the ionisation process.
The design of this component or part of it must take into account high temperatures

and high pressures;
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8. Another very important component is the electrode. In most popular models,
electrodes are manufactured in Molybdenum (Mo), titanium nitride and rhodium-
tungsten alloys. The cathode is installed in the base for chemical deposition of
vapours or sputtering, while the anode is applied to the base by the Weber process
and then coated with the molybdenum to prevent electrical leakage inside it. Its
function is to drive the load current. Finally, the thermal shields have the function
of limiting the parasitic heat loss by irradiation.

9. The heat extraction system is a heat exchanger placed in contact with the condenser
and capable of maintaining the cold wall of the condenser at a constant temperature
through the circulation of a fluid (typically diathermic or steam oil according to the

temperature of the condenser work of the ORC group and the AMTEC cell).

Figure 9. A particular configuration of an AMTEC converter with housing (left) removed [21].

In the next sections, | discuss the role of the working fluid and the electrolyte on the
performances of the AMTEC cell to identify possible alternative solutions with respect to

those currently adopted in already tested devices. | will then describe a simplified, not-
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rechargeable AMTEC-like cell, designed and built to support the experimental campaign
on new working fluids and new electrolytes and present preliminary results of the

experimental campaign.

2.5 Cell Materials

As seen in Chapter I, the AMTEC is an electrochemical device able to statically (i.e.
without movement of mechanical parts but through a simple thermodynamic cycle carried
out by a working fluid) and directly convert heat into electrical energy. To date, alkali
metal fluids (lithium, sodium or potassium, and finally caesium) have been tested for the
conversion process.

To date, the most used working fluid, according to the wide available literature, is
sodium because of its excellent chemical and physical properties, which offer the best
compromise between low ionisation energy (495 kJ/mol), low temperature of vaporization
and reduced atomic dimensions.

As far as the electrolyte is concerned, the most used and discussed in literature today
is the BASE (Beta Alumina Solid Electrolyte), initially used in the Sodium Sulphur
Battery.

The sodium-B-alumina appears as a crystalline phase with highly variable
composition containing aluminium oxide, Al,O3, and sodium oxide, Na,O or Na,Os, in a
nominal ratio of 5:1, and a small amount of metal oxide, usually lithium or magnesium,
which stabilizes the B-crystalline structure. B-alumina is insulating compared to the
electron transport and it is thermodynamically stable and chemically inert in contact with
both sodium and low pressure sodium vapours. The two sides of B-alumina are electrically
connected to two electrodes.

Sodium (but also any other metal and especially alkali metals), ionises to the
interface between B-alumina and the anode (electrochemical oxidation). Cations pass
through beta-alumina while electrons, failing to pass through, are forced to flow from the
anode to the cathode through the external electric circuit and recombine with the cations,
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neutralizing them with formation of neutral sodium atoms at cathode-side (electrochemical
reduction).

If a sodium recycle system is present, the electrochemical cell never runs out and
continues to produce current indefinitely.

However, sodium leads to technological problems, the most important of which is
the decrease in the electrical power produced and consequently the degradation of
electrochemical performance of the cell with time, a phenomenon caused by the
degradation of the BASE electrolyte.

This prevents the use of such devices in all applications requiring long operation
periods, unless both restoration and maintenance work is carried out frequently.

Several factors may cause electrolyte degradation and they are essentially related to a
combined action of:

a) high working temperatures (1000 K),
b) chemical aggressiveness of sodium vapour which causes changes in the crystalline
lattice of the electrolyte and chemical contamination.

Modification of the lattice due to the high operating temperature occurs as sodium
leakage from the electrolyte structure, formation of fused dendrites in the electrolyte and
formation of cracks or modifications in the microstructure. The fused sodium dendrites,
once originated, can propagate in the electrolyte, possibly even for its entire thickness,
causing a short-circuit of the cell especially if the electrolyte pores are too large. Electrons
may find an alternative, easier (i.e. “less resistive”) path from the anode/electrolyte
interface directly to the electrolyte/cathode interface, together with the working fluid
cations. This results in a bypass of the external electric circuit and then in an electrical
power loss, due to the reduction of current density (current per unit surface area of cell
electrolyte) flowing through the external load. In other words, the propagation of sodium,
from the high pressure to the low pressure side, occurs without ionisation at the

anode/electrolyte interface.
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Figure 10. Possible mechanisms of thermal degradation of -alumina.

The products of reactions between the sodium vapours and the material which the
cell is built of (e.g. stainless steel but also special steels) can also enter the structure of the
crystalline lattice of the electrolyte and settle on the edges of the grain or even replace
some Na' ions in the structure itself (chemical contamination by reticular substitution) or
simply deposit on the surface of the electrolyte and block the pore action by physically
inhibiting the passage of sodium cations. All of these phenomena cause the reduction of
the current density, hence increasing the resistance of the electrolyte to ionic transport.

The missed ionisation due to thermal effects or chemical aggressiveness of sodium
results in a decrease in the number of electrons per surface area (current density) that flow
through the external circuit and, consequently, a reduction in the power output, which is
equal to the product between the cell voltage and the current circulating in the external

electrical circuit.
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3.1 Introduction

The presented results on currently developed AMTEC cells have shown that in order
to make such type of thermoelectric converter of real interest for industrial applications, it
Is necessary to identify technological and design solutions able to improve the performance
of such electrochemical devices in terms of stabilizing the cell power over time.

Recently, in the Technical Physics Laboratories of the University of Perugia,
experiments have been carried out concerning the use of new materials for the realization
of solid electrolyte and the adoption of caesium in replacement of traditional alkali metals
(lithium, sodium or potassium) [1].

Among the main advantages offered, for example, by the use of caesium as a
working fluid compared to lithium, there could be both lower ionisation energy and lower
fusion temperatures, which would synergistically determine the opportunity to build
AMTEC devices able to work at considerably lower temperatures than those currently
available.

In the following paragraphs, we analyse the main components of the AMETEC cell
and try to identify possible improvements that could bring to a second generation
AMETEC-like cell.

3.2 The Working Fluid
Figure 11 illustrates the flow path of the alkali metal inside the AMTEC cell.

Essentially, evaporating in the high temperature zone and condensing into the low pressure
one, a continuous process is regenerated thanks to the thermal energy transferred from the
outside.

The amount of flow is significantly linked to the available thermal energy, which
means that any thermal oscillation of the heat source will inevitably affect the amount of

charge available.
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Figure 11. Simplified front sectional view and top view of an AMTEC cell, with indication
of the flow path of the working fluid. Taken and adapted from [22].

It is clear that working fluid and electrolyte are in turn chemically related one to the
other, because the BASE must have in its lattice the same atoms as the working fluid to
allow ionic conduction.

The main parameters to be considered in order to choose the working fluid are:

(1) The melting point. The working fluid melting temperature shall not be too high to
avoid technological problems and to ensure compatibility with a SEC device,
neither too low to work with high performance in both the AMTEC device (hot
wall temperature/cold wall temperature ratio) and in the ORC group.

(2) The boiling temperature. The working fluid shall have a low boiling temperature
to avoid high technological problems and to ensure compatibility with a SEC
device. The boiling temperature, however, shall not be too low to work with high
performance in both the AMTEC device (ratio hot wall temperature/ cold wall

temperature) and in the ORC group.
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(3) Low electronegativity and (4) low ionisation energy. If one wants to operate with
a working fluid capable of crossing a mechanically stable solid electrolyte
membrane (typically a p”-alumina), it will have to easily ionise in the form of
cations and consequently have a low electronegativity and a low ionisation energy.

(5) Atomic radius dimensions. The working fluid must be a chemical element capable
of moving or rather “spreading” easily into the electrolyte porosity. Therefore, it
must have an atomic dimension including the electronic cloud not too large and in
any case compatible with the porosity of the crystalline lattice of the electrolyte.

(6) Material hazardousness. Work fluid must be a material that is not classified as
dangerous for human health and environment to minimize the risk of accidents and
to lower the disposal costs of the device after the useful life of the device.

(7) Material cost. Working fluid must be a cheap material to optimize the cost of
industrial production of the cell.

One of the activities of preliminary studies and research is, as previously stated, the
choice of the new working fluid. In principle, this fluid could be chosen from the elements
of the entire periodic table in light of the seven requirements listed above. In order to have
a limited number of eligible candidates for the AMTEC cell’s “craft” workflow, one will
need to identify selection criteria based on the above-mentioned seven requirements that
exclude unsuitable elements and allow focusing on research activities within a limited
number of possible candidates. In the following table, which lists the items in the periodic
table, the non-eligible items will be highlighted in red.

As first exclusion parameter, the present research has been limited to metal
elements, i.e. all non-metals and semi-metals have been excluded as potential working
fluids. Moreover, only elements which can ionise to monovalent or divalent stable cations
have been taken into account, i.e. those belonging to groups IA (alkali metals), 1A
(alkali-hearth metals), IB and IIB (transitional metals), and Il1A and IVA, as it is
known that higher valence cations unlikely diffuse through solid electrolytes [23, 24].
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The third exclusion criterion used for material selection has been the melting
point temperature. This value ensures the liquid state of the working fluid component in
the cold side of the cell. In compliance with the heat cascade system one intends to
implement, in order to ensure adequate thermal exchange, the melting temperature shall be
lower than the maximum outlet temperature of the heat exchange medium used. For
example, if the selected thermal fluid is a diathermic oil, this value can be ca. 430°C,
which is equal to the maximum allowable wall temperature for a common diathermic oil
(Therminol VVP1).

Higher melting temperatures can be achieved e.g. by using overheated steam (500-
600 °C) as heat transfer fluid, but in this case some the technological disadvantages occur,
such as high pressure equipment. Other carriers, such as molten salts can operate at higher
temperatures as well, at pressures lower than steam, but with solidification problems when
the system is inactive.

For the purposes of the present work, the maximum melting point temperature was
set to 430 °C.

Then, the fourth discriminant parameter has been the boiling point. This value
is related to:

1) the temperature reached with the solar conversion system;

2) the temperature of the thermal waste one intends to realize;

3) the physical state the element must have during operation (typically liquid and
vapour);

In particular, the boiling point of the element chosen as the “working fluid”, shall
ensure that the physic state of the material is liquid at the operating temperature and
pressure of the cold-side. Such a temperature shall also be compatible with the maximum
wall temperature allowable for the thermal fluid of the cooling system, which in turn
should hopefully be high enough to meet the minimum temperature requirement of a third
conversion system (e.g. Organic Rankine Cycle) possibly coupled to the device.

The element chosen as working fluid shall vaporise at the temperature and pressure
of the hot wall and undergo ionisation. Last, but not least, the maximum boiling
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temperature should be lower than the melting temperature of the solid electrolyte and cell
enclosure materials themselves. As an example, in order to exploit a heat sink by coupling
to an ORC system, a suitable boiling temperature range for the working fluid material is
280 + 1350 °C'. Anyway, for the purposes of the present work, elements boiling in the
interval 25 °C up to 2,500 °C have been included among potential solutions.

The fifth and sixth parameters used as discriminant are the electronegativity
and the first ionisation energy, which are related to the ease of extraction of an electron
from the atom. In fact, if one would carry a process of cationic transport through the
electrolyte (negative ion transport electrolytes are not mechanically stable at typical
operating temperatures) one should select elements having a quite low first ionisation
energy (say, lower than 1,200 kJ/mol). This means to exclude non-metals, the whole
semiconductors family, and also some metals with high values of first ionisation energy.
Moreover, I’ve also imposed an upper limit to the Pauling electronegativity (say < 2.50).

Finally, regarding environmental and economic motivations, | decided to select not
hazardous and not toxic elements, in order to comply with a “green energy” policy, and not
too expensive metals (say < 2,500 $/kg) in order to be economically competitive with

respect to other devices.

' Actually, the upper temperature limit leads to technological issues concerning the maximum temperature

reachable with a SEC system, forcing to operate under vacuum even inside the hot zone of the cell.
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Table 2. List of chemical elements examined depending on melting point, boiling point,

electronegativity, energy of first ionisation, atomic radius and cost, for the application as

working fluid in the AMTEC-like simplified device developed in the present work.

NON METAL
NON METAL | Ne | VIIIA | -248 | -248,7
NON METAL | Ar | VIIIA | -189,2 | -185,7
NON METAL | Kr | VIIIA | -157 -152
NON METAL | Xe | VIIIA | -111,8 | -107,1 2,60 1170 120
NON METAL | Rn | VIIIA -71 -61,8 N/A 1037 N/A
NON METAL [Uuo| VIIIA N/A N/A | N/A | N/A N/A N/A

N/A| 2081 33
N/A| 1521 0,5
3,00 1351 33

Q| |l |lu|la |a

NON METAL | F VIIA | -2198 | -1881 | g | 3,98 1681 190
NON METAL | ClI | VIIA -101 -34,6 g | 316 1251 0,15
NON METAL | Br | VIIA 1,2 58,8 | 2,96 1140 4,9
NON METAL | | VIIA | 1135 184 S 2,66 1008 8,3

NON METAL | At | VIIA 302 337 S 2,20 917 N/A
NON METAL | Uus| VIIA N/A N/A | N/A | N/A N/A N/A

NON METAL | H 1A -259,1 [ -2529 | ¢ 2,20 1312 12
NON METAL | C IVA 3367 | 4827 S 2,55 1086 2,4
NON METAL | N VA -209,9 | -1958 [ ¢ 3,04 1402 0,4
NON METAL | O VIA | -218,4 | -183 g 3,44 1314 0,3
NON METAL | P VA 44,1 280 S 2,19 1012 4

NON METAL | S VIA 112,8 | 444,7 S 2,58 1000 24
NON METAL | Se VIA 217 685 S 2,55 941 14
SEMIMETAL | B A 2079 | 2550 S 2,04 801 250

SEMIMETAL | Si IVA 1410 | 2355 S 1,90 787 54
SEMIMETAL | Ge IVA 947,4 | 2830 S 2,01 762 360
SEMIMETAL | As VA 817 617 S 2,18 947 320
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SEMIMETAL

SEMIMETAL | Te [ VIA 449,5 | 989,8 S 2,10 869 24

SEMIMETAL | Po | VIA 254 962 S 2,00 812 N/A
METAL Al A 660 2467 S 1,61 578 18
METAL Ga A 29,8 2403 S 1,81 579 220
METAL In A 156,6 | 2080 S 1,78 558 120
METAL Sn A 232 2270 S 1,96 709 8
METAL Tl A 303 1457 S 1,62 589 48
METAL Pb IVA 327,5 | 1740 S 2,33 716 15
METAL Bi VA 271 1560 S 2,02 703 11

METAL Uut | A N/A N/A | N/A | N/A N/A N/A
METAL Fl IVA N/A N/A | N/TA | N/A N/A N/A
METAL Uup| VA N/A N/A | N/TA | N/A N/A N/A
METAL Lv | VIA N/A N/A | N/A | N/A N/A N/A
METAL Sc 1B 1541 | 2832 S 1,36 633 1400
METAL Ti VB 1660 | 3287 S 1,54 659 6,1

METAL V VB 1890 | 3380 S 1,63 651 220

METAL Cr VIB 1857 | 2672 S 1,66 653 10
METAL Mn [ VIIB 1244 | 1962 S 1,55 717 1,7
METAL Fe | VIIIB | 1535 | 2750 S 1,83 762 6,7
METAL Co | VIIIB | 1495 | 2870 S 1,88 760 21

METAL Ni | VIIIB | 1453 | 2730 S 191 737 7,7
METAL Cu IB 1083 | 2567 S 1,90 745 2,7
METAL Zn 1B 419,6 906 S 1,65 906 3,7

METAL Y 1B 1523 3337 S 1,22 600 220
METAL Zr VB 1852 4377 S 1,33 640 16
METAL Nb VB 2468 4742 S 1,60 652 18
METAL Mo | VIB 2617 4612 S 2,16 684 11
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If one considers also production costs, hazardousness of the material (first
requirement: not radioactive), restrained toxicity for both human and environment in order
to reduce the costs of disposal and the risks in case of accident/explosion/fire etc. of the
system, the potential candidates could be those reported in Table 3: Gallium, Indium, Tin,

Thallium, Lead, Zinc, Cadmium, Mercury, Lithium, Sodium and Potassium.
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Table 3. List of selected chemical elements suitable for the application as working fluid
in the AMTEC-like simplified device developed in the present work.

The research project was first oriented to the selection of suitable metals, among
those listed above, that could be the new working fluid(s) for the AMTEC-like device to be
developed. The main goals are: reduction of risks for health and environment and
optimisation of industrial manufacturing, maintenance and disposal costs at the end of life
of the device.
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3.3 The Solid Electrolyte

Ceramic membranes belong to the special category of separating means that are
widely used in various industries, from the pharmaceutical one to water purification and
desalination processes, from the oil & gas industry to the electrochemical one.

The main function of a membrane (in general) is to act as a separating barrier, i.e. to
physically segregate two environments where different operating conditions may also
occur, for example a different pressure, a different temperature, a different concentration,
or a different electrical potential, depending on the process occurred (gas separation,
pervaporation, reverse osmosis, nanofiltration, ultrafiltration, microfiltration, dialysis,
electrodialysis).

The main feature of ceramic membranes is the material they contain: in fact, the use
of inorganic materials, so-called “ceramics”, such as Al,Os, TiO,, ZrO,, SiO,, usually
produced by clay baking processes, siliceous sands or alumina-silicates gives the
membrane mainly chemical resistance against corrosive agents and thermal resistance for
high temperature operation. The addition of certain additives also improves mechanical
strength by providing an extremely versatile and easily available, low cost, stable and low
maintenance service.

Among the most popular industrial applications are: filtration of cast metals or
exhaust gas filters for diesel engines. The peculiarity of ceramic membranes is in fact the
ability to operate at high temperatures, which makes them suitable for a large number of
applications where polymer membranes cannot be used.

Usually the ceramic membranes are composite, i.e. realized by overlapping two or
more layers of different materials, at least one of which serves as a real ceramic support,
which gives mechanical strength and has a more or less porous structure, while a second
layer, whose thickness is much smaller and whose structure is dense and compact, acts as a

filter element.
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Figure 12. Schematic representation of an asymmetric composite membrane. (1) dense
layer of modified separator (no porosity absent or <2nm); (2) separator layer (porosity 2-
50 nm); (3) intermediate layers (pores 50-1000 nm); (4) Porous support (1-15 mm
porosity). Adapted from [25].

A particular subcategory of ceramic membranes is represented by the conductive
ceramic membranes, which are used in the field of batteries, fuel cells and electrochemical
reactors.

A material that gives positive ions electrical conductivity is beta-alumina, a dense
and polycrystalline ceramic in which ionic species (such as sodium ions, potassium ions,
lithium ions or other kind of ions) are transferred during the production process, which will
form the “mobile ions” within the alumina matrix. Thus, they make membranes capable to
be passed through by a species rather than others, provided in ionic form, so that for each
ion that is absorbed into one side of the membrane and spreads therein, there is one that is
desorbed on the opposite side. For example, if an ionic conductive oxygen membrane is
immersed in a region where a chemical oxygen potential gradient exists, the oxygen ion
will permeate through the membrane, from higher chemical potential points to smaller
chemical potential points, while the neutrality of the charge will be kept by a proportional
stream of electrons in the opposite direction.

The electrical conductivity of an ionic ceramic membrane is a very important
parameter since the membrane itself can act as an internal short circuit conductor, so that

such membranes may not require electrodes or external circuits.
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This type of membrane is produced by the technique of electrophoretic deposition,
which promotes the migration of colloidal particles or charged species into solution, under
the action of an applied external electric field, towards an electrode with an opposite
charge with respect to the particles, which will deposit on it creating a thin layer.

In particular, in a bathtub called “galvanic bath” there is a solution of a salt of the
metal to be deposited and there are immersed two electrodes, one of which forms the
object to be covered (cathode on which the reaction of electrochemistry occurs) and the
other consists of an inert metal or of the same metal present in solution (anode on which
the electrochemical oxidation reaction occurs). By applying a potential difference between
the electrodes, the metal cations will migrate to the cathode while the solution anions
migrate to the anode. At cathode, cations are reduced to the neutral state for the purchase
of one or more electrons related to the electrode via the outer circuit and coming from the
anode, on which they have been developed at the expense of the same metal constituting
the latter, which will be consumed liberating ions in solution (so-called “sacrificial
anode”).

This production technology allows to finely modulate the thickness of the deposited
layer according to needs and to limit defects in products such as air bubbles or gases that
can lead to cracks and fractures.

The main parameters for the choice of the electrolyte are:

e The presence and mobility of the ion network of the selected working fluid
element;

e The molecular structure at the cell working temperatures (hot wall temperature);

e The crystalline lattice;

e The duration of electrochemical activity and the decay of the electrolyte
properties;

e Stability and mechanical properties.
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Figure 13. Disposition of oxygen, sodium and aluminium atoms in the crystalline lattice,
in a sodium beta-alumina [26].

The BASE electrolyte structure should be highly porous, electrically insulating and
at the same time mechanically stable and resistant, acting also as a barrier to the passage of
electrons and different components of the working fluid cations (typically Lewis bases).
These features are typical of ceramic materials. The most commonly used component is 3-
alumina. This material has a crystalline structure and belongs to the ceramic family. The
main features are: high ionic conduction (cation) and poor electron conductance. To allow
the ionisation process, Al,O3 alumina base is doped with the metal chosen. This alters the
chemical structure. In the crystalline lattice obviously there are atoms of the chosen
working fluid element available for ion conduction.

In our case, identifying the eleven candidate elements as cell working fluid, using
BASE as a p-alumina electrolyte, one could alternate the doping component in the eleven
different configurations by obtaining: 1) Ga- B-alumina, 2) In-B-alumina, 3) Sn-p-alumina,
4) Tl-B-alumina, 5) Pb-B-alumina, 6) Zn-B-alumina, 7) Cd-f -alumina, 8) Hg-p-alumina, 9)
Li-p-alumina, 10) Na-p-alumina, 11) K-p-alumina.
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In the case of Sodium, Na,OsAl,03 has a laminar structure in which each layer has a
thickness of 1 nm between solid O ions blocks where AI** ions occupy the octahedral and
tetrahedron interstices. The Na* ion can then move freely on the perpendicular planes,
resulting in an anisotropic structure. Ultimately, the ionic conduction level is closely linked
to the molecular structure and any change in it, it directly influences the ionic strength and
therefore the power produced. Below there is an example of how the structure can affect
ionic conduction.

In this case, the B-alumina structure (hexagonal, a; = 0.559 nm, ¢, = 2.261 nm) and
the structure of pf”-alumina (rhombohedral, ap = 0.560 nm, ¢, = 3.395 nm) are compared.
What can be noted is that the rhombohedral one can lead to an amount of Na* ions greater
than 50% of the hexagonal structure. This is due to the configuration that take oxygen ions.

The result of the brief analysis clearly indicates that ion conduction occurs through
the openings or interstices in the crystalline lattice of the electrolyte and hence any
punctual defects thereof, caused by the absence of atoms in the working position and/or
consequent or parallel lack of interstitial, results in a loss of electrochemical properties of

the electrolyte and ultimately of cell power.

34 The Electrodes

Mass transport and fluid-solid interface kinetics in AMTEC systems strongly
depends on electrode nature and porosity, as well as on temperature.

Generally, for several applications in electrochemical processes, the so-called
Dimensionally Stable Anodes (DSA) are adopted.

Normally, electrodes (anodes and cathodes) are made of a base material, which is
responsible of both mechanical stability and a uniform distribution of cell current.
Titanium is characterized by both above mentioned features.

Many “insoluble” electrodes, that means they do not dissolve in solution by chemical
aggression, in fact are made of titanium as base component. Occasionally, in some

electrodes precise amount of Niobium (Nb), Tantalum (Ta) and Zirconium (Zr) are added.
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Generally, electrodes are available in form of slab, maze, rod, wire, ribbon and can also be
built for custom applications.

For some synthesis processes and/or some special applications, titanium electrodes
can also have electrocatalytic selective activity higher than conventional nickel, lead, lead
alloy, steel, graphite and magnetite electrodes.

Applications in which they are used include:

e Electrodialysis for waste water treatment, water conditioning and organic
compounds synthesis;

e Cathodic protection of various structures such as off-shore platforms, ships,
concrete reinforce bars;

e Humid electrodeposition of precious metals such as gold, rhodium, platinum,
palladium and non-ferrous metals, such as chromium, nickel, copper, cobalt, tin and
zinc;

¢ Production of chlorates, perchlorates, chlorine, caustic soda, ipochlorite etc.;

e Electrolytic production of chromic acid and hydrogen from water (water
electrohydrolysis);

e Electrochemical polishing of electronic components;

e Galvanization of steel ribbons;

e Electrochemical recovery of metals;

o Electrophoresis.

Moreover, with titanium electrodes, the mud commonly present on conventional
electrodes (e.g. in nickel, lead, steel or magnetite) does not appear when DSA are adopted.

The use of titanium electrodes often allows to save the cost for maintenance activities
related to the removal of highly-toxic disposal-expensive metallic muds.

For this reason, most of the electrodes are titanium-based and allow to work with
electrochemical devices where there is no accumulation of lead or other metallic heavy
contaminants.

In this way, titanium electrodes are ecologically sustainable because they do not need

the removal of electrochemical process hazardous muds. In addition, there is also an
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energy saving of about 10-15% on electrolytic cells or an equal or greater production of
energy in galvanic cells related to the lower cell over-potentials, the lower production
costs, the higher corrosion resistance of electrodes: all these characteristics make titanium

electrodes recommended for long duration performance.
In the following, a comparison of commercially available electrodes is reported:

oPTA Platinised Titanium Anode
ePNA Platinised Niobium Anode
ePIA Platinum and Iridium Anode
*RUA Ruthenium based Anode
¢IBA Iridium based Anode
¢« MMOA Metal Mixed Oxide Anode
ePDBA Palladium based Anode
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ELECTRODES PTA PNA RUA PIA MMOA IBA PDBA

Precious Metals E »
Electroplating

Base metals S & - -
Electrolytic Precious Metals " W " » »
Recovery Base metals - 2 -
Electro-Chemical Sensing & & ¥ - X
Electro-Winning Refining of Metals - & 2 > & 2 X
Electro-Galvanizing E- -
Electro Tinning E &
Electro Forming - & & -
Regeneration Of Chromic acid & &
Electro-Dialysis [ 2 X . o
Cathodic Protection E B - -

Chlorate B B
Electrolytic Chlorine * » *
production of Sodium hypo chlorate E 3 L > &

Hydrogen & Oxygen X 2
CE:Ioer(:Fr)guszgihesw Of Organic & Inorganic <¢> @ <’> @ -

E Recommended @ Dependent on specific application - Limited use

The electrochemical AMTEC-like cell designed and tested in the present research
does not actually have electrodes deposited on the membrane surfaces. The role of the
electrodes is provided by two stainless steel meshes which are electrically and
mechanically connected with the two semi-cell flanges.

The lack of an electrode deposited on the membrane surface does not allow to drain
significant current from the device, while such a device can be employed for experiments
useful to measure open circuit cell voltage or very low currents in order to minimize over-

potentials.
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Experiments were initially conducted using hydrogen as working fluid, in order to
verify the correspondence of theoretical data with experimental ones, at ambient
temperature. Chemical hoods and laboratory equipment already in the availability of
Istituto Nazionale di AstroFisica (INAP, Palermo) were used. The use of hydrogen also
made it possible to check the correct operation and functionality of the device, i.e. the
mechanical seal in pressure and/or vacuum, the mechanical seal and electrical insulation of
the aluminium foil, and the electrical insulation of Macor spacers.

The use of a metal, even not alkali like zinc and even at high temperatures, in fact
requires to operate under vacuum. This implies, in turn, the necessity to operate with
perfect vacuum seals, because a possible contamination of the working environment due to
lacking of external air would lead (at high temperature) to an immediate oxidation of the

metal with consequent loss of efficiency and/or functionality of the device.

35 Material Procurement

Among the eleven potential elements pre-selected in Table 3, the safest and most
readily available is zinc, so it was selected as first new working fluid to be tested.
However, making this choice, | accepted pretty high melting and boiling points with
respect to other pre-selected elements, giving priority to ease of handling and low cost.

As an electrolyte, instead, | chose to start the investigation with a simple porous -
alumina, doped with different metals (sodium, lithium, potassium, silver).

In order to start the experimental activities, 20 g of 99,999% pure metallic zinc 150

pum powder has been ordered from the following manufacturer:

Goodfellow Cambridge Ltd.

Ermine Business Park

Huntingdon PE29 6WR, England

Tel +44(0) 1480 424 800 Fax: +44(0) 1480 424 900
Email: info@goodfellow.com
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Distributed in Italy by:

Prodotti Gianni S.r.l.

Via M.F. Quintilliano 30

Milano 1-20138, Italia

Tel +39 02 5097 220 Fax +39 02 5097 276
Email: ricerca@prodottigianni.com

The following conductive ceramic membranes based on “functionalized” beta-alumina
with different ionic species have been ordered:

n° 1 beta”-alumina sodium disc, mod. D20-1-LNZ, diameter 20mm, thickness 1mm

n® 6 beta”-alumina sodium discs, mod. D45-1.5-LNZ,diameter 45mm, thickness 1.5mm

n° 1 beta”-alumina potassium disc, mod. D20-1-LKZ, diameter 20mm, thickness 1mm

n° 1 beta”-alumina potassium disc, mod. D45-1.5-LKZ, diameter 45mm, thickness 1.5mm
n° 2 beta”’-alumina lithium discs, mod. D20-1-LLZ, diameter 20mm, thickness 1mm

n° 2 beta”-alumina lithium discs, mod. D45-1.5-LLZ, diameter 45mm, thickness 1.5mm

n® 3 beta”-alumina silver discs, mod. D45-1.5-LAgZ, diameter 45mm, thickness 1.5mm

The ceramic membranes are manufactured and distributed by:

IONOTEC lItd.

14 Berkeley Court, Manor Park, Runcorn
Cheshire WA7 1TQ, England

Tel +44(0) 1928 579668 Fax +44(0) 1928 579627
E-Mail: contact@ionotec.com

The ceramic membranes supplier cannot provide membranes doped directly with
zinc, because the production of such membranes would require several modifications on
the manufacturing plant and would involve the presence of contaminations by by-products
which would be very difficult to handle. Nevertheless, the supplier specified that the
doping with any other metal would require a beta-alumina initially doped with one of the
four above mentioned elements as starting substrate, and would rely on the substitution of

the existing metals with the new metal inside the crystalline lattice.
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The above-mentioned supplier declares, for the ordered membranes, the following

chemical-physical properties (Table 4).

Table 4. Selected physical and electrical properties of BETA-aluminas membrane discs supplied by

IONOTEC LTD.
|Mobi|e ion || Na+ || K+ || Li+ ‘
Porosity (%) [ 12 | 23 | 12 |
Rupture strength (MPa) | 250-350 || 200-300 | |
|Weibu|| force factor || 8-13 || 8-13 || ‘
Maximum pore size (um) 5 8
Maximum grain size (um) 20 20
Thermal expansion coefficient (x 10°) °C*
0-500°C 7.2 7.45
500-1000°C 8.6 8.5
Resistivity (ohm m)
25°C 6.0 12.5 190
100°C 0.6 2.5 14
200°C 0.1 0.4 1.6
300°C 0.042 0.18 0.58
400°C 0.026 0.091 0.33
500°C 0.023 0.059 0.23
600°C 0.020 0.040 0.18
lonic conductivity (ohm cm)™
25°C 0.002 0.0005
200°C 0.092 0.021
300°C 0.24 0.053
400°C 0.38 0.10
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CHAPTER IV
DESIGN OF A SIMPLIFIED
EXPERIMENTAL CELL

S7
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4.1 Work Plan

AMTEC devices, as described in chapter Il, work in “closed loop” or through a
“hydraulic circuit” in which the working fluid flows, and performing a closed
thermodynamic cycle by using two different temperature surfaces (source and heat well
respectively), allows the continuous regeneration (in theory indefinitely) of the pressure
difference, and consequently of “chemical potential”, the driving force of the process that
determines the difference in electrical potential of the electrodes.

AMTEC devices cannot therefore be configured as simple “primary batteries” (i.e.
non-rechargeable) that are subject to exhaustion or discharge. Like Molten Carbonate Fuel
Cells (MCFCs) are “batteries”, or rather, “electrochemical cells” capable of producing a
constant electric current for a considerable lifetime, operating in a closed loop. Unlike
MCFC cells, however, they exploit two galvanic semiconductors containing the same
chemical species present but at different concentration.

From this point of view AMTEC cell is similar to a special “concentration cell-type
rechargeable battery”. For example, a primary (and therefore non-rechargeable) battery
may be composed of two copper electrodes immersed in two solutions containing copper
sulphate (CuSQ,) at a different concentration and separated by a porous septum or a salt
bridge. The cathode compartment is composed of the semi-cell made of the metal
immersed in the most concentrated solution, while the anode is made of the metal

immersed in the most diluted solution.
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Saline bridge

ﬁ
Zn™* (10*M) Zn™* (1M)
anode = oxidation cathode =reduction
Zn — 2t + 2¢ Zitt+ 26 — Zn

Figure 14. Scheme of a primary concentration cell with zinc salt solutions [27].

The battery will discharge when the electrolyte concentrations in the two
semiconductors become the same. For this reason, before realizing an AMTEC-like device
| found appropriate to carry out experiments on working fluid and electrolyte in a first,
simplified device with no hydraulic return circuit for the working fluid. In other words,
experiments on working fluid and electrolyte can be carried out in a normal primary (and
therefore non-rechargeable) stack of simpler construction, without thereby giving rise to
the generic and validity of the results obtained, useful for the future construction of the
AMTEC type device to be coupled with SEC.

On the basis of the above considerations, the device, hereinafter better illustrated, has
been designed, and it will allow the experimental phase to be initiated on working fluid and

electrolyte.

4.2 Mechanical Design

This designed electrochemical device, consists of two symmetric semi-cells which
are electrically separated by a cationic membrane. For the purpose we used four standard
Conflat DN40 flanges in AISI 316L stainless steel (Figure 15).
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Figure 15. 3D rendering of the CONFLAT DN40 flange.

In particular, one flange is partially drilled with a diameter of 8.5 mm keeping a 1
mm thick layer untouched which is then perforated to make a grid with 1.2 mm diameter
holes and 1.5 mm spacing (Figure 16). Such grid allows the alkali metal to get in contact

with the p-alumina membrane and plays the role of the electrode.

Figure 16. 3D rendering of the worked flange.

The second DN40 flange is drilled through with a diameter of 6.6 mm. The two
flanges separated by a copper gasket which provides vacuum sealing are then clamped

together by use of 6 hexagonal head screws ISO standard M6 25 mm long (Figure 17).
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Figure 17. Side view of a semi-cell.

Through holes are drilled in both semi-cells at 30° with respect to the native DN40
holes (Figure 18).

Figure 18. 3D rendering of a semi-cell.

The two symmetric semi-cells are clamped together, by use of 65 mm long 1SO
standard M4 hexagonal screws, with the B-alumina in between them isolating the two
chambers operating at different pressures. Finally, 1/4” diameter steel tubes are TIG
welded to the outer flanges, to connect the chambers to the outside gas system by means of

Nupro SS-4H membrane valves (Figure 19).
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Figure 19. Nupro SS-4H membrane valve.

Figure 20 shows a rendering of the two semi-cells assembled together to form the complete

device.

Figure 20. 3D rendering of the pair of experimental cells.

In the assembly phase, MACOR insulators (Figure 21) are inserted into the six 8.5
mm holes in order to ensure electrical insulation while simultaneously applying the right

pressure on the base membrane.
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Figure 21. 3D rendering of the MACOR insulator used in the cells.

Figures 22 better describes the assembly phases through a 3D “exploded” device

implemented at the INAF workshop.

Figure 22. Exploded 3D view of the experimental system, with the focus on the bolts assembly.

Some pictures of device parts, taken during manufacturing and assembling, are

reported in the following pages.
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Figure 23. Selected parts of the cell, during manufacturing and assembly (1 of 2).
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Figure 24. Selected parts of the cell, during manufacturing and assembly (2 of 2).

4.3 Design of the Experimental Test Apparatus

In order to carry out experiments on the working fluids and the doped BASE
electrolyte membranes, the following experimental equipment was realized consisting of:
e No. 1 Turbomolecular vacuum pump
e No. 4 Nupro Valves
e No. 2 Druck PT x 1400 pressure gauges

“Development of a new saturated vapour-anode, saturated vapour-cathode 65
AMTEC-like device”
Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



A ST,
SESTI,

¥ _t8% UNIVERSITA
@;& 2 DEGLI STUDI
e+ DI PALERMO

! :
Zopg s

fe

b PANOR ”//

)

e No. 2 Wika DI15 pressure readers

e No. 2 Boc EDWARDS type Pirani APG-M-NW16 pressure gauges

e No. 1 EDWARDS AGC pressure reader

e No. 1 2KW Oven model Carbolite HTCR6/28 with maximum temperature 600°C

¢ No. 1 Vacuum circuit

Figure 25 shows a schematic drawing and Figure 26 some pictures of the
experimental apparatus set up for the preliminary tests performed using hydrogen as

working fluid reported in the following pages.
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Figure 25. Schematic drawing of the experimental apparatus.
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Figure 26. Selected parts of the experimental apparatus used for hydrogen tests (1 of 2).
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Figure 27. Selected parts of the experimental apparatus used for hydrogen tests (2 of 2).
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CHAPTER V
MODELLING OF THE DEVICE
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51 General Principles of Electrochemistry

In order to proceed with the physical-mathematical modelling of the device, as
designed, it is necessary to deeply analyse the electrical behaviour of a general
electrochemical cell.

In electrochemistry, the expression “potential or cell voltage” identifies the
difference in the electrical potential existing between the cathode and the anode of an
electrochemical cell. This is true for any operating condition (close or open circuit); in the
case of open circuit (i.e. without external load applied) you call it “Open Circuit Voltage”
(OCV).

The cell potential can be calculated, if the potential of anode and cathode electrode
are known, compared with the same potential of reference.

In order to measure the electrode potential of an unknown semiconductor, you use an
electrochemical cell with three electrodes.

The cell voltage difference measured between the semiconductor with unknown
potential and a reference electrode is an indirect measure of the electrode potential of the
semiconductor itself.

The potential of the semiconductor is in this case measured to the heads of the
working electrode and the reference electrode (while the auxiliary electrode has the only
purpose of closing the electrical circuit).

The reference electrode has a well-established and stable electrode potential, which
is independent of the current intensity that crosses the electrochemical cell in which it is
inserted.

Among the most common reference electrodes, there are:

e The standard hydrogen electrode (E = 0,000 V);

e The calomel electrode;

e The copper-copper sulphate (I1) electrode (E =-0,318 V);
e The palladium electrode-hydrogen;

e The Ag/AgCl electrode.
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The electrode potential can be measured and also calculated on theoretical bases, if
the potential reduction standards are known, by using the Nernst equation.

The standard reduction potential (abbreviated as E°) of a conductor is the electrode
potential of the element measured in a three-electrode cell with the standard hydrogen
electrode as reference electrode (to which is conventionally assigned a potential E° = 0.000
V) measured at standard conditions or at a temperature of 298K, at a pressure of 100 kPa
and at concentrations M (rigorously at unitary activity) of reagents and products of the
oxide reduction reaction taking place in the semiconductor of which you measure the
potential standard of reduction or the potential of standard electrode.

Consider the reduction reaction occurring in a semiconductor of the cell
Me,** + ze™ — Me, (1)

where the oxidized species Me** present in the semiconductor acquires a number z
of electrons reducing to Me,.

The variation of Gibbs free energy for the above described reaction will be:

a
AG = AG® + RT In—=L @)
aMeIz+

The free energy identifies by definition the useful work or, in the case of a
semiconductor, the electrical work expressible as the product between the difference of
potential and the electric charge, that is, by the number of electrons involved in the half-

reaction per unit of mass expressed in moles:
AG = —zFAE (3)

where:
e AE is the measured potential of cell with three electrodes

e 7 is the number of electrons transferred in the semi-reaction
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« Fis the constant of Faraday, equal to 96485,309 C mol .
Now, all the electrode potentials E, both in standard (E°) conditions and in any

condition other than the standard ones, measured with a three-electrode cell, are always
referred to the standard hydrogen electrode having the value E° = 0 by definition.

It follows therefore that in a cell with three electrodes:
AE = E 4)

and

AE° = E° 5)

that is the electrode potential (standard if one operates at a temperature of 298 K, at a

pressure of 100 kPa and a unitary activity of reagents and products) coincides exactly with

the difference in the measured voltage of the three electrodes cell.

Therefore, the above expression is reduced to:

AG = —zFE (6)
At this point, matching the expressions (2) and (4) one gets:
0 aMeI
AG® + RT In = —zFE (7
aMeIz+
and solving for the electrode potential:
(®)

However, if the same reaction occurs under standard conditions, since the activities

of the reduced species and oxidized species are equal to 1 by definition, (8) is reduced to:

72

“Development of a new saturated vapour-anode, saturated vapour-cathode
AMTEC-like device”
Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



»\\\\X- STy, .
S5 ta% UNIVERSITA
@ 2 DEGLI STUDI
%27 62 S DI PALERMO

Zog g1
AG°

=—— 9)
zF

But in this case E = E° and therefore one can write also:

AG°
0 _ _ 10
— (10)
Now, given that:
RT a RT . apez
——pMe Ty T (12)
zF  apez+  ZF apye
generalizing and setting as follows:
aMeZ+ = aox
(12)
Ape = Qred
one finally gets:
E=E®4— In—ox (13)
ZF  Qreq

which allows to theoretically calculate the electrode potential of a semiconductor

being known the standard reduction potential of the species involved in the reaction

occurring in the semiconductor.
In the case where multiple reduction reactions occur in the semiconductor, by

generalizing, the final equation of Nernst is obtained, where the stoichiometric coefficients

of reaction may also be non-unitary as in the half-reaction:
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E=E'+—Inest (14)

zF Vred
| | i(ai,red

where:

o E is the potential of the electrode or the potential of reduction in non-standard and
generic conditions

o ECis the standard reduction potential

« Ris the universal gas constant, equal to 8,314472 J K™' mol™ or 0,082057 L atm
mol™' K™

o T is the absolute temperature in K

e Qjreq IS the chemical activity of the i-th species in reduced form, that is on the right
of arrow, in the semi-reaction of reduction

e Qi IS the chemical activity of the i-th species in oxidised form, that is on the left of
arrow, in the semi-reaction of reduction

e Vred € Voy are their stoichiometric coefficients

o zisthe number of electrons transferred in the semi-reaction

o F is the constant of Faraday, equal to 96485,309 C mol .

The potential of any cell, experimentally measurable, can be theoretically calculated
and approximated to the difference of the electrode potentials of the two cell semi-cells, in
one of which the reduction reaction (1) occurs, and in the other one the oxidation reaction

(15) of a second chemical species occurs in the form:
Me;; —» Me,,** + ze™ (15)

therefore, the cell potential will be given by:
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AE = E(rxn.l) + E(‘rxn.15) = Ecell (16)

The electrode potential of the second semiconductor is negative because the reaction
is written in the direction going from the oxidized species to the reduced one. The cell
potential E. can therefore be seen as the sum of two contributions: a contribution
referring to the standard reduction potential E and a contribution referring to the
temperature and concentrations of the two species Me, and Mey,, that oxidize and reduce in
the two constituent semiconductors, as parts of the cell.

A special type of electrochemical cells is represented by the concentration cells.

In the concentration cells, the same oxidation rejection reaction takes place in the
two semiconductors as the same chemical species are present but at different concentration
(or rather, activity).

The two semiconductors have the same value as the standard electrode potential E°

(being actually made up of the same chemical species), so the electrode potential depends

only on the second contribution that appears in the Nernst equation, that is by —ln Meox

AMereq

The cell potential, in the hypothesis that both the anode and the cathode work at the

same temperature T, is equal to the difference:

RT  apye,, RT Aiegy
Been = Jr 0 e “oF " (a7
Meredlcathode AMereq anode
where:

Ape,,, = Amezt
(18)

aMeTed = Apme
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Modelling of the Cell Voltage

Figure 28 depicts the main phases involved in the mechanism of voltage generation

across an ionic ceramic membrane (BASE electrolyte).

Let’s consider the system shown in the upper part of the mentioned figure, at t=to,

initial time of the transient period. At this moment, two different pressures P, and P are

present in the two chambers of the device, with P, greater than P.. The ion ceramic

membrane acts as an electric insulator between electrodes, which are the stainless steel

self-same walls of the compartments.

Each time interval of the transitory of voltage generation can be easily divided into

six sub-steps, as reported in Figure 28:

(@) the neutral atom or molecule of the working fluid approaches the membrane

surface, moving from the bulk of the compartment;

(b) the neutral atom or molecule of the working fluid hits the membrane surface;

(c) it ionises at the interface, generating a free electron which is delocalized in the

metallic electrode (anode) and a cation which moves through the membrane
itself;

(d) the cation reaches the opposite side of the membrane;

(e) it “steals” a free electron from the valence level of the metallic bond and

(f)

neutralizes, leaving an electron hole delocalized in the metallic electrode
(cathode);

the neutral atom or molecule leaves the membrane and moves towards the bulk.
This results in an increased voltage difference between the two electrode, i.e. in
the generation of an open circuit voltage which is growing during time, until
equilibrium is reached (t=t*). At equilibrium, the electrical driving force (voltage
difference) equals the mechanical driving force (pressure difference or Gibbs
potential): the latter would tend to make the molecules move from the anodic
bulk towards the membrane surface, ionise at the membrane surface and pass
through the membrane, while the former would tend to make cations move from

the cathode-side towards the anode-side of the membrane. This finally means that
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a “dynamic equilibrium” is reached: for each ionised atom or molecule which
crosses the membrane, another cation moves in the opposite direction, driven by

the electrical field, passing through the reverse steps (f) — (a).

t=t, P.>P,

A

A

RN

W

t=t,>t,

t=t>t,

Of

t=tot,

T
N
R
E

Figure 28. Mechanism of voltage generation across an ion ceramic membrane.
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In order to describe phenomenologically what happens, in conditions of external
open circuit, in the system as long as a (partial) pressure difference of the working fluid is
maintained between the two sides of conductive ion membrane, it may be said that such
pressure difference will promote the molecular diffusion of the ionised metal atoms
(cations) from the higher-pressure compartment to the lower-pressure one. As charged
particles, their motion can be seen for all purposes as electric current, which is difficult to
measure experimentally but which is possible to estimate theoretically. The sum of all
current contributions I, due to single particles p results in a total current quite similar to
that measurable during the transitory of charge of a capacitor in a RC circuit.

The fast motion of charges, at open circuit, results in a spatial segregation that
polarizes the electrodes, generating the potential difference OCV. After the temporal
transition, therefore, the internal charge current will cease to exist and the potential will
stabilize at the value at open circuit, as calculated in the following. Under these conditions,
the difference in electrical potential compensates Gibbs chemical potential difference due
to the difference in pressure between the two semi-cells.

At equilibrium (t=t*), the summation of all internal current contributions will be
equal to zero, or more precisely, for each particle that is ionised becoming a cation capable
of cross the membrane (driven by the difference in chemical potential) there will be
another cation that will cross in the opposite direction the membrane (driven by the
difference in electrical potential). The total internal current will therefore be zero.

If one wanted to calculate the cell potential of the electrochemical device using the
Nernst equation, as formulated above, he or she should know or measure the coefficients of
activity of metallic cations and neutral atoms in the two semi-cells of the cell. An
alternative formulation is therefore required to predict the cell potential with potentially
direct measurements, which are easier to detect through laboratory instruments at our
disposal.

The molar free energy of Gibbs G is defined as:
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G=H-TS (19)

In the electrochemical device designed, the infinitesimal variation of G in the total
transformation bringing the metal from an initial concentration state of the reference state
(e.g. standard temperature conditions of 298 K, pressure of 100 kPa and unitary activity of

reagents and products) to another at set-up concentration is:
dG = dH — TdS — SdT (20)
and recalling that H = U + pV, one gets:
dG = dU + d(pV) — TdS — SdT (21)
From the first principle of thermodynamics U = Q + W and replacing then:
dG = dW + dQ + d(pV) — TdS — SdT (22)

Assuming that the temperature of the semi-cell keeps constant during the

transformation (dT = 0) one can write for each semi-cell, that is for both anode and

cathode:
dG = dW +dQ +d(pV) — TdS (23)

If the transformation is reversible, since the vapours of the working fluid used can
assimilate themselves to a perfect gas - given the high temperature and low pressure of the
system (the vapour pressure of a metal is always a small fraction of the atmospheric

pressure) - and assuming the oxidation reaction as reversible itself:

dQyey, = TdS (24)
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dG = dW,ey +d(pV) (25)

During the transient period, the total work can in turn be distinguished in work of
expansion or of volume W, and extra work or useful work We. Provided that the volume
is constant during the transitory (not-movable walls, dW,,,, = —pdV = 0), the only work
done is the electrical work necessary to move charges in order to create the electrical field,

i.e. the electrical voltage OCV. Hence, dW, = zFdE.
Taking into account the fact that d(pV) = pdV + Vdp:

dG = dW, +Vdp = zFdE + Vdp (26)

At equilibrium dG = 0, and so:

vVdp 27)

dE = —
zF

where F is the Faraday constant, z is the valence, T is the temperature. Assuming also
that the perfect gas state equation is valid, the molar volume V will be equal to:
RT
(28)

V= —
p

Then:

— @ _ _RTdp (29)

dE = =
zF zF p

By integrating the previous expression at both anode and cathode, from the reference

state to the final state in which the system is located (i.e. the anode at pressure p, and the

cathode at pressure p¢), one gets:
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E, =E, F In o (30)
_ RT. pc

Ec=E, ——=In o (31)

the open circuit voltage (OCV) will be equal to the voltage difference E,. = E. — Ej;:

RT RT RT,
¢ InEe (Eo _la p“) =~ (32)

In—
zF  p, Pc

where the membrane temperature has been introduced as average value between the
temperatures into the anodic and cathodic compartments (for the sake of simplicity it can
be approximated with the arithmetic mean without making a significant error, due to the
very small thickness of the membrane compared to the characteristic dimension of the cell,
Figure 29).

T. Cole in [13] adopts as temperature in (32) the highest value between the anode
and the cathode temperatures, due to the fact that his device is a liquid-anode vapour-
cathode AMTEC cell. In this case, in fact, the temperature of the BASE electrolyte can be
identified with the anode-side temperature (higher pressure chamber), at steady state, as the
molten metal (sodium) is in direct contact with the membrane, so it contributes to make the
temperature uniform (since the heat transfer coefficient in saturated liquids is much higher
than that in rarefied vapours [28]), whereas on the cathode-side (lower pressure chamber)
vacuum conditions exist, as maintained by the condenser surface which works at lower
temperature.

In the device described and modelled in the present work, instead, different

conditions apply, as this is a vapour-anode / vapour-cathode AMTEC-like cell.
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Figure 29. Qualitative temperature profiles in the simplified device, with indication of the

average value Tm, to be used in Nernst’s law.

By substituting in the previous expression, the temperature and working pressure

values of our device, one can experimentally test the equivalence of the open circuit
voltage value to the electrodes measured with the theoretically predicted value from (32).
One gets to the same conclusion if using a more rigorous electrochemical approach,

like that reported on [29].
Let’s consider the reaction:
a1A; + aAy + - = BBy + BB, + -+ (33)

during which z moles of electricity are exchanged. Such reaction is in equilibrium

from the chemical point of view when it is not capable to make work in isothermal and
isobaric condition, i.e.:

—W = AU — TAS + PAV = 0 (34)

(where U is the internal energy). To this equilibrium, the following condition can be

associated, at temperature T and pressure P:
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B1 B2
Ag,apy -

a = al a2 (35)
AlaAZ Ll

AG’ = —RTInkK, (36)

where a is the activity in equilibrium conditions.

If the system is not in equilibrium, the reaction tends to proceed towards equilibrium
with capability of making work. It then results W = —(AU — TAS + PAV) > 0.

If the reaction occurs in an electrochemical system, electrical forces will appear, so
that they oppose the chemical forces for the determination of the equilibrium condition.
Hence, an “electrochemical equilibrium” can exist in a system which is not in a purely
chemical equilibrium. Such a particular electrochemical equilibrium, under the effect of
external forces, can be described through the so-called principle of virtual work, which
expresses the impossibility for a system in equilibrium to do or absorb work, when a
displacement from equilibrium is imposed, even infinitesimal and compatible with
boundary conditions. Such a displacement is called “virtual”. In the case of an
electrochemical system, the boundary condition is the impossibility of circulation of
current between electrodes. The virtual displacement will be then the circulation of an
infinitesimal current. More in general, one should consider as external forces even the
pressure and the surface tension on the boundaries of the system.

Let’s define the “reaction degree” A, of a reaction the ratio between the number of
moles of a product which have been formed since the starting time and the stoichiometric

coefficient of that product:

Ag == =———=— (37)

Let’s indicate with AU, AH, AS, AV, AA the variations in internal energy, enthalpy,
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entropy, volume and surface area of the system, respectively, corresponding to a unary
reaction degree.

If the reaction occurs in an electrochemical system, the simultaneous circulation of z
moles of electricity occurs. The virtual displacement considered above, corresponds to an
infinitesimal reaction degree dA,. Infinitesimal variations in internal energy AUdA,,
enthalpy AHdA, and entropy ASdA,will also occur, together with the circulation of the
current zFdA, and the variation in volume AVdA,and in surface area AAA,. If the
electromotive force E exists between the electrodes of the regularly open electrochemical

system, the following works can be associated (at constant T, P and surface tension):

Chemical work AW hem = (AU —TAS)dA, (38)
Volume work AW, = PAVdA, (39)
Electric work AWy, = zFE,¢,dA, (40)
Surface work AWy, =TAAdA, (41)

In equilibrium conditions, the algebraic sum of the above mentioned works has to be

equal to zero, i.e.:

AWenem + dWyop + AWy + dWgy = 0 (42)

(AU — TAS)dA, + PAVdA, + zFE,.,dA, + TAAdA, = 0 (43)
And then:
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(AU — TAS) + PAV + zFE,,, + TAA =0 (44)

As the assumption of constant temperature and pressure is held and neglecting the
surface tension term (which is significant only when the surface/volume ratio is high), one

gets:
(=AU + TAS — PAV) _ _AH —TAS _ _AG (45)

Erop = =
rev zF zF zF

Just for the sake of completeness, deriving E, with respect to pressure (at constant

T) and temperature (at constant P) it yields to:

0E, ¢, AV
=—— 4
dP | zF (46)
0E, ¢ AS
=— 47
oT |p zF (47)

which represent the variation of the reversible electromotive force of an

electrochemical system with pressure and temperature, respectively.
Recalling that the chemical potential p; of a component of the system is equal to the

partial molar free energy G; of the same component (by definition), one gets:

G
an (48)

=G ==
l T,P,le

where i is the considered component and j indicates any other component different

than i. Hence:
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AG =) Bt~ ) auitt, (49)

From the expression of chemical potentials as function of current activities a':
(50)

Ui = ,Llio + RT In a’l-

(51)

Bi a;
AG = Z Bus, — Z s + Z RTIn(a'y) - Z RTIn(d’,,)

And finally, recalling the correlation between AG and E, and lumping all constant

terms pY° into E°y:
R (@) (@) )

e e P @)
V@)

In condensed phase (solid or liquid), activity of the solute species tends to coincide

with concentrations (unary activity coefficients) as concentration increases towards pure

component.

If the electrochemical system also contains gaseous species (even in physical
equilibrium with the corresponding species in condensed phase), the chemical potential for

such components is a function of fugacity as follows:
(53)

ti = u°+ RT Inf7;

Repeating the previous passages and separating the activity terms from the fugacity

terms, one gets:
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Erev - rev

RT In (Cl'Al)a1 (a’Az)az - Hln (f’,ql)al (fIAz)az -

ﬁ (a’Bl)'Bl(G’BZ)ﬁZ zF (f’Bl)ﬁl (f’Bz)ﬁz

For example, working with sodium (z = 1) at a temperature of 1127 K (854°C), with
a working fluid pressure at the anode of 80 kPa (sodium vapour pressure at 1127 K) and of
50 kPa at the cathode, then the expected open circuit voltage value of the device would be
0.69V.

It should be noted, however, that the open circuit voltage value does not depend on
the metal chosen as working fluid, if not exclusively through the value of z that is the
valence of the metal which is the same for all metals belonging to the same group (e.g.
alkali metals z = 1, alkali earth metals z = 2, etc.).

By connecting the electrodes to an external load, it is possible to exploit the electric
potential that is generated: the free electron generated at the anode will flow through the
external load producing useful work and return to the cathode where they will join again to
positive ions of the working fluid that have passed through the electrolyte as long as the
equilibrium is reached, when it will obviously be AG =0 and E,. = 0.

Figure 30 reports the values of the vapour pressure as a function of temperature for a
selection of six elements suitable for being used as working fluids, among those pre-

selected in Table 3.
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Figure 30. Vapour pressure predicted with data from NIST database [30] for a selection
of elements suitable for being used as working fluid, among those pre-selected in Table 3,
as a function of temperature.

From (32) shows the predicted values of open-circuit cell voltage E,; when the anode-side
pressure is equal to the vapour pressure of the metal at temperature T, and the cathode-side
pressure is set as an example at 10 mbar.
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Figure 31. Theoretical calculated trends of the open circuit voltage as a function of the
operating temperature for a selection of suitable working fluids (Na, Zn, K, Li, Hg, Cd)
among those pre-selected in Table 3. Simulation conditions: anode-side pressure = vapour
pressure of the metal at T; cathode-side pressure = 10 mbar (abs).

Let’s now consider the galvanic chain:
— Fe | Zn(P,) | B-alumina | Zn(P,) | Fe +

being Fe the material of the electrode (stainless steel) and p-alumina is the

electrolyte, with P, (anode) > P; (cathode), to which the following semi-reactions

correspond:

positive terminal Zn®* + 2e = Zn(Py)
negative terminal Zn(P,) = Zn** + 2e
global reaction (z=2) Zn(Py) = Zn(P,)
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Hence:
P,
2FE = —AG = t°z, + RTIn(P,) — 4z, — RTIn(Py) = RT In - (55)
1

The measurement of E allows to quantify the work of transport of the metal vapour
(e.g. zinc) from pressure p, to pressure p;. If one of the two pressures is known, the
measurement of E allows to determine with great precision the unknown pressure. The
electrical work extractable from the device is equal to the mechanical work that can
be retrieved by the expansion — through a turbine — of 1 mole of metal vapour from
pressure p, to pressure p;. In reversible and isothermal conditions the system absorbs
from the environment an amount of heat which is exactly equal to the mechanical
work done, as the internal energy of metal vapour (assumed as ideal gas) does not
depend on the pressure and remains constant in an isothermal expansion process. In
the case of a voltage generator, the temperature coefficient indicates the variation of
entropy due to the passage of the gas from pressure p, to pressure p; and it results as

follows:

ZFdE — AS = R1 i 56
ar ~ 0 T8 p) (56)

so that the generator absorbs the amount of the heat Qr, = TAS which equals the
electrical work done by the cell. This is a limiting case in which the electrical work is done
exclusively to the entropic contribution, without the intervention of the potential energy of
chemical bonds. For further details on the derivation of the all the above listed equations
please refer to [29].

Even when using infinitely large resistances, the measured cell voltage value will
necessarily be a closed-circuit voltage value and hence lower than the theoretical open
circuit voltage, and because of both the internal resistance of the concentration cell (which
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results in a voltage drop) and the overvoltage phenomena to the electrodes.
The cell potential E.;; results from the sum of the following contributions:

Ecen = Ecell,unload + Ner + Mg (57)

where:

Ecenl unioad 1S the potential of the open-circuit cell

Nel IS the electrode over-potential;

e Tq IS the ohmic drop.

Generally, in electrochemistry, the term “over-potential” identifies the difference
between the electrode potential at the present operating conditions (when a certain current
circulates) and the electrode potential at equilibrium (i.e. in the absence of Circulation of

current, in open circuit). In formulae:

(58)

n = Ecell,measured - Ecell,unload

In this particular case:

(59)

Ntot = Ecell,measured — Eoc

where:

Ecelmeasured 1S the experimentally measured potential of the cell (function of the
current density i circulating in the cell, so it is a function of time);

Eoc is the theoretical potential of the open circuit cell, that is the value of the

potential calculated by (32);
Nt IS the total over-potential of cell.
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The over-potential is by definition:
e positive (n > 0) for the electrolytic cells that absorb the work required to cause the
oxide reduction reaction (they act as users);
o zero (n = 0) for electrochemical cells at equilibrium, that is open circuit;
o negative (n < 0) for galvanic cells, that is for electrochemical cells that produce

useful work or electrical work (they act as generators).

Over-potential is a measure of the voltaic efficiency of an electrochemical cell: in
particular, in an electrolytic cell (which transforms electricity into chemical energy), the
increase in over-potential causes the increase of electricity to be supplied to the cell; while
in one Galvanic cell (which transforms chemical energy into electrical energy) as the over-
potential increases, the amount of electrical energy that is delivered from the cell,
decreases; in both cases the over-potential acts as a dissipation, generating heat.

The over-potential is related to the thermal power dissipated because of the Joule

effect from the electrochemical cell through the relation:
) (60)

where:

Q; is the thermal energy dissipated by the over-potential;

e is the elementary charge.

The total over-potential can then be divided into the following contributions:

e« Ohmic drop: the drop of potential caused by the electrical resistance of
homogeneous phases (electrodes and electrolyte bulk);
« Anodic over-potential: non-ohmic over-potential localized in the semi-cell where

oxidation occurs (anodic area);
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« Cathodic over-potential: non-ohmic over-potential localized in the semi-cell where

the reduction occurs (cathodic area).

The total over-potential of the electrode, due to the difference in electrode potential

net of the ohmic drop, is related to the over-potential (anodic and cathodic) contributions,

from the relation:

Net = MNan — MNcat (61)

where:
e 14 iS the anodic over-potential;

® e IS the cathodic over-potential.

From a physical point of view, over-potential is essentially due to two phenomena:

e Concentration Polarization phenomena at interface (n.n..) that determine a
difference in metal cation concentration between the area close to the surface of the
electrode, the area between the electrode and the bulk beta and the area near the
interface between working fluid and B-alumina itself;

e Charge transfer phenomena (x., Charge Transfer), connected to the current

transfer.
Occasionally, ohmic drops are also referred to as over-potential, with the expression
“over-potential by ohmic polarization” ng.

N = MNeconc + MNect (62)

The polarization in an electrochemical system thus results in a potential variation,

which is precisely the polarization over-potential.
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Also, the over-potential by concentration polarization can also be determined

theoretically from the Nernst equation:

Ape Ape
ox ox
/aMered /aMered

kgT .| RT ) (63)

TICOTLC ze aMe / ZF
ox

aMeox/

aMered aMered

b- L b-
where:

o subscripts “ox” and “red” refer to the oxidized species and the reduced species;

e subscripts “s” and “b” refer to the electrode surface and the bulk of the electrolyte;
e ay, Isthe metal activity;

e kg is the Boltzmann constant;

e Ris the universal gas constant;

o T is the absolute temperature;

e zisthe valence;

e eisthe elementary charge;

o Fisthe Faraday constant.

The over-potential by charge transfer (also called activation overvoltage) can instead

be obtained by the Butler-VVolmer equation:

o (zen azen
=i [exp < kBT> — exp ( KT )l (64)

where:
o «aanda are respectively the anode charge transfer coefficient and the cathode

charge transfer coefficient (representing the fraction of total overcurrent distributed

between anode and cathode, respectively);
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I is the current density (equal to the ratio between current intensity and charge

[ ]
transfer area);

e g is the exchange current density.
In the particular case where high overvoltage values are present, the Butler-\VVolmer

equation is reduced to the Tafel equation:

Nee = + ("B—T) In (i) (65)

ae iy
where:

e a positive sign is considered for anodic semi-reaction, and o represents the

symmetry coefficient of the anode barrier &;

e a negative sign is considered for cathodic semi-reaction, and o represents the

symmetry coefficient of the cathode barrier a.

The over-potential by ohmic polarization, instead, results from Ohm’s law:

ng = AV = RI (66)

where:

o Risthe electrical resistance;

o listhe current intensity.

The electrochemical device designed should therefore allow us to conduct an
experiment, through which one will be able to evaluate its performance both at full and
empty loads when the circulating current changes (more precisely it is the power delivered
by the cell depending on the external load applied) with the different working fluids and

electrolyte chosen.
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Such results can of course be influenced by any overvoltage phenomena.

In the tests that will be carried out with the six candidate elements, overvoltage
values will be estimated from experimental measurements of current density, cell voltage,
and open circuit cell voltage. A merely theoretical calculation of the over-potential would
require a deep knowledge of the electrochemical interface kinetics, which can be further
elaborated and described both qualitatively and quantitatively, through a model providing
various charge transfer mechanisms such as absorption, tunnelling, diffusion and
desorption, depending on the material chosen for the construction of the anode and cathode

and its porosity.

5.3 State of the Art of AMTEC modelling

A detailed and complete review about the AMTEC is given by Wu et al. in [1] who
reported about modelling works of Schock et al. [31, 32] and Hendrix et al. [33], on one
hand, and Tournier et al. [8], on the other hand, who developed thermal, electrical and
vapour flow models, for vapour anode and liquid anode AMTEC cells, respectively. More
sophisticated models, either based on a parametric approach or on a number of sub-models
for pressure losses, radiation/conduction heat transfer and electrochemical processes, have
also been developed by Tournier et al. at the University of New Mexico’s Institute for
Space and Nuclear Power Studies [34, 35, 36, 37, 38].

For the purposes of the present work it is worth to mention T. Cole’s modelling and
experimental investigation of a liquid-anode/vapour-cathode AMTEC cell [13]. The
proposed modelling is based on the Langmuir assumption that the molar flux N from a
surface at temperature T into vacuum is linearly related to the vapour pressure P, of the
evaporating material and to the sticking coefficient a of the gas molecules onto the surface,

according to Hertz-Knudsen equation [39]:

l=———
27P, RT (67)
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where Py is the molecular weight and R is the perfect gas constant. The sticking
coefficient a is defined as the ratio of the number of adsorbate atoms (or molecules) that
adsorb, or “stick”, to a surface over the total number of atoms that impinge upon that
surface during the same period of time, the sticking coefficient is a function of surface
temperature, surface coverage and structural details as well as the kinetic energy of the
impinging particles [40].
This means that the electric current density i, in any load condition, is:
= zFi— 2 (68)
27P, RT
being F the Faraday constant and z the element valence. With reference to the system
sketched in Figure 32, Cole considered that, assuming negligible pressure drop across the
porous electrode (P; = Py4), when electric current flows, an “overpressure” exists on the
cathode-side of the BASE, necessary to make the desorbing atoms or molecules move
towards the bulk of the cathodic semi-element. Such overpressure must be directly
proportional to the value of the circulating current density (a greater pressure difference is

needed to drive higher currents), then:

J27P, RT, i

P4 )= P4 i—0
) |'* i Fa (69)

being P, the local pressure at the BASE surface in contact with the porous electrode,
T, the temperature of the BASE and P4(i=0) = P(T./T1)%° [41].

Substituting (3) in the Nernst’s law Eoc=RTz'FIn(Po/P,), where T is here the
operating temperature of the BASE (which can be considered isothermal at T,) and P, is
the local pressure at the BASE surface in contact with the liquid metal (which can be
considered uniform in the whole anodic compartment, as it refers to a liquid), and using
Ohm’s law

AV =E, —ip (70)
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where p is the areal resistance of the BASE (which is a function of temperature),

after some steps, one gets to:

RT, zFaP, RT, ZFaP, .
= In - In +i|—ip
zF 27P, RT, zF

AV
(71)

in which the term P, disappeared by substitution, and the quantity _fFah
27P, RT,

accounts for the pressure P, at i=0 (open circuit condition).

Equation (5) is of the form

AV =C,-C,In[s+i]-ip 2
with:
RT, zFaP, RT, zFoP,
CO = I Cl = = —_—
zF 2P, T, zF 278, RT,
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The theoretical polarisation curve of a liquid-anode/vapour-cathode AMTEC device,
according to this modelling, is not rigorously linear as Ohm’s law would suggest,
especially at low current densities. In fact, the logarithmic term in i represents a kind of
“capacitive” effect due to the “overpressure” needed to supply the circulating current in the
rarefied gaseous medium. Such term is negligible at high current densities, whereas it
becomes significant when current density approaches zero. Experimental measurements

performed on such type of cells show good agreement with such modelling, although a

External circuit

é Load Porous electrode

@ Free
o Molecular
Flow
e © 8 (s —
~
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Tz, P2 P4 = P3 > Pl
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Figure 32. Microscopic processes occurring in the BASE and its interfaces, in a liquid anode-
vapour cathode AMTEC cell (adapted from [13]).
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small positive voltage offset is generally present between the theoretical curves and the

experimental ones [13], as Figure 33 depicts.

Theoretical

Experimental

Voltage

0 0.4 0.8 1.2 1.6 2.0 2.4

Current density (A cm™2)

Figure 33. Experimental and predicted AMTEC voltage-current density curves in a liquid-anode
vapour-cathode [13].

5.4 Modelling of vapour anode/vapour cathode systems

As stated above, the Langmuir empirical approach applied to a liquid-anode/vapour-

cathode system leads to the current-voltage characteristic derived in [13].
Now, considering a vapour-anode/vapour-cathode system like that depicted in Figure

34 and following the same approach as in [13], the two partial contributions (anodic and

cathodic) of the evaporating molar flux to the circulating current density are:

100
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27P,RT, zF (74)
The net current density of cations i=i -1 =zF(fi-i1), thus the final rearranged

expression is:

i ZFAP i 2T, o Pa |2T, «,
2P, RT_| AP\ T, V2 AP\ T, 2

where AP=P, o-P, c and T,=(T,+T.)/2 (for a symmetric cell layout and a small BASE

(75)

thickness, the BASE temperature can be considered equal to T,), which can be further

rewritten as:

i = i0|:A ac — B aa :|: iOCD(aa1aC|TaaTc)

where:
_ ZFAP
° J22P,RT,
a_Pe [T, 5P [Ty
AP\ T, AP\ T,

It is worth to note that, in (10) the dependence on the semi-elements pressures does
not appear explicitly, as in the modelled cell, semi-elements pressures are the vapour
pressures at respective temperatures (they are accounted for in the parameters A and B).

The internal resistance of the cell is constituted by the BASE resistance (the inverse

of conductivity, in turn dependent on the electrical mobility and diffusion coefficient) and

by the resistance at electrodes, on which over-voltage phenomena may occur. The open-
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circuit voltage will instead give us information on the maximum voltage that can be
generated by the cell.

As an assumption, overvoltage phenomena due to concentration polarisation have
been considered negligible. This assumption is justified if the mass transfer is small, and
therefore concentration can be considered uniform in space. Under this hypothesis, the
voltage drop measured in a generic closed circuit condition across the external load AV is
equal to the open circuit voltage of the cell E,. diminished by the product between the
circulating current and the internal ohmic resistance r, in accordance to Ohm’s law.

Applying the same approach as [13] to a vapour-anode/vapour-cathode AMTEC-like
device as represented in Figure 34, one gets to the following expressions for pressures at

membrane interfaces, anode-side and cathode-side respectively:

P,(i) = Py (i =0) - Y27 Ta
ZFa, 77)

B,(i) = P,(i =0) + Y27 M RTe ;
% (78)

being P, and P4 the local pressures at BASE surfaces, anode-side and cathode-side

respectively, and being

(79)

(80)

the vapour pressures at anodic and cathodic temperatures, respectively, in condition
of open circuit.
After few mathematical arrangements, the final expression for the voltage drop

across the external load is:
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zF o, \| T, zF o, —I (81)
which is of the form
AV =C,-C |nB +'} ip
! (82)
with:
c,=n [ﬁ\/f} c _RT,
zF a, Tc ! ZF
ZFa zFa R (T,) S5 = 2Fa, R (T,)
© \J27P,RT, °J27P,RT,
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Figure 34. Microscopic processes occurring in the BASE and its interfaces in the vapour-
anode/vapour-cathode AMTEC-like cell described and modelled in this work (adapted from [13]).

55 Novel Statistical Thermodynamics-based Model

The Langmuir approach which allowed to model the electrical characteristics of the
cell is confirmed by Cole’s experimental data [13], and so it has got empirical bases, as the

Hertz-Knudsen law itself. In order to understand how the performances of a second
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generation AMTEC-like device are related to the working fluid-membrane pair, some
further investigation is needed on the mutual dependence of its characteristic parameters
through a theoretical approach.

In the present work, a novel model of the current density has been developed, starting
from purely theoretical considerations derived from statistical thermodynamics and kinetic

theory of gases.

5.5.1 Preliminary Considerations

It is important to understand the phenomena underlying the operation of the cell, in
order to obtain a precise mathematical modelling, aimed at solving any problems about
design choices, enhancements and technological developments, and going deeper on cell
physics.

As the theoretical cell voltage does not depend on the metal used — if not through the
metal valence — the cell current, on the contrary, is strongly influenced by the chemical-
physical characteristics of the working fluid.

The electrical current flowing through the circuit is proportional to the number of
electrical charges (cations crossing the electrolyte in number equal to the electrons
circulating into the outer circuit, for monovalent electrolytes).

For the metal to be ionised at the interface with the electrolyte, releasing one or more
electrons, and to cross the membrane, each atom of it must have an amount of energy
greater than the energy barrier necessary to cross the membrane.

From the Kkinetic theory of gases, it is known that pressure is a macroscopic effect
that takes place as a direct consequence of the forces exerted - on a molecular scale - by the
gas molecules on the walls of the vessel which contains it, whereas the temperature is a
measure of the average kinetic energy of molecules. As the temperature rises, the average
velocity which the metal molecules move at in the gaseous state increases and,

consequently, also their average kinetic energy.
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Every single atom of metal in the vapour-like state moves at its own velocity. From a
statistical point of view, it makes no sense to speak about the velocity of the single atom or
molecule, but rather of the distribution of velocities. This follows Maxwell-Boltzmann’s

velocity distribution law, expressed as:

mv?

f(v) = Cv?e ZkT (83)

where m is the molar mass of the particles (that are supposed to be all equal one
another) and C is a normalization constant.

The function f(v)dv expresses the probability that a particle has got a velocity
between v and v +dv.

In a system that obeys the laws of classical physics, the Maxwell-Boltzmann’s
distribution therefore assumes the meaning of probability that a particle has got an energy
between E and E + dE.
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Figure 35. Gaussian distribution of gas velocity at T = -100°C, 20°C and 600°C.
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From the normalization condition, according to which the probability that a particle
has a velocity between zero and infinite is equal to one, which means that the integral of

f(v)dv between zero and infinite must be equal to 1, one obtains the value of C:

m \3/2
= 84
m 3/2 , _mv? o
= 2kpT
fw)=4r <2nka) vee 2kp (85)

At a given temperature only particles having a kinetic energy greater than the energy
barrier needed for the process can cross the electrolyte, thereby contributing to the
determination of the cell electrical current and the cell electrical power.

Working with monovalent metals with low energy ionisation (such as sodium) allows
to maximize — at the same temperature — the current density (current per unit cell surface)
and the ratio between electrical power and cell weight.

Initially, the choice to adopt as a working fluid, three other metals that have not been
tested to date (zinc, cadmium and mercury) compared with sodium, potassium and lithium,
and as electrolyte a simple porous B-alumina, will result in a reduction in current density,
provided that both zinc and cadmium are bivalent ions and that both of them have a first
ionisation energy which is nearly twice with respect to sodium. The latter, therefore,
remains the ideal candidate as a working fluid, even with the limits and issues described
above.

Of course, | would theoretically expect that, at a given working temperature T, our
device supplies a higher power density (potential for current density) with sodium, lithium
and potassium (monovalent metals with low ionisation energy) rather than with mercury,
cadmium and zinc (bivalent metals and with the highest total energy required between the

first and second ionisation).
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To date, | expect that the electrochemical device as designed can work with a
power density in the range 0.5-1 W/cm? with sodium and potassium (used also in
traditional AMTEC devices [1] [42]) and with a power density significantly lower
when using zinc and cadmium as working fluid.

However, it is also worth experiencing the behaviour of zinc and cadmium, taking
into account the chemical aggressiveness of alkali metals, which may damage both
electrolyte and electrodes, and the fact that over-potential phenomena (mainly dependent
on the material used for the anodic and cathodic electrodes and on their porosity as well) or
considerations about the cost of materials, might totally reverse the theoretical predictions
in favour of zinc and/or cadmium.

In fact, the over-potential phenomena may be reduced by specifically selecting a
doped electrolyte thickness that minimizes resistance to the crossing of cations, that is the
internal ohmic resistance of the cell and choosing porous electrodes capable to minimize
the concentration difference between bulk and electrode interface, known as concentration
polarization, consisting of a material that can reduce the energy barrier of activation and
the overvoltage phenomena associated with the current transfer.

Although the experimentation is the only way that can confirm which is the best
working fluid in terms of energy (voltage and current) produced at a given temperature, it
is useful to make predictive estimates using a theoretical model, even if simplified, that
could lead to other experimental investigations about other “potential candidate” working
fluids for use in AMTEC-like devices, in the particular temperature conditions obtainable
with the thermal energy source used. What might happen is that — at least theoretically —
although at a given temperature it would be convenient to work with a given working fluid
(the voltage is directly proportional to the temperature, so the higher the temperature is, the
greater the voltage is), at other temperatures this might not be true and a different working
fluid might be more effective in terms of density of the maximum power produced.

While | am reasonably confident that the model and theoretical predictions of open

circuit voltage values will be close to the experimental ones, | cannot be sure about the

“Development of a new saturated vapour-anode, saturated vapour-cathode 108
AMTEC-like device”
Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



A ST
N I)O

¥ _t8% UNIVERSITA
@;& 2 DEGLI STUDI
'L ¢Z S DI PALERMO

Ve D
Zopg s

fe

& PAN: Op, ”//

O

theoretical predictions of the current, which will only give us indicative information useful
for understanding the physics of cell and allow us to better focus the aim of the search.

There is, however, a limit condition that is worth to be investigated from a theoretical
point of view. It occurs in short-circuit conditions. In such circumstances, the power
transferred on the external load is zero as well as the voltage difference across the external
load. The cell potential discharges itself to the internal resistance due largely to the
conductivity of the membrane, which no longer depends on work against the electric field
but exclusively from diffusion phenomena and gaps transfer within the membrane. For
each cation that diffuses through the membrane there will be another one that abandons the
membrane, leaving a “hole”, which in turn will spread within the membrane, mainly
influenced by temperature, thus operating the progressive replacement mechanism of
cations as charge carriers (which are initially dispersed in the membrane) with new cations
diffusing from the bulk interface within the membrane itself.

In other words, if one closes the circuit on a very small resistance (short-circuit), the
electrical potential difference between the electrodes drops to zero and, consequently, the
difference in chemical potential will determine the cell short-circuit current. The sum of all
current inputs stabilizes to a definite value, in steady state, as long as the differential
pressure between the two semiconductors is maintained constant. In the absence of
“someone” or “something” that keeps the partial pressure difference between the chambers
(“driving force” of the process), the circulating electric current will rapidly decrease and
consequently decrease the electromotive force until the full discharge of the cell occurs. In
this condition, the two semi-cells will have the same pressure and the same temperature
and it will be AG =0, E,. =0 and I, = 0.

The short-circuit current will be useful to collect information and therefore to
estimate the value of the internal resistance of the cell, by correlating experimental data to

theoretical predictions.
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5.5.2 Model Development

The device working principle here modelled is depicted in Figure 34.

The number of particles that statistically can ionise at the interface with the BASE and
can cross it, in a generic closed circuit condition (i.e. a generic external load), is equal to the
number of gas particles that have a kinetic energy k higher than a certain energy barrier Ep,
which shall depend on the total impedance of the system (both internal and external
contributions).

Since the energy barrier Eg, accounts for all possible energetic contributions to be
overcome (ionisation of the atoms or molecules, adsorption/desorption energy, diffusion
energy) , and that a mole of gas contains an Avogadro number Na particles, then the kinetic

energy that a particle of molecular mass m must have is:

k=lmy?sEn
2

Na (86)
from which one obtains that the gas particles which can ionise and cross the BASE
are those with velocity v greater or equal to vji, , being
2E

v, > m
lim
mN

87

In this modelling, therefore, En/Na is the energy barrier that the particle has to
overcome at expenses of its kinetic energy, when the electric circuit is closed on an external
load.

Such energy requirement, however, is necessary but not sufficient for a particle with
velocity v to ionise and cross the membrane. In fact, the ionisation takes place at the
interface with the BASE which is located geometrically in a well-defined spatial position of
the semi-cell. Only the collisions occurring against the surface of the BASE can generate
cations. Therefore, the particles capable to ionise and cross the BASE must have velocities
greater than or equal to vy, with at least one velocity component orthogonal to the

membrane surface.
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Therefore, considering a particle having the above-mentioned requirements, hitting
against the surface of the BASE it loses its Kinetic energy, ionises and passes through it.
Thus, each ionisation of a particle results in a decrease in the internal energy of the gas
vapours of the working fluid metal, therefore, it can be said that over time, if nothing keeps
externally the pressure difference between the two BASE-separated chambers, the average
quadratic velocity of the particles (microscopic effect) and the temperature of the semi-cell
(macroscopic effect) decrease.

However, assuming isothermal condition in each semi-element, the required
ionisation energy is provided by an external heat source.

Let’s say L the height of the semi-cell, that is the distance between the BASE and the
upper surface of the semi-cell parallel to the membrane (which delimits the volume of the
semi-cell). Over a time interval of observation 4¢, the particle p and/or the other particles
that acquire its velocity for the considerations made above on the isothermal hypothesis can
only make a definite number of effective collision.

The number of particle collisions that may produce an ionisation depends on the
component vy of the particle velocity and on the size L. In the time interval between two
consecutive collisions, the particle runs along the x-axis the distance 2L (it moves back and
forward between two opposite walls) with velocity vy.

Hence, the time interval T between two collisions is:

N

L

T=—=—
Vi (88)

being v, the average velocity of the particle along direction x, so the average number

of collisions that the particle has got in the observation time Az is equal to:

~ Vv
n, = At_ At—
T 2L (89)
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Replacing the average velocity of a particle along direction x according to the kinetic
theory of gases, and introducing the condition of perfect gas®, one gets to the average

number of total collisions in the volume of the cell, in the observation time interval 4z

= P [T
vt IRT m (90)

where Sy, is the BASE cross sectional area. The number of effective collisions shall
therefore be a fraction of total collisions, i.e. equal to total collisions multiplied by the ratio
between the number of particles having a velocity greater than or equal to vji, and the total
number of particles Ny, which is by definition the integral of the Maxwell-Boltzmann’s

velocity distribution f(v):

- N(v>v.) — - 7
nu,eff = % nu,tot = nu,tot J. f (V)dV
T Vim (91)
where:
m 3/2 mV2
f(v)= 47;( j vZexp (— j
27K T 2k, T 92)

* Due to the high operating temperatures and the low operating pressures, we can apply the perfect gas
theory to the working fluid vapour, i.e.:

1. Gas is made up of a very high number of molecules, which we will call particles.

2. The particles interact with each other and with the walls of the container only by means of perfectly
elastic collisions, in which mechanical energy is retained.

3. Given that during collisions, molecules exercise mutually weak forces, the potential energy of these
interactions is totally negligible compared with kinetic energy. This implies that between the collisions,
the particles follow straight trajectories.

4. Particles are considered as material points and hence their kinetic energy is only translational.

5. There are no external forces applied on the system. This implies that the particle motion directions are
distributed in an isotropic way, i.e. averagely equal in any direction, and that there are no preferential

directions of motion.
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In the observation time interval Az all the effective particles transfer to the electrode

the total charge Qo equal to:

Quot = Z€MN, 1ot T f(v)dv
(93)

Viim

Substituting equation (87) and rearranging, the total current flowing in the semi-cell,

I(Vl'm)sem'cell = QtOt = ZFPSm RT T f(V)dV
1 I At ZRT PM Viim (94)

Equation (91) can be written separately for the anode and the cathode, if different

related to velocity viim, Is:

operating (temperature and pressure) or geometrical conditions apply.
At very high threshold velocities, as those of a hot vapour, which correspond to high

energy barrier to be overcome, the approximate solution of the integral is:

o Viim eXp(— "mj
.[f(v)dv;\/z 2RT /P,
7 JRT, (95)

Viim

Introducing the concept of current density i, defined as the circulating current per unit
membrane area, substituting (92) in (91) and rearranging, one gets to the expression for the

cathodic and anodic current densities, ic and i5;

L _]

°© RT J2r "™ 2RT./P, (96)
R e _j

® RT,J2r "™ 2RT, /P, ©7)

Substituting the anodic and cathodic threshold velocities, the net current density of

cations flowing in the cell is i=ic-i,:

113
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i — ZF Pc Em,c exp| — Em,c Pa Em,a exp| — Em,a
[P, R| T, | RT, RT, T, | RT, RT, 98)
Finally, in analogy with the theory of the barrier symmetry factor B [43], considering

a symmetric energy barrier ($=0.5, [44]), rearranging and lumping, in few steps one gets to

the form:

i:io{Aﬁ—Bﬁ}

2 2 (99)

where ip, A and B have the same expressions as in equation (76), and

_ | Em exp| — En j=ac
"I\ RT, 2RT, ’

In conclusion, the circulating current density in a vapour-anode/vapour-cathode

AMTEC-like device can be written in the compact form:

=1 ¥(E, T To) (100)

where the energy barrier E,, changes when external operating conditions change (i.e.
when the external load changes), being fixed all other geometrical and physical internal
parameters of the cell (BASE thickness, operating temperatures).

It is worth to note that equation (100) has got the same structure as (76).

The new approach presented in this work leads to the same conclusions as in T.
Cole’s modelling [13], i.e. the cell current density of the form (98) is consistent with (75),
and the available voltage is of the form (82).

Comparing the two approaches, further considerations can be made, giving an
explanation of the cell physics and the physical meaning of some characteristic variables.

The expression of the current density derived through both the Langmuir and statistic
thermodynamic approaches for a saturated vapour-anode/saturated vapour-cathode is
actually a general expression, which includes as a particular case the result obtained by Cole

et al. in [13]. The sticking coefficient for a gas-solid or liquid-solid interface can be defined
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as a=rquds/Zw where raqs is the adsorption rate per unit area (molecules per m2 per s)

and Zw is the collision frequency, which for a gas-solid system is

_ P
w,0as A 1. +
27amkgT (101)
and for a liquid solution-solid system is
%
ZW,qu = Csol(kB_Tj
27m (102)

being Cs the concentration of the solution in molecules per m* [39]. As the
concentration of a pure, liquid-phase metal is much higher than that of metal atoms in a
rarefied vapour phase, then the collision frequency in a liquid is in turn much greater than in
a gas, and so the sticking coefficient on the liquid-side is negligible with respect to the gas-

side. Therefore, equation (76) reduces to

P
J2 (103)
Replacing expressions for ip and A, recalling (80) and simplifying one gets back to
(68).
In particular, looking at the terms in brackets in (76), one may state that the sticking

i=i,A

coefficient depends, as already known in [40], on surface temperature and kinetic energy of
impinging particles (in our case related to bulk temperatures T;) and surface coverage and
structural details of BASE (in our case described by the energy barrier Ey,, which actually in

our model takes also into account the effect of the external load) according to the following

expression:
E E .
= \rT eXp(_an%] =ac
J J (104)
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It follows that W=®. It is known from theory that the sticking coefficient o ranges
between 0 and 1 (limits included), but if one plots (104) as a function of E,, he or she would
find a global maximum ojmax=eXp(-0.5)~0.606 at E,=RT;, which is lower than 1. This
suggests that statistic thermodynamics reasons would exclude the possibility of 100%
effective adsorption, i.e. every single impinging particle adsorbs onto the BASE surface,
independent of the nature and efficiency of the electrode.

Expression (76), if taken alone, could induce erroneously to the conclusion that the
circulating current density depends on two independent variables (anodic and cathodic
sticking coefficient). Equation (104) demonstrates instead that, once the external load has
been established, the anodic and the cathodic sticking coefficients are not independent, but
related one to the other through the energy barrier, Ep,.

The sticking coefficient is a characteristic quantity of the pair working fluid-BASE
and it is also related to the geometric features (i.e. BASE thickness) [45, 46] and to the ion
conductivity of membrane.

Such a conclusion seems to be in contrast with the definition of sticking coefficient as
known in literature, which depends only on surface temperature and geometry of the
surface. Actually, the BASE thickness influences the total resistance of the circuit as it
affects directly the internal resistance, and in turn the BASE temperature T, due to Joule
effect. The BASE temperature, which is a unique, common value between anode and
cathode, can be introduced in (104) by use of (79) and (80). By doing so, the known
dependence of the sticking coefficient on the BASE surface temperature and the applied
local interface pressures is restored.

This means that for each condition of external applied load, a unique total resistance
of the equivalent electric circuit is determined, which sets a unique circulating current
density, in turn driven by a unique cathodic interface over-pressure (with respect to the
cathodic pressure) and a unique anodic interface under-pressure (with respect to the anodic

pressure), determining in turn the respective sticking coefficients.
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In open circuit conditions, as obvious, both the sticking coefficients do not depend on
any current, but only on the BASE temperature and applied local interfacial pressures, being
absent any contribution of over-pressure or under-pressure due to the current.

Similarly, it can be said can say that the sticking coefficient, affecting the polarisation
curve in the Langmuir approach and being dependent on the external load in our approach,

determines the non-ohmic behaviour of the AMTEC-like cell.
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Figure 36. Computed polarisation and power curves for three different vapour-
anode/vapour-cathode AMTEC-like devices, operating with sodium, potassium or lithium
vapours respectively. Simulation conditions: membrane thickness 1.5 mm, anode
temperature 1000 K, cathode temperature 500 K, a,=0.=1 (effective adsoption), vapour
pressure are computed as function of temperature according to [47].

Higher energy barrier, that under the same operating conditions (i.e. anodic and
cathodic temperatures and external load) means low BASE conductivity, implies lower

performances in terms of output power density.
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As equation (98) suggests, when the energy barrier goes to zero or infinite, the current
density tends to zero, as well as the power density extractable from the device. This
suggests that for each possible anodic and cathodic operating temperature, an optimal
combination of BASE and working fluid might exist, which maximises the extractable
power density.

As a proof of this, Figure 36 illustrates the polarisation curves and power curves of an
AMTEC-like device, computed with the model so far developed, operating at the same
conditions (anode temperature 1000 K, cathode temperature 500 K) but with different
working fluids and BASEs (sodium vapour/Na-BASE, lithium vapours/Li-BASE and
potassium vapours/K-BASE). The choice of the working fluids has been due to the
availability of electrical resistivity data of commercial ion conducting membranes (by
IONOTEC Itd., 14 Berkeley Court, Manor Park, Runcorn, Cheshire WA7 1TQ, England).
Figure 36 reports the voltage-current density curve as well as the corresponding power
density, as a function of the circulating current density or — equivalently — as a function of
the external load applied.

Provided the same operating conditions and membrane geometry (thickness 1.5 mm),
sodium-BASE performs better than potassium-BASE and the latter in turn better than
lithium-BASE, in terms of maximum output power density. Such behaviour can be
attributed to the higher resistivity of lithium-BASE (approximately one order of magnitude
higher with respect to the sodium-BASE), which produces higher ohmic losses in the cell
even at low circulating current density. This results in a greater maximum power density
extractable from sodium-BASE device.

Sayed Wagar Hasan et al. in [45, 46], llia Pavlienko in [48] and William Anderson et
al. in [42] have all found experimentally similar voltage vs current density and power
density vs current density curves for AMTEC and AMTEC-like cells.

Furthermore, some manipulations of (76) in condition of open circuit (i=0), using
(79), (80) and (104) and solving for E;, allow to obtain the BASE open circuit energy

barrier En o
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S0 =Ry N T
¢ 'a ve'a (105)

Similarly, considering the short-cut condition (4V=0) applied to (81), introducing
(76) and (104) and substituting the expression for a,, ac, 6, and d¢, then a complex implicit

correlation between Er, sc and the areal resistance of BASE can be found.
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CHAPTER VI
EXPERIMENTAL RESULTS
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6.1 Experimental Tests with Hydrogen
6.1.1 Procedure

This chapter deals with the experimental tests carried out with hydrogen on the
simplified home-made device. The experimental procedure followed during hydrogen tests

carried out IS depicted in Figure 37.
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Figure 37. Experimental sequence adopted for tests: (1) washing with nitrogen, (2)
creation of vacuum in both chambers, (3) pressurization of a chamber with hydrogen and

(4) insulation of pressurized line and starting of measurements.

All the phases of the procedure were carried out at T = 25°C. In the first phase, the
Nupro valves (2) of the suction line of the pump were closed and three washes with

nitrogen have been made (taken from a vessel installed in line) in both chambers. Then, the
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nitrogen feed valves were closed and those of the suction line were open, whilst the two
chambers of the device were brought to a pressure of about 10 mbar.

Then, the Nupro valve of the line connected to the bottom chamber of the device was
open and hydrogen was fed inside it (taken from a vessel) up to a pressure of 1.9+0.1 bar.
Of course, the introduction of hydrogen modifies initially even the pressure inside the
upper chamber, which grows up to 10 mbar, and then goes back to the initial value (order
of magnitude 10 mbar).

Finally, the feed valve of hydrogen was closed: this time instant represents the actual
beginning of the test, so the data logging of the three instruments has been started (high
field PTX pressure gauge, low field EDWARDS pressure gauge, digital high precision
FLUKE multimeter). So, pressures in the two chambers and the voltage generated at the
electrodes have been measured and logged for the whole duration of the test, which is
considered completed as soon as the read potential difference becomes zero.

As the system hadn’t got perfect sealing, the upper chamber (the vacuum one) was
affected by leakages of air from outside. Despite this, the external air flux due to the not-
perfect sealing did not lead to an increase of pressure because the leaked air itself was
immediately suctioned by the vacuum pump. In the bottom chamber, instead, hydrogen
leakages towards outside were likely to occur for a certain period of time, as long as the
pressure of the chamber was higher than the atmospheric one. Since this moment, in fact,
the systems reached equilibrium (inner pressure equal to outer pressure).

In the experimental test no. 3, different operating conditions were adopted with
respect to tests no. 1 and 2. As | am going to discuss onwards, such a choice depended on
the results of the first to tests with hydrogen, which have been considered affected by a
multitude of the perturbing and dissipative phenomena, that | am going to treat in the
following paragraphs and that do not allow to appreciate qualitatively and quantitatively
the main study subject, which is the generation of electrical voltage at the interface,
promoted by the difference of (partial) pressure of the working fluid into the two chambers

of the device.
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In test no. 3, I tried to isolate, as much as possible, the perturbing and dissipative
phenomena. With regards to that, it was decided to operate in both chambers (after the
preliminary washing with nitrogen) with initial hydrogen pressures greater than 1 atm and
one different than the other one: by doing so, during the whole test (which is considered
terminated as soon as both chambers reach the pressure of 1 bar), there is no possibility of
leakages from the external ambient towards the chambers, none chambers being operating
under vacuum. The missed contamination of the working environment by other species
leaking by diffusion (oxygen and nitrogen), made possible that the pressure inside the
chambers was due exclusively to hydrogen only, in every time instant of the test (one-

component system).

6.1.2 Results and discussion

During experimental tests, it has been noted that the pressure of the vacuum chamber
(P1), measured with the pressure gauge EDWARDS, has remained approximately constant

during the whole test.
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Figure 38. Time trend of vacuum chamber pressure (test no. 1).
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Figure 39. Time trend of vacuum chamber pressure (test no. 2).

The pressure of hydrogen in the bottom chamber (P2), measured with the pressure
gauge PTX, which at initial time is 1.9+0.1 bar has exponentially decreased down to the
value of 1 bar (due to losses by leakages), and stayed then constant during time, being in

equilibrium with the external ambient pressure.
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Figure 40. Time trend of pressurized chamber pressure (test no. 1).
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Figure 41. Time trend of pressurized chamber pressure (test no. 2).

The theoretical cell voltage decreased a little, slowly and linearly during both tests,
being such a voltage calculated directly from the pressure values read in the two chambers,
by applying (32). With regards to that, it is worth to observe that the value of theoretical
voltage so calculated could be considered reliable only in the first part of the test, i.e. as
long as the pressure in the bottom chamber was still sufficiently higher than the
atmospheric pressure and then one could be reasonably sure about the fact that — at least in
the bottom chamber — there was only the hydrogen initially introduced (one-component
system hypothesis).

The actual cell voltage first increased to a maximum value near to the theoretical
value, then decreased down to a limit value, stationary for a long time period (about 22000
seconds, equal to about 6 hours), and finally started to decrease again down to some
residual millivolt.

The theoretical voltage calculated with (32) actually did not describe correctly the
actual trend of the measured voltage, right because of the presence of perturbing effects
inside the vacuum upper chamber, that made invalid the hypothesis of one-component

system. The theoretical calculated voltage was not the “actual”, or better, the “corrected”
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theoretical voltage, which one can obtain by modelling the system taking into account such
perturbing phenomena.

As it can be seen from Figures 38 to 41, the first two tests, carried out under the same

experimental conditions, gave approximately the same reproducible results.
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Figure 42. Time trend of measured and theoretical voltage (test no. 1).
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Figure 43. Time trend of measured and theoretical voltage (test no. 2).
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In test no.3, the two values of pressure at the beginning of the test in the anodic and
cathodic chambers were, respectively, 2,479 bar(a) e 2,313 bar(a): pressures were left free
to evolve, as done in the previous tests, monitoring them at a sampling frequency of one
minute, together with the measured voltage. The trends of pressures and voltages obtained
during the whole test (47 hours) are illustrated in Figure 44.
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Figure 44. Time trend of anodic pressure, cathodic pressure, measured and theoretical voltage (test no.
3).

From Figure 44 it can be firstly noted that the two pressures in the chambers had
different temporal evolutions and in particular it was not observed the maintenance of a
constant pressure difference between chambers, but a faster decreasing of pressure in the
lower pressure chamber. This is, for sure, a proof of a different quality of sealing of the
two chambers, as otherwise it would had been more reasonable to expect more significant
leakages from the higher pressure chambers, i.e. a greater pressure loss (greater slope of
the curve).

Moreover, it can be noted that the theoretical voltage trend (calculated on the basis of
values read by the instrumentation) was different with respect to the previous tests and —

contrary to the first — qualitatively very similar to the trend of the measured voltage.
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However, it must be considered that in test no. 3, both pressures varied with time (vacuum
was no more maintained in one of the two chambers), and then — as could naturally be
expected — the theoretical voltage tended to zero both near the initial and the final instant
of the test (horizontal slope in the latter case), since pressures tend to equalize.

The measured voltage tended to be equal to the theoretical one, as the ratio between
the anodic and cathodic pressure tended to unity. This happened in the initial but also in

the final ones, i.e. at infinite time, when the measured voltage tended to zero.

6.1.3  Interpretation of experimental results

In order to interpret the voltage curves vs time detected by the instrumentation, one
has to consider that the tests are affected by some disturbing phenomena variable in time,
being function of the instant pressure in the two chambers.

Such disturbing phenomena always have as effect, in some way, the alteration of the
concentration of the working fluid, intended as the amount of matter per unit volume.

These disturbing phenomena can be attributed basically to:

1) Concentration difference in correspondence of the membrane interface,
membrane-side, with respect to the compartment-side. This happens in both chambers and
is due to not-modelled phenomena, such as solution/sorption/”solution-membrane”
partitioning of active species (“solution-diffusion” model).

2) Concentration difference near membrane interface, compartment-side,
between the membrane surface and the chamber bulk, due to the not-modelled
phenomenon of concentration polarization, which is necessary and physiological in order
to guarantee the diffusive flux in a stagnant medium.

3) Not-ionised hydrogen permeation from a chamber to the other one,
through membrane porosity or due to internal leakages, phenomenon not-easily
measurable, which contributes to move the equilibria since it causes variations of bulk

concentration.
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4) Concentration variations in the bulk of the vacuum chamber, caused by the
not-modelled phenomena of air leakage from outside, moved by the existing pressure
difference.

5) Concentration variations in the bulk of the pressurized chamber, caused by
the not-modelled phenomena of hydrogen leakage towards outside, moved by the
existing pressure difference (as long as the chamber is at a pressure higher than the
atmosphere).

6) Concentration variations in the bulk of the pressurized chamber, caused by
the not-modelled phenomena of molecular diffusion of between the residual hydrogen
of the pressurized chamber towards atmosphere and the external air (nitrogen +
oxygen), which may occur once reached the atmospheric pressure in the chamber.

In order to assess the influence of the different contributions of various disturbing
phenomena, let’s try to model them as function of their characteristic variables.

The different concentration at the membrane interface, membrane-side, with respect
to the concentration at the membrane interface, compartment-side, due to the sorption on
porous support phenomena can be modelled by a simple proportional law, typical of a
“solution-membrane” partitioning equilibrium, widely validated for the gas separation

process (“gas separation”, see [49]):

Pint = K Pyyik (106)

Therefore, one gets:
Pie% = Ko Poa® = Ko Py (107)
PEto® = K, Piafe®® = K. P, (108)

obviously K = K(P, T, membrane).
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Figure 45. Concentration gradients established after permeation through selective membrane [49].

Now, if substituting such concentrations into the theoretical equation for the

estimation of the voltage, one gets:

ocv = 5L Pini "\ _ RT l (K“) Ly (P“> (109)
= aF "\ pearoge | T T\, )T TR,
OCV being the measured open circuit voltage. But,
RT (P,
n_F In (Fc) = Etheoretical (110)
therefore
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RT (Ka) (110)

OCV = Etheoreticar + Tl_F In K_c

where the term % In (%) has dimension of a voltage and can be treated as an over-

c

potential due to sorption/solution in membrane E;,,, caused by the above mentioned

sorption/solution phenomena which, as known, typically depends on the applied pressure,

and then — in our case — on the pressure existing in the anodic and the cathodic
compartments:

Estm = Estm(Py, P., T, membrane) (112)

OCV = Etpeoreticat + Esem (113)

By analogy, even the variations of bulk concentration of neutral hydrogen (not
ionised) determined by hydrogen permeation through the membrane, with respect to
those which can be deduced if the phenomenon was (ideally) absent, can be modelled by

introducing an over-potential. Even in this case, by doing so one’d get:

OCV = Etpeoreticat + Eperm (114)

where

Eperm = Eperm(Pa, B, T, membrane) (115)

Concerning, instead, to the different bulk concentration in the pressurized chamber
due to hydrogen diffusion phenomena towards atmosphere (leakages) as long as the
pressure is higher than 1 atm and, subsequently, air diffusion phenomena from the

atmosphere towards the chamber, starting since the equilibrium pressure (1 bar) is reached,
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this cannot be modelled easily, unless one introduces (as above stated) molecular diffusion
laws (first and second Fick’s law) and considers the partial pressure of hydrogen inside the
two chambers, instead of the total ones (partial pressures are hardly measurable with the
instrumentation available at INAF labs in Palermo).

Hence, the use of the expression of the theoretical cell voltage, as derived from
Nernst’s law, will lead to the insurgence of errors due to the missed correspondence
between the total pressure value measured and the actual hydrogen (partial) pressure in the
semi-cell.

In the high pressure chamber (bottom semi-cell), at the initial time of the test,
pressure is maximum (1,8-2 bar) and therefore | am reasonably sure the, at least initially,
only hydrogen is present in chamber. For this reason, | can state that the total pressure in
the chamber (read by the instrumentation) is equal to the partial pressure of hydrogen,
being also taken into account that external air has no possibility to diffuse towards an
ambient (the chamber itself) which operates at higher pressure. As time elapses, the
pressure inside the chamber decreases and the error committed when using the total
pressure as a measure of the hydrogen pressure begins to grow.

The error is minimum (or nil) until the pressure in the chamber equals the
atmospheric pressure (exactly at this time, the atmosphere inside the chamber is still
composed by hydrogen only), and then it becomes more and more significant as time
elapses, as air begins to diffuse into the chamber (driven by molecular diffusion, due to a
concentration difference with respect to outside). In any case, it must be noted that, being
the pressure (whatever partial or total) influencing on the theoretical voltage or on the
measured one via logarithmic law, the error would result some way “mitigated”.

In the vacuum chamber (upper semi-ell), where initially there was hydrogen as a
consequence of the washes performed, only and exclusively at initial instants of the test it
would be correct to assume the total pressure read by the instrumentation as equal to the
effective partial pressure (or, better, fugacity) of hydrogen. This depends, obviously, on the
extent of leaking phenomena, i.e. on the rate of contamination of external air towards the
internals of the semi-cell, caused by the not perfect sealing. Surely, after a certain,
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presumably very long period of time (but not easily predictable), all residual hydrogen
would be entirely suctioned by the vacuum pump and replaced by air. Therefore, the
hydrogen partial pressure would be decreasing in time, despite the total pressure in
chamber (read by the instrumentation) remains the same, constant at a value of about 1072
mbar.

This determines, presumably, the peak in voltage in OCV vs t curves, which is
detected in the initial part of the test, providing that from a certain point onwards, however,
permeation and sorption/solution phenomena become predominant on external air leakage
towards the low pressure chamber. In the initial part of the test, the error due to the
presence of a multi-component system is minimum in the upper vacuum chamber and nil
in the bottom pressurized chamber.

As time elapses, however, the hydrogen pressure in the high pressure chamber (1,8-2
bar) decreases, due to hydrogen leakage to atmosphere, caused by bad sealing. So, the
hydrogen pressure is decreasing, until reaching the equilibrium pressure (1 bar). At this
point, the molecular diffusion of hydrogen towards atmosphere and air towards the
chamber begins even in the high pressure compartment. Therefore, even in this case, the
hydrogen partial pressure will go decreasing in time, despite the total pressure in the
chamber remains constant at about 1 bar. As a consequence, the cell voltage will go
decreasing as well, until reaching a value near to zero (terminal part of tests no. 1 and 2
curves ). The maximum error due to the presence of a multi-component system in both
chambers will occur at long time period (when time tends to infinity) and the theoretical
voltage got by (2) would not be in agreement with actual voltage, providing that the
hydrogen concentration (partial pressure) in the two chambers differs a lot from the total
pressure in the two chambers.

Nevertheless, as first approximation, it is reasonable to consider that such disturbing
phenomena (which can be hardly modelled and/or detected with the instrumentation
available) are confined only in the terminal regions of the voltage curves. Hence, | can
extract from tests no. 1 and 2 a long enough time period (about 22000 seconds, i.e. about 6
hours) during which the difference between theoretical cell voltage and measured voltage
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Is quite constant. This can be deduced in both tests and it is thought to be essentially due to

the first two disturbing phenomena (sorption/diffusion and hydrogen permeation).
In such region, applying the principle of superposition of effects, one can therefore

write as follows:

OCV = Etpeoreticat T Estm + Eperm (116)
i.e., provided Espp + Eperm = AE),
OCV = Etheoreticat + AEp (117)
with AE, = AE, (P,, P, T, membrane) total membrane over-potential.
Defining the cell efficiency as a = o one will get:
(118)

AEp = aEtheoreticat — Etneoreticat = (@ — 1) Etneoretical

hence AE, is the (positive or negative) voltage which has to be added to the
theoretical voltage in order to get the measured voltage, which is an indirect measurement

of the cell efficiency.
If one re-writes:

RT P,
Etheoretical-correcteda = OCV = QEtpeoreticat = F In (_) (119)

If @ = 1 then ideal operating conditions are considered (so that the full “driving
force” is effectively available for the generation of the electrical potential and there are no
secondary perturbing or dissipative phenomena) or — more in general — at near-ideal

conditions (so that, despite secondary phenomena exist, their perturbing or dissipative

effects compensate one another);
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if @ < 1 the measured voltage will be lower than the theoretical one and in absence
of such a correction one would overestimate the value of the generated voltage;

if « > 1, finally, then the measured voltage will be higher than the theoretical one
and in absence of such a correction one would underestimate the value of the generated

voltage.
a
To be noted that (%) can be seen as an ideal/isentropic or polytropic expansion
[

depending on the value of a, which can be now thought as function of the operating
conditions of the pressure in the two chambers, of the temperature of the system (more
correctly, in the two chambers) and of the nature of membrane:

a = a(P,, P,,T, membrane) (120)

The corrective coefficient « is, in the end, an omnicomprehensive cell global
efficiency factor, which lumps the effects of the perturbing and dissipative phenomena
(leakages, contamination of chambers caused by not-perfect sealing, permeation through
membrane due to the non-ideality of membrane itself) and of the secondary phenomena
(concentration polarization, partitioning equilibrium of species between membrane and
compartment in correspondence of membrane surface). Provided that there is a great
uncertainty and difficulty of modelling of several perturbing phenomena operating
simultaneously which — in general — can be thought to contribute together to the non-
predictability of the generated voltage through (32), it was decided to carry out a new test
with hydrogen (test no. 3) trying — as much as possible — to reduce the number of
simultaneous potential disturbs, to limit the number of disturbing phenomena to one per
time. By doing so, the extent of each of the phenomena can be estimated, and a more
reliable model can be produced, capable to predict a theoretical voltage which takes into
account the superposition of all perturbing and dissipative effects and has a time trend
quite similar to that of the measured voltage (actual voltage).

With reference to tests no. 1 and 2, it would be possible to calibrate the coefficient a

according to the following procedure:
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- calculate the coefficient for each logged time instant, by using its definition;

- plot the coefficient as a function of a process variable, chosen among those which
one thinks it could depend on, or a combination or function of them;

- obtain the calibration curve, which can predict the value of the coefficient starting
from the known process conditions.

In such way, it would have been possible to correct the theoretical voltage through
(119), to get an estimation probably more reliable of the performance of the cell, with
respect to what could be obtained by applying (32).

Nevertheless, in tests no. 1 and 2, among the variables which one thinks the
efficiency coefficient a could depend on, only the anode-side pressure is appreciably
variable in time (provided the conditions at which tests were carried out). In fact, the
system has been maintained isothermal (this leading to exclude the variable temperature)
and — as it has been seen — that the level of vacuum realized into the cathodic chamber
maintains constant in time (this leading to exclude the variable cathodic pressure).
Moreover, few or nothing is known or can be estimated about the effect of the nature of the
membrane (porosity and sorption level).

The choice would then have been obliged as one could calibrate the coefficient a
only as function of the anodic pressure and/or on the ratio between the anodic and the
cathodic pressure (expansion ratio). Nevertheless, it has been observed that, being the
theoretical voltage calculated with (119) starting from the total pressures read by
instrumentation, the use of (119) would have been considered conceptually correct as long
as only hydrogen is present in the two chambers (even if leaking towards outside, from the
pressurized chamber). As soon as the pressure in the anodic chamber (the pressurized one)
would have decreased to the atmospheric level, provided that in this moment the molecular
diffusion of air from outside which progressively replaces the internal hydrogen
atmosphere, the pressure read by the pressure gauge could not be referred to the hydrogen
only (the total pressure does not coincide with the partial pressure of hydrogen). Hence, in
this case, the value of the theoretical voltage calculated with (119) would have been “no

more reliable”, because calculated from an incorrect value of pressure of hydrogen.

“Development of a new saturated vapour-anode, saturated vapour-cathode 136
AMTEC-like device”

Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



?)\}ES'I'V/) 2
r {8 % UNIVERSITA
g:g 2 DEGLI STUDI
e+ DI PALERMO

>, >
Zopg s

P

§ PANOR, 0,

N

In the light of this, the calibration of a would have been possible, or at least
“conceptually correct” only during the period in which the anodic pressure is reasonably
higher than the atmosphere, i.e. typically during the first hours from the beginning of the
tests no. 1 and 2. During the first phases of the tests, in fact, as anticipated before, it is
thought that only leaking phenomena towards outside and neutral hydrogen permeation
through membrane can occur in the anodic (pressurized) chamber, and only external air
leaking phenomena can occur in the cathodic (vacuum) chamber, leading to a continuous
decrease of the hydrogen concentration due to mixing and suction by the vacuum pump.

Such aspect is well illustrated in Figure 46.

160

H2/air diffusion in the semi-cell at atm P +
H2 permeation through membrane +
air leakage towards vacuum chamber

100
H2/air diffusion in the semi-cell at atm P +
air leakage towards vacuum chamber

Voltage [mV]
ES

60 -

H2/air diffusion from pressurized semi-cell +
40 4 H2 permeation through membrane +
air leakage towards vacuum chamber

——Measured voltage

—Theoretical voltage

0 T T T T T T - : :
0 12 24 36 48 60

Time [h]

Figure 46. Indication of perturbing and dissipative secondary phenomena on the

experimental curve (test no. 1).

Test no. 3 with hydrogen as working fluid as well but different operating conditions
aimed to suppress or limit the insurgence of some parasitic phenomena, as anticipated

above.
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In particular, operating this time with both chambers with a pressure above the
atmosphere, | tried to eliminate the phenomenon of air leakage from outside towards the
cathodic chamber (which in previous test was maintained under vacuum) and limit the
duration of the test to the moment in which the pressure in the two chambers equals and
becomes equals to 1 atm, to impede the molecular diffusion of hydrogen towards outside
and of air towards inside in both chambers. By doing so, phenomena described in points
no. 4 and 6 of the list reported at the beginning of paragraph can be excluded, whilst the
other secondary phenomena there described still apply.

Comparing tests no. 1, 2 and 3, analogies and differences can be identified. As an
example, it was demonstrated that in the first hours of the tests (yellow region in Figure
46) the trend of the measured voltage is similar in all the tests performed, showing a
behaviour initially increasing to a maximum, obtained in correspondence of the maximum
pressure ratio detected, and then decreasing to an asymptotic value (different from a test to
another due to the different operating condition and affection of perturbing phenomena),
resulting in a characteristic “bell” shape.

In particular, this value is maintained for a certain period, equal to the extension of
the “bell” of tests no. 1 and 2 (green region of Figure 46), and then it continues to decrease
in subsequent hours, while in the test no. 3 the reaching of the asymptotic value is obtained
in correspondence of the end of the test (47 hours). In the first case, then, the reaching of
the “plateau” occurs in shorter times and this is presumably due to the higher driving force
available between chambers and to the fact that one of those is continuously maintained
under vacuum: evidently, the continuous suction of the pump connected to the cathodic
chamber makes the transitory of depressurization of the anodic chamber terminate in
shorter times, caused to molecular not-ionised hydrogen permeation through membrane
(point 3 of previous list) and internal leaking between chambers. The “plateau” in of
voltage in tests no. 1 and 2 has stayed constant as long as hydrogen was present in the
anodic chamber, replaced by molecular diffusion by leaking air. In test no. 3, instead, the
two pressures decrease more slowly and with different trends, being the driving force

available for leakages lower, and the generated voltage has a “wider” trend, showing a

“Development of a new saturated vapour-anode, saturated vapour-cathode 138
AMTEC-like device”

Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



r {8 % UNIVERSITA
@ 2 DEGLI STUDI

region characterized by sorption/solution-diffusion and hydrogen permeation (yellow
region of Figure 46) which interests the whole test.

By comparing instead the curves of theoretical and measured voltage of test no. 3
only, it can be noted that the experimental trend is qualitatively well reproduced by the
theoretical model, apart from a diffused deviation, higher when the pressure ratio is far
from unity. Having clarified , above, the motivations about the possibility of introducing a
corrective coefficient a taking globally into account the effect of all secondary phenomena
not-rigorously modelled, in the following the result of calibration of such a coefficient is
shown (for test no. 3).

The coefficient a has been calculated by using its definition, for each point
experimentally detected and it had been plotted against the logarithm of the expansion ratio
(anodic pressure/cathodic pressure), obtaining the green curve of Figure 47. The choice to

correlate, in some way, o to the pressure ratio has been discussed above.

8 1.5
E theoretical
7 4 E measured r 1.4
Overpotential L 13
6 4 ~~-- Etheor. corrected
a F 1.2
= 5] L 11
E y =-3.920%2 + 2.290x + 0.998 - =
4 ] 2= /” F1 -
% R? =1.000 - LN
et N B 09
) 3
= L 0.8
2 .
0.7
11 L 0.6
0 —r—T— T — T — — — 0.5
0 0.05 0.1 0.15 0.2 0.25 0.3

logarithm of expansion ratio [-]

Figure 47. Calibration curve of the coefficient a and trend of theoretical, corrected and measured

voltages, as a function of the logarithm of the expansion ratio (test no. 3).

It was found that the trend of a as a function of the expansion ratio, under the

experimental operating conditions of test no. 3, is well described by a second order
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interpolation curve, and this can be explained by saying that in this test all perturbing
effects can be attributed to only two opposite phenomena:

1. as the pressure ratio increases, the probability and the extent of the phenomenon
of not-ionised molecular hydrogen permeation through membrane increase,
which contributes to the decrease of the generated voltage as the driving force of
the process decreases;

2. as the pressure ratio increases, the probability and the extent of the phenomena of
hydrogen sorption on porous lattice and subsequent solution-diffusion of ionised
hydrogen through membrane increase, which contributes to the increase of the

3. generated voltage as the driving force of the process increases.

Hence, the two contributions move towards opposite directions and, even if it is not
possible to better quantify the extent of single phenomena, at least qualitatively and limited
to the considered pressure range, such interpretation can be considered as reliable.

At this point, by correcting (32) with coefficient «, calculable “a priori” knowing the
instantaneous pressures in the two chambers, one gets the new (121), predictive and

validated with regards to the generated voltage by the cell in the form:

i RT p,
E* e = a(Pa:Pc)n_Fln_ = Emeasured (121)

c

with a(P,, P,) = —3.920 [1n (I‘Z—)]2 +2.290 [1n (i—)] —0.998 and P, = 1~2,5 bar

By using this correlation, the corrected trend of the theoretical voltage can be obtained, as

reported in Figure 48.
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Figure 48. Time trends of anodic pressure, cathodic pressure, over-potential, theoretical,

corrected and measured voltages (test no. 3).

Now, in the light of what done for test no. 3, an attempt of calibration of a has been done
even for tests no. 1 and 2, limited to the region in correspondence of the top of the “bell”,
where | think, as explained before, that diffusion phenomena are negligible with respect to
those of permeation and sorption. The results of such a fitting procedure are shown in
Figure 49 and Figure 50.

In such figures the following curves are plotted:

- the portion of curve of measured voltage during the test, in the pressure range
considered;

- the portion of the curve of theoretical voltage vs logarithm of the pressure ratio,
which, if extrapolated towards the direction of low P,/P., intersects the horizontal axis in
the origin;

- the corresponding over-potential curve (difference between the two above listed);

- the curve of corrected theoretical voltage, fixed by the calibrated coefficient a.
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Figure 49. Calibration curve of the coefficient a and trend of theoretical, corrected and

measured voltages, as a function of the logarithm of the expansion ratio (test no. 1).
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Figure 50. Calibration curve of the coefficient a and trend of theoretical, corrected and

measured voltages, as a function of the logarithm of the expansion ratio (test no. 2).

From Figure 49 and Figure 50 it can be appreciated how the quadratic nature of the
calibration correlation of « is valid even in tests no. 1 and 2, provided that it is intended

applied exclusively to the region near the top of the “bell”. Regarding to this, it is noted
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that despite all the calibration curve have qualitatively the same trend, their analytical
expression is strongly dependent on the range of pressure ratio considered, sign of the fact
that the actual dependency of the perturbing/dissipative phenomena on the single pressures
in the two chambers is more complex. In other words, a depends not only on the pressure
ratio but also on the absolute value of one of the two.

The calibration correlation for « are the following:

2

P, P,
a(P,, P.) = —1.200 [ln (—)] +25.031 [ln (—)] —129.527
Pc Pc

with P, = 1~2 bar and P, = 4,13 - 1072 mbar

P\ 1 P,
(P, P.) = —3.049 [ln (F)] +68.511 [m (F)] —383.914
C

C
with P, = 1~2 bar and P, = 2,45 1072 mbar

Using the correlations so obtained, it was possible to get the trends of the theoretical
corrected average according to (121) of the tests no. 1 and 2, and reported in Figure 51 and
Figure 52) within the time interval ranging from the beginning of the test to the moment in
which the anodic pressure reaches 1 bar(a). In the mentioned figures, it is also reported the
trend of the anodic pressure, while the cathodic one is not reported, because it was
maintained constant thanks to the continuous operation of the vacuum pump, at values
P. = 4,13 1072 mbar and P, = 2,45 - 10~2 mbar, respectively for tests no. 1 and 2 (these

values would be over range and not appreciable in the graph).
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Figure 51. Time trends of anodic pressure, theoretical, corrected and measured voltages (test no. 1).
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Figure 52. Time trends of anodic pressure, theoretical, corrected and measured voltages (test no. 2).

6.1.4  Conclusions about tests with hydrogen

The law which expresses the theoretical cell voltage, (121) derived by the
mathematical modelling of the system called “simplified device” well interprets the results

obtained through the tests with hydrogen, provided that a corrective coefficient is used, so
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that it takes into account the perturbing effects due to sorption/solution phenomena and
permeation phenomena (which are more significant in the first instants of the test, i.e.
when the driving forces of convective phenomena are maxima). Moreover, the expression
got and corrected by such an adjustable coefficient can be considered valid if and only if
the remaining disturbing phenomena discussed in the present document (molecular
diffusion between hydrogen and air and various leakages) can be neglected, so it is
expected that it loses validity at long times.

Nevertheless, for the future tests to be carried out with other metals as working fluid,
it will result very important to isolate such perturbing effects, rectifying as much as
possible the experimental apparatus and the measuring instrumentation, in order to make it

as more similar as possible to the physical system represented by an AMTEC cell.

6.2 Design and Realisation of a Non-Alkali Metal TEC

Model simulations confirmed that the electrical performance of a cell, even operating
with new working fluids, is a trade-off between the voltage generated by the vapour
pressure difference occurring when operating within a temperature range compatible with
solar energy concentration systems, on one side, and the solid electrolyte electrical and
geometrical features, on the other side, which shall be able to grant good electrical and
mechanical performances. Lower ionic conductivity and thicker solid electrolytes lead to
greater internal areal resistance which in turn produces higher voltage drops inside the cell
itself, at expenses of the useful power density available on external load.

In particular, although lithium presents the highest open circuit cell voltage with
respect to potassium or sodium, the maximum extractable electric power density is much
lower than K-based or Na-based cells, at equal working temperatures, due to the higher
ionic resistance of Li-based solid electrolytes with respect to other ones. As authors stated
in [50], such behaviour is due to kinetic causes, e.g. to the membrane energy barrier E,, and
to the sticking coefficient a, introduced in the model in order to describe the energetic and

statistic aspects of the phenomena involved in the process. The membrane energy barrier
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actually depends also on the external load, besides on the BASE ionic conductivity and
thickness. Such energetic and statistical approach is valid for both the saturated liquid-
anode/saturated vapour-cathode systems (as those described in [13]) and the saturated
vapour-anode/saturated vapour-cathode ones modelled in [50]. This suggests that optimal
high-performing working fluid-BASE pairs may exist and be particularly suitable for the
use in solar-driven Metal ThermoElectric Converters. Moreover, in order to achieve
higher, significant and usable power density at practical common operation voltages, a
number of cells has to be series connected.

Considering the aggressiveness of metal vapours on both steel and alumina parts and
the need to operate at milder temperatures (both aspects affecting the durability of the
device), low melting point metals belonging to groups 1IB (Zn, Cd, Hg), Il1IA (Ga, In, TI)
and IVA (Sn, Pb) have been identified as potential promising working fluids, deserving

more investigations.

6.2.1  New Working Fluid and Doped Electrolyte Preparation

In order to investigate new potential working fluids, different than alkali metals, new
solid electrolytes are needed, properly conditioned or “doped” in compliance with the same
diffusing metal ion as the working fluid. Commercially available solid electrolytes can be
found, based on sodium, lithium, potassium, barium, strontium, silver and lead (from
lonotec LTD). Unfortunately, no zinc, cadmium, mercury, gallium, indium, thallium, tin
based solid electrolytes exist, neither on commercial or laboratory scale, due to lack of
market demand, despite some studies on divalent beta”-aluminas can be found in literature
[51]. Therefore, the adoption of a system or technology capable to dope already
commercially available solid electrolytes is needed.

Beta”-aluminas are excellent conductors for bivalent ions, as demonstrated in [24].
They are prepared starting from a sodium beta”-alumina, by substitution of the sodium

cation with cations Ba*, Sr**, Cd**, Hg**, Pb?*, Mn?*, while the Zn®" beta™-alumina is
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prepared starting from a Ag”® beta”-alumina by substitution of the silver cation with the

Zn?" cation.

Table 5. Selected electrical and transport properties of zinc, cadmium and lead based beta”-
aluminas.

Zn p”-alumina Cd p”-alumina Pb p”-alumina

lon conductivity

o [Q'm] @ 600°C 0.1221 2171 51.87

Resistivity
p [ m] @ 600°C

Areal resistance
Pareal [Q mz] @ 600°C 4.096e-3 2.303e-4 9.638e-6
0.5 mm thickness

8.1917 4.606e-1 1.928e-2

Diffusion coefficient

D [m?s] 4.648e-12 1.054e-10 -

The greater propensity of silver ions in Ag* beta”-alumina to be substituted by Zn*",
with respect to the sodium or lithium ions in Na* and Li* beta”-aluminas respectively, does
not lie with thermodynamics but primarily with kinetic reasons, i.e. with the fact that silver
favours the melt phase while sodium and lithium favours the solid phase. At ambient
temperature, the ion conductivity of other-than-sodium beta”-aluminas are two orders of
magnitude lower than sodium beta”-alumina, while the differences are less evident at
temperatures higher than 750 K. As an example, the Pb?*" beta”-alumina shows an ion
conductivity close to that one of sodium even at temperatures lower than ambient one [51].

Solid electrolytes doped with divalent cations can be obtained either from beta-
alumina or from beta”-alumina. Divalent cation-doped beta”-aluminas are kinetically more
stable than beta-aluminas and do not show hysteresis phenomena both in heating and
cooling. Moreover, unlike doped beta-alumina that may present a certain number of
cracked crystals due to ion substitution, as reported by Yao at al. [52], beta”-alumina are
not subject to cracking, provided that the difference in ionic radius of the divalent and the

monovalent cation is not too large.
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The replacement mechanism of the monovalent cation with a divalent one can be
either by the simple high-temperature diffusion of divalent metal vapours or by the lower
temperature diffusion of cations of a chloride salt of the divalent metal [51]. In some cases,
the high vapour pressure of metal salts (e.g. mercury salts) requires the use of ceramic- or
quartz-sealed crucibles and lower temperature process, with consequent lengthening of the
diffusion process and, in most cases, a small replacement percentage of the sodium cations.

Dunn et al. [23] demonstrated that beta”-aluminas show very fast diffusion while
divalent cations (Ba**, Sr**, Cd®") diffuse more slowly in beta-alumina. Most of divalent
cations replace a large percentage of sodium cations in the membrane within the first hour
of diffusion and, in some cases, complete substitution can be obtained in few minutes if

membranes thinner than 0.2~0.3 mm are used.

6.2.2  Estimation of ion conductivity from diffusion data

De Nuzzio et al. [53] and Dunn et al. [54] obtained replacement percentage vs time
curves of cadmium, zinc and strontium cations during substitution in sodium beta”-
aluminas via radiochemical techniques based on “’Na. The substitution percentage €% can

be described by an expression like:

L ADt
in which L is the solid electrolyte thickness, D is the diffusion coefficient and t is

2 = X2
£%=100-= jo 2 exp (— —de (122)

time. Expression (1) can be derived analytically from mass balances based on the first and
the second Fick’s laws, according to the penetration theory [28].

The diffusion coefficient of doping cations in the beta”-alumina was retrieved by
best-fitting of experimental data collected at constant temperature. Hence exchange
percentage fitted data allow to determine indirectly the diffusion coefficient D of a certain
ionic species in beta”-alumina, and this in turn can be related to the ion conductivity ¢

through the Nernst-Einstein [43] relationship which applies at constant temperature T:
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kB

where n is the number density (which is a measure of the density of the crystalline
lattice), z is the metal ion valence, e is the elementary charge and kg is the Boltzmann’s
constant.

The same procedure as reported in [51] has been adopted in the present work,
together with experimental data of exchange percentage vs time available from [54], in
order to estimate the ion conductivity of zinc, cadmium and lead based beta”-alumina solid
electrolytes, which is in turn needed for model simulation of electrical performance of such
devices.

Best-fitted values for the diffusion coefficient are 4.648-10* m?/s at T=500 °C for
zinc and 1.054-10° m?/s at T=600 °C for cadmium, which lead to ion conductivity of
0.1081 and 2.171 (Q m)™ respectively. The ion conductivity of lead-doped beta”-aluminas
has been derived directly from conductivity vs temperature data from [51], and has been
found to be equal to 51.87 (Q m)™ at T=600 °C. In order to make a comparison between
the three different metals at the same temperature, Zn** p”-alumina conductivity was
extrapolated according to equation 6/co=T/Ty, derived from experimental conductivity data
reported in [51], resulting in 0.1221 (Q m)™ at 600°C. Table 1 summarises the adopted

electrical and transport properties of Zn, Cd and Pb ”-aluminas.

6.2.3  Cell model simulations

Model simulations of the Zn, Cd and Pb saturated vapour-anode/saturated vapour-
cathode systems, based on the mathematical model developed in [50], have been carried
out and produced polarisation and power curves reported in Figure 53.

Anode and cathode temperatures in all cases are set to 973 K and 773 K respectively,
while BASE thickness is 0.5 mm and metal vapour pressures are calculated with data
reported in [47]. For these simulation, the sticking coefficients are set equal to 1 on both
sides of the BASE (effective adsorption), following [8].

“Development of a new saturated vapour-anode, saturated vapour-cathode 149
AMTEC-like device”

Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



A ST
N I)O

¥ _t8% UNIVERSITA
é‘:\g 2 DEGLI STUDI
'L ¢Z S DI PALERMO

Ve D
Zopg s

fe

§ PANOR, 4//

O

As it can be seen, the performances obtainable with divalent cations are qualitatively
similar (as expected) to those obtained with monovalent alkali metals (sodium, potassium
and lithium) and reported in a previous paper [50].

However, power density values (0.125, 1.92 and 1.71 mW/cm? for Zn, Cd and Pb
respectively) are definitely much lower than those computed in [50] for a sodium cell (240
mW/cm?) and even one order of magnitude lower than those computed for a lithium cell
(14.1 mW/cm?), although the durability performance could be better than sodium,
considering the chemical aggressiveness of such alkali metal on membrane, electrodes and
stainless steel enclosure. This behaviour can be related to the much lower ion conductivity
of BASE divalent cations with respect to monovalent cations, being equal the operating
temperature. In addition to this, it has to be considered that supply cost of zinc, cadmium
and lead is lower than sodium.

By observing the characteristic parabolas (Figure 53) describing the power density vs
the current density, there is an evident difference in magnitude, with cadmium and lead
based systems showing significantly larger values than zinc-based cell. Three different
trends have been obtained instead in the polarisation curves of Zn, Cd and Pb systems.
Regarding zinc and cadmium systems, the polarisation curve is actually a straight line, the
former showing a much higher resistivity with respect to the latter, resulting in a greater
slope of the line, which makes zinc system less suitable for practical applications with
respect to cadmium and lead. Lead-based systems provide lower resistivity, especially at
normal current density regimes, as demonstrated by the change in slope of the polarisation
curve. This suggests, together with the higher useful maximum power density obtainable
with respect to zinc, that saturated lead vapour-anode/saturated lead vapour-cathode
devices deserve more investigation and could have interesting development.

Results from the planned experimental campaign are necessary to confirm the
theoretical model predictions here presented.

Among other metal elements not included in model simulations, tin might have
advantages compared to lead, due to the much lower boiling temperature, i.e. higher

volatility and higher vapour pressure. Indium, gallium, thallium and all other low-melting
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point monovalent metals should exhibit higher ionic conductivity and be more suitable for
applications in solar concentration systems.

—a = Zn-BASE V
— @ = Pb-BASE V
—e— Cd-BASE V
—A- =7Zn-BASEPd |
— a = Pb-BASE Pd

—o—cd-Basepd | 2:0E-3

ower density [W/cm?]

0,0E+0

2,0E-02 4,0E-02 6,0E-02
Current density [A/cm?]

Figure 53. Computed polarisation and power curves for three different vapour-anode/vapour-
cathode AMTEC-like devices, operating with zinc, cadmium or lead vapour, respectively.
Simulation parameters: membrane thickness 0.5 mm, anode temperature 973 K, cathode

temperature 773 K, a,=a.=1 (effective adsorption); vapour pressures are computed as function of
temperature according to [47].

6.2.4  Experimental Apparatus and Procedure

An experimental apparatus has been proprietary developed in order to carry out
measurements of electrical performances of an AMTEC-like single-cell device operating

with non-alkaline metals working fluids coupled with the proper BASE, suitable for solar
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energy applications. The first experimental campaign will be performed using zinc as a
working fluid.

With reference to Figure 54, the experimental apparatus is composed of: the cell
composed of two symmetric semi-elements (5), designed and manufactured in-house as
described in the following; a turbomolecular vacuum pump (1) connected to the vacuum
chamber (7) and to the vacuum circuit; four Nupro vacuum valves (2); two Pirani pressure
gauges (3) and controller (6); two feedthrough connections for power supply and electrical
I-V signals (8); two cell temperature controllers and two K-type thermocouples (4).

It is worth to precise that the vacuum chamber is necessary in such a home-made lab-
scale testing device in order to ensure that no air contaminations and leakages occur
through the not-perfect seal between the two semi-elements, where the membrane disc is
placed. An industrial/commercial version of the device, to be used for power generation
only, would not need the extra chamber.

A certain amount of ultrapure solid metal is put inside the two semi-elements of the
cell, then the cell is assembled and put inside the vacuum chamber. The chamber is
alternatively flushed with gaseous nitrogen and evacuated by the vacuum pump and the
operation is repeated 4-5 times in order to remove all traces of air. After the final flush,
high vacuum is created inside the chamber by the vacuum pump, and the two semi-cells
are heated at two different and constant temperatures by electric band heaters. In this
condition, a differential pressure is set across the two semi-elements (i.e. the vapour
pressure difference due to the different anodic and cathodic temperatures) which can be
fine-tuned and kept constant by regulating the temperature difference.

The external electric circuit is closed either on an I-V tracer during measurement
tests, which automatically applies a variable load, ranging from open circuit to short-cut, in
order to obtain the polarisation and power curves, or on another electric load, during

normal operation.
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Figure 54. Simplified sketch of the developed experimental apparatus: (1) vacuum pump, (2) Nupro
vacuum valve, (3) pressure gauges, (4) temperature gauges, (5) experimental cell, (6) pressure
reader, (7) vacuum chamber, (8) feed-through connections for power supply of electric band
heaters and control and measurement signals. In particular, the external electric circuit can be
closed either on an I-V tracer device (during measurement test) or on another load (during normal

operation).

6.2.5 Design and Realisation of the Experimental Cell

Figure 55 shows a picture of the experimental apparatus. Figure 56 depicts different
views of the proprietary experimental cell developed in this work, which has been designed
in Siemens SolidEdge ST10 software [55]. In the following, the executive details of the

manufacturing of the device are presented.
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Figure 55. Proprietary developed experimental apparatus with indication of main items: (A)
vacuum chamber; (B) experimental cell; (C) vacuum circuit; (D) feed-through system for power,

control and signal connections; (E) vacuum pump.
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Figure 56. 3D views of the experimental cell: (A) assembled experimental cell; (B) transverse
sectional view with indication of the BASE (green) and ring gaskets (copper); (C) assembled cell

with electric band heaters installed; (D) exploded view with focus on bolts assembly.

The electrochemical device is made up of two semi-cells which are electrically
separated by a ceramic disc. The semi-cells are constituted by four Conflat DN40 AlSI
316L stainless steel commercial flanges.

In particular, as | aim to design a system capable to maintain a differential pressure
between the two chambers through a B”-alumina disc, a double drilling on each flange has
been done, at the same distance from the existing holes: the first set of holes has a diameter
of 8.5 mm while the second one has a diameter of 6.6 mm, separated by a 30° pitch along

the circumference. The smaller diameter hole set guarantees the closure of the two flanges
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which constitute each chamber (semi-cell) while the larger diameter hole set is for
clamping the two chambers and maintain the f-alumina disc in position.

The Conflat flanges include a circular slot where proper DN4OCF copper ring
gaskets are placed, in order to ensure a hermetic sealing towards the external environment.

An additional hole for the installation of an O.D. 1/4” stainless steel tube is realised
on the outer flange, for the connection to the external vacuum circuit.

To let the alkali metal be positioned inside the semi-cell, on the two inner flanges of
chambers, a circular 10 mm deep compartment has been realised. The chamber wall facing
the B”-alumina disc on both chambers has been perforated with an hexagonal pattern grid
of circular holes, having a diameter of 1.2 mm each and a pitch of 1.5 mm.

When assembling the two semi-cells 6 cylindrical Macor insulators (0.d. 8 mm, i.d.
4.5 mm) have been used together with 6 hexagonal screws and 6 nuts, in order to ensure
electrical insulation and good clamping between the semi-elements. The assembly parts of
the semi-cell are reported in Figure 57 together with the assembled experimental cell.

Two 400W band electric heaters are clamped to the two semi-elements in good
thermal contact with the lateral surface of the semi-cells. Such heaters provide the thermal
energy needed to maintain a constant temperature inside the cell, which in turn determines
the vapour pressure of the metal investigated as working fluid. The heating system is
completed by two K-type thermocouples directly screwed onto the anodic and cathodic
outer flanges, and connected to a temperature controller which switches the heaters on and
off to maintain a constant temperature set point.

The mass transfer from the hot, high pressure semi-element to the cold, low pressure
one leads to the progressive depletion of the metal mass in the hot semi-element, which
passes into the cold one through the membrane until the pressure in the hot semi-element
falls below the vapour pressure that the element would have at the anodic temperature. The
device does not include a re-circulation system from the cathodic chamber back to the
anodic chamber and thus it cannot work as a renewable battery producing electric power
over a long time, however, it works as a test device for a sufficient time to perform the

material characterizations. Basically, the electrical characteristic of the cell remains
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constant as long as the amount of metal is sufficient to ensure a two-phase system (liquid-

vapour equilibrium) in both semi-elements.

Figure 57. Assembled experimental cell and assembly parts: (A) internals of the inner flange with
view of perforated grid and solid zinc slot; (B) installation of the copper ring gasket on the
internal face of outer flange; (C) external face of outer flange, (D) placement of the membrane on

the external face of inner flange.

“Development of a new saturated vapour-anode, saturated vapour-cathode 157
AMTEC-like device”
Dr. Eng. Gianluca Tumminelli
International Curriculum in Statistical and Interdisciplinary Physics



A ST,
oV Il/),O

Sy t8% UNIVERSITA
@;3 Z DEGLI STUDI
2/ €& DI PALERMO

Zopg s

NO/‘)”

CHAPTER VII
INDUSTRIAL APPLICATION AND
DEVELOPMENT OF A SECOND
GENERATION AMTEC-LIKE CELL
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7.1 Potential application to solar energy

The simple design proposed in chapter IV would simplify the manufacturing of the
cell, reduce costs and make it suitable to combined application with discontinuous heat
source, as solar radiation.

In fact, both in parabolic linear and parabolic dish solar collectors, the optical focus
has got different positions during the day, as it tracks the relative sun position. Due to the
effect of gravity, if one or more cells are installed on the focus, then they could have part
of the BASE wetted by the melted metal, both at anode and cathode side, being the
remaining part in contact with the vapour metal. In a well-designed cell, instead, the BASE
would be in contact with metal vapours only for most of the operation during the day.

In a Fresnel-type solar collector, on the other hand, the optical focus does not change
its absolute position during the day, as the maximisation of the solar energy capitation lies
with the movable mirrors system.

For these reasons the saturated vapour-anode/saturated vapour-cathode configuration
seems more indicated for coupling with parabolic linear or parabolic dish collectors, while
the saturated liquid-anode/saturated vapour-cathode configurations are particularly suitable
for coupling with Fresnel-type solar collection systems. Moreover, both types of AMTEC-
like cells can also be easily coupled to waste heat recovery systems as well as to biomass
and biogas heat production.

In any case, when applying such a device to any thermal energy available source, a
regeneration or recirculation system, like those already provided in current AMTECS, has
to be adopted in order to get a continuous operation. The following sections report

discussions about our investigated regeneration/recirculation system.
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Figure 58. 3D rendering of a Fresnel type solar collector with second generation NAMTEC devices
installed in a rotating array. Construction details and assembly are included on the relative patent
request no. 102018000007710, deposited on 2018, July 31%.

Figure 59. 3D rendering of a particular of the array of second generation NAMTEC devices installed
onto a Fresnel type solar collector. Construction details and assembly are included on the relative
patent request no. 102018000007710, deposited on 2018, July 31
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7.2 Novel Cell Regeneration Mechanism

In addition | propose an innovative solution for cyclic operation., characterized by a
new, simple, periodic regeneration system, for the renewable heat-to-electrical energy
direct conversion, suitable for testing and operation with non-alkali metals as working fluid
and properly conditioned beta”-aluminas conducting discs as solid electrolytes, which could
have promising applications as second generation electrochemical cells for power
generation.

In current AMTEC devices the anodic and the cathodic environments are connected
one to the other by a return channel, in which the condensed metal flows by natural or
forced circulation. This is enough to ensure, together with the continuous application of a
hot source at the evaporator and a cold sink at the condenser, the renewability of the
system.

As new mechanism of regeneration of the cell, a simple inversion of the hot and cold
semi-element is proposed. When the condensed phase metal content in the hot element is
near to total depletion due to evaporation and transfer to the cathode-side through the
BASE (i.e. the anode system becomes monophasic), then the cell is literally flipped so that
the anodic element takes the place of the cathodic one, and vice versa. In laboratory
experiments, the same result is achieved by simply exchange the temperature set-points at
anode and cathode on the temperature controller, that would also imply the inversion of
polarity of the generated voltage.

The complete cell regeneration mechanism is well described in the patent request no.
102018000007710 titled “Dispositivo per la conversione di energia, sistema di conversione
di energia e relativo procedimento di conversione di energia” and deposited by Qohelet
Solar Italia S.p.A., Universita degli Studi di Palermo (UNIPA) and Istituto Nazionale di
Astrofisica (INAF) on 2018, July 31%,
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Figure 60. 3D rendering of a second generation multitube NAMTEC device. Construction details and
assembly are included on the relative patent request no. 102018000007710, deposited on 2018, July 31%.

Figure 61. 3D rendering of the tubular beta”-alumina solid electrolytes and their electrical connection
into a second generation multitube NAMTEC device. Construction details and assembly are included
on the relative patent request no. 102018000007710, deposited on 2018, July 31%,
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7.3 BASESs and electrodes in industrial devices

As shown in Figure 62, the beta”-alumina solid electrolyte in the industrial version of
the device will be realised in tubular shapes, provided with ceramic-metal joining, in order
to increase the electrolyte surface area and then the electrical current density. The adopted
BASEs will be chemically doped as discussed in chapter 11, starting from commercial
BASEs provided by IONOTEC Ltd.

Figure 62. Beta”-alumina ion conducting ceramic tube with ceramic-metal joining [56].

Furthermore, as known in [1], the electrode is one of the most important components
of AMTECs, and it contributes to 15-19% of the overall degradation of the power output.
Search for high performance electrode is a feasible approach to improve the power output
and efficiency of AMTECs and second generation NAMTECSs. This should involve with
materials, geometrical optimization (see Figure 63), and a proper vacuum level of
AMTECs’ cathode side. Desirable electrode properties include:

(a) Good electrical conductivity;

(b) Good physical bonding with the BASE membrane;

(c) A thermal expansion coefficient that is close to that of BASE;
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(d) High permeability to sodium vapour;
(e) High corrosion resistance to sodium vapour;

(f) Low material loss rate by chemical reaction or sublimation; and

(9) Slow grain growth and material migration.
Refractory electrode materials such as TiB,, LaBg, TiN, TiC, TiN-TiC, NbN, and

NbC offer many of these properties; however, none of them meet all the requirements.

Actually, among the properties above, (a)(b)(c)(d)(g) are the most desired parameters in

selection of electrode material.

Figure 63. Schematics of installation of porous electrodes onto the outer and the inner surface of a

tubular ceramic ion conducting BASE.

The contact between electrode and electrolyte (which is related with the operation
lifetime of the electrode through grain size) and the pressure losses (which characterizes
the pressure drop due to the diffusion of neutral sodium atoms forming at the BASE-
cathode interface through the porous electrode) are two important aspects to be considered
during the electrode selection. High performance electrodes should minimise internal
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charge-exchange polarization losses, and minimise concentration losses, as well.
Additionally, the current collector/electrode contact resistance is also used to evaluate the
performance of electrodes.

So, suitable materials for electrode of industrial AMTECs and second generation
NAMTECs range from the early metal material (Mo), to the ceramic electrodes (TiN, TiC,
TiN-TIC, LaBg and TiBy, etc.), the refractory alloy electrodes (RhxW), and the most recent

mixed-conducting (ionic and electronic) metal-oxide electrodes (Mo/Nay-TiO, and

TiN/Nay-TiOy).
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CONCLUSION

The present work has focused on heat-to-power generation technologies with special
concern in Alkali Metal ThermoElectric Converters (AMTEC).

The state of art of AMTEC as devices capable to directly convert heat to electric
energy has been first presented and then the focus has moved to the mathematical
modelling of the system. A review of models developed to date has been reported and a
novel model of a vapour-anode/vapour-cathode AMTEC-like device has been developed,
aiming at the determination of the electrical performances (extractable current and power
densities) and based on theoretical considerations form statistical thermodynamics and
kinetic theory of perfect gases.

The final expression for the circulating current density derived from the proposed
model has been compared to another derived from literature and based on a purely
empirical approach. An analogy of terms occurring in the two approaches has been
identified, demonstrating the validity of the novel model here proposed, as a tool for
prediction of vapour-anode/vapour-cathode devices performances.

In order to overcome criticalities of current AMTEC devices, mainly regarding
durability and specific power efficiency, future research should be focused on the
development of second generation AMTEC-like devices, able to operate at less critical
temperatures, with a regeneration mechanism different than physical condensation at
cathode, and with working fluids different than alkali metals, properly coupled with
suitable BASEs.

The modelling here presented will be a valuable tool for the optimization parameters
of such second generation AMTEC cell.

The final part of the thesis has described the proposed approach to overcome some of
the technological limitations of the currently investigated AMTEC cells, focusing in
particular on the design of a non-Alkali Metal ThermoElectric cell, based on the same

AMTEC operation principle but operating with some other cheaper and more durable and
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reliable non-alkali monovalent or divalent low melting point metals belonging to Il B

group (Zn, Cd, Hg), 111 A group (Ga, In, Tl) and IV A group (Sn, Pb).
The fabrication of a home-made, lab-scale testing device followed in order to

validate the design work and start experimental measurements of cell electric performance,

whose results will be necessary to confirm the theoretical model predictions.
Finally, 1 have briefly discussed about the possible application of such developed

device to already existing eco-friendly thermal energy sources, such as solar radiation

collection systems, biomass and biogas power systems.
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