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Abstract

Low-Temperature Heat (LTH), heat below 100°C, has recently elicited great interest among the
scientific community, as a source of energy since it actually does not see any form of utilization as
it is currently simply released into the environment. The conversion of such form of energy from
various sources thus becomes of utmost importance as its efficient recycling would allow decreasing
the environmental footprint caused by humankind during energy production, and it would open the
doors to the exploitation of a huge amount of heat as well, such as geothermal, solar, and industrial
waste heat.

Even though the conversion of High-Temperature Heat (HTH) is well-established thanks to its high
energy level and the widespread availability of methodologies able to convert it in a quite efficient
way, the conversion of LTH is still a challenge due to its complexity. As a matter of fact, the
conversion efficiencies of low-temperature heat are really low because of the limitations imposed by
Carnot law, as well as the existence of technological limits which further reduce the efficiency of the
conversion of LTH into a form of energy that can be stored for appropriate timeframes, facts that
negatively affect the overall performance and thus development, production and commercialization
of devices based upon the process.

For these reasons, even though LTH is a ubiquitous energy source, it is potential as a viable energy
source still remains unexploited due to the lack of an optimized methodology capable of
simultaneously integrating heat-exchange and energy conversion, and capable of converting this
otherwise wasted heat source into electrical energy with an efficiency close to the theoretical
maximum value in a cost-effective way.

In order to be suitable for extensive industrial production, technologies capable of converting Low-
Temperature Heat into electrical energy should show high power densities, scalable and efficient
whilst being cost-effective; to this point, the techniques proposed for this afore mentioned application
all failed to achieve suitable efficiencies and practical values of power density, thus making the LTH
conversion unfeasible.

To fill this technological gap in contemporary energy production and storage, this research project
focused on the development of a suitable system that is able not only to convert LTH into electricity
but also to store it in form of chemical energy.

The efforts put in the studies for this Ph.D. project lead to the design of a device called Thermally
Regenerable Redox-Flow Battery (TRB) consisting of a redox-flow battery that can be recharged by
a thermal process in light of the objective of efficiently exploit the energy of LTH, which otherwise
would simply be lost to the environment.

The device is based upon a two-stages technology composed of a “power production” stage and a
“thermal” stage: power production happens in an electrochemical cell which releases electricity at
the expenses of the mixing free energy of two water solutions of the same salt at different

concentrations, referred to as a concentration cell.
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When the two solutions reach the same concentration, the exhausted fluid is sent to the second stage,
the thermal process, which regenerates the initial mixing free energy, by exploiting LTH sources,
through vacuum distillation. The efficiency of the technology is the product between the efficiencies
of the units in the device where both stages happen: the electrochemical cell, engineered for power
production, and a distillation unit, designed to be responsible for the thermal conversion.

To achieve all these objectives, thermodynamic studies have shown the importance related to the
solvent and salt choice to ensure high energy conversion efficiencies in the device.

To increase said conversion efficiency, it is important to optimize the efficiency of the second stage,
the one dedicated to thermal conversion: in fact, as already mentioned above, if theoretically the
efficiency of the “power production” stage could reach the maximum value possible, the conversion
efficiency related to the thermal stage would still be limited by Carnot law, thus limiting the
applicability of the technology for widespread use.

Thermodynamic concepts were studied for the optimization of the engineering of the distillation unit
in charge of thermal conversion and the subject highlights the importance of a high boiling point of
the solution that undergoes to distillation and, additionally, to increase the amount of stored energy
in the device, thermodynamics points out the importance to choose not only the highest concentration
difference between the solutions, but also to use a solvent with a large latent heat of vaporization.
Given the requirements just described for the optimization of LTH conversion devices, aqueous
solutions appear to be the rational choice for TRBs, due to the large latent heat of water vaporization
and the large solubility of a great array of salts: the most suitable salt may be chosen among those
with the highest solubility, such as halides and hydroxides, which are capable of increase the boiling
point of water by 20-50°C as well once the saturation point is reached.

Among these salts, Nal/l> and LiBr/Br, will be the most discussed redox couple in this thesis, as
result of thermodynamic analysis.

The achieved results, as well as the main research activities, are briefly reported in this abstract:
starting from the determination of the activity coefficients, mixing free energy of the initial solutions,
and the open-circuit voltage of the electrochemical are calculated, furthermore, thermodynamic
evaluations of the formation of the poly-halide ions are considered to determine energy losses in the
process upon which the proposed device is based.

Electrochemical cells are specifically designed for both systems: electrochemical cells are based on
the technology of sodium ion-conducting ceramic membrane, for the Thermally Regenerable Redox-
Flow Battery based on Nal, as well as membranes based on the technology of lithium ion-conducting
ceramic materials, for the TRB based on LiBr solutions. Such cells are then coupled with a liquid-
liquid extraction process, performed by a novel, unconventional device, called “Through Liquid
Exchanger” (TLE).

To evaluate the electrochemical performances of the systems, in terms of power density and
maximum current density, cyclic voltammetry is performed while discharge profiles are recorded by

galvanostatic cycling with potential limitation (GCPL), which is an electrochemical technique that
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allows measuring the extracted energy as well as the electrochemical efficiency of the device,
specifically of the power production stage.

Modeling of the operational conditions of the thermal stage allows determining the parameters that
would allow an efficient way to run the distiller as well as determines the distillation efficiency of
both lithium and sodium-based systems.

Improvements of the electrochemical cells and working conditions are made for both the developed
TRBs.

Specifically, for the TRB based on Nal solutions, the optimization of the electrochemical cell consists
in the improvement of the morphology, permeability, conductivity, and perm-selectivity of
NASICON membrane, obtained through different synthetic procedures; further improvements of the
system are centered around the choice of the organic solvent used to fill Through Liquid Exchanger,
as well as the general setup of the redox-flow cell, in terms of fluxes, pumps, cell, and TLE positions
along the circuit.

On the other hand, the optimization of the Thermally Regenerable Redox-flow Battery based on LiBr
water solutions, consists in the implementation of a new shape of Through Liquid Exchanger,
coupled with the choice of thinner commercial membranes.

The initial experiments prove an unprecedented heat-to-electricity efficiency for both the systems:
3% for TRB-Nal and 4-5% for TRB based on LiBr water solutions, depending on the thickness of
the membrane with a power density output of almost 10 W m2 for both technologies, which opens
various possibilities to implement further improvements into this new class of energy
storage/converter devices.

Particularly, new materials may be studied as electrodes for the system based on LiBr, as they
actually involve platinum electrodes, which may increase the power output as well as dramatically
reduce the cost of these devices to make them an attractive candidate for large scale production.
Whereas for TRB systems based on Nal technology, the main improvements would be related to the

NASICON membranes, as their properties may be enhanced by changing synthetic procedures.
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CHAPTER 1

Introduction

Climate change, due to its increasing impact on eco-systems and their biodiversity, represents an
urgent and potentially irreversible threat to the planet and human societies: the Earth’s average
temperature is about 15°C and even though there are natural climatic fluctuations, temperatures are
now rising at a higher rate than other time (Figure 1.1).

In 2018, the Intergovernmental Panel on Climate Change (IPCC) confirmed that the effects of climate
change start acting rapidly with increasing global mean temperature and suggested that with a mere
increase of 2°C in average temperature, the world would see dramatic impacts due to climate change?.
With the term “warming” is indicated the increase in multi-decade global mean surface temperature
above pre-industrial levels. Specifically, warming at a given point in time is defined as the global
average of combined land surface air and sea surface temperatures for a 30-year period centred on
that time, expressed relative to the reference period 18501900 as an approximation of pre-industrial
levels, excluding the impact of natural climate fluctuations within that 30-year period and assuming
any secular trend continues throughout that period, extrapolating into the future if necessary.
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Figure 1.1. Average mean land temperature above or below average (°C). Average is calculated from 1951 to 1980 land
surface temperature data. Sources: University of California Berkeley.

According to the above-mentioned report, Arctic land regions will see cold extremes be as warm as
5.5°C with an average increase of 1.5°C warming, while if such increase would lay in a range of
1.5°C to 2°C, cold extremes will be up to 8°C warmer. The report also finds that with a warming of
2°C, some places will see an increase in heavy rainfall, especially in the Northern Hemisphere, and
more land areas will also be affected by flooding and increased runoff. Another estimation shows
that nearly 250 million people could be potentially exposed to water scarcity by 2050 if the global

warming will surpass the threshold of 1.5°C. If this raise in average temperature of 1.5°C is reached,
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about 14% of Earth’s population is predicted to be exposed to severe heatwaves, while if the increase
goes beyond 2°C, that number would rises to 37%. Limiting warming to 1.5°C would reduce the
number of people frequently exposed to extreme heatwaves from 420 million to nearly 65 million
fewer people.

With an average warming of 1.5°C, this report also shows as 6% of the insects, 8% of the plants and
4% of the vertebrates will see their climatically determined geographic habitat reduced by more than
half, whereas with a 2°C average warming, these values would increase to 18%, 16%, and 8%
respectively.

With these changes coming into play, entire ecosystems would be radically transformed from what
we are currently used to know: above 1.5°C warming, for instance, in the Mediterranean biome
desertification is expected to become more relevant and oceans will become more acidic due to
higher concentration of CO,, which will become even higher if the average increase in temperature
reaches 2°C; this last climatic effect would negatively impact several marine species, spanning from
algae to fish and, furthermore, ocean oxygen levels would decrease, causing a decrease in aquatic
life. Another effect of oceans acidification and warming would cause coral reefs to decline by 70 to
90% if the average water temperature is raised by 1.5°C, becoming virtually non-existent if this
increase reaches 2°C.

On another note, human life would also be impacted with temperatures warmer by 1.5°C:
specifically, risks in human health, livelihoods, food security, water supply and economic growth
would become more common and some of the already economically unstable populations would see
an increase in poverty rates.

IPCC estimates that in order to limit temperature increase to 1.5°C, net-zero CO, emissions at global
level needs to be achieved around 2050. For this reason, in March 2020, the European Commission
proposed to enshrine in legislation the political commitment to be climate neutral by 20502. With the
European Climate Law, the European Commission proposes a legally binding target of net zero CO;
emission and all the greenhouse gas emission.

One important contribution towards meeting this target is to exploit conventional energy sources
more efficiently as well as to incentivize the use of renewable or wasted energy; in this regard, the
conversion of low-temperature heat into electrical current can contribute to the overall reduction of
consumption of fossil fuels if employed for waste heat recovery or for co-generation.
Low-Temperature Heat (LTH) is defined as heat below of 100°C; it is a widely available thermal
energy source but still unexploited because of the lack of suitable devices able to convert this type
of energy in efficient and cheap way?®. A few examples of such Low-Temperature Heat sources
available in the world are solar heat, geothermal sources, biomass, co-generation and wasted heat.
Considering wasted heat, more than 60% of this resource gets wasted as Low-Temperature Heat
(Figure 1.2): specifically, it is lost to the environment (released in atmosphere or in fluids) without
any re-utilization, thus wasting an opportunity for resource optimization. With all this in mind, the

conversion of Low-Temperature Heat from various sources, described below, becomes therefore of



utmost importance since it would allow to decrease the environmental footprint of energy production
caused by humankind.
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1.1. Sources of Low-Temperature Heat
1.1.1. Industrial Waste Heat

Industrial waste heat is the energy released during industrial processes without being put to practical
use. More than 60% of the industrial energy consumption is released as Low-Temperature Heat.

In 2009, “ENOVA international” reported a study of the waste heat deriving from industries in
Norway. The study temperature distribution of the waste heat is showed in Figure 1.3: 47% of the
waste heat has less than 60°C, 16% has a temperature between 60°C and 140°C and 37% of the total
waste heat has a temperature higher than 140°C. In 2011, the same study was carried out by Pehnt
et al* about the situation in Germany: results showed that 88% of the total waste heat has a
temperature lower than 140°C and, in particular, 80% of the heat has a temperature lower than 60°C
(Figure 1.3).
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Figure 1.3. Comparison of waste heat distribution in the industrial sector: ENOVA (Potensialstudie for utnyttelse av
spillvarme fra norsk industri. Rapport.Enova SF; 2009.) Pehnt et al*.

Even if some waste heat losses are inevitable, it is possible to reduce the losses by installing waste
heat recovery technologies that capture heat and use it directly for heating or the generation of
electrical/mechanical work. The estimation of the work potential of waste heat at different
temperatures is reported in Figure 1.4. The analysis is based on the amount of heat estimated using
a reference temperature of 25°C which represents the maximum heat recoverable if, for example,
exhausted gases are cooled down to room temperature. The graph in Figure 1.4 shows not only that
Low-Temperature Heat is abundant, as already known, but also its corresponding work potential
exceeds that of Medium and High-Temperature Heat. Thus, even if LTH has lower value, the large

amount of available Low-Temperature Heat makes it worthy of further investigation.
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1.1.2. Low-Temperature Geothermal Heat

Geothermal heat is a renewable, clean energy resource which can be sustainably exploited. This type
of thermal energy is stored in the Earth’s subsurface, located in geologically favorable places. In
general, the temperature of the Earth’s interior increases from the surface at increasing depth reaching
a maximum estimated temperature of 5500°C at the Earth’s core. Nevertheless, in some locations,
high temperatures are available at low depth. In these places, the heat can be exploited by means of
geothermal power plants which consist of heat engines. Currently, there are more than 500
geothermal power plants in operation in 30 different countries, with a total installed capacity of about
13 GW (Figure 1.5).

Usually, high geothermal energy (temperature above 100°C) is used for power generation while low
geothermal energy, (temperature lower than 100°C) is mainly used for district heating or it is
unexploited.

Geothermal sources at lower temperature are more widespread than the sources at higher
temperature, both in Europe and in the USA, as it can be observed in Figure 1.6 and 1.7. Nevertheless,

this kind of energy source is still untapped due to the lack of suitable devices able to exploit it.
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1.1.3. Low-Temperature Solar Heat

Solar thermal energy is a form of renewable energy that can be exploited in several areas in order to
reduce dependence on non-renewable energy sources, such as coal combustion or natural gas.

The solar heating system is designed to produce heat, unlike the solar photovoltaic cell array, which
is designed to produce electricity.

Generally, 55% of the annual domestic hot water requirement could be provided by solar heating
system.

Collecting heat from the sun and using it to produce electrical current could be also a viable
alternative to photovoltaic plants: thermal solar energy has already been used to produce electrical
energy in industrial-scale solar thermo-electric plants. These power plants concentrate the rays of the
sun using mirrors to release high-temperature heat in order to drive a steam turbine. Usually, the heat
is transferred to a fluid, which in turn is passed through heat exchangers to run a traditional electricity
steam cycle.

Nowadays, solar thermo-electric plants work only at high temperatures and thus require high optical
concentration of solar energy involving the use of suitably shaped mirrors and tracking of the sun®®.
Unfortunately, solar optical concentration is a valid and economic option only in regions where the
sky is extremely clear for a substantial fraction of days per year, like in the southern countries of
Europe. Globally, at the end of 2016, an estimated 4 GW of thermal-solar power plants were under
construction or under development. The high cost of investments causes a raising of electricity costs
and this is one of the down sides of this technology.

Low-Temperature solar thermal energy is exploited in several areas for domestic use (production of
hot water and heating), heating swimming pools, or for industrial uses that requires hot water, lower
than 100°C, but it is currently not exploited to produce electricity even if its production from low-
temperature solar heat is cheaper: in fact, low levels of solar concentration can be easily achieved
with concentrators working with the so-called non-imaging optics. These concentrators do not
require the tracking of the sun and therefore are cheaper. Hence, the harvesting of LTH from the sun
is less expensive than the harvesting of High-Temperature solar heat. For example, in 2009, low-
temperature collectors totaled nearly 1 km?: 94% of these low-temperature collectors were used in

the residential sector (Figure 1.8).

1.1.4. Household Cogeneration

As shown in Figure 1.9, Low-Temperature Heat is widely required in space heating, more than in
other sectors like industries or transportation. The most efficient way to deliver heating, cooling, and
electricity could be Cogeneration or Combined Heat and Power (CHP).

For example, producing electrical current from fossil fuels also produces unused heat, on the other
hand, room heating consumes fossil fuels that could be also fruitfully used for producing electrical

current. Cogeneration is based on the simultaneous production of electricity and thermal energy.
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Figure 1.9. Heat consumption in Europe. (Data from Euroheatcool, 2006).

Combining the two processes would allow increasing the overall efficiency: indeed, CHP is up to
40% more efficient than the separate generation of heat and power. Currently, in Europe,
cogeneration supplies 11% of electricity and 15% of heat, saving 200 million tons of CO, every year.
Right now, 27% of fuels used in cogeneration in Europe are renewable, such as biomass and biogas.
Nowadays, cogeneration is mainly applied in medium-large plants, for district heating.

Household cogeneration is efficiently performed by condensing boilers, working at low
temperatures, so that the latent heat of vaporization of water is recovered by condensation. This
system does not find a wide application due to the high costs required for the available technologies,

whose costs can be amortized only in several years or, better, in medium-large scale plants.



1.2. Conversion Technologies

Low-Temperature Heat is an energy source that can be directly used or can be converted into another
form of energy. The direct use of LTH includes hot water production systems’, district heating?,
biomass processing®, radiation-convection recuperator® and etc.

LTH conversion systems convert Low-Temperature Heat into heat with different temperatures or in
electrical energy, named “power production”. Options for the so-called “heat to heat” conversion
include the absorption heat pump?®, absorption heat transformer!?, and vapor compression heat
pump?3, while the conversion of LTH in electricity can be performed by several technologies that
will be discussed in the next section.

Before treating all the possible systems that can convert LTH into electricity, it is fundamental to
understand the complexity behind this process.

Actually, the conversion of LTH is harder compared to the conversion of HTH (High-Temperature
Heat) due to its low energy level and the lack of technologies able to convert this heat efficiently.
Moreover, distributed waste heat recovery increases the installation space requirement, requiring
higher investments, and operation costs®.

Technologies to convert LTH into electricity must show high power densities, be cost-effective,
scalable, and efficient. Up to now, the most extensive system studied to convert LTH sources are
Thermoelectric Generators (TEG), Organic Rankine Cycle (ORC), and Kalina Cycle (KC) which are
considered the “traditional” heat-to electricity converters because they already found application in
the conversion of HTH.

Recently, other technologies were proposed to convert Low-Temperature Heat into electricity based
on osmosis or electrochemical processes. These methodologies can be classified on the heat source
utilization: devices that directly convert LTH into electricity and devices that involve a power stage

and a second thermal treatment where heat is consumed.

Here it is proposed a review of the principal type of technologies proposed to convert LTH and
produce electricity. All the technologies here reported are evaluated in terms of power output and
thermal-electrical efficiency.

The thermal-electrical efficiency, also called heat-to electricity efficiency or energy conversion
efficiency, or again power conversion efficiency, is usually expressed in its generic form as the ratio
between the produced electrical work (W) and the required heat (Q):

ELANCRY
ﬂ—Q .

It is widely known that the maximum thermal conversion efficiency of a power generation system is
the Carnot efficiency which represents the ideal efficiency when the heat input is realized in constant

heat source tem perature:
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Where W is the produced work, g, is the heat introduced in the system, gou is the heat released to the
heat sink, Ty is the temperature of the heat source and Ty is the temperature of the sink that generally
corresponds to the room temperature.

Another important parameter, useful to compare different technologies, is the efficiency relative to

Carnot engine (77c):
Ul
Nric = — (1.3)
Nc

where 7c is the efficiency of a Carnot engine operating at 47, # is the power conversion efficiency
of the thermal converter operating at A7. This parameter, nr ¢ is also known as exergy efficiency or
second law efficiency.

Furthermore, it will be discussed the electrochemical efficiency for the technologies that involve

electrochemical cells and other important parameters like costs, materials and system complexity.

1.2.1. Traditional Heat-to-Electricity Converters

The most studied heat converters are Thermo-Electric Generator (TEG), Organic Rankine Cycle
(ORC), and Kalina Cycle (KC) systems. Despite much progress over the past decades, all these
systems have not been used for large-scale conversion of LTH to electricity due to the low heat-to-
electricity conversion efficiencies, low power densities, high material and high operational costs,

lack of capacities for energy storage, and system complexity+2¢,

The Organic Rankine Cycle is a power production system based on the steam Rankine cycle, which
converts heat into mechanical work that is then used to produce electrical power.

Rankine cycle consists in four different steps: in the first one, the working fluid, which is in liquid
state, is pumped from low to high pressure, this means that the pump requires energy to work. In the
second stage, the high-pressure liquid is heated at constant pressure to saturated vapor. The third
process consists in the expansion of the vapor through a turbine producing mechanical work: in this
part of the cycle, some condensation may occur because of the decrease of the temperature. The
complete condensation, at constant pressure, takes place in the last process where the vapor enters in
a condenser (Figure 1.10).

In the case of an ORC, water is substituted with an organic solvent as working fluid. Several are the
advantages of ORC systems such as the lower temperature and pressure required for the evaporation
process'4. This means that ORC power plant is more suitable for low-temperature applications

compared to Rankine cycle power generator based on water fluid.

10



Expansion of pressurized vapor
Evaporator A Heated produces power. Generator
“~ pressurized vapor l rotation produces electricity.
= Gen
Heat
Sgurce
Refrigerant Loop Low pressure vapor
Condenser
2x i
: ; Pump <
High pressure liquid | /
‘_._% Low pressure liquid
Receiver tank

Figure 1.10. Organic Rankine Cycle Heat recovery System. (Alaska Energy Wiki).

ORCs can assume different configurations such as basic ORCY-%, single?-?? stage regenerative
ORC, dual-loop ORC??2% or ORC with a recuperator?*2°,

The working fluids in ORC are responsible for the performance of the plant: for this reason, the
research focalized its attention on the fluid selection for several different heat recovery applications?-
2 1n general, organic working fluids must have relatively low boiling points and high vapor pressures
in order to evaporate exploiting LTH; at the same time, they must be no toxic, safe, and cheaper.

In a work of 2008, Tchanche et al?” studied several organic fluids concluding that R134a followed
by R152a, R290, R600, and R600a (1,1,1,2-tetrafluoroethane, 1,1-difluoroethane, propane, butane,
i-butane respectively ) are the most suitable fluids for application at low temperature, with heat
sources below 90°C.

In 2011, another study showed the optimal operation condition of several working fluids which were
determined by a procedure employing MATLAB and REFROP taking into account a double-organic
Rankine cycle systems®. The authors concluded that for waste heat recovery from a fixed Low-
Temperature Heat source, the working fluids have limited influence on the optimal operation
conditions: in fact, the research pointed out as, at the optimal operation condition, the thermal
efficiency difference between each working fluid was less than 0.255% while the power difference
was around 0.2 MW (Figure 1.11).

Even if ORC is a mature technology, its application at lower temperatures requires further
optimizations because of its high material and operational costs®\32 (Figure 1.12), system complexity,
and low efficiency®. In particular, the low efficiency and the high maintenance costs hindered the
widespread application of ORCs.

ORCs show better results when are applied to recover Medium-Temperature Heat: an example is the
work of Peris®, where ORC reaches energy efficiency closer to 11% exploiting heat sources
temperature about 155°C. Starting from thermal power input ranged from 95.14 kWt to 146.41 kWi,

the maximum gross and net electrical powers achieved were 18.03 kWe and 15.93 kWe, respectively.
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In a more recent work®®, researchers tried to integrate a heat pump with an ORC to improve the net
power output of the device. Starting from several assumptions, someone also disputable, they
showed, using R236fa (1,1,1,3,3,3-exafluoropropane) as working fluid, that the amount of heat
recovered, and the net power output was increased by = 12% and = 9.5% respectively. Also, in this
studied case, the heat sources temperature was about 150°C.

The most significant improvement in the steam power cycle since the development of the Rankine
cycle in the mid-1800s was the Kalina Cycle. It consists in a working mixture fluid composed of two
liquids with different boiling points. In this way, the solution boils and condenses over a range of
temperatures, which means more extracted heat from the thermal energy sources than with a pure
working fluid. Adjusting the ratio between the components of the solution, the range of boiling points
of the working fluids is thus tailored on the heat input temperature. Generally, Kalina Cycle generates

from 10% to 50% more power than conventional steam power generation systems.
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The first and simplest Kalina Cycle system proposed was based on a superheated mixture of
ammonia-water vapor which was expanded in a turbine to generate work®. The exhausted fluid was
cooled, diluted with ammonia-poor liquid, and condensed in the absorber by cooling water. The
saturated liquid was then compressed to an intermediate pressure and heated. The mixture was
separated into an ammonia-poor liquid, which was cooled and depressurized and an ammonia-rich
vapor which was cooled and mixed with some of the original condensates in order to obtain an
ammonia concentration of about 70%. The mixture was then cooled, condensed, compressed, and

sent to the boiler via regenerative feed water heater (Figure 1.13).
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Figure 1.13. Configuration of a Kalina Cycle®.

In a work of 2007%, the performances of a KC are compared to the performances of an ORC
exploiting low-temperature geothermal heat sources. They concluded that, under a moderate turbine
inlet pressures (15 to 40 bar) and a turbine inlet temperature of 90°C, KC performs better than ORC.
In 2013%*, Rodriguez et al. carried out comparative exergoeconomic analyses for the KC and ORC
implemented for a geothermal plant in Brazil. They tested a mixture of 84% ammonia and 16% water
as working fluid for the KC and R-290 (propane) as working fluid for ORC, showing the superiority
of the KC from the economic and thermodynamic points of view. The heat source worked at 100°C
and the turbine inlet pressure was in the range between 15 bar to 50 bar. In several studies, KC results
competitive with ORC systems in terms of the specific investment cost and the specific electricity
generation cost. For example, for energy generation from geothermal source, the specific investment
costs of the KC were approximately 1200$ kW while the ORC were approximately 1500$ kw1 1°,
In 2014, a study demonstrated as KC has better efficiency than other evaluated cycles when applied
to recover medium temperature heat sources*. Under these operational conditions, KC technology
reaches energy efficiency of 10.6% and exergetic efficiency of 59.3%.

Recently, another thermodynamical study demonstrated how the gross power and the conversion
efficiency of a KC are in general higher compared to ORC, when applied to exploit geothermal heat

at low temperature, < 86°C (Figure 1.14)*.
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Despite its performances, KC is a technology that remains too expensive and complex, and therefore
its application at low temperatures is still not diffuse.

The third and last type of “traditional converter” is the Thermoelectric Generator, a solid-state device
that directly converts heat in electricity. TEG can work an extended period of time, exploiting limited
temperature differences. This ability added to the fact that TEGs do not contain any moving parts,
and thus associated with the limited need of maintenance and probability of failure over long periods,
and they can withstand extremely harsh environments, make these devices able to operate in
situations where traditional engines are not implementable®42,

The main element of a TEG is the thermoelectric module*® (Figure 1.15) which transforms heat into
electricity by taking advantage of the Seebeck effect*’. The Seebeck effect describes the generation
of electrical potential in an open circuit formed by two dissimilar conductors or semiconductors when
their junctions are maintained at different temperatures. When there is not a temperature gradient,
the charge carriers are uniformly distributed in the two materials. However, when a temperature
difference is maintained between the junctions, the kinetic energy of charge carriers at the hot end
will be greater than the kinetic energy at the cold end. Therefore, the charge carriers will diffuse from
the hot side to the cold one. The gradient in the number of charges is then balanced by the resulting
internal electric field.

Thanks to the Seebeck effect, a temperature gradient can be exploited to generate an electrical
potential which can be convert into electricity when a load is connected across the thermoelectric
material/s, resulting in an electrical current: both the thermoelectric module and the temperature
gradient determine the resulting power.

To increase the temperature gradient, heat exchangers are used at both hot and cold sides of the
modules, which dramatically affected the power output of a TEG, as demonstrated in a study of
2015%.
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Figure 1.15. Scheme of a commercial thermoelectric generator module?®.

To compare the performances of different thermoelectric materials, the thermoelectric figure of merit
ZT becomes a relevant parameter. It takes into account the electrical conductivity (o), the thermal
conductivity (k), and the Seebeck coefficient (a) which is related to the density of states*’ at a certain

temperature T.

a’o

ZT=—T (14
—T (14)

Good thermoelectric materials should have large Seebeck coefficient to increase the electrical
potential; high electrical conductivity to minimize the so-called Joule heating related to the Ohmic
losses; low thermal conductivity to retain heat at the junction.

The main drawback of this technology is related to the low heat-to-electricity conversion efficiency
when applied at low temperatures. In a study of 2009, a TEG unit was designed and tested for Low-
Temperature waste Heat power recovery (Figure 1.16 c). The power output and the energy
conversion efficiency were affected by the hot fluid inlet temperature and flow rate: when the hot
fluid was injected at 150°C, the efficiency was 4.44%; but when the temperature of the hot fluid
decreased to 90°C the efficiency decreased too, reaching 2.45% (Figure 1.16 a-b).

Integrating theoretical analysis and experiment, Gou et al*, studied the influence of heat transfer
irreversibility on TEG performances and proposed several improvements for the system. The model
confirmed the experimental data: when the hot fluid inlet temperature was 80°C, the thermal
efficiency was only 2% and did not change significantly with temperature.

To increase the energy recovery efficiency, thermoelectric modules are normally coupled with heat

pipes and finned heat sinks because that can provide larger heat transfer rates across the TEG cell*°.
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schematic diagram of TEG?,

In fact, a heat pipe works as passive heat exchanger which is used to improve the heat dissipation
from the cold side of a thermoelectric module or to transfer heat effectively from a heated space to a
cooler space. The integration of heat pipes and heat sinks into the TEG devices, increases the overall
conversion efficiency of approximately 0.8-1%5°5L,

In 2020, Fathabadi proposed a novel system composed of a photovoltaic module paired with a TEG
module in order to convert both solar radiation and solar heat into electric power®2. In the same work,
the researcher solved the problem of the low output power of TGE module due to the small
temperature difference increasing it by the utilization of a two-phase closed thermosiphon heat pipe,
a concentrator, and a radiator.

An innovative application of TEG was made in 2019 by Sulaiman et al®. They studied a system
composed by a PEM fuel cell on-board a mini vehicle, coupled with a single TEG (with finned heat
pipe) which produces electrical energy in order to produce hydrogen through electrolysis. If the PEM
fuel cell produces 1 kW of electrical power at 50% conversion efficiency, then the thermal power
would also be 1 kW requiring nearly 45 TEG units.

Some of these systems represent only a proof-of-concept and are not use for real and commercial
applications because of the complexity of installing prototypes, dealing with system dimension,
assembly pressure, efficient cooling system, contact resistances and so on*.

These are the reasons why this type of converter is still not widespread for LTH applications.
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1.2.2. New Heat-to-Electricity Converters: direct conversion of Low-

Temperature Heat into electricity

In the last decade, researchers have proposed new kind of devices to convert LTH into electricity.
These new systems can be classified in two different groups: devices that directly convert heat into
electricity and devices that perform this conversion in an “indirect way”. The first category it will be
discuss here, while the second type of devices will be discussed in the next section.

When the heat source is directly applied to the device which produces electrical energy, a directly
conversion of heat into electricity is observed. Three different systems belong to this category of
heat-converters: Thermo-Electrochemical Cells (TEC), Thermal Regenerative Electrochemical
Cycles (TREC) and Thermo-Osmotic Energy Conversion systems (TOEC).

TEC and TREC devices are electrochemical systems while TOEC convert heat into mechanical work
to move a turbine. Another distinction is related to the use of the heat: in TREC devices, the cell is
charged and discharged at different temperatures while in TOEC and TEC systems, two different
temperatures are applied at the same time to different sides of the cell.

Thermo-Osmotic Energy Conversion approach consists in a membrane-based device which has the
potential to harvest Low-Temperature Heat by using a temperature difference to create a pressurized
fluid flux, which, in turn, can be converted to mechanical work via a turbine, driving an electrical

generator® (Figure 1.17).
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Figure 1.17. Schematic TOEC process.

In the TOEC system, the temperature gradient is maintained across a membrane resulting in the
transportation of fluid from the warm, low-pressure reservoir to the cool, high-pressure sink. This
flux gives rise to an osmotic pressure difference.

Different working fluids and membranes can be used in this system even if researchers focalized
their attention on water and nanoporous, hydrophobic membranes, respectively.

Membranes trap air within their pores when submerged in water. The temperature difference, applied

across the membrane, causes a partial vapor pressure difference which results in a net vapor flux
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from the hot to the cold side of the membrane: the fluid moves from a sink at ambient pressure to a
reservoir at higher hydrostatic pressure by thermo-osmosis.

The first TOEC was proposed by Straub et al®®. in 2016. This experiment was conducted using a
hydrophobic polytetrafluoroethylene membrane and water as working fluid. Applying a hydraulic
pressure difference of 13 bar to the membrane, in a system composed by a hot sink at 60°C and the
cold one at 20°C, the technology achieved a power density close to 3.5 W m?2,

To evaluate the heat conversion, several parameters have to be taken into account, like the thermal
efficiency of the membrane, which quantifies the effectiveness of heat transfer for a given membrane,
the temperature difference in the heat exchanger and in the membrane and, finally, the hydraulic
pressure. Straub, in a second work, developed a TOEC able to reach a heat-to-electricity energy
conversion efficiency up to 4.1% (Figure 1.18), operating in the same condition of the first work, in
terms of temperature difference, but increasing the hydraulic pressure from 13 bar to 50 bar®’. This
result was obtained at the expense of the power density, which was relatively low: just 1 W m2. Vice
versa, in order to obtain higher power density values, the energy efficiency must be sacrificed®°,
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Figure 1.18. Energy conversion efficiency and power density curves for TOEC systems with varied membrane and
hydrodynamic properties. Curves are generated by increasing the membrane area of a given system with higher
membrane area from right to left. Results are shown for variations in (A) membrane thickness, (B) vapor permeability
coefficient, Bw, (C) thermal conductivity of the membrane, Km, and (D) heat transfer coefficient, h. Unless otherwise
stated, the vapor permeability of the membrane, Bw, is 1 x 105 kg m2 st Pa!; the thermal conductivity of the
membrane, Km, is 0.04 W m-t K-1; the thickness is 100 um; and the heat transfer coefficient, h, on both sides of the
membrane is 5000 W m-2 K1, The heat source temperature is 60 °C, and the heat sink temperature is 20 °C. The
hydraulic pressure difference between the two streams is 5 MPa (50 bar), equal flow rates are used at any point in the
membrane module, and a perfect heat exchanger efficiency is assumed®’.

A hybrid device was proposed by Chen et al. in 2019%°. This work reports the storage and conversion
of energy from combined salinity and temperature gradient. The membrane consists of ultrasmall

silica nanochannels positioned on the poly (ethylene terephthalate) (PET). Thanks to the high perm-
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selectivity of silica nanochannels, the power output of osmotic energy conversion from a salinity
gradient (0.5M/0.01M of NaCl) reaches 1.0 W m=. Moreover, applying an additional temperature
gradient of 10°K increases the output power by 40.4%.

Researchers are focalizing their attention on the development of new membranes®:®2 in order to
reduce the material costs and at the same time, improving the hydrodynamic of the cell®®. However,
this type of systems is still unfeasible due to the impractical conversion efficiencies and lower power

density.

Another proposed device is the Thermo-Electrochemical Cell, also called thermo-galvanic cell,
which is an electrochemical device able to directly convert heat energy into electricity. As for
Thermoelectrics, TECs generate electrical energy in continuous under an applied temperature
gradient, without consuming any materials or producing emissions.

TEC is composed by two electrodes kept at different temperatures: generally, the one at higher
temperature is the anode while the cold electrode is the cathode. The cell is then filled with a
temperature-dependent redox couple in an aqueous®®®, non-aqueous®®’, mixed solution®® or a solid-
state membrane®®7. When connected to a load, electric current flows from the anode, where the
reduced species are consumed, to the cathode, where the reduced species are generated. The oxidized
species are transported through the electrolyte by convection, migration, and diffusion to the cathode,
where they are reduced, while the reduced species move to the anode where are oxidized. In this
way, the redox reaction can theoretically continue infinitely, and TEC sustains a steady-state current
until the difference temperature between the electrodes exists (Figure 1.19).
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Figure 1.19. Schematic of a thermo-cell containing the aqueous ferri/ferrocyanide redox couple (Fe(CN)e*~/Fe(CN)s*").
This system has a negative Seebeck coefficient (—1.4 mV K~') meaning that oxidation occurs at the hot electrode and
reduction at the cold electrode. For a redox couple with a positive Seebeck coefficient, this would be reversed, with oxidation
occurring at the cold electrode and reduction at the hot electrode.™

The performance of a Thermo-Electrochemical Cell is often evaluated by the figure of merit ZT

(Equation 1.4), as for the Thermoelectric Generators.
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To obtain the maximum power conversion of a TEC, it is necessary to find an electrolyte
characterized by a high Seebeck coefficient which means a large potential difference at a given
temperature. It is also necessary to increase the ratio between the electrical conductivity to the
thermal conductivity which is translated in choosing a solvent with low thermal conductivity. In the
end, like in any electrochemical devices, the overpotentials related to activation, ohmic, and mass
transport have to be minimized in order to reduce the voltage losses™.

The most significant factors limiting the implementations of TECs are their low conversion
efficiency and power density output: most reported TECs show value of efficiencies relative to
Carnot minor of 1%,

One of the first examples in literature, proposed in 1996 by Mua and Quickenden”, was a TEC based
on aqueous electrolyte and ferri/ferrocyanide redox couple. This device showed a thermal-electric
conversion efficiency relative to Carnot of 0.6% and produced only 3.6 x 102 W m?2. The low
efficiencies were attributed to the low kinetic reversibility of the process due to the use of platinum
as electrodes. A promising alternative to platinum is the nano-structured carbon-based electrodes,
particularly appealing for their lower cost, high surface area (which increases the reaction sites), and
fast electron transfer kinetics for the ferri/ferrocyanide redox couple.

Their behavior was confirmed by Hu et al’®. which showed a TEC based on the same redox couple
aqueous solution proposed by Mua et al. The converter reached higher efficiency and power density
(P = 1.8 W m?; nyc = 1.4% with respect to Mua’s value of 3.6 x 10°W m2and 0.6%, respectively)
only because the Pt electrodes were exchanged with multiwall carbon nanotube (MWCNT).

Further improvement was obtained in 2016, where a carbon nanotube aerogel-based Thermo-
Electrochemical Cell was developed®. The TEC exploited an aqueous solution of ferri/ferrocyanide
electrolyte obtaining a record Carnot-relative efficiency of 3.95% and a maximum power output of
6.6 W m. This work also demonstrated the importance of electrode purity and engineered porosity
on thermo-galvanic performance.

In a recent study, non-noble metal-based electrode made of cupper was implemented in the TEC,
combined with a fine control of the electrolyte pH in order to work in a voltage window where cupper
is immune to corrosion. The cell was filled with the aqueous solution of ferri/ferrocyanide based
electrolyte. The device showed a power density slightly lower than that of platinum TEC (less than
5%) and the conversion efficiency was only around 0.85%".

Several other improvements were realized but in general, these devices still suffer of low power
densities and low heat-to-electricity conversion efficiencies (from 0.02 to 0.2%%'"). The higher
power output obtained for a TEC was reported in a work of Zhang et al. which reached a value of 12
W m2 using activated carbon cloth as electrodes and a concentrated ferri/ferrocyanide based-
electrolyte’. Unfortunately, to maximize the power, the efficiency relative to Carnot was reduced to
a 0.4% and the heat-to-electricity efficiency was only around 0.007%.

In 2017, Yang at al. presented a solid state thermo-electrochemical cell to harvest low grade thermal

energy’®. The device was realized by feeding hydrogen gas to both cathode and anode chambers
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which were separated by a polymer electrolyte (proton exchange membrane). The device produced
a maximum power density of 0.2 W m and an efficiency around 0.042% applying a temperature
difference of 15.3°C.

The efficiency can be improved to a 2% as reported in a study in 2018%°: Marquardt et al. modelized
the same solid-state TEC calculating the optimum operating condition which corresponded to a
maximum power density of 1.46 W m=2,

To improve the power output, researchers focalized their attention on the electrode materials: a study
of Burmistrov et al.” showed that nickel electrode ensures double power output than copper electrode

(Figure 1.20), opening the door for a possible commercialization in the next future.
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Figure 1.20. Temperature dependences of open circuit voltage (A) and output power (B) of cells based on Cu?*/Cus);
Zn?*/Zns); Ni**/Nis) systems™,
The limited heat-to-electricity efficiency and the lower power density make TEC systems not suitable
for the harvesting of LTH. Furthermore study are required in order to make this technology

comparable to the other techniques.

The last device that belongs to the category of direct heat converters is the Thermal Regenerative
Electrochemical Cycle. TREC is an electrochemical cell which explores a thermodynamic cycle
based on the thermo-galvanic effect.
Typically, the cycle consists of four steps (Figure 1.21):
. A — B = TREC is heated from the lower temperature (T.) to the higher one (Tw) under open
circuit condition.
. B — C = the cell is charged at lower voltage. The entropy of the system increases through
heat absorption during the electrochemical reaction at T temperature.
o C —» D = TREC is cooled down from Ty to T. in open circuit condition: the open circuit
voltage increases in this process.
. D — A = the last process, which closes the cycle, corresponds to the cell discharge at T,

temperature. The entropy of the cell increases through the heat released into the cold reservoir.
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After the cycle, the cell returns to its initial state. If the charging voltage at T, is lower than the
discharging voltage at Tw, net energy is produced by the voltage difference.

TRECs have thermal-electrical efficiency relative to the Carnot efficiency significantly higher than
TECs because they are not limited by the transport properties, as the TEC devices, but the limiting
factor is the heat capacity of the materials and effectiveness of the heat exchanger. The cell material
characteristics, like isothermal coefficient, internal resistance and specific charge/discharge capacity,
also affect the maximum power production of the device®.

The efficiency of the system is calculated as the net work divided by the thermal energy input which
consists in two different parts: the heat absorbed at Ty and the external heat required to increase the
temperature of the cell. Part of released heat during the cooling process can be collected and used for

the following heating process.
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Figure 1.21. Temperature—entropy (T-S) diagram of thermal cycling assuming a temperature range between TL and
TH. The theoretical energy gained over one cycle is the area of the loop determined by the temperature difference
and entropy change®®.

A Thermally Regenerative Electrochemical Cycle based on a copper hexacyanoferrate (CuHCF)
cathode and a Cu/Cu?* anode was proposed to convert heat into electricity in 201481, The device
showed, between 10°C and 60°C, an efficiency relative to Carnot of 24% when no heat recuperation
was assumed and increased to 37% when heat recuperation was around 50% (heat to electricity
efficiency around 3.7%). Even if the efficiencies were higher than TECs (values higher than 2%}
8), the system suffered of low power density: the maximum value showed by this TREC was 0.144
W m=2,

A charging-free TREC was proposed by Yang et al. in the same year®. The cell, based on Prussian
Blue electrodes and an aqueous solution of Fe(CN)s*/Fe(CN)g*, had a power density of 0.05 W m™2
and efficiency between nyc = 5.8% - 17% (heat-to-electricity efficiency around 2%) depending on
the heat recuperation (0%, 70% respectively). Another example reported a TREC® based on nickel

hexacyanoferrate (NiHCF) cathode and a silver/silver chloride anode. Second law efficiency of
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21.5% was achieved with assumed heat recuperation of 50% in a range temperature between 15°C
and 55°C.

In 2019, Liu et al. proposed a TREC based on spinel lithium manganese oxide (LiMn;O4) as the
cathode and CuHCF as the anode, in a hybrid aqueous electrolyte of lithium and potassium ions®.
The cell reached an efficiency relative to Carnot of nuc = 19% in a temperature range of 10°C - 40°C,
when no heat recuperation was assumed. If 50% heat recuperation efficiency was considered, the
efficiency in the same temperature range was raised to nuc = 39%.

In 2020, Zhang et al®’. coupled TREC cycle with a flow cell, converting heat with an unprecedented

thermoelectric efficiency of 3.61% in the temperature range of 22-55°C (Figure 1.22).
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Figure 1.22. Dependence of the absolute thermoelectric efficiency (i) on the heat recuperation efficiency, and the
dependence of the apparent conversion efficiency (') on the current density with and without 4 g Prussian Blue in the

catholyte®.

Up to now, TRECs are the devices with the highest heat-to-electricity conversion efficiencies;
however, their low power densities make the systems unfeasible for real applications. Therefore, it

is necessaire improve the power output before to consider their use in a real plant.

1.2.3. New Heat-to-Electricity Converters: indirect conversion of Low-

Temperature Heat into electricity

A different approach to convert heat into electrical power is applied by the systems that belong to
the second class of new converters. These technologies are generally based on two stages: one for
the “power production”, at the expenses of some chemicals, and one for the “thermal regeneration”,

where actually heat is consumed, and the chemicals are regenerated.
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This means that these devices are not only able to convert thermal energy but also to store it in form
of chemical energy. The indirect exploitation of LTH consists of using available heat for a thermal
separation, to regenerate the chemicals that feed the “power stage” unit, instead of the direct
utilization during the power production.

In this section there are the so called Thermally Regenerative Complex Batteries (TRCB) and the
devices based on salinity gradients (SGE): Pressure Retarded Osmosis (PRO), Reverse
Electrodialysis (RED) and Capacitive Mixing cells (CapMix). This last category of devices, devices
based on SGE exploits the mixing Gibbs free energy of two solutions of the same salt but at different

concentrations: high concentrated solution (H) and the low concentrated solution (L).

1.2.3.1. Salinity Gradient Energy Systems (SEG)

Salinity Gradient Energy systems (SEG) are two stages devices where, in the power production stage,

the mixing free energy of two solutions is converted into electricity.

The mixing free energy corresponds to the theoretical amount of energy that can be extracted from
the mixing of two solutions of the same salt at different concentrations, hence corresponds to the
variation of the Gibbs free energy after the mixing process. Of course, only a fraction of this energy
can be effectively recovered due to the process efficiencies.

After the power production from the Salinity Gradient technologies, the exhausted solution is
circulated into the regeneration stage where a Low-Temperature thermal source restores the initial
gradient: for example, aqueous solutions based on NaCl can be parted into high and low concentrated
solutions by distillation or membrane distillation8-°,

The overall efficiency of this device is the product of the efficiencies of the power production stage
and the thermal stage. Generally, the thermal stage is the one which mainly affects the overall
efficiency of the system, due to the thermodynamic constrained of the boiling point elevation®. For
example, for NaCl solutions, the distillation energy efficiency is less than 1% while for ZnCl; or
NaOH can be nearly 10%8%%, taking into account a single-effect distiller. Higher energy efficiencies
can be achieved by using multiple effects in case of distillation or more membrane modules for the
membrane distillation.

Another approach consists in the use of aqueous solutions of thermolytic salts which have the
property of decomposed into gaseous compounds at low temperatures. Ammonium bicarbonate,
NH4HCOQO3, is the most common salt used as thermolytic compound as in these applications, it is
decomposed into CO, and NH3 above 50-60°C.

Based on the system used to regenerate the solutions, the devices are named as MED-(multi effect
distillation), MD- (membrane distillation), MSF- (multi-stage flash distillation), T- (thermolytic
salts): MED-RED®, MD-RED®, T-RED®, as example. More in general, all the distillation systems
can be easily named with D-.

Originally, Salinity Gradient Energy systems were developed to exploit the natural salinity gradient

between river waters and seawater, commonly called “blue energy”. Other potential resources of
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salinity gradient involve brine solutions from industrial streams, or natural sources (e.g. the Dead

Sea), and saline wastewater from industrial processes or domestic source.

Pressure Retarded Osmosis (PRO) is one of the devices proposed to tap the natural Salinity Gradient
Energy. In the PRO method, two solutions with the same chemical composition, but different
concentrations, are brought into contact by a semi-permeable membrane. PRO exploits the osmotic
pressure difference developed by the semipermeable membrane to drive the permeation of the solvent
from the diluted solution (L) to the concentrated one (H). The transport of the solvent (generally
water), from the low-pressure diluted solution to the high-pressure concentrated solution, results in
pressurization of the volume of the solvent which can be used to generate electrical power through a
turbine (Figure 1.23).

If one osmotic agent is recycled by using Low-Temperature Heat, the device is called “closed cycle
PRO” or Osmotic Heat Engine (OHE). In this technology, heat is applied to re-concentrate the
solution by evaporation of a portion of the water into steam, which would be condensed to form the
deionized working fluid. Other approaches consist in removing the volatile organic solute or in
precipitating the solute and in its following dissolution®®. Different working fluids are studied®,
starting from water solution of sodium chloride to thermolytic solution of ammonia and carbon

dioxide.
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Figure 1.23. Schematic illustration of a closed cycle PRO, or a membrane-based osmotic heat engine for low-
temperature heat harvesting.

One of the first and remarkable report of a PRO device based on sodium chloride solutions showed
that, working with cold and hot temperatures respectively of 20°C and 60°C and a working solution
4 molal of NaCl, the system can achieve an energy efficiency of around 5%®. In this condition, the

maximum energy efficiency, the Carnot efficiency, is 12%.
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The thermodynamic analysis demonstrated also that this system is theoretically capable of achieving
9.8% efficiency. Furthermore, progress have been obtained by improving the membrane, the flux,
and the engineering of the system. For example, a recent work published in 2019, showed a new
membrane composed by MXene and Kevler nanofibers, studied in a PRO system with two solutions
at different concentrations of NaCl (0.5M and 0.01M)%”. The main result was the improvement of the
power density which was 4 W m2, approximately twice of the value of the state-of-art. They also
tested other salts, like KCI and LiCl obtaining promising results.

Other interesting results were obtained with PRO systems based on a concentrated ammonia-carbon
dioxide solution. This type of solution has several advantages: high solubility of the ammonium salts
in water, low molecular weights, high diffusivities which leads to high osmotic pressure and the
thermal energy required for the removal and recycling of these solutes is significantly lower than that
required to vaporize water®,

In the work of McGinnis et al®®, the power production of their PRO system reached high values,
around 250 W m of membrane area, although the overall energy efficiency was low, around 5-10%
of the Carnot efficiency, in the temperature range of 25-50°C.
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Figure 1.24. Energy efficiencies of the PRO-MD hybrid OHE system with LiCl-methanol and LiCl-water draw solutions
as a function of the extent of heat recovery at draw solution concentrations of (a) 1.0, (b) 2.0, and (c) 3.0 M. The
temperature of the heat source, Th, and heat sink, Tc, are assumed to be 318.15 and 298.15 K, respectively®,

Recently, thermally responsive ionic liquids (TRIL) with an upper critical solution temperature, were
also proposed as working fluids'®. The output power density was up to 2.3 W m=2and the overall
energy efficiency reached values around 2.6% (18% of the Carnot efficiency) at no heat recovery,
and up to 10.5% (71% of the Carnot efficiency) at 70% of the heat recovery.

In the last few years, the research has focused in finding new thermolytic salts, organic solvents, and
membranes able to improve the power output, maximize the Carnot efficiency and the relative overall
efficiency of the device. Solutions of trimethylamine-carbon dioxide!®, magnesium chloride or

magnesium sulfate!®?, LiCl-methanol working fluid®® (Figure 1.24), polyacrylonitrile nanofibers

26



supported thin-film composite membrane!®, freestanding graphene oxide membrane!® were tested

in PRO devices giving promising results.

Another technology proposed to convert LTH in electricity by exploiting the salinity gradient energy
is the Reverse Electrodialysis (RED) which produces power by the ion migrations across selective
ion-exchange membranes. It consists of an alternating series of cation and anion exchange
membranes between a cathode and an anode, at fix distances, separated by spacers which originate
thin compartments. These compartments are alternately filled with a concentrated (H) and diluted
(L) salt solutions. The salinity gradient results in a potential difference over each membrane
(membrane potential) which is the driving force of the anions and cations migration from H solution
to the L one, across the anion and cation exchange membranes, respectively. In the extreme
compartments of the cell, two redox reactions take place at the electrodes producing electricity. The
two exhausted solutions are then regenerated in concentration by heat separation. In this type of

device, the concentration of the solutions and intermembrane distances are two necessary parameters

LCCsolution L

to evaluate and compare the RED performances'® (Figure 1.25).
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Figure 1.25. Schematic of a RED device.

As for all the technologies based on salinity gradient, changing the concentration of the H and L
solutions change the response of the electrochemical cell: the higher is the difference in concentration
between H and L solution, the higher is the Nernst voltage of the cell, which in turns means higher
energy that can be stored and extracted. At the same time, low L solution concentration leads to a
high Ohmic resistance in the cell related to the low ionic conductivity of the solution itself, and it is
translated in low power density. Therefore, there is an optimal value for the L solution concentration,

which also depends on temperature, flux, length, and thickness of the cell chamber.
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Another parameter which affects the performances of a RED is the spacer thickness: basically, the
power density decreases with the increase of the spacer thickness because of the higher internal
resistance of the cell, especially in the low-concentration compartments®®-1%7,

Finally, also the intermembrane distance plays a critical role in determining the final power output
of the RED technology: generally, the lower the intermembrane distances, the lower are the
resistances in the cell and, therefore, the higher is the resulting power output,

RED based on NHsHCQO3, thermolytic solutions, as working fluid coupled with a distillation column,
was proposed for the first time in 2012 by Luo et al'® because a device based on this salt can reach
higher Carnot efficiency compared to NaCI®119111 The device reached power density of 0.33 W m-
2 using two solutions at 0.02 M and 1.5 M and an intermembrane distance of 0.5 mm.

Decreasing L solution concentration and the intermembrane distance, Kwon? in the 2015 and
Kim?%® in the 2017, developed RED systems with an increased power density: 0.77 W m2 and 0.84
W m2, respectively. Similarly, Bevaqua et al.'** maximized the performance of a laboratory RED
unit based on the thermolytic salt ammonium bicarbonate: the system achieved the highest power
density of 2.42 W m?2,

In 2019, Giacalone et al.'*® validated a model to analyze the performance of a RED heat engine based
again on NHsHCO:s. The highest exergy efficiency achieved in a current scenario, where commercial
membranes are used, is equal to 1.25% while in the future scenario, where enhanced membrane
properties will be adopted, it will be equal to 2% (heat-to-electricity efficiency of 0.2% and 0.12%,
respectively). These values can increase only if multi-stage regeneration units are adopted with
consequent increase of the thermal efficiency of the regeneration process: the exergy efficiency, for
example, increases from 1.25% to 5.2% when using 5 columns. In 2020, the same research team
proposed the first prototype of a thermolytic RED heat engine®. The RED unit, fed with ammonium
bicarbonate solutions (1.9M; 0.05M), was coupled with a vapor-stripping column operated at
temperatures below 90°C. The system achieved exergy efficiency equal to 1.1%.

In a work of Tamburini et al*®., RED units were modeled to identify the maximum power output,
considering different solutes in aqueous solutions. The results showed that the highest power density
is reached with lithium salts like LiBr or LiCl. These salts also induce a high boiling point elevation,
thus possibly increasing the thermal efficiency if the thermal stage is performed by distillation. The
authors also developed a model of a MED-RED technology which showed theoretical heat-to-
electricity efficiency closer to 15%, thus suggesting that this technology could be a promising
solution in the LTH conversion.

The first thermolytic reverse electrodialysis heat engine was proposed by Giacalone et al.®* in the
2020. In the study, the first prototype unit was composed by a RED unit based on the SGE of two
solutions of thermolytic salts, while the regenerative unit was based on a stripping process. The
device was characterized by long-run tests considering several concentrations of ammonium

bicarbonate (Figure 1.26).
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Figure 1.26. Electrical power density vs stack voltage generated by the RED unit. Different series report measurements
performed at different number of cycles in the RED unit®*.

The highest exergy efficiency measured was equal to 1.1% for the case of 1.9 M /0.05 M ammonium
bicarbonate solutions. In general the system showed good stability during the days, suggesting that

this technology could be a promising solution in the LTH conversion.

Recently, a new method was proposed to convert Salinity Gradient Energy in electricity by the so-
called Capacitive Mixing (Cap Mix) devices, where “accumulators” are charged in a concentrated
solution and discharged in a dilute solution. The capacitive method is able to extract part of the
mixing free energy of the H, and L solutions because the energy released during the discharge process
is higher than the given energy to charge the accumulators.

The concept of Cap Mix includes three different approaches which are distinguished by accumulator
materials and reactor configuration: Capacitive Double-Layer Expansion (CDLE), Capacitive
Donnan Potential (CDP) and Battery Mixing (Batt Mix).

The “Capacitive Double-Layer Expansion” (CDLE) are devices which contain capacitive electrodes.
These systems capture/release energy through the work done by contraction and expansion of the
electrochemical double layer related to the change in salt concentration. Porous “supercapacitor”
electrodes, made of activated carbon, are the first proposed solution!"-11°

A second type of Cap Mix is called “Capacitive Donnan Potential” (CDP), which uses ion-selective
membrane to develop the Donnan potential (equilibrium potential of the membrane), the driving
force for ion migration. In this technique, electrodes are an assembly composed of activated carbon
film and ion-exchange membrane which separates the carbon from the solution in the cell?12,

The third and last type of Cap Mix does not store electrical energy in a capacitive way but exploiting
a faradic process. For this reason, these types of devices are called Battery Mixing (Batt Mix), also
called “Mixing Entropy Battery”. These technologies are composed by two different electrodes

which specifically react with only one species of ion.
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Because batteries and capacitors are collectively called “accumulator”, the whole family of these
techniques is in general called “Accumulator Mixing” (Acc Mix).

The Acc Mix family is based on an electrochemical cell which undergoes on a four-step cycle,
sketched in Figure 1.27.

CHARGING DILUTED SOLUTION
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Figure 1.27. Scheme of a general Acc Mix.

At the first step, the electrochemical cell is filled with the concentrated solution: current flows in one
direction, charging the cell and storing energy.

After the charging step, the solution is changed with the lower concentrated solution at open circuit:
at this moment, the voltage rises, and it is described by Nernst equation.

During the third step, the circuit is closed and current flows in the opposite direction with respect to
the first step, discharging the electrodes. In this way, the captured ions in the first step are here
released.

The last step takes place at open circuit: as in the second stage, the solution is changed with the high-
salinity feed solution in order to charge again the electrochemical cell in the following process: the
voltage of the charge process is lower than that at which the cell is discharged.

The first Cap Mix device was proposed by Brogioli et al'*"!18, and it was a membrane-less Cap Mix
based on pristine activated carbon electrodes and the expansion of the electric double-layer. The
system exploited the Salinity Gradient Energy of two NaCl solutions of 1 mM and 500 mM
respectively, with an energy efficiency of 0.99%. The power production of the system was of the
order of 10 mW m=2,

Optimization of the power and energy production of this kind of device was obtained in 2014 by a
study of electrode materials in terms of porosity and hydrophilisation!??,

Other studied showed that the modification of electrodes may improve the voltage rise of the device.

In particular, it was investigated the possibility to modify the electrode by coating on it a charged
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polymer??, or by absorption of small molecules on the surface of the electrode'®* or again, by
implemented few-layer or graphene!?.

Recently, another study showed how the temperature can improve the performances of a Cap Mix
based on the CDEL.: when operating isothermally, the increase of the operating temperature aids in
the maximation of the net-work output from the device by up to 50%*2°.

One of the first membrane-based Cap Mix was reported by Liu et al*?°. The Cap Mix works with two
sodium chloride solutions of 500 mM and nearly 20 mM. Thanks to a high perm-selectivity
membrane, the increase of voltage was close to the thermodynamic limit and the maximum power
density was in the order of 200 mW m=.

Several improvements have been made in the years in terms of electrode geometry and membrane
composition: the electrode geometry has a relevant impact on the overall performance of the device.
Indeed, in two works of 2012, researchers improved the system by using wire-shaped electrodes
obtaining more power per material invested compared to traditional flat plate designs!?"12,

In a recent study of this year, 2020, an interpolymer ion exchange is proposed as membrane of a CDP
device!®, The membrane is based on styrene which polymerizes and penetrates a matrix of
polyethylene, forming the interpenetrating polymer network. Using this type of membrane, the power
output increases up to 160 mW m=2.

The first Batt Mix, was proposed by La Mantia et al.*** in the 2011. In their work, they demonstrated
an energy extraction efficiency of up 74% with a device which contained a nanorod electrode made
by Na;Mns01o, used to capture sodium ions, and a silver electrode, used to capture chloride ions.
Three years later, Ye et al**! improved the reactor design stressing the need to keep on looking for
new electrode materials to increase the capacity and decrease the cost. In fact, sodium manganese
oxide has a low discharge capacity which means that a large mass of active material is required per
unit of extracted energy.

Other sodium-captured electrodes were proposed, like the Prussian Blue analogue family. For
example, an electrode made by manganese hexacyanomanganate open-framework anode, was
combined with a copper hexacyanoferrate cathode and the resulting devices showed high efficiency
ranging between 84% to 97% without measurable capacity loss!®.

These technologies are still at the beginning of their development, and they have never been tested
or modeled for the coupling with a thermal stage; hence, data related to the overall heat-to-electricity

efficiency are not available.

1.2.3.2. Thermally Regenerative Complex Battery (TRCB)

Thermally Regenerative Complex Battery (TRCB) is a redox-flow cell which, operating at a fix
temperature, exploits Low-Temperature Heat to regenerate the electrolyte®™® or only the
anolyte/catholyte®34,

Redox-flow cell uses two soluble redox couple as electroactive species which undergo to a reduction

or oxidization in order to release or store energy. An ion exchange membrane divides the two half

31



cells composed by anolyte and catholyte, respectively, and the electrodes, where the redox process
takes place. The reactants solutions are stored in separates tanks and are recirculated through the
redox-flow cell, through a pump, in a close circuit loop**®.

A pioneering work of Peljo et al'®, consisted in the combination of the redox-flow cell device with
a distiller introducing one of the first TRCB. The system was based on the complexation of copper
with acetonitrile; the battery could be recharged by distillation of acetonitrile. This process, which
took place at a temperature lower than 100°C, destabilized the copper complex, leading to the
recovery of the starting materials (Figure 1.28).

The redox-flow system was composed by Nafion as cation exchange membrane, copper wire as
anode and platinum or tungsten wire as cathode. The electrochemical stage showed reasonable
battery performances, in terms of stability and energy efficiency but the heat recovery part was not
considering in this work. Therefore, the overall efficiency of the device was not calculated.

Cu?t +e - Cut

no
Cu?*

Thermal regeneration

Heat 100°C
2Cu* = Cu + Cu®t

Figure 1.28. All copper Thermally Regenerable Complex Battery.

In 2015, Zhang et al**®, inspired by the Peljo’s work, developed a TRB based on ammonia (named
TRAB), evaluating not only the electrochemical performances of the device, but also the thermal
stage of the system (Figure 1.29). In the TRAB, both the electrodes made of copper and were
immersed in cupper nitrate solutions and separated by an anion exchange membrane. Only in the
anolyte, ammonia was added to produce a potential difference between the two half cells, thanks to
the formation of ammine complex with Cu?* ions. The redox reaction of the entire cell is reported

here:
Catholyte: Cu?* +2e~ —» Cu (E° = +0.340V)

Anolyte: Cu + 4NH; » Cu(NH3)3" + 2e~ (E° = —0.040V)
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The heat recovery involves only the anolyte which was directed to the distillation column in order to
separate ammonia and regenerate the electrolyte. This system showed an energy density around 450
Wh m=3, a thermal efficiency of 0.5%, an efficiency relative to Carnot efficiency of 3.8% and an

average power density of 60 W m2,
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Figure 1.29. Schematic of the TRAB. 1) power production with the initial Cu?* solution and Cu-ammonia complex
solution. 2) Regeneration of the electrolyte exploiting LTH. 3) Power production with regenerated solutions, which also
regenerates the electrode. 4) Regeneration of the solutions by LTH.

The optimization of this TRCB was obtained operating at higher temperature’*: at 72°C the
maximum power density increases to = 236 W m. However, operating at higher temperatures also
decreased the selectivity of the membrane which allowed the transport of ammonia. This resulted in
a global worsening of the energy density and energy efficiency. A further optimization was obtained
by Zhu et al**’, in 2016: changing the configuration of the cell, increasing the electrode surface area,
the membrane area, and implementing a single copper plate which was used as both the cathode and
the anode, they were able to increase the energy density up to 1260 Wh m-3 and the thermal efficiency
related to the Carnot efficiency to 5%.

The TRAB was further optimized in the years, in terms of power production, energy density, thermal
efficiency relative to the Carnot efficiency, and stability during cycle processes changing the
electrodes'*®*° and the anion exchange membrane!4°,

A bimetallic TRAB based on copper and zinc was proposed by Wang et al.** in 2020. This device
showed a maximum power density of 723 W m=2 in a temperature range of 10-40°C. the
thermoelectric conversion was only 0.37% but, with a simulation, this value could be improved to

1.28% reducing the condenser temperature (Figure 1.30).
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Figure 1.30. a) Power generations of a Cu/Zn-TRAB operated at different temperatures; b) Thermoelectric conversion
efficiency and relative to Carnot efficiency of a Cu/Zn-TRAB operated at a constant current density of 100 A m~2 with
different operating temperatures and condenser temperatures Tc.14!

A TRCB based on copper complexation with acetonitrile was recently proposed. The system worked
with an average power density of 70 W m2 and a theoretical heat-to-electricity efficiency of 2.2%.
This is one of the best results in terms of efficiency for this kind of devices'#?, along with the TRAB
proposed by Palakkal et al.**3, which reaches an efficiency of 2.99%.

Up to now, TRCB are the technologies with the highest power density reached in this field but,
unfortunately, the heat-to-electricity efficiency is so low to make them still unsuitable for real
applications.

1.2.4. System to regenerate the exhausted solution: desalination processes

In these years, several processes were proposed to desalinate water in order to solve one of the biggest
problems of the 21% century: the lack of freshwater resources. If a process is able to recover fresh
water from a salt solution, therefore the same process is able to recover the salt from the water. This
means that the desalination methods are also processes able to regenerate the exhausted solutions
derived from salinity gradient devices. In fact, as the recovery of freshwater is increased, the
remaining solution becomes more concentrated.

Desalination process can be achieved in several different ways, summarized in Figure 1.31.

There are two general approaches: the one that exploit thermal energy and the one that does not use
it. This second approach for desalination consists in physical or chemical separation of the
components.

The physical separation requires membranes and can be distinguished in two major processes:
reverse osmosis'** and electrodialysis*®. In the reverse osmosis, water passes through a membrane

due to a chemical potential gradient achieved through pressurization447,
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Figure 1.31. Categories of desalination processes.

In the case of electrodialysis, the species passes through the membranes are the ions. lons migrate
through anion/cation selective membranes in response to an electric field.

The chemical approaches for the solution desalination, consist in ion exchange processes, gas
hydration, extraction, and other different methods. In general, these processes are too expensive to
be applied for the water desalination and for this reason these strategies are not widely diffuse.
Finally, the thermal methods consist in regenerating a solution via an endergonic phase transition
(e.g. evaporation, crystallization), to separate the solvent and concentrate the solution for future uses
in the power stage. This last category of processes can exploit Low-Temperature Heat to desalinate
water. LTH can be converted in electricity if one of this thermal process is then coupled with a SGE
system: the thermal separation converts heat into chemical energy, while SGE device converts
chemical energy into electricity. For this reason, a brief overview of the thermal separation processes

is reported here.

1.2.4.1. Distillation

Distillation is a thermal separation process used to separate components from a liquid mixture.

It occurs when a liquid sample is heated to produce a vapor that is subsequently condensed to a liquid

richer in the more volatile components of the original one. The volatilization process is achieved by
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heating the liquid, but it may also be obtained by reducing the pressure or by a combination of both
the mechanisms®°,

The theoretical principles are generally illustrated by reference to a vapor-liquid equilibrium diagram
related to a binary mixture as reported for example in Figure 1.32 (vapor-liquid equilibrium graph of
a mixture of “P” and “Q”). Generally, the upper curve gives the composition of the vapor in
equilibrium with the boiling liquid while the lower curve gives the composition of the liquid phase;
points x and y represent the boiling temperature of pure P and Q components.

In the point A, the temperature is X and the composition, that is read on the X-axis, is approximately
90% of P and 10% of Q. In a continuous distillation process, liquid of composition C vaporizes to

vapor of composition D and condensed to liquid of composition E.

@
5
©
(V]
Q
£
2
X
X
100% P 50% P 0% P
0% Q 50% Q 100% Q

Composition

Figure 1.32. Vapor-liguid diagram of a mixture of components “P” and “Q "%,

Different kind of distillation plants can be implemented with SGE systems, such as Multi-Effect
Distillation, Multi Flash Distillation, Vacuum Distillation and Membrane Distillation that are here
discussed.

To determine the better distillation plant for any technology, several parameters must be evaluated
such as costs, efficiency, and the Gained Output Ratio (GOR).

GOR is a measure of how much thermal energy is consumed in a desalination process. It is defined
as the number of kilograms of distilled water produced per kilogram of steam consumed, hence it is
a dimensionless parameter. Generally, the higher its value, the better the performances of the
system®0. This parameter is used to compare the capital and operating costs of units and it has to be

considered at the design stage of the plant*°,
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Multi-Effect Distillation (MED)

Multi-effect distillation (MED) is one of the thermal process proposed for the desalination of

seawater (Figure 1.33).

It finds applications in several industries for economical concentration of fluid, such as pulp and
paper industry.

MED is a distillation process which consists of multiple stages called “effects”; any effect is
composed by an evaporator and a condenser. In the first effect the solution is heated by the heat
source until the boiling point. The steam produced inside the one effect is consumed as the energy
source of the subsequent effect: whereas on one side the entering steam is condensing, on the other
side, the feedwater is boiling, generating extra steam. The number of effects used is dependent on
the performance ratio required.

Unlike a Multi-Stage Flash (MSF) distillation plant, MED usually operates as a once through system
without a large amount of brine recirculating around the plant; in this way, the dimensions of the
entire plant are reduced®!. MED requires less specific energy, is cheaper and require only a simple
water treatment. Nevertheless, MED is still not widely used, but it has gained attention thanks to the
better thermal performance compared to MSF.

There are different configurations for MED plants depending on the combinations of heat exchanger
configurations: the MED plant can be divided into a rising film vertical tube evaporator plant, a

vertical climbing film tube plant, and the horizontal tube falling film spray tube plants®®2,

Intake Pump

Figure 1.33. Scheme of a MED plant for desalination®,

Other configurations depend on the flowsheet arrangements used, such as forward-feed, backward-
feed, and parallel-feed™. In the forward-feed design, the most common arrangement for the water
desalination, feed from one effect is pumped to the next effect in parallel to the vapor flow.

In 2019, Brogioli et al**®. thermodynamically analyzed a MED system coupled with heat exchangers,
in order to evaluate the achievable efficiencies when the system is coupled with a SEG device,

exploiting Low-Temperature Heat sources. The main result of this study is that the highest efficiency
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is obtained with the high boiling point elevation because it is compatible with the available
temperature difference between the heat source and the reservoir. In general, the higher is the boiling

point elevation, the lower is the number of stages required, having a higher efficiency per effect.

MED-TVC

A MED system can be coupled with a Thermal Vapor-Compression (TVC) process which is based
on raising the pressure of the steam from a stage by means a compressor, thus increasing the
condensation temperature. The plant works as a conventional MED system, in which the vapor
produced from the first effect is used as heat input to the second one, at lower pressure. In the last
effect, the vapor is compressed, and its saturation temperature is raised before it is returned to the
first effect.

In terms of costs and design process, the TVC system is not particularly convenient used by itself,
but it can be coupled with a MED system, as reported in Figure 1.34%,

The vapor generated in the first effect, D,, at a pressure Py, is directed to the second effect where it
condenses, acting as a heat source for the feed stream, F», of the second effect. F; is, thus, heated
from the feed temperature, Tt to its boiling point and generates vapor, D.. Similarly, the vapor
generated in the second effect condensed in the third one acting, again, as a heat source, and so on to
the last effect. The vapor generated in the last effect is divided in two different streams: the stream
Dy, is directed to the steam ejector, where it is recompressed and returned to the first effect; the stream

Dy, is condensed and heats the feed stream from its temperature to the feed temperature Tr.
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Figure 1.34. Four effect MED-TVC desalination plant®s®,
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Coupled a MED system with a TVC process increases the GOR number. In general, coupling a MED
with three effects, that has a GOR of 3, while coupling a MED with the TVC process raises the GOR
to the double.
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Figure 1.35. MED-MVC desalination system.

Multi-Effect Distillation with Mechanical Vapor Compressor (MVC) system is widely used for
medium-scale plants. The vapor generated in the last effect is recycled by means a centrifugal
compressor driven by an electrical engine. In this desalination system, the end condenser in a
conventional MED is absent because all the vapor produced in the last effect is sucked out by the
mechanical compressor in order to use it as a heating vapor for supplied feed (Figure 1.35).%7

A MED-MVC system has several advantages such as compact equipment, low-temperature design,
long-term stable operation, high-quality water recovered, and minimal corrosion formation.'®" The
main limitation of this system is the low capacity of the available mechanical compressors which

limits the production capacity to 5000 m?/day.*®

Multi-Stage Flash Distillation (MSF)
MSF process consists in a series of “stages” in which condensed steam is used to pre-heat the solution
feed, as in MED (Figure 1.36).

The system is able to approach ideal total latent heat recovery by fractionating the overall temperature

difference between the warm source and the solution, into a large number of stages.'>*
A normal MSF plant comprises 4-40 stages, and each stage operates at a successively lower pressure
in order to maximize water recovery.'® In this way, the boiling point is always achievable without

providing extra heat to the leaving brine.!*°
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Compared to MED process, MSF plant requires higher energy, demanding 13.5-25.5 kWh m, that
is the reason why MSF plants are recommended where large amount of renewable or waste energies

are available.16°
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Figure 1.36. Scheme of MSF plant for desalination'53,

Vacuum Distillation

Vacuum distillation is a physical separation method used to separate higher boiling fractions.

The process is analogous to the general atmospheric distillation, used to separate the lighter fractions.
The only difference between the two processes is that vacuum distillation occurs at a significantly
reduced pressure (hence the name “vacuum”), in order to decrease the boiling point of the substances.
In this way, high boiling components can be boiled, and therefore separates, at lower temperatures.
As in MED technology, the vaporization and condensation compartments are usually called “effect”.
Generally, the pressure used in vacuum distillation is in the range of 50 to 100 mmHg, but this
pressure can be also lower for particular substances like lubricating oil.

When this method is applied to restore the salinity gradient of the fed solution in SGE systems, the
pressure in the distiller is lowered by removing air, in order to reduce the boiling point of the water

solution below 100°C.

Membrane Distillation (MD)

Membrane distillation (MD) consists in a hot feed stream which is passed over a microporous
hydrophobic membrane. On the two sides of the membrane, a temperature difference is kept which
leads to a vapor pressure difference. The pressure difference causes the water evaporation from the
hot side: the evaporated water pass through the pores of the membrane toward the cold side where

can be condensed.
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MD process is used to treat the high salinity brines; it is easily scalable and does not require high
pressure feed.

MD process ca be used in direct contact (DCMD), where the vapor is condensed on a pure water
stream contacting the other side of the membrane®®. Its design is very simple as the required
operations. It has high permeated flux but suffers of low thermal efficiency (Figure 1.37a).

Another configuration is called Air Gap Membrane Distillation (AGMD) in which an air gap
separates the membrane from a cold condensing plate in which the vapor is collected®®2, It has higher
thermal efficiency compared to DCMD but in turns, it has lower permeated flux due to higher

resistances because the air gap (Figure 1.37b).
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Figure 1.37. Schemes of a) DCMD and b) AGMD

There is also the possibility to perform MD separation in a vacuum (VDM)®3, In VDM, the permeate
side is kept at lower pressure to increase the pressure difference across the membrane. The vapor
condensation takes place in an external condenser or in a module (Figure 1.38b). VDM is
characterized by lower operating temperature, lower hydrostatic pressure, and higher permeated flux
compared to the other possible MD configurations.

A less common MD separation uses a carrier gas to remove the vapor, which is condensed in a
separate apparatus. This type of separation is called Sweeping Gas Membrane Distillation
(SGMD)** and its main disadvantages are the requirement of a larger condenser, the difficulty of
heat recovery and to deal with sweeping gas (Figure 1.38a).

One of the main drawbacks of this kind of technique is related to the flux of heat across the membrane
due to the thermal conduction of the membrane itself; this process leads to heat loss and, therefore,

should be minimized.
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For this reason, the research on MD systems is focused on the development of new membranes,

maximizing membrane flux and energy efficiency1¢".

1.2.4.2. Crystallization

Crystallization is another thermal desalination process, based on a liquid to solid phase
transformation in order to separate the solid phase from the remaining liquid phase. Crystallization
can be performed in two different processes: a freeze desalination, in which the phase change is
obtained by thermal means, or a gas hydrates desalination, which is not a thermal approach because
it exploits the elevated pressures to precipitate the water as a gas hydrates or clathrates.

Freeze Desalination (FD)

Freeze desalination is a traditional thermal crystallization that was developed in the 1950s16816°,

In FD process, through the application of a cold source, ice crystals are formed while dissolved salts
diffuse in the liquid phase. Ice is then washed and melted. This method consumes low energy since
the latent heat of water fusion is approximately 333.5 kJ kg*: it is almost one-seventh of its latent
heat of evaporation, 2256.7 kJ kg*. Furthermore, due to the low working temperatures, FD systems
require inexpensive materials and consequently demand lower investments and operational costs.

A direct and indirect freezing desalination process can be identified: in the first case, the direct
freezing process, the refrigerant is mixed directly with the brine while, in the second approach, the
refrigerant is separated from the brine by a heat transfer surface. Direct contact FD processes may
use water itself as a refrigerant, but they must operate under vacuum. On the contrary, the indirect

process consists in a conventional compressor driven refrigeration with the evaporator serving as the
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ice freezer, and the condenser as the ice melter (Figure 1.39).1° Ice is separated from the brine by
different methods such as centrifugation. Ice is than washed and send to the melter where freshwater
is recovered. In this part of the process, a heat exchanger is used to recover energy from the

melting.1™
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Figure 1.39. Scheme of indirect freeze desalination plant™,

Gas Hydrate
Gas hydrates or clathrates are crystalline aggregation of water molecule around a central gas

molecule driven by hydrogen bonds. These compounds have a freezing point at least as high as 12°C,
but they are formed under elevated pressure.

In this separation method, like a direct FD, gas and solution are mixed in order to precipitate hydrates
compounds. The crystals are then separated from the liquid phase, washed, and melted, while the gas
is recovered for reuse.

One of the advantages of this approach is the higher operating temperature which decreases the
energy requirements. However, the process requires higher pressure than indirect FD process and the

separation of crystals could become difficult.

1.2.4.3. Adsorption Desalination (AD)

Adsorption Desalination (AD) is an emerging separation method driven by thermal energy. It

exploits LTH sources, below 90°C, and environmentally friendly adsorbent/adsorbate pairs. It has
no major moving parts, which means low maintenance costs.
The AD system consists in an evaporator, a condenser and the so-called adsorbent beds (silica

adsorber gel), which are composed by microporous adsorbent particles’2.
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In AD, the exhausted solution from SGE or the saline water replace the fresh water of chiller-only
systems and, at the end of each cycle, the fresh water produced by the condenser is drained off while

the more concentrated brine is recovered (Figure 1.40).
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Figure 1.40. Schematic of a two-bed adsorption desalination system*73,

The AD process starts with the injection of the solution in the evaporator, which is the only unit built
of anti-corrosive material. The evaporator is vacuumed to a pressure commensurate with the desired
temperature of the chiller water, which also flows in an external circuit, providing the heating load
to maintain the evaporator process. At the same time, the adsorption bed and condenser are kept at
the saturation pressure corresponding to the temperature of the cooling water.

The evaporator is connected to the adsorbent beds where the water vapor is adsorbed by the silica
gel, while the adsorption heat is removed by coolant from the cooling tower. Once the adsorbent bed
is saturated with vapor, the adsorbed water is driven off the silica gel and the pressure in the bed
raised by circulating hot water in the bed. The desorbed vapor is condensed, and the condensation
heat is driven to the cooling water from the cooling tower’*. Beds 1 and 2 (but they could be also
four) operate alternatively in order to produce fresh water and concentrated solution in a continuous
manner.

Even if it is a less expensive desalination method, this approach is still under studied in order to
evaluate the water yield respect to key parameters such as heat source temperatures, coolant

temperatures and half-cycle operational times!™,

1.2.4.4. Thermolytic salt: Stripping

Among the possible “salt extraction-desalination” processes, the use of thermolytic salts with

aqueous solutions seems to be the most promising and, therefore, requires a specific discussion.
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At ambient conditions of temperature and pressure, thermolytic salts are soluble in water, while at a
higher temperature, these salts become gases which can be easily separated from the solution through
a stripping process. After the separation process, a further absorption step is necessary to let the
concentrated solution to absorb the salt.

Stripping process is a physical separation method in which components are removed from a liquid
stream by a vapor stream.

When a water stream is stripped, the process acts essentially like a distillation, where the heavy
product is water and the light one is volatile organic compounds. The volatility of the organic
chemicals depends on the temperature, therefore, the stripping column design changes with the type
of organic compound, the degree of organic removal, and the operating pressure and temperature.
One of the most common thermolytic salt for LTH harvesting is ammonium bicarbonate. It is
decomposed into NH3 and CO; at very low temperatures, around 50°- 60°C**2,

\/
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Figure 1.41. Schematic representation of a stripping column operating with hot saturated air for ammonium bicarbonate
salt degradation and removal NHz and COz gases®.

The stripping column (Figure 1.41) is generally filled from the top with ammonium bicarbonate
solution while hot air, saturated with water in order to avoid sudden water evaporation, is fed from
the bottom. The counter-current contact between the two phases and the high temperature of the air
fosters the salt degradation and the passage of ammonia and carbon dioxide from the liquid phase to
the gaseous one.

The gaseous stream, rich of NHs and CO», leaves the column from the top and it is directed to an
absorption column to regenerate the concentrated solution, while the liquid stream is removed from

the bottom of the column resulting in the diluted solution ready to be sent in the power stage.
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1.3. Aim of the research

LTH has recently elicited great interest as a source of energy among the scientific community since
it is actually wasted in the environment. Its conversion in other forms of energy becomes of utmost
importance as it would allow to open the doors to the exploitation of a huge amount of heat, such as
solar, geothermal, and industrial waste heat.

The conversion of LTH is still a challenge due to the low heat-to-electricity efficiency because of the
limitations imposed by Carnot law. Moreover, the overall efficiency is further reduced by
technological limitations.

For these reasons, even though LTH is a widely available energy source, its potential remains
unexploited due to the lack of an optimized technology able to convert it in an efficient way, reaching
high power density with reasonable costs.
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Figure 1.42. Energy efficiency vs power density of state-of-the-art technologies to harvest LTH reported in literature.
Red points: Thermal Regenerative Electrochemical Cycle systems (TREC)®8.8285; Black points: Thermal Electrochemical
Cell devices (TEC)6177.178; Blue points: Thermo-Osmotic Energy Conversion technologies (TOEC)>%7; Orange points:

Pressure Retarded Osmosis systems (PRQO)%:179180: pyrple points: Reverse Electrodialysis Devices (RED)!15116.181,182

Brown points: Thermally Regenerative Complex Batteries (TRCBs)*3:183,

In Figure 1.42. are reported all the “new” technologies proposed to exploit LTH in terms of power
output (X-axis) and heat-to-electricity conversion efficiency (Y-axis).

Up to now, the best compromise is represented by TREC systems, devices that directly convert LTH
into electricity with high efficiencies but with limited power densities (Figure 1.42, red points).

Higher values of power output are typical for TRCBs, devices that can also store heat in form of
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chemical energy. However, they usually have smaller efficiencies (Figure 1.42, brown points),
making them unfeasible.

This research is focused on the development of a new device for the LTH conversion to fill this
technological gap. This new device will be a mix between a technology that converts the Salinity
Gradient Energy and a TRCB. Therefore, it will be a two-stages device able not only to convert LTH,
but also to store it in form of chemical energy.

The target of this project is reported in Figure 1.42: the device would be able to convert LTH with
higher efficiency than TREC technologies and, at the same time, higher power density, making it

comparable to TRCBs systems.

47



CHAPTER 2

Thermodynamic

In this chapter it will be discuss general thermodynamic principles related to the mixing solutions,
the electrochemistry, the heat conversion, and the distillation in order to better understand the

discussion of the results of this work.

2.1. General principles of mixtures'®

To explain the thermodynamic of solutions it is necessary to start from the definition of partial molar
guantities that can be easily described as the effect that a change in a single component of a mixture
has on the particular thermodynamic properties and can be applied to any extensive state function.

The partial molar Gibbs energy (G) of a pure substance i is hamed chemical potential, p, and is

defined as

= (6—6) @2.1)

dan;
Vp T i)

For pure substances, the chemical potential is equal to the change in the Gibbs energy of the system
as the amount of material changes, and it is identified with the apex *. It is a measure of how much
a species wants to undergo a physical or chemical change.

Considering a possible change in the amount of substance i, the general expression of the

infinitesimal change in G, dG, now becomes:

dG—(aG) dT+<aG) d +Z(66) dn; (2.2
- ot/ ap). P on; o (22)

Tn i VpTmj(i=))

dG = —SdT + Vdp + 2 wdn; (2.3)
i

This equation is referred to as the “Fundamental equation of chemical thermodynamics” because it
embodies all state variables of conditions and amount.

At constant pressure and temperature, the equation 2.3 becomes
dG = z widn; (2.4)
i

Given a binary mixture, when the compositions are changed infinitesimally, G of the system is

Because G is a state function, equation 2.4 and 2.5 must be equal: this means that, at constant

temperature and pressure
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Equation 2.6 is named Gibbs-Duhem equation and it is in general expressed

Znidui 0 (27)

4

When temperature and pressure are kept constant or

z nydy; = SAT — VAP (2.8)

4

When temperature and pressure can change.

This equation demonstrates that the chemical potential of one component of a mixture cannot change
independently of the chemical potentials of the other components.

In order to discuss the properties of liquid mixture, it’s important to know how the Gibbs energy of
a liquid varies with composition.

When a vapor A is in equilibrium with its liquid phase, their chemical potential must be equal. The

chemical potential for the vapor is expressed at
. _ 0 Pa
Uy = By + RTIn (p_> (2.9
0

Where p°is the standard chemical potential of the substance, which is the molar Gibbs free energy
of the pure gas at 1 bar (p°).

When another substance is also present in the liquid, for example a solute, the chemical potential of
A in the liquid is not the potential of a pure substance but it changes to pa while its vapor pressure

changes to pa. Vapor and solvent are still in equilibrium so we can write
0 Pa
Wa = Uy + RTIn |—) (2.10)
Po
Rewriting equation 2.9 in order to define the standard chemical potential and substitute this

expression in the equation 2.10, we obtain

Hg = Uy + RTIn (p_,:) (2.11)
Pa

In the 1880s, Frangois Raoult discovered that the ratio pa /pa is approximately equal to the molar

fraction (x) of the substance A in the liquid mixture:

Pa = xap4 (2.12)

The equation 2.12 is the so called Raoult’s law and it is valid only for ideal solutions. An ideal

solution is a solution in which a solvent molecule required an amount of energy to break away from
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the surface of the solution that is the same that it requires to break away from the surface in the pure
solvent.

Therefore, for an ideal solution, the chemical potential of a substance A can be written as
Wa = My + RTIn(x,) (2.13)

As already said, Raoult’s law is valid only in ideal solutions. However, William Henry
experimentally found that, for solutions at low concentrations, the vapor pressure of the solute is
proportional to its molar fraction, but the constant is an empirical value, with the dimension of a

pressure.
pp = xpKp (2.14)

Where B indicates the solute.

The chemical potential of the solute B, which satisfied the Henry’s law, is

K
Hp = Hp + RTIn <p—f> + RTIn(xg) (2.15)
B

The constant Kg and pe are characteristic of the solute. Therefore, the second term of the equation

(2.15) can be combined with the first one, defining a new standard chemical potential:
Up = Ug + RTIn(xg) (2.16)

When the solution is ideal, Kg = ps and Ug°® = Hs*.

Henry’s law

- “
n ideal soluti@
No

Raoult’s law

0 X, 1

Figure 2.1. Relationship between vapor pressure of a solution and its molar fraction. The black curve represents the
profile of the Henry’s law followed by the solute in an ideal-diluted solution. Profile of the Raoult’s law, followed by the
solvent in an ideal-diluted solution is showed in blue while the red curve represents the profile of a non-ideal solution?e,

The mixture in which the solute obeys Henry’s law while the solvent obeys Raoult’s law are called

ideal-dilute solutions. This different behaviors between solvent and solute at low concentrations is

50



due to the different environment in which they are. In fact, in a dilute solution, the solvent molecules
are in an environment similar to the environment of a pure liquid, while the solute molecules in a
dilute solution are surrounded by solvent molecule, which means a completely different environment
compared to its pure liquid.

Considering two pure liquids, A and B, placed in two separated sinks, the initial Gibbs free energy is
G = ngpy + nppp (2.17)
When they are mixed in the same sink, forming an ideal solution, the final Gibbs free energy is
Gr = na[UpRTIn(x4)] + np[upRTIn(x,)] (2.18)
The difference between Gt and G;j is defined as the mixing free energy (4Gmi):
AGpix = Gf — G; = nRT [x41In(xy) + x5 In(xp)] (2.19)

Where n is the sum of the molecules of both the substances A and B.
In general, processes in which the Gibbs free energy decreases will take place spontaneously without
specific external action.

For this mixture, the entropy of mixing, ASmix is:

OAG iy
ASpix =
e = (),

= —nR[[xA In(x,) + xp ln(xB)]] (2.20)

Because In x is negative, 4Gmix< 0 and ASmix > 0.

For two pure liquids that are mixed forming an ideal solution, the enthalpy of mixing is
AHpi = AGpix + TASpi =0 (2.21)

The driving force of the mixing comes from the increment of the system entropy because the entropy
of the surroundings is unchanged. As discussed before, the mixing of the two liquids forms an ideal
solution that means that the average energy of the interactions between the two liquids, A-B, is equal
to the average energy of the interactions in the pure liquids, A-A and B-B.

In the case of real solutions, the A-A, A-B and B-B interactions are different. Furthermore, enthalpy
and volume changes after the mixing. It can happen a rearrangement of the molecules that results in
an orderly mixture affecting the entropy; therefore, sometimes the mixing Gibbs free energy might
be positive. In this case the two liquids are immiscible, and the separation is spontaneous.
Alternatively, the liquids might be partially miscible: the two liquids are able to mix only over a
certain range of composition.

When you are dealing with a real solution, it becomes necessary introduce thermodynamic excess
functions which are defined as the difference between the observed thermodynamic function of the

real solution and the respective function of ideal solution.

o1



For example, the excess mixing free energy is defined as:
GE = MGy — DGREM (2.22)

The excess volume and enthalpy are always the observing volume and enthalpy because their values
for ideal solutions are zero.
Another important concept that as to be introduced in the case of real solution, is the “activity” which

assumes a different meaning and standard states according to the specific case.

2.1.1. Solvent

For the solvent of a real solution, that does not follow the Raoult’s law, the chemical potential can
be written in a similar way of the solvent in an ideal solution (equation 2.13), replacing the molar

fraction with the activity of the solvent:
Wa = My + RTIn(ay) (2.23)

The activity of the solvent is expressed as

a, =2 (2.24)
Pa

And it represents the “effective” molar fraction.
When the concentration of the solute is close to zero, the activity of the solvent approaches the molar

fraction. To express this convergence, it is introduced the activity coefficient, y:
Ay = VYaXy . ys = lasxy, - 1 (2.25)
The chemical potential of the solvent becomes then
g = Wy + RTIn(y,) + RTIn(x,) (2.26)

The standard state of the solvent consists in the pure liquid solvent at 1 bar of pressure.

In this condition xa= 1.

2.1.2. Solute

Define the standard states and the activity for the solute becomes more difficult because it is close to
ideality when its molar fraction tends to a zero and not to a 1 as pure solute.
Considering a solute that deviates from the Henry’s law, the chemical potential of the solute in real

solutions is defined as

Hp = Up + RTIn(ag) (2.27)
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The deviations from ideality are considering in the activity, while the standard state remains

unchanged compared the solute that follows the Henry’s law. The activity of the solute is defined as:

PB
ap = K_ =YVYBXp (2.28)
B

Introducing the activity coefficient, all the deviations from ideality are content in it.

The solute follows the Henry’s law when its concentration goes to zero, therefore:
ag—>xg ; yg—1asxg—0 (2.29)

This is true at all pressures and temperatures.
Instead of molar fraction, compositions are often expressed in molalities, b; therefore, we can rewrite

the equation 2.29 as:

ag—>bg ; vyg—1asbg—0 (2.30)

2.1.3. lon in solution

Special attention is required for the activities of ions in solution due to the strong interactions that
arise between them. In fact, the approximation of the activities to molalities is valid only for very
diluted solutions, in which the total amount of ions has to be less than 10~ mol kg™.

Indicating p- the chemical potential of a cation M* and . the chemical potential of an anion Y-, in an
electrically neutral solution, where v* is the stoichiometric coefficient of the cation and v~ is the

stoichiometric coefficient of the anion, the molar Gibbs energy of the ions, is

G = vy +vpo = vipideal 4 y-pideal 4 v+ RTin(y, x4) + v RTIn(y_x.)
— v+u£_deal + v—ui_deal + RTlTl()/+v+)/_v_)(+v+)(_v_) (2.31)

Once again, all the deviations from ideality are contained in the last term. Since there is no
experiment able to separate the parameter y.y. into contributions from the cations and the anions,
scientists have decided to assign it equally to both kinds of ions. Hence, the mean activity coefficient

can be introduced, defined as the geometric mean of the activity coefficients

oy
ve = r2Y) T (232)

Where v is the sum of the stoichiometric coefficients.

Therefore, for each ion, the chemical potential becomes
u; = u + RTIn(y x;) (2.33)
In the 1923, Peter Debye and Erich Hiickel elaborated a theory which still provides theoretical

expression for the mean ionic activity coefficients in electrolyte solutions.
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The theory assumes that electrolytes in solution were fully dissociated and that nonideal behavior
arise because of electrostatic interactions between ions. It also assumes that ions are spherically
symmetrical, unpolarizable charges, which means that the ion is a simple charge with no possibility
for displacement of the charge in presence of an electric field.

At the same time, the solvent is considered as a structureless, continuous medium. Hence, solvent-
solvent interactions, ion-solvent interactions and polarizability of the solvent are not considered.
Debye-Hiickel model also introduces the concept of ionic atmosphere associated to every ion. This
region is a spherical area around a central ion which is filled by the opposite ions. The charge of the
central ion is therefore balanced by the charge on the ionic atmosphere. Although the ions which
composed the ionic atmosphere are discrete charges, the ionic atmosphere is treated as a cloud of
charge whose charge density changes throughout the solution.

The Coulombic potential at a distance r from an ion of charge z;e is:

o= ()0 e

This is the potential due to an isolated ion in a vacuum, where & is the electric permittivity in vacuum.

In solution, two modifications are needed. First, the solvent decreases the strength of the potential:

=G e

Where ¢ is the electric permittivity which is usually expressed as

€ = ¢gy& (2.36)

&, is the relative permittivity or dielectric constant. Since &,.> 1, the potential is reduced from its
vacuum value. This reduction is very important in several solvents, such as water: the Coulombic
interactions are so strongly reduced by the solvent that ions interact only weakly with each other and
do not aggregate into a crystal.

The second modification of the potential is due to the ionic atmosphere: if we consider an imaginary
probe which is measuring the potential near an ion, it will enter the weak, oppositely charged ionic
atmosphere as it moves away from the central ion. Therefore, the potential decreases more rapidly
than is predicted by equation 2.35. The central ion is “shielded” by the atmosphere. Hence, the

appropriate potential is the “shielded Coulombic potential”, defined as

b = (Zie)(l) e~ (237)

Ame/ \r

Where rpis called the “shielding length” or the “Debye length”

_ &RT
= 0F20D

(2.38)
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Where p is the charge density around the central ion, F is the Faraday constant, | is the ionic strength
and b the molality of the solution.

The ionic strength is defined as

_ 1(byzi +b_z2)

= 5 - (2.39)

Where b+ and b. are the molality of cation and anion, respectively, while z. and z. their charges.
The chemical potential of any central ion is lowered due to its electrostatic interaction with its ionic
atmosphere. This lowering of energy can be identified as the difference between the ideal free energy
and the observed free energy, and therefore is expressed by the activity coefficient.

2

In(yy) = —lvtzvz_| 3 (2.40)

merp NyRT

log(y) = —1.825 x 10° [v*z,v~z_|{I (63‘;3)}E = _Atzovz |7 (241)
Where v*v~are the stoichiometric coefficients of anion and cations as said before, and Na is the
Avogadro constant.
Equations 2.41 and 2.40 are the expressions of the limiting law of the Debye Huickel theory.
If the approximation of negligible ion size is removed and considering an ionic radius r;, the shielded

Coulombic potential takes the form:

zien (1 1 LGS B U N G
¢i=( )(—) e ™ = 7 e ™ (2.42)

4me/ \r ks
1+TD

Where A4 is independent of r and it is:

A= (22) L) 243
4tte 1+ ﬁ
p

Therefore, equation 2.41 can be manipulated and led to equation 2.44:

A
log(yy) = —lvtzvz_| 1—7,1 VI (2.44)
+_

p

When the solution is very dilute, the denominator in equation 2.44 is almost unity, obtaining the
limiting law. The criterion is ri/ro <<1, which is equivalent to assuming that the ions have negligible
size.

When the concentration rises to the point where r; is small but no longer negligible in comparison

with rp the approximation (1+ x)™ =~ 1-x leads to the “extended Debye-Hiickel law:
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log(yy) = —Ivtz v z_|AVI + AA* vt zv~z_|I (2.45)

Where A" is another constant.

The extended law predicts the deviations from the limiting law which correspond to an increase in
the activity coefficient. This equation accounts for some activity coefficients over a moderate range
of dilute solutions'®; nevertheless it remains very poor for molalities closer to 1 mol kg™.
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Figure 2.2. Mean ionic activity coefficient of aqueous HCI at 25-C25<C. Solid curve: experiment (Herbert S. Harned and
Benton B. Owen, The Physical Chemistry of Electrolytic Solutions, 3rd edition, Reinhold, New York, 1958, Table 11-5-
1); dashed curve: Debye—Huckel theory; dotted curve: Debye—Huckel limiting law.

2.1.4. Colligative properties

Colligative properties depend on the number of molecules of solute dissolved in the solvent. These
properties are the elevation of boiling point, the lowering of vapor pressure, the depression of
freezing point and the increasing of the osmotic pressure.

Assuming that the solute is not volatile, the heterogeneous equilibrium between the solvent and the
solution at 1 atm has to be considered in order to discuss the boiling point elevation.

At a certain temperature

na(g) = wa(D) + RTIn (x4) (2.46)

This equation can be rearranged in

MZ(Q) - MZ(I) — AGvap

RT RT (2.47)

In(x,) =

Where 4Gy is the Gibbs free energy of vaporization of the pure solvent.

Differentiating both sides of the equation 2.47 respect to temperature, it can be written:
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AG
dln(x,) 14D AHyg, V4
dT R dT RT? (2.48)

Integrating:

flnxAdl( ) = 1fTAH”“”dT 2.49
. )= TR )T (2.49)

Where T* is the boiling point of pure solvent A. The integration limit of the first integral are xa = 1,
(In(xa) = 0) to xa, when the boiling point is T. Assuming that the enthalpy of vaporization is a constant

over the small range of temperatures involved, equation 2.49 becomes:

In(1—xp) =

AH,qy <1 1

P2 () @so

Considering a diluted solution, where xe<< 1, and T'~ T*:

(2.51)

AH,qp (1 1 ) AHyqp AT
xB — —— =

R \T T* R T*

AT is the boiling point elevation and it is equal to the difference between the boiling point of the

solution and the boiling point of the pure solvent. It can also be expressed as
AT = Kxp (2.52)
Where K is

RT*?
AHyqp

(2.53)
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2.2. Electrochemistry: thermodynamic and some Kinetic

conceptst®

2.2.1. Electrochemical potential, Nernst potential

The energy of an ion depends not only on chemical forces, but also on the electrostatic field.
Therefore, a new physical quantity, which takes into account both the contributes, must be
introduced:

uf' = +z;Fp (2.54)

Where ufl is the electrochemical potential of the specie i, F is the Faraday’s constant, ¢ is the
electrostatic potential of the phase containing the ion and z is the charge of the ion which can be
positive or negative for cations and anions, respectively. The term z; F¢ is the electrostatic potential
energy of the ion.

Equation 2.54 assumes that a concentration change will affect only the chemical potential while a
potential change will affect only the electrostatic potential. Actually, a potential change involves a
change in the amount of charge in the electric double layer implying changes in the concentration of
ions in the bulk. However, in diluted solutions, the concentration variation associated to the potential
change is very limited that could be consider constant.

Before to continue with the thermodynamic discussion, the concept of electrochemical cell should
be introduced.

An electrochemical cell is a system in which a redox process takes place. It is composed by an ionic
conductor (named electrolyte) which could be liquid, solid or a gel, that separates two electron
conductors (electrode), which in general are metals or semiconductors.

When the redox process takes place spontaneously, the electrochemical cell is also called galvanic
cell, and the spontaneous redox process released electrical energy.

When the electrolyte is in contact with the electrode, a potential difference, Ap™£ | at the interface

arises
ApME = M — pF (2.55)

where gMand gFare the inner potential of the two phases.
The inner potential characterizes the electrical state of any phase and it is defined as the sum of the
external, outer potential induced by free electrostatic charges of the phase, y, and the surface

potential, y:
oM = yM + M (2.56)

In equilibrium conditions of the charged species at the interface between electrode and electrolyte,

their electrochemical potentials are the same
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Zﬁi —0 (257)

Therefore, the potential difference at the equilibrium is
Ap
ApME = AW = —— (2.58
@ ~F (238)

Equation 2.58 means that the potential difference depends only on the nature of the two phases;
specifically, by the difference of the chemical potential of all the species involved at the interface
metal/electrolyte.

The transition of electrons or ions across the interface is possible only in connection with an electrode
reaction in which other species may also be involved.

The current produced by a galvanic cell is the result of a spontaneous redox reaction and can be
utilized to do electrical work. At constant temperature and pressure, the maximum non-expansion
work that the cell can do is given by the Gibbs free energy of the spontaneous reaction in the cell.
When the reaction advances by an infinitesimal amount d¢ (¢ is the extent of reaction: it has the
dimension of amount of substances.

When the extent of reaction changes by a finite amount 4¢£, the amount of a reagent A changes from

Na to na-4¢ while the product B changes from ng to ng + A4¢):
dG = 2 wydn; = Z wvidE = AG dE (2.59)
i i

Where 4,G is the Gibbs free energy of the reaction and v is the stoichiometric coefficient.
The maximum non-expansion work, the electrical work, which the reaction can do as it advances by
dé is therefore

dw, = A,.G d& (2.60)

at constant pressure, temperature, and composition.

When the reaction advances by d¢, vd¢ electrons move from the anode to the cathode. The total
charge per mole of electrons is -veNad& (wWhere e is the elementary charge, Na is the Avogadro number
and v is the stoichiometric coefficient of the electrons).

Knowing that the Faradaic constant is expressed
eN, =F (2.61)
The work done by the electrons is
dw, = EMF = —9FEd¢ (2.62)

Where EMF is the Electromotive force.
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Equation 2.62 and equation 2.60 must be equal, therefore:
A,.G = —9FE (2.63)

This equation shows the connection between electrical measurements and thermodynamic properties.

For a generic redox reaction
Ox +ve~ 2 Red (2.64)

The potential of the electrode on which this reaction happens is

AG A.G® RT  [a,.4"red RT  [Q,eq"med
E,p= — =— ——In|——]= E°——In|{———| (2.65
€q vF vF VF n( Aoy V0% oF Qox " ox (2.65)

Where E? is the so-called standard potential and the equation is named Nernst equation.

Considering an electrochemical cell, as the one reported in Figure 2.3, composed by two electrodes,
one of copper and one of platinum, dipped in a solution of copper sulfate, CuSO., and oxygen, which
is bubbled on the surface of platinum electrode, the spontaneous electrochemical reactions which

take place on the two electrodes are (written in the sense of the reduction, as the convention requires):
(=) Cu* +2e~ 2 Cu (2.66)
(+) 0, + 2H,0 + 4e~ 2 40H™ (2.67)
While the total reaction of the electrochemical cell is:

0, + 2H,0 + 2Cu 2 2Cu?* + 40H~ (2.68)

/

Cuso, ™ =

Figure 2.3. Electrochemical cell based on copper and platinum electrodes dipped in a water solution of copper sulfate.
Oxygen is bubbled on the surface of platinum electrode.

Where (-) indicates the negative pole and (+) indicates the positive pole. In a galvanic cell, the

negative pole is also called anode, and on its surface, the oxidation reaction takes place. Vice versa,
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on the positive pole, named cathode, the reduction process happens. Since the two reactions are
independent, it is possible to think to separate the cell, and also the potential, in two separated part,
called “half-cell”.

The electrochemical cell can be schematized by means the Galvani representation: a scheme of the
cell, where the phases are reported separated by slashes. It starts from the electrode attached to the

negative pole.
CulCu|CuSO0, (H,0)|0 (4 Pt|Cu (2.69)

In this representation, the circuit is always starting and ending with the same metal which represents
the contact of the cell to the voltmeter.
The Nernst potential of this electrochemical cell is the difference between the potential of the cathode

minus the anode potential:

RT [ay,a? RT [(a?
Epy = Ey—F. = E9 _E9+_ln<w)__ln<£)

4F agy- 4F az,
E? —E°+ RTl ! (2.70)
= —EEt+—=n|—F"—— .
* 4F agH‘ agu“

The activity of water, which is the solvent and therefore in high amount, oxygen, which is pure gas,
and copper, which is in the solid state, are equal to one, hence they can be neglected. Therefore, the
potential of this cell depends only on the activity of copper ions and hydroxyl ions.

It is physically impossible to measure the potential of a single electrode: only the difference between
the potentials of two different half-cells can be measured.

In order to determinate the half-cell voltage, the scientific community have chosen as standard the
so-called Standard Hydrogen Electrode (SHE) and defined its potential exactly to OV. It consists in
a platinum wire placed in a 1.0 M strong acid solution, like HCI, and hydrogen is bubbled on its

surface at a pressure of 1 atm, at 25°C. Thus, the half reaction at this electrode is:
2H* +2e~ 2 H, (2.71)

In this way, all the standard potentials of the half-cells (in the sense of the reduction reaction) are
measured and reported in literature versus SHE electrode, connecting SHE at the negative pole of
the circuit, as indicted by IUPAC.

2.2.2. Liquid junction potential, Donnan potential, Membrane potential

A potential develops at any interface or junction, where there is a separation of charge. The potential
difference between two electrolytes separated by a boundary, such as a membrane or salt bridge, is
called liquid junction potential. This potential difference is related to the different mobility of the

ions in the electrolyte.
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For example, considering two solutions of the same electrolyte, HCI, but with different
concentrations, separated by an interface, at the junction there is a steep concentration gradient in H*
and CI" hence both ions tend to move from the concentrated compartment to the diluted one.
Hydrogen ions move faster than chloride ions, therefore they penetrate the dilute phase at a higher
rate. This process leads to a positive charge in the diluted phase and a negative one in the concentrated
phase, resulting in a potential difference. The corresponding electric field then retards the movement
of other hydrogen ions and speeds up the diffusion of chlorides until the two cross the boundary at
equal rates. This means that there is a steady-state potential, which is not related to an equilibrium

process and it is called diffusion potential.

B a

HCI HCI
0.1IM 0.01IM

H) —1—
c—t
© ®

Figure 2.4. Interface between two water solutions of HCI at different concentration.

To determine the junction potential, it is essential introduced the transport number, t, which is related

to the kinetic transport:

|z; |1 C;

=L (272)
X2 w;C;

i

Where z is the charge of the ion, |, its mobility, C the concentration.
The electrical mobility of an ion in an electric field, which is measured in cm? s V| is determined

by equation 2.73:

_ |z;e

(2.73)

M

~6nrn

Where r; is the hydrated radius of ion and 7 is the viscosity of the medium.

Therefore, the liquid junction potential is determined as

RT
E = (@F — 0%) = (t, — t.)—In-% (2.74)
F aﬁ
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If the interface is a selective membrane, the junction potential is more complex.
The membrane has to be considered as composed by three different regions (Figure 2.5): the bulk of
the membrane, m, where the selective ion is the only specie that can diffuse; two interfacial zones,

m’and m’’, in which selective ions are adsorbed on the membrane surface.

Mobility (cm? st V1)
H* - 3625x10°
Li* 4,010 x 10*
Na* 5.193 x 10*
Cr 7.912 x 10*
Br 8.13 x 10*
I- 7.96 x 10

Table 2.1. Electrical mobility of several ions.

These adsorptions are in equilibrium; hence, the whole system comprises five phases and the overall

potential difference across the membrane is the sum of the different contribution of the junctions.
Ep = (0% — &™) + (@™ — ™) + (@™ — ™) + (o™ — &F) (2.75)

The first and last terms represents the potential difference related to the equilibrium balance of
selective charge exchange across the interfaces and this condition is named “Donnan equilibrium”,
while the second and third terms refers to the junction potential within the membrane and the specific

literature named it “diffusion potential”.

| |
I |
I |
I |
I |
I 1’ ] I
B : m m m : a
I |
«—t— |
Equilibrium I
a . |
adsorption 1 I Equilibrium
I I adsorption
I |
| Diffusion |
potential

Figure 2.5. Interfaces and equilibriums formed between a membrane which separates two different solutions of the same
salt but at different concentration.
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The Donnan equilibrium is due to the different distribution of ions on the membrane surface: the
presence of impermeant ion species on one side of the boundary leads to a difference in concentration
of permeant ions on both sides of the boundary. These concentration differences lead to a potential
difference across the membrane which can be compensated by an additional electric potential
difference between the two solutions. At equilibrium, the electrochemical potentials of permeant ions
in both the solutions are identical. Therefore, assuming equal standard chemical potentials, the

electric potential difference is the Donnan potential.
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2.3. Thermodynamic of distillation and heat conversion efficiency
2.3.1. Heat-to-electricity efficiency

The efficiency of a two stages device, which exploits a Salinity Gradient to convert Low Temperature
Heat into electricity, can be divided in two different contributions: the efficiency of the “power stage”
(which generally is an electrochemical cell, #e)) and the efficiency of the thermal separation (#ai):

N = NgisNer (2.76)

In the next sections these two parameters will be defined.

2.3.2. Thermodynamic of distillation

Here it is reported a synthetic derivation of the efficiencies for the specific scope of the present thesis;

a more detailed discussion can be found in literature®-189,

Considering a distillation process which is driven by a heat sources at temperature Tw, while the
water solution that has to be distilled is at a temperature T, the temperature of the reservoir. The
efficiency of the distillation is defined as:

AG
Nais = 7 (2.77)
Qu

Where AG is the increase free energy from the feed solution to the concentrated solution and pure
solvent, determined at Ty, and Qw is the heat adsorbed from the heat source.

From the first principle of thermodynamic:

Qy — Q. = AH (2.78)

Qv is the heat released to the heat sink and 4H is the enthalpy variation of the solutions induced by
the distillation.

The second principle enounces that:
AS + AS, >0 (2.79)

A4S is the entropy variation of the solutions induced by distillation while A4S is the entropy variation

of the environment. This leads to:

QH QL
2L S _AS (2.
Tt > S (2.80)

Combining equation 2.78 and 2.80:

T,
(1 - —L) Qy > AH — T, AS (2.81)
Ty

65



From the definition of AG (4G = AH-TAS), at T = T.:

(1 - ;—L> Qu = AG (2.82)

H

Combining equation 2.77 with equation 2.82, it can be written:
Ty
ne=1-—-— (2.83)
Ty

Equation 2.83 is known as Carnot law which says that all the heat engines have an efficiency lower
than the Carnot heat engine, which efficiency could never be 100% because its value depends by the
ratio of the temperature difference between the reservoirs and the heat source.

The second law efficiency, also called exergy efficiency or efficiency related to Carnot, is defined
as:

N2nd—tlaw = T (2.84)
1 L

It represents the ratio between the efficiency and the efficiency of an ideal Carnot cycle.

Efficiency of a single-effect distiller

As reported at page 35, in a vacuum distiller, each effect is composed by the evaporation and
condensation compartments. In the evaporation side, the solution is heated by the heat source until
the solvent boils while in the condenser side, the steam is cooled down by dissipating heat to the heat
sink. The pressure inside the effect is determined by the gas-liquid equilibria of the solution and the
pure solvent at the temperature of the two chambers because all the air and other gases are removed
from the vessels. In particular, the pressure in the vacuum distillation is lower than 1 atm in order to
condense the pure solvent around the room temperature.

Considering that no mechanical work is performed by the vapor, assumptions almost met in real

distillation unit, the limiting temperatures for Ty and T, are:
Ty = Tpp(Xmax) (2.85)
T, < Tgpy (2.86)

Where Tgp is the boiling point of the solution at a molar fraction X; Xmax represents the maximum of
the molar fraction that is reached during the distillation, usually also corresponding to the maximum
boiling point elevation, and Tepw is the boiling point of the pure solvent (tin this study it is water).
Therefore, the efficiency of the single effect can be written as follow:

TBP,W

nsingle effect <1- m (2-87)
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Equation 2.87 does not depend on the temperature of the available heat source, nor on the realization
of the distillation unit. Hence, the efficiency of the whole process cannot be increased by suppling
heat at a larger temperature, unless it is possible to increase the boiling point temperature of the

solution.

Efficiency of a multi-effect distiller

In a multi-effect distiller, the heat released in an effect, is used in the subsequent one, so that the
same amount of heat is used more than one time. The pressure P" inside the effect decreases with n:
in this way, the boiling temperature of the fluid matches the temperature of the heat exchanger.
Calling T4" and T." the temperature in the n-effect of the heat-exchange fluid in the evaporation and
condensation respectively, T." = Ty™?, the temperatures of the effect are defined as:

Tf} = Tgp (X max, P™) + ATy (2.88)
T[' = Tgpw (P™) — ATyg (2.89)

ATwe is a temperature difference between the heat exchange fluid and the boiling/condensation
temperature. This temperature difference must be a non-vanishing temperature difference in practical
devices, in order to have a substantial heat flow without the need of huge heat exchangers.
Considering N effects:

Where ATgp is the boiling point elevation, which is kept constant, not changing with the pressure of
the effect. In order to increase the boiling point elevation, the solute concentration (Xmax) has to be
increased; however, defined solute and solvent, there is a maximum value of concentration of salt
that can be dissolved, which is defined by its solubility. Therefore, there is also a maximum boiling
point elevation, ATg"™.

The maximum efficiency of the multi-effect distiller can be calculated from equation 2.87 and 2.90:

NATgp
nmulti—effec < n:'nlﬁfti—effect = T (2-91)

Where T is the approximation of the values T.".
In general, a larger number of effects is helpful only with a smaller boiling point elevation. However,

it always leads to a smaller efficiency compared to a single-effect distiller.

Evaluation of the voltage of the electrochemical cell which exploits salinity gradient
energy

The cell voltage of an electrochemical cell which produces electricity at the expenses of the mixing
free energy of two water solutions can also be evaluated by using only thermo-physical parameters.

Assuming that n, molecules of solvent require an amount Qx of heat to be evaporated:
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Qu = nyA (2.92)
Where 4 is the latent heat of evaporation of the solvent. Therefore, the free energy of the process is:

TBP,W

AG = ny,A (1 -
v TBP(Xmax)

) (2.93)

During the discharge of the electrochemical cell, ns moles of solute pass from the more concentrated

solution to the diluted one, until their concentrations become equal to Xs:

X

f
= 2.94
ng 1 an ( )

Assuming also that the passage of n moles of electrons through the cell leads to the transfer of 1 mole
of salt, the produced electrical work, W, is thus:

W = nFAVng (2.95)

Where AV is the voltage of the cell averaged on the charge.
Ideally, the work produced by the cell is 4G, hence, from equation 2.95 and 2.93, it results:

11-X; Tepw

AV = — A (1——') 2.96
"X, Tor Cma)) 0%

Equation 2.96 means that a high boiling point elevation does not only increase the efficiency of the

distillation process, but it also leads to a higher cell voltage which is an important parameter in order

to have good electrical performances.

Further, a large latent heat of vaporization is also useful, because increases the available free energy.

68



CHAPTER 3

Materials and Methods

3.1. Thermally Regenerable Redox-Flow Battery based on Nal

3.1.1. Experimental setup

NASICON  Graphite Solutions
membranes plates

i

Gaskets

| P 2 cm

Figure 3.1. Scheme of the electrochemical part of the TRB-Nal device.

The electrochemical cell of the Thermally Regenerable Redox-Flow Battery (TRB) based on Nal is
composed by two graphite plates as electrodes separated by three NASICON membranes which are
sealed with silicone glue (Silicoset 158, ACC) in a rectangular frame, made of 1 mm-thick
polycarbonate. The holder has three holes, with diameter of 10 mm, in which the NASICON
membranes are placed. The exposed parts of the diaphragms have a diameter of 8 mm resulting in a
total surface of 1.5 cm?.

An eye-shaped gasket, made of silicone rubber (Viton®, thickness = 0.1 mm), is located on each side
of the frame to form a channel for the passage of solution.

All these parts have kept together by two final plates made of PTFE (polytetrafluoroethylene).

A platinum wire, (diameter = 0.35 mm), is used as electrical contact, passing through the PTFE plate
itself. There are hole on this plates to pump the solutions through the cell.

The solutions are heated at approximately at 90°C before entering in the electrochemical cell in order
to heat the NASICON membranes and reduce their electrical resistance.

The heat process is released by means a tube-and-shell heat exchanger. For each solution flow, the
“tube” of the heat exchanger is composed by a sequence of four 10 cm-long glass capillaries with

outer diameter of 1 mm and wall thickness of 100 um. The capillaries are connected in series by
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means of tubes, 1.52 mm-diameter, made of fluoropolymereleastomer (Fluran HCA, Ismatec). The
capillaries are placed into the shell made by a stainless tube where the heat exchanger fluid flows.
This fluid consists in a mixture of glycerol and water 1:1 in volume. The heat exchanger fluid is kept
at 100°C in a thermostatic bath (ECO RE 415, Lauda) and continuously re-circulated through the
shell of the heat exchanger. The temperature inside the electrochemical cell, measured by a thermistor

inserted into the cell, is 90°C.

EC
\c
E

i LA

- _ P2
HE

Figure 3.2. Scheme of the hydraulic circuit for one of the solutions. EC is the electrochemical cell, TLE is the through
liquid exchanger, C is the connector between EC and TLE, HE is the heat exchanger and P1, P2, P3 are the peristaltic
pumps. The hydraulic circuit of the second solution is equivalent.

The whole hydraulic circuit of the experimental setup is composed by two identical sections for the
two solutions; one of the two sections is schematically shown in Figure 3.2.

The pump P1 provides the recirculation of the solution through the electrochemical cell. The solution
passes through the tube-and-shell heat exchanger HE, which is fed with a mixture of water/glycerol
1:1in volume at 100°C. HE is placed before the inlet of the cell in order to stabilize the temperature
inside the electrochemical cell. The pump P3 allows the recirculation through the TLE. A slower
exchange of the solution between the circuit of the electrochemical cell and the circuit of TLE is
provided by the pump P2. The exchange circuit is closed by the connection C, which also provides
a way for removing air from the electrochemical cell at starting time.

All the pumps are channels mounted on the same peristaltic pump head (Ecoline VC-MS/CA 4-12,
Ismatec), with six rollers rotating at 35 rpm. The tubes are made of thermoplastic polypropylene
(PharMed Ismaprene, Ismatec) able to work at elevated temperatures. The inner tube diameters are
2.79 mm for pumps P1 and P3 and 0.89 mm for pump P2, in order to provide flows of 13 mL min*
and 2mL min, respectively. In this way, it is possible to control separately the recirculation in the
electrochemical cell, in the TLE and the exchange between them. All other tubes are made of

fluorpolymerelastomer (Fluran HCA, Ismatec), with 1.52 mm diameter.
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The whole hydraulic circuit is completely filled by using 6 mL of each solution.

Figure 3.3. Picture of the whole TRB composed by the electrochemical cell, TLE and all the hydraulic circuit.

The complete hydraulic circuit is reported in the Figure 3.3 where the multichannel peristaltic pump
is indicated with the letters G, which is the head of the pump with six channels and C which is the
pump driver. With the letter F it is indicated the electrochemical cell which is connected to the
potentiostat through the cable A. Two channels of the pump are used to recirculate the solutions in
the electrochemical cell, while other two channels are used for recirculating the solutions in the
through-liquid exchanger (TLE) (L).

The last two channels exchange the solutions between the electrochemical cell circuit and the TLE
exchanger circuit passing through the connection H. Two tubes (one is visible in the Figure 3.3 and
it is named 1) are connected to the peristaltic pump M, used for the evacuation of the system. D is
the heater described before: the shell-and-tubes heat exchanger. The shell is connected to an inlet E
and an outlet B for the recirculation of the heat exchange fluid kept at 100°C by a thermostatic bath,

not shown in the figure.

3.1.2. Materials

Concentrated (H) and diluted (L) aqueous solutions of Nal (>99.55, VWR chemicals) are prepared
with a molar fraction of 17.5% and 1.75%, respectively. 1> (99%, Alfa Aesar) is added in order to
reach a concentration of 100 mM and 10 mM, respectively. At these concentrations, the chemical
potentials of iodine are similar in the two solutions H and L because most of iodine is complexed to
form I3,

A solution of I mM in toluene (99.8%, Sigma Aldrich) is used to fill the “Through-liquid exchanger”.
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The preparation of NASICON follows the procedure outlined in the CRC Handbook of Chemistry
and Physics!®19t The precursors are NasPOs 10H,0 (>89%, Sigma Aldrich), ZrO, (5mm powder,
>99%, Sigma Aldrich), SiO; (0.5-10mm powder, >99%, Sigma Aldrich) and Camphor (>95%, Sigma
Aldrich).

The other NASICON synthesis requires other precursors which are: Na.CO3; (>99%, Sigma Aldrich),
NHsH2PO4 (>98%, Sigma Aldrich), (ZrO2)o9e7(Y203)0.0s (Sigma Aldrich), La,O3 (>99.9%, Sigma
Aldrich).

3.1.2.1. NASICON preparation

NASICON diaphragm, with composition NasZr,Si,PO1, is used as “membrane” in the device.
Starting from sodium phosphate NasPO. - 10H,0, zirconia ZrO; and silica SiO; batches of
approximately 1 g are prepared by mixing the chemicals in stoichiometric amounts*®. The powder
is dried at 120°C overnight. Camphor is added (1.5% in weight) and the powder is manually ground
in an agate mortar, in presence of ethanol. The grinding is carried on until all ethanol evaporates.
Approximately 330 mg of powder is pressed in a cylindrical steal cast with diameter of 1 cm, with a
force of 4.5 metric tons. The resulting pellets are approximately 1.5 mm thick. The pellets are then

thermally treated in a furnace, following the temperature program shown in Figure 3.4.

1400 ——————1——
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1200 1150°C -

1000 .

800 -+ -
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0 5 10 15 20 25 30 35
Time (h)

Figure 3.4. Heat treatment to produce NASICON pellets.

The first plateau of the temperature treatment, at 1150°C, leads to the solid-state synthesis, while the
second plateau at 1270°C performs the sintering. Above this temperature the material decomposes
in zirconia. It is important to notice that the material decomposes also if the temperature is brought
to 1270°C without the step at 1150°C.

After the sintering, the diameter of the pellets decreases to nearly 9 mm. The pellets are then grinded

to 0.5 mm thick only from one side, preserving the impermeable surface of the opposite side.
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Other two NASICON syntheses have been followed starting from two different batches of reactants:
A) Si0,,Na3 PO, - 12H,0, Zr0,

B) Na,C0s,Zr0,, NH,H,PO,, Si0,

In both the cases, a stoichiometric amount of powders, nearly 1g per synthesis, is used.

The powders have been finely ground and calcinated under different working conditions:
1)1100°C, 8h, 3°C min;

2) 1150°C, 8h, 3°C min';

3) 1150 °C, 15h, 3°C min';

4) 1150°C, 6h, 3°C min;

5) 1150°C, 6h, 5°C min™.

From the resulting powder of the batch B, after the thermal treatment number 5, it was produced a

pellet (20 mm diameter and 0.5 mm thick) which has been sintered at 900°C for 2 hours.

3.1.2.2. NASICON characterization

Structural characterization: X-ray diffraction

Experimental patterns are collected on a Rigaku Miniflex 600 equipped with a Cu source (1.54 A).
Every spectrum is recorded from 10 to 80° with a step rate of 1° min* using a quartz sample holder.

Morphological characterization: Scanning Electron Microscope
Scanning electron microscope (SEM) and energy dispersive microanalysis (EDS) are performed
using a Zeiss Gemini 500 instrument in a high-vacuum configuration. A field emission source is used

as electron source and the electrons are accelerated using an electric potential around 5-10kV.

Perm-selectivity

Perm-selectivity is evaluated in an electrochemical cell with two Ag/AgCl electrodes dipped in two
sodium chloride solutions at different concentrations, 1 M and 0.5 M respectively, using the
NASICON diaphragm that has to be tested, as electrolyte (Figure 3.5). The cell voltage of this cell
would be 111 mV if the membrane is perfectly perm-selective. In the absence of perm-selectivity,

the voltage decreases to one and half, 55mV.

Permeability

To evaluate the permeability of sintered NASICON membranes, a device, like the one schematizes
in Figure 3.6 is used.

NASICON membrane is clamped between two O-rings becoming a wall of the chamber. Air is
compressed in this chamber by means a syringe, while the pressure inside the chamber is monitored

by a pressure gauge.
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Starting from a syringe with 10 mL of air, by manual compression, it was decreased to 5 mL, resulting

in an increasing of the pressure up to 1.7 bar. The syringe volume is kept constant for approximately

Ag/AgCl

30 seconds, then the syringe piston is released.
Ag/AgCI
NASICON
\
NaCl = 0.1M NaCl =1M

/
7

Figure 3.5. Electrochemical cell involved in the perm-selective measurements.

NASICON

Open

membrane

i

f

O-rings

To syringe «—

1cm

—»T0 pressure probe

Figure 3.6. Scheme of the cell used to evaluate the permeability of the NASICON diaphragm.
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Density

The density measurement of NASICON pellets is performed using the Archimedes balance. The
pellet is weight in air to determine the mass, and then weight in pure ethanol, to determine the
effective mass. The difference between the real mass and effective mass therefore gives the mass of

ethanol displaced and allows the determination of the volume of the NASICON pellet.

Conductivity
The analysis was carried out in an environmental chamber (Angelantoni ACS) by Electrochemical
Impedance Analysis.

3.1.3. Methods

All the electrochemical characterizations of TRB are performed on a VSP 300
potentiostat/galvanostat.

Cyclic voltammetry measurements are recorded at 1 mV s?, starting from the open circuit voltage
until the OV for 5 cycles.

Discharge measurements are performed by GCPL (Galvanostatic Cycling with Potential Limitation).
Electrochemical Impedance Spectroscopy under potential control (PEIS) is performed applying
frequencies between 1 MHz and 1 Hz.
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3.2. Thermally Regenerable Redox-Flow Battery based on LiBr

3.2.1. Experimental setup

Licce™

a)LATINUM ‘ PLATINUM

MESH

MESH

|
|

GASKETS

Figure 3.7. a) Scheme of the electrochemical cell; b) Scheme of the hydraulic circuit of the TRB.

A single electrochemical cell contains two platinum meshes as electrodes, with a surface area of 3.92
cm?, separated by a commercial solid-state electrolyte, LICGC™ membrane. Two Viton® gaskets
are placed to avoid the fracture of LICGC™ plate and seal the system. The resulting exposed area of
the diaphragm is 3.14 cm?,

All these parts are kept together by two final plates made of PTFE. A platinum wire, in contact with
the electrode, is used as electrical contact, passing through the PTFE plate, through a small hole. The
H and L solutions are injected in the electrochemical cell from the bottom, and leave the cell from
the top, passing through other two holes on the PTFE plates, as schematically shown in Figure 3.7b.
The internal volume for any half cells is 0.628 mL.

The hydraulic circuit is composed by a multichannel pump (400DM2, 120S, Watson-Marlow) which
recirculates the H and L solutions from the bottom of the Through-liquid exchanger (TLE) to the
bottom of the electrochemical cell. The fluxes that coming out from the top of the electrochemical
cell, are then dropped in the TLE from the top, closing the cycle. All the tubes are made of marprene
(Watson-Marlow) with an internal diameter of 0.23 mm and 0.8 mm thick. The flux is 100 rpm and
the total volume (TLE, tubes and electrochemical cell) is 8 mL: 4 mL for each solution. To reduce
the internal resistance associated to the LICGC™ and improve the power density of the cell, the
electrochemical cell is heated at 50°C. The heater consists in a bath of hot oil, in which the cell is

placed.

3.2.2. Materials

Platinum meshes (52 mesh woven from 0.1mm diameter wire, 99.9%, Alfa Aesar) are used as
electrodes. Platinum wires (diameter = 0.35 mm) are used as electrical contacts. The gaskets are
made by silicone rubber (Viton®; thickness = 0.1mm). LiBr (99%, Alfa Aesar) and Br; liquid (99.8%,
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Alfa Aesar) are used to prepare the solutions. Diaphragm of LICGC™ (AG-01 plate, 25 mm?,
thickness: 0.150 mm or 0.05 mm; OHARA Corporation) is used as lithium-ions conductor. Octane
(98+%, Alfa Aesar) is used as organic solvent in the so-called “Through-liquid exchanger”, (TLE).
Concentrated (H) and diluted (L) aqueous solutions of LiBr are prepared with a respectively molar
fraction of 20% and 1.7%. Br; is added in small amount in order to reach a final concentration of 20
mM in both the solutions. A solution of 20 mM of Br; in octane fills the TLE: the halogen is added

in order to reach the equilibrium in TLE in short time.

3.2.2.1. Electrodes

Before any electrochemical characterization, it is necessary to clean the electrodes because platinum
easily adsorbs species when it is passed through by current. The cleaning process consists in different
steps where mechanical and electrochemical polishes take place.

The first step consists in cleaning platinum by blowtorch in order to remove all the adsorbed organic
species on it, and part of the inorganic species. Then, platinum is dipped in deionized water and
sonicate.

After the mechanical treatment, the electrode surface is cleaning electrochemically in 0.5 M solution
of H2SO; in deionized water. The electrochemical cell is a 3-electrodes cell composed by platinum
that must be cleaned as working electrode, calomel as reference electrode, and another platinum
electrode as counter electrode.

At the beginning, the working electrode is hold at 2 V vs SCE for 2/3 minutes (Figure 3.8). During
this process, oxygen evolves on the surface of the working electrode and hydrogen evolves on the
surface of the counter electrode. This process burns off any organic residue and anodically dissolves

trace metals, such as lead and stannous from solder processes.
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Figure 3.8. Chronoamperometry performed on a platinum electrode in 0.5M H2SO4 water solution in order to clean it.
The voltage applied is 2.00V vs SCE for 2 minutes.
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In the end, cycle-voltammetry is performed between 1.10 V and -0.23 V vs SCE, at a scan rate of
100 mV s for 100/200 cycles.

The electrochemical process at negative voltages, closer to the negative limit of the scan window,
corresponds to the hydrogen absorption and stripping on the platinum surface, while the anodic
process which takes place near the positive limit, is associated to the oxidation of the platinum
surface.

At the first cycle (Figure 3.9 a) the cathodic wave related to the oxide stripping to regenerate the
platinum surface (E = 0.3V vs SCE), is large due to the thick oxide which is grown during the
chronoamperometry measurement. Upon repetitive cycles, this peak decreases and the resulting

cyclic voltammetry has a profile like the one reported in Figure 3.9 b%,
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Figure 3.9. Cyclic voltammetry performed on a platinum electrode in 0.5M H2SO4 water solution between 1.10V and -
0.23V vs SCE applying a scan rate of 100mV/s. a) first cycle (dirty Pt electrode); b) 100™ cycle (clean Pt electrode).

3.2.3. Methods

All the electrochemical characterizations of TRB have been performed on a VSP 300
potentiostat/galvanostat.

Cyclic voltammetry measurements have been recorded at 1 mV s?, starting from the open circuit
voltage until the OV for 5 cycles.

Discharge measurements have been performed by GCPL (Galvanostatic Cycling with Potential
Limitation).

Electrochemical Impedance Spectroscopy under potential control (PEIS) have been performed

applying frequencies between 1 MHz and 1 Hz.
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CHAPTER 4

Thermally Regenerable Redox-Flow Battery

4.1. General Principles

The technology proposed in this project to convert Low-Temperature Heat is called Thermally-
Regenerable Redox-Flow Battery, shortly named TRB.

It is a two-stages device (Figure 4.1) where the “power stage” consists in an electrochemical cell
which produces electricity at the expenses of the mixing free energy of two water solutions of the
same salt but at different concentrations. The second stage, the “thermal separation process” exploits
LTH to distill water from the exhausted solution, derived from the power stage, and restore the
concentration gradient between the two fed solutions of the electrochemical cell. The thermal stage
consists in a distiller; however, other systems could be applied depending on the redox couple that is
used in the power stage.

Industrial waste heat
Co-generation

Low-concentration selar
Appliances
Heat

= ey

Distillation
unit

Electrochemical
cell

Through-liquid
exchanger

Storage J

Figure 4.1. General scheme of a TRB. The whole system counts an electrochemical cell, a distillation unit, and the
solution reservoirs.

In order to achieve high heat-to-electricity efficiencies, it is important to choose a salt that can give
a high boiling point elevation, as it was demonstrated in the section 2.3. Moreover, it is also important
to use a solvent with a high latent heat of vaporization because it increases the mixing free energy
which is exploited by the electrochemical cell to release electricity (see page 66).

The solvent used in the device is water, due to the high latent heat of vaporization (Table 4.1) but
also thanks to the large solubility of several salts in this solvent.

The solute is chosen among the most soluble salts that can give the highest boiling point elevation
possible. Good candidates can be some halides (e.g. of Li, Na, Zn) and some hydroxides (e.g. Na,

K): at saturation, these salts have boiling point elevation in the order of 20-50°C.
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Acetic acid 402

Acetone 518
Ammonia 1369
Benzene 390
Chloroform 247
Decane 263
Dodecane 256
Ethanol 846
Heptane 318
Hexane 365
Octane 298
Toluene 351
Water 2256

Table 4.1. Latent heat of evaporation of primary solvents.
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Figure 4.2. Distillation energy efficiency at the increasing of heat temperature for NaCl, LiBr and Nal water solutions.
The distillation takes place at 4.25kPa: at this pressure, pure water evaporates at 30°C. The boiling point elevation, at
saturation level is nearly 2°C for NaCl, 32°C for Nal and 57°C for LiBr resulting in a distillation efficiency of 0.5%, 8%
and 12.6% respectively.

In Figure 4.2 are reported the calculation of the distillation efficiency as a function of the temperature
of the heat source® for LiBr, Nal and NaCl. In any point of the graph, the molar fraction of the salt
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is chosen so that the boiling point of the solution is equal to the temperature of the heat source. The
dotted lines represent the maximum boiling point of the solution which reaches the saturation.

The devices which exploit salinity gradient were developed to produce electrical energy from
sealriver waters; hence using NaCl solutions. However, sodium chloride has not a high boiling point
elevation (less than 5°C, at saturation level), therefore it has not been considering for the device
developed in this project.

In this work, two different salts were studied: a TRB based on sodium iodide and a TRB based on
lithium bromide. These two salts have high solubility (Nal: 1793 g L%; LiBri®: 1667 g L™ at 20°C),

and high conductivity in both diluted and concentrated solutions%41%,
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CHAPTER 5

Thermally Regenerable Redox-Flow Battery based on Nal

5.1. General Principles

The first proposed Thermally Regenerable Redox-Flow Battery is the one based on the iodide/iodine
redox couple, choosing sodium iodide as salt. The choice of sodium iodide is related to the high
boiling point elevation of this salt, which is very higher than sodium chloride, the salt that generally
found application in the SGE devices. The reason why Nal has higher boiling point compared to
NaCl is related to the higher solubility in water (1793 g L™ for Nal and 360 g L™* for NaCl), which
results in higher mixing energy.

Figure 5.1. Scheme of the electrochemical cell based on Nal solutions.

TRB based on Nal consists in an electrochemical cell, the power stage, filled with two aqueous
solutions at different concentration of sodium iodide. In the two solutions, a low concentration of
iodine is also dissolved, in order to form the redox couple in both the sides of the cell.

In the concentrated compartment (H side) iodide is oxidized to iodine, while, in the diluted

compartment (L side) the halogen is reduced to halide:

1
Hi " +e” >3k (5.1)

1
L: 512 -1 +e” (5.2)
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To maintain the electroneutrality, sodium ions move from the concentrated side to the diluted one
through the selective cation-exchange membrane, a NASICON diaphragm, which bars the passage
of water, iodide, and iodine.

Due to the slightly solubility of iodine in water, only 0.289 g L™, a problem may occurs during the
discharge of the cell: in fact, it is impossible to reach a concentration of iodine in the L side that is
enough to carry on the redox reaction. Therefore, after few minutes, when all the dissolved iodine in
the diluted compartment has reacted, the electrochemical cell turns off. To avoid this problem, the
electrochemical cell is directly connected with an innovative device named “Through-Liquid
Exchanger” (TLE) which allows the equilibrium of iodine between H (where it is produced) and L
(where it is consumed) compartments preventing the exchange of water, sodium and iodide ions
(Figure 5.1). The working mechanism it will be widely explained in the section 5.3.1. and 5.4.1.
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5.2. Thermodynamic/Kinetic discussion

As it has been already discussed in chapter 2, the total efficiency of the TRB depends on the
efficiency of the power production stage, the electrochemical cell (ne), and the efficiency of the

thermal stage, the distillation unit (#4is)

N = Ner * Nais (5.3)

The efficiency of the electrochemical cell is expressed as

Net = (5.4)

AGmix

Where W is the extracted work from the cell, and 4Gnix is the maximum energy, obtained only if the
electrochemical process is ideal and reversible. This value is determined as a difference between the
Gibbs free energy of the exhausted solution and the sum of the Gibbs free energy of the H and L
solutions at the beginning of the discharge:

AGpix = G, — Gy = Nyorty — (Mppy +npp;) (5.5)

Where ng, n;, ng, are the sodium iodide moles in the H solution, L solution and the sum of both
solutions, respectively while uy, u;, u, are the chemical potential of the H, L and exhausted
solutions.

The efficiency of the distillation unit is:

T,
_ AGmix _ nyd- (1 - TVSV) (5.6)
Nais QH nW/l .

Where ny, are the moles of solvent that must evaporate, 4 is the latent heat of evaporation, Tw is the
boiling point of the pure water and Ts is the boiling point of the Nal solution. This parameter is
limited by the Carnot law?!0:111:1%,

To increase the efficiency of the heat conversion, thermodynamic analysis evidence the importance
to increase the boiling point elevation of the implemented solutions compared to the pure
solvent®110,

In order to extract more electrical energy from the system, is also clear that it is better to choose a
solvent with a high latent heat of evaporation!%1%,

Therefore, water solution of sodium iodide is the easier choice because even if sodium iodide has not
the highest boiling point elevation (in the working conditions the boiling point elevation reaches
17°K), the engineering of the system is quite simple. In fact, any parts of the setup do not require
particular operating conditions compared to a TRB based on LiBr (see chapter 6).

The distillation efficiency of a system based on water solutions of Nal, which has to restore a solution

with 17.6% molar fraction, is theoretically
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Nais = 10% (5.7)

To evaluate the achievable mixing free energy, it is necessary to define the concentration difference

between the two solutions.

5.2.1. Activity coefficients, Mixing Free Energy and Open Circuit Voltage
A theoretical determination of the available mixing free energy and of the expected open circuit
voltage is required, not only to compare the experimental data, but also to understand the initial
conditions, their potentialities, and possible improvements.

The Galvani representation of the TRB based on Nal is the following:

] '

o € o € a
Graphite Naly (H,0O) NASICON Nal; (H,0) Graphite

Where the phases a and o’ represent the electronic conductors, the electrode, ¢ and ¢’ the solutions
where the redox couple are dissolved, and ¢ is the solid-state electrolyte, the NASICON membrane.
On the interphase a|e and «’|¢’ the redox equilibrium takes place:

I, + 2e~ 2 21~ (5.8)
Therefore, the equilibrium equations are:
e +2fig =2il (5.9)
A2 + 28, = 2fiL, (5.10)

Two other equilibriums take place between the NASICON and the solutions, related to the diffusion
of Na* ions through the NASICON electrolyte, the so-called Donnan equilibrium:

~ + ~ + ~ +
e =pg® =fe" (5.11)

Combining the three equations:
~e~ ~e” ~]" ~]" ~1 ~1 ~Nat ~Nat
2Mig — 205 = 2[L — 20 + {2 — 2+ EYY -t (5.12)

It is easy to note that ﬁ”a+ and {i’" is the electrochemical potential of the salt in the € and € phases.
Using the definition of the electrochemical potential, equation 5.12 can be rewritten explicating the

open circuit voltage (OCV):

~l = “Nal _ ~Nal
Lir—H - r
€ € + IJ‘E ”’6 (5.13)

ocv =
2F F
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Thanks to the TLE device, connected to the electrochemical cell, the chemical potential of iodine is
kept in equilibrium in both the H and L solutions, respectively. For this reason, the first part of

equation 5.13 can be deleted and the OCV can be calculated using a simplified Nernst equation:

RT qNat g1~ RT XNaIZ Nal?
OCV = In |~ | = - in |~ | (514
aL aL XLIIVCLI yl{VaI

Where XM is the molar fraction of sodium iodide in the H or L solution while y is the mean activity
coefficient of the ions (Na* and I").

It must be noticed that the cell voltage depends on the presence of dissolved iodine not only because
it takes a part in the redox process, but also because it is involved in the formation of the complex
I3

I"+1,21; (5.15)

The discussion made previously is rigorously valid also in the presence of the complexation: in fact,
even if the formation of I3 decreases the concentration of Nal (and for this reason, decreases its
chemical potential) affecting the cell voltage, the amount of dissolved iodine in the solution is small
compared to the concentration of sodium iodide, thus this effect can be neglected. Anyway, a further
discussion of the iodine complexation will be reported in detail in the TLE section and in the
paragraph 5.2.2.

Therefore, it is necessary to choose the concentration of the feed solutions in order to define the
mixing free energy and hence, the OCV of the electrochemical cell.

Higher is the salinity gradient, higher is the mixing free energy that can be converted in electricity;
thus, it is important to use two solutions with a high concentration difference. At the same time, it is
also important to choose concentrations that do not affect too much the conductivity, otherwise the
overvoltage increases resulting in worst electrochemical performances.

To determine the mixing free energy, the chemical potentials and hence the activity coefficients must
be calculated for both the H and L solutions.

In the last years, several models have been developed to identify mathematical and physical
relationships between thermodynamic properties of electrolyte solutions. However, reliable
prediction of activity coefficients, even in low concentrated univalent electrolyte solutions, is still
challenging.

Shilov et al'®®., have tried to model thermodynamic activities in aqueous solutions of Nal, at room
temperature, applying the extended Debye-Hiickel theory. Calculations without parameter fitting
have shown a good agreement with experimental data in the concentration range up to 7 molal.
Even if these results are promising, this model cannot be applied in this research; in fact, the
concentrated solution involved in the TRB has a concentration higher than 7 molal.

In this research, the activity coefficients have been determined by the fitting of experimental values

of activity coefficients reported in literature!®® at different molalities.
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Actually, the experimental data cover all the concentration range of interest for this research and
then, the fitting curve and related equation can be considered enough accurate for the aim of this

project.

experimental data'®®.

The best fitting is obtained with a polynomial fitting of the third order, as shown in Figure 5.3.

Knowing the activity coefficients, the open circuit voltage of the cell may be calculated from equation

5.14.

activity coefficient (y)

Equation

Intercept

Adj. R-Square

y = Intercept + B1*x" + B2*x"2 +

B3*x"3
0,6913 + 0,00948
0,0296 + 0,00766
0,01491 + 0,00152
0,00151 + 8,32638E-5
0,99993

experimental data| ]
fitting curve

Molality

10 12

Figure 5.3. Fitting curve of the activity coefficient vs molality for Nal. The activity coefficients are reported in
literature'®, The fitting function is a polynomial curve.
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Considering a fixed concentration of Nal in the H solution (17.5% molar fraction; 11.8 molal), the
OCV is determined taking into account different concentrations of L, by calculations.

The results are reported in Figure 5.4 (red profile).

Experimental values are also reported (black dots) considering a diluted solution with a concentration
of 1.75% molar fraction: the experimental values agree with the thermodynamic results

demonstrating that the calculated activity coefficients can be considered valid.

L] L] L] L] L] L] L] L]
0.6 - —— thermodynamic data| _
—e— experimental data
0,5 - -
Xy =17.5%
0,4 - -
< |
>
O 0,3+ -
O
0,2 - -
0,1 - -
0 —+—r—————r——————r——r——r—

0 2 4 6 8 0 12 14 16 18
molar fraction% X,

Figure 5.4. OCV of a TRB based on a concentrated solution with a molar fraction of 17.5% vs increasing molar fraction
of the diluted solution. Black points represent the experirlr;esrgﬁoall OCV using a diluted solution with a molar fraction of
In the electrochemical cell reported in this work, using Nal with molar fraction of Xy = 17.5%, X_
= 1.75% for H and L solutions respectively, the maximum energy that may be exploit is 4Gnix = 22.7

kL' (6.3WhL?).

This value is calculated subtracting the chemical potential of the initial solutions, H and L, from the
chemical potential of the exhausted solution, which is the result of the electrochemical discharge. In
fact, the exhausted solution is composed by the diluted L solution and the concentrated H solution,

when they have equal activities.

5.2.2. Electrochemical reaction

The half-cell reaction of iodine molecules is:

I3 (aq) + 2€” 2 2lgq) (E° = 0.54V vs SHE) (5.16)

Impedance analysis®® shown the mechanism of this reaction follows a Volmer-Heyrovsksy

mechanism on platinum or graphite electrode:
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I~ = g4 + e~ (Volmer)
lgas + I~ = I, + e~ (Heyrovsksy)

The second step, the Heyrovsksy reaction, is the rate determining step.
However, polyhalides can be formed and undergo to electrochemical processes with somewhat
different standard potentials and mechanisms?°:.
lodine reacts with iodide forming triiodide, with an equilibrium constant of
I— —

K= —[12[]3[1]_])/:’—;1_ ~ 723 (5.17)
Triiodide complex is the predominant one, even if Ig can be formed too??2 This dimerization is
possible at high concentration of iodide. Experiments show also the presence of poly-iodine
species?®, such as ions in the form I,,, that could be stabilized by protons from the solvent?%.
To identify the exact nature and structure of these polyiodide molecules, more research is required.
Therefore, up to know, it is necessaire consider the fact that the experimental open circuit voltage
will not be exactly as the theoretical one, determined by calculations.
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5.3. Experimental setup
5.3.1. Through-Liquid Exchanger

To equilibrate the activity of iodine between the H and L solutions, an unconventional device, named
Through-Liquid Exchanger (TLE), has been developed (Figure 5.5). Here, the two solutions are in
contact with an organic solvent phase which dissolves iodine, but it does not dissolve water nor Nal.
The equilibration process works as a liquid-liquid extraction: iodine diffuses from the concentrated
solution, where it is produced, in the organic phase, then it diffuses from the organic phase in the

dilute solution, where it is consumed.

i A

Figure 5.5. Scheme of the TLE device and its picture.

Liquid-liquid extraction is efficiently performed on industrial scale, by means of mixer-settlers or
supported liquid membranes. Same techniques may be applied to implement TLE but, scaling such
techniques down to laboratory size is complicated, mainly due to the increase of dead volume. This
is the reason why a new glassware is specifically designed to solve this task, avoiding a direct mixing
between the two solutions and, at the same time, keeping the dead volume small.

The tailored glassware is schematically reported in Figure 5.6 b and its function is represented in

Figure 5.6 a.

Figure 5.6. a) Scheme of the liquid-liquid extraction of iodine from the A water solution to the C water solution passing
through the organic phase. b) simplified scheme of the TLE.
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In Figure 5.6 b, the two water solutions of Nal and I, are reported as A and C, while B is the insoluble
organic solvent; in the specific case it is toluene. As already said, sodium iodide is not soluble in
toluene and thus it is not exchanged between the two solutions. Contrary, iodine is soluble in toluene
and thus it diffuses from solution A, where it is produced, to solution C, where it is consumed and
therefore in less amount, through the intermediate liquid toluene B.

TLE is composed by four chambers: a, b, ¢, and d. The chambers are connected in couples through
the bottlenecks g and h. Moreover, two tubes, e and f, connect the chamber ¢ with the chamber b and
chamber a with the d one.

The chambers are filled with the organic solvent, while the two solutions (A and B) are injected drop-
by-drop through the tubes 1 and 2 and are drawn from the tubes 3 and 4. The drops generate an
increase of the pressure in the bottom chambers ¢ and d respect to the chambers a and b, because the
passage through the bottlenecks g and h. This pressure difference drives the solvent from chamber c
to b and from chamber d to a, respectively through the tubes e and f. This motion enables a quite fast
mixing of toluene in the TLE and equilibrate the activity of iodine, which is the extracted species.
During the experiments, TLE is filled with a solution of iodine 10 mM in toluene.

5.3.2. NASICON membrane

NASICONSs, sodium superionic conductor, are a class of materials of structurally isomorphous 3D
framework compounds possessing high conductivity, with the general formula Nai.«Zr;SixP3.xO12 (0
< x <3). It has been proposed as a solid electrolyte for applications such as gas sensors?-27_ jon
selective electrodes?%®2%, and sodium-sulfur batteries?°.

The ionic conductivity of Nai+Zr,SixP3xO12 (0 < x < 3) varies according to the stoichiometry of the
NASICON composition: the highest conductivity is obtained in the range of 1.8 <x< 2.2: the
maximum value found in literature is 6.7-:10* S cm™ at room temperature?!l. In particular, the
conductivity obtained for the composition NasZr.Si,P01,%?-?1* is comparable to that obtained for the
Na B" alumina.

In general, the NASICON structure consists in a rhombohedral symmetry except in the interval 1.8
< x < 2.2 where a small distortion to monoclinic symmetry occurs?'2,

The NASICON structure is a three-dimensional framework created by alternatively arranged ZrOs
octahedra and SiO4 or PO, tetrahedra. Each PO, or SiO, fragments are connected to four ZrOs
octahedra, which, in turns, shares its corner with six SiO. or PO4 tetrahedra (Figure 5.7).

In this way, “hexagonal bottlenecks” are created with large space enables sodium ions to move

through.
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Figure 5.7. Orthorhombic crystal structure of the most common NASICON?%, Yellow balls represent Na(1), light green
ballr represent Na(2) and dark green balls are Na(3). Zr octahedra are reported in purple, Si tetrahedra are blue, P
tetrahedra are reported in black.

In particular, three different positions where sodium ions may be located, are identifiable. The first
position, indicated as Na(1) (shows as yellow ball in Figure 5.7), is linked three-dimensionally to
two Na(2) (light green balls) sites and four Na(3) sites, while each Na(2) or Na(3) (dark green balls)
sites are connected to two Na(1) positions.

A tremendous problem is connected to the synthesis of NASICON: during the sintering, a second
phase of zirconia, which is an electrical insulator, is always formed. A good NASICON synthesis
results in a small amount of ZrO,,

In Figure 5.8 is reported a model, which suggests the optimal conditions to synthesize a pure
NASICON phase.

Starting from a high content of zirconia (>50%w) as precursor, leads to a final composition made of
two-phase regions: zirconia is naturally expulsed because of the increased temperature.

If, instead, it is used an amount of zirconia between 35-45%w results in a single-phase NASICON
up to the temperature where the phase boundary is crossed (1275°C). If this temperature is exceeded,
zirconia is expulsed creating a mixture of two-phases. If the temperature does not reach the melting
point of NASICON, the result is the complete dissolution of the NASICON phase.

5.3.2.1. NASICON Characterization: Structural and Morphological Characterization
NASICON diaphragm, with composition NasZr:SioPO1y, is used as “membrane” in the device.
Several procedures have been followed to synthesized NASICON with good properties in terms of
conductivity, perm-selectivity, and permeability.

The results of the NASICON pellets synthesized following the procedure reported at page 72 are

here discussed.
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Figure 5.8. Tentative phase relations in the Nasicon ZrO> phase field?!6,

Structural and morphological characterization of sintered NASICON is performed by X-Ray power
diffraction and Scanning Electron Microscopy.

The X-Ray diffraction measurement on the produced NASICON (Figure 5.9) confirms the formation
of the desired crystal structure. A small amount of zirconia is also detectable: as already said, it is

impossible avoid its formation.
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Figure 5.9. a) X-Ray diffractogram of the produced NASICON material. b) X-Ray diffractogram of the produced
NASICON compared with the diffractogram of NASICON and zirconia found in literature.
In this procedure, the resulting zirconia does not significantly affect the performances of the
NASICON phase.
Same results are confirmed by Scanning Electron Microscopy. Figure 5.10 are SEM images of a

section of NASICON membranes with a thickness of 0.5 mm, obtained by fracture. It can be easily
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observed how the material is mostly composed by large cubic crystals, with a dimension of nearly
50 um. Between the crystals there are several spaces, on the scale of 20-30 um. The structure is

homogeneous across the thickness.

Figure 5.10. SEM images of a section of NASICON membrane, obtained by fracture.

The SEM images shown in Figure 5.11, are related to the ground side of the NASICON membranes;
in fact, in order to reach the desired thickness of 0.5 mm, one side of the membrane is ground.

In this case, the crystals are less visible, due to the grinding process, while holes are easily detectable.

Figure 5.12. SEM images of the sintered surface of the NASICON membrane.
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The result of the sintering procedure is studied by observation of the surface side of the NASICON
membrane which has not be ground. These SEM images are reported in Figure 5.12. The surface
appears compact. However, some regions are covered by different structure.

Besides the large cubic crystals, smaller platelets or needles can be detected. The acquisition of an

image with the back-scattered electrons (BSE) technique, suggests that the composition of the

smaller objects is different from the composition of the larger cubic crystals (Figure 5.13 b).

100 pm

Figure 5.14. a) BES image of the surface of NASICON pellet where a second type of crystal structure is identified. b)
combination of SEM image and EDX technique. The red zone is attributed to the zirconia phase, the blue areas are silica,
and the green areas are NASICON phase.

A further investigation of the material found on the surface of the sintered NASICON is reported in
Figure 5.14. The BSE image (Figure 5.14 a) shows a part of the surface covered by large
morphologically bipyramidal crystals, embedded in a morphologically amorphous matrix. These
bipyramidal crystals have dimensions around 10 pum. In the Figure 5.14 b, is reported an elaboration
based on SEM and EDX (Energy Dispersive X ray Analysis) acquisition. The colors depend on the
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measured composition, while the intensity depends on SEM. The red color is related to the presence
of zirconium, blue is related to silicon, and green the presence of both silicon, zirconium in presence
also of sodium. The presence of phosphorus is difficult to evaluate because of the superposition of

peaks with the peaks of zirconium (Figure 5.15).
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Figure 5.15. Peaks analysis of EDX measurements.

The red zone represents likely the area where zirconia is formed, the blue area is identified as silica,
and, finally, the green area is NASICON. Therefore, the material described as morphologically
bipyramidal crystals, is zirconia, which is embedded in a matrix of silica. In the end, the large surface
of the membrane is rightly attributable to NASICON.

Silica has not visible crystal structure and, probable, the formation of the morphologically amorphous

silica contributes to seal the porosity of the material on the surface.

5.3.2.2. NASICON Characterization: Conductivity

Impedance spectra of NASICON membranes are performed to evaluate its conductivity.

A four-electrodes cell is used to get rid of the contribution of the charge transfer and mass transfer at
the surface of the electrodes. The Nyquist plots obtained by this analysis shows two arcs: the high
frequency arc intercepts the real axe at a finite value. Resistance of the low frequency arc is almost
negligible and vanishes as the temperature increases. The capacitance at low frequency arc is around
10°F, a typical value for grain boundary related processes in ceramic materials. Using the resistance
associate to this second arc as the grain boundary resistance, and the high frequency intercept as an

estimation of the bulk resistance, the respective conductivities are determined by a simple equation:

—h 5.18
U—RS(. )
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Where o is the conductivity, R the resistance, h and S are the thickness and the surface of the sample,

respectively.
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Figure 5.16. Values of bulk conductivity (purple) and grain boundary conductivity(green) as a function of temperature.

The conductivity of the grain boundary, ogs, and the conductivity of the bulk, owuk, are reported in
the Figure 5.16, as a function of the temperature.

The activation energy determined by fitting InT vs 1/T (both fits have R?> 0.99) are compatible with
the values reported in literature: 0.15 eV for the bulk and 0.39 eV for the grain boundary. The high

activation energy related to the grain boundary is presumably due to the low density of the membrane.

5.3.2.3. NASICON Characterization: Perm-selectivity?’

The perm-selectivity of a membrane is evaluated by the ratio between the flux of specific component
to the total mass flux through the membrane under a given driving force.

In an ion-exchange membrane, the perm-selectivity depends on the ion-exchange capacity of the
membrane and the ion concentration in the solutions where the membrane is immersed.

The perm-selectivity can be calculated from the transport number of the counter- and co-ions in the
membrane and in the solutions. In a cation-exchange membrane, the counter-ion are the cations while
anions are the co-ions. Vice versa, the cations are the co-ions in an anion-exchange membrane and
anions are the counter-ions.

The perm-selectivity is defined as

p = Teon —Teou 5 1)
TCO

Where T is the transport number of co co-ions, cou counter-ions in the solutions, and m in the

membrane.
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A method to determine the perm-selectivity of a membrane is based on the measurement of the
potential gradient across a membrane which separates two electrolyte solutions of different
concentrations. This static method, however, does not take the water transport through the membrane
into account and it is referred to as “apparent” perm-selectivity.

The potential between two electrolyte solutions of different concentrations, the membrane potential,
consists of the two Donnan potentials between the membrane and the adjacent solutions and the

diffusion potential across the membrane:
Pm = @b + 9F + airs (5.20)

For a completely perm-selective membrane, the diffusion potential is zero and can be neglected.
For astrictly perm-selective membrane, there is no salt diffusion through the membrane, the transport
number of ion (considering sodium ions) assumes value 1, that is why, according to Nernst law, the
membrane potential is the cell voltage, and it is

RT at

Where a is the activity of 1 concentrated solution and 2 diluted solution, respectively.

To evaluate this parameter, the membrane is placed in an electrochemical cell with two Ag/AgCl
electrodes dipped in two sodium chloride solution at different concentrations, 1 M and 0.5 M (see
page 73 and Figure 3.5).

The cell voltage of this cell would be 111 mV if the membrane is perfectly perm-selective. In the

absence of perm-selectivity, the voltage decreases to one and half, 55 mV.
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Figure 5.17. Open Circuit Voltage (OCV) of an electrochemical cell with NASICON membrane immersed in two water
solutions of NaCl 0.5M and 1M, respectively.

The characterization of these membranes gives values between 100 and 110 mV, showing the

excellent perm-selectivity of the produced membranes (Figure 5.17).
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5.3.2.4. NASICON Characterization: Permeability
To evaluate the permeability of sintered NASICON membranes, a device, like the one schematizes

in Figure 3.6, is used.
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Figure 5.18. Pressure variation after the initial compression for NASICON membrane not ground (purple profile),
NASICON ground on one side (green profile) and NASICON ground on both sides (blue profile).

In the Figure 5.18, the variation of the pressure is reported versus the time for three different
NASICON membranes: NASICON membrane not ground (purple profile), NASICON membrane
ground on one side (green profile), and NASICON membrane ground on both sides (blue profile).
In the NASICON membrane ground on one side or not ground, the pressure remains almost constant
until the syringe is released. In the case of NASICON ground on both sides, the pressure decreases
quite fast: this means that air permeates through the membrane.

This behavior is typical and reproducible: membranes that are not ground after sintering, or that are
ground only on one side, appear impermeable to air and, therefore, to water. Instead, membranes
ground on both sides are permeable. Their permeability is associated to the NASICON surface: in
the case of not ground or ground only on one side NASICON membranes, the surface is a compact
layer, likely the glassy material observed in the SEM images which seals the otherwise porous

material.

5.3.2.5. Other syntheses
Several syntheses are tried to improve the morphological, structural, and electrochemical
characteristics of NASICON pellets.

Different temperatures of calcination are tested on two different sets of reactants:
A) SiOz,Na3P04 * 12H20, ZT’OZ
B) Na,C03,Zr0,, NH,H,PO,, SiO,
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In both the cases, the powders are finely ground and calcinated under different working conditions:
(1) 1100°C, 8h, 3°C/min;

(2) 1150°C, 8h, 3°C/min;

(3) 1150 °C, 15h, 3°C/min;

(4) 1150°C, 6h, 3°C/min,

(5) 1150°C, 6h, 5°C/min.

All the syntheses are then verified by means XRD diffraction in order to evaluate the NASICON
formation and the development of other impurities.

For the A) set of reactants, all the combinations of temperatures and length of treatment do not allow
to the synthesis of NASICON as main structure.

The best results are obtained using the set B) of reactants.

In particular, the thermal treatment (5) produces a high pure NASICON, as shown in Figure 5.19 a,
where the diffractogram of the powder is reported.

From this powder, it is produced a pellet (20 mm diameter and 0.5 mm thick, Figure 5.19 c) which
is sintered at 900°C for 2 hours. In Figure 5.19 b is reported the SEM image of the pellet where the
typical NASICON cubes are identified.
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Figure 5.19. a) Diffractogram of NASICON powder obtained after a thermal treatment at 1150°C for 6hours, heating at
5°C/min starting from B) set of reactants. b) SEM image of the membrane obtained from the powder here described and
sintered for 2 hours at 900°C; c) thickness and diameter of the resulting pellet.

From EDX (Figure 5.20 a) it is appreciable how all the elements are homogenously distributed on
the membrane, demonstrating the NASICON formation. From the peak analysis of EDX (Figure 5.20
b) it is also present aluminum, which is an impurity that affects the power during the synthesis.
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Figure 5.20 a) EDX of the NASICON pellet; b) peaks analysis of EDX measurement.

NASICON-Y and NASICON-La are also synthesized, in order to improve the conductivity of the
pure NASICON. In fact, as reported in literature?*2!8 the substitution of Zr* with La* or Y3*
doping, and the concomitant balance of charge with excess of Na*, have resulted in well sintered
ceramics having higher conductivities than the conductivity of pure NASICON. The general formula
of doped-NASICON becomes Na+x+y Zr2.y Six Dy P3.x O12, where D is the doping element.
NASICON-Y is synthesized starting from SiO;, NasPO4 12H,0, Na;,COs, (ZrO2)o.97 (Y203)0,003.

All the syntheses of NASICON-Y produce secondary phases in relevant amount as shown in Figure
5.21. In the SEM image (Figure 5.21 b) it can be noticed the typical cube-shape of NASICON
structure but, at the same time, another secondary phase, zirconia, is present, affecting the overall

structure.
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Figure 5.21. a) Diffractogram of NASICON-Y synthesized by a pre-treatment at 700°C for 2 hours, then a calcination
treatment at 1150°C for 6 hours. b) SEM image of NASICON-Y pellet after sintering at 900°C for 2 hours.

NASICON-La is synthesized from a mixture of Na,CQOs, ZrO,, NH4H2PO4, SiO; and La;0s.
As for NASICON-Y, the powder is pre-treated at 700°C for 2 hours, then it is calcinated for 6 hours
at 1150°C heating at 5°C/min. Also in this case, a second phase of zirconia is formed in a relevant

amount, affecting all the morphology, as shown in Figure 5.22 b and c.
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Figure 5.22. a) Diffractogram of NASICON-La and b) and c) SEM images of the pellet after sintering at 900°C for 2
hours.

The three pellets, NASICON, NASICON-Y and NASICON-La are evaluated in terms of density.
Using the Archimedes method, the densities of the three pellets before and after the sintering are
determined and compared with the literature value (Figure 5.23).

The results shown in Figure 5.23 agree with the XRD and SEM results: NASICON-Y has the higher
density due to the presence of zirconia, which affects the overall structure. The reason why
NASICON-La has a lower density, even if the structure is affected by a second phase of zirconia, is
related to the high porosity of the pellet as shown in the SEM image (Figure 5.22 c).

NASICON and NASICON-Y are tested also to evaluate perm-selectivity and conductivity.

The results agree with the structural and morphological characterization: NASICON has the highest
perm-selectivity, due to the compact morphology but it is not enough to find application in the device.
NASICON-Y, which has nanometric pores on his surface, has a low perm-selectivity, nearly 60%
(Figure 5.24) and even in this case could not be tested in the TRB. The two membranes show also
the typical conductive behavior of an ionic conductor, linearly increasing its conductivity with the
temperature (Figure 5.25 b). Arrhenius plot is calculated taking into account the resistance of the
electrolyte, evaluated as the intercept of the semi-circle at lower frequencies on the x-axe (Figure
5.25a).

From the Arrhenius plot, it is calculated the activation energy for both NASICON and NASICON-
Y for the first one, the result is in accordance with the literature®*®, 31.5 kJ mol?, but for NASICON-
Y, this value is too high, around 55 kJ mol.

For all these reasons, these pellets are not tested in the TRB.
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Figure 5.23. Density of the NASICON, NASICON-Y and NASICON-La pellets, pre and after sintering.
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Figure 5.24. Perm-selectivity measurement for NASICON pellet (green line) and NASICON-Y membrane (red line).
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Figure 5.25. a) Nyquist diagram of NASICON pellet at different temperatures, b) Arrhenius plot of NASICON and

NASICON-Y.
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5.4. Electrochemical characterization
5.4.1. Through-Liquid Exchanger

Through-liquid exchanger is characterized in order to understand its function and all the parameters
which affect its performances.

At the beginning, the electrochemical cell is tested without the implementation of TLE, to understand
if its presence is necessaire or not.

In Figure 5.26 is reported the discharge of the cell with TLE connected in series to the
electrochemical cell, under a constant current of 6.6 mA cm-2. From ta to tg, the TLE is disconnected
to demonstrate how the operation of the system is affected.

It is easy to note that TRB is able to be discharged for hours if the TLE is connected to the system
(initial part) where the slow decrease in voltage is related to the consumption of the concentration
gradient between the two compartments. Otherwise, TRB can be discharged only for 20 minutes
without the implementation of the TLE due to the depletion of iodine in one half-cell; hence, the
voltage drastically decreases to OV. When the TLE is restored at time tg, the voltage increases again

because of the equilibration of the iodide activity, between the two solutions, by means TLE.
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Figure 5.26. Discharge of TRB. From ta to ts, TLE is disconnected in order to show its importance for the correct
behavior of the TRB.

To show the ability of TLE to exchange iodine and in order to evaluate the time constant of the
equilibrium process, two different experiments are performed. The first one, a qualitative experiment,
consists in the observation of the color change during the equilibration.

Two different Nal solutions are dropped in the TLE, 2 M solution in the left compartment and 1 M
solution in the right side. TLE is then filled with the organic phase and few drops of concentrated
solution of I, are injected in the left compartment. The water solution in the left side becomes brown-

red due to the presence of iodine (Figure 5.27).
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Figure 5.27. TLE during the injection of iodine solution in the left side. The bottom of TLE is filled with two water
solution of Nal (1M on the left and 2M on the right). The device is then filled with toluene.

t=1 min

-t _m—— - '
Figure 5.28. TLE at various times after the injection of iodine solution in the left compartment.
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After the injection of iodine solution on the left side of TLE, a sequence of pictures is taken and
showed in Figure 5.28.

Toluene, which is colorless, becomes pink and then red in the first minute, after the injection of
iodine solution in the left compartment: this means that iodine dissolves in toluene.

In nearly 7 minutes, the Nal solution in the right sides becomes yellow, and, after 20 minutes, the
two Nal solutions show the same brown-red color due to the iodine diffusion from the toluene to the

Nal solution in the right compartment.

In addition, a quantitative experiment is performed, in order to the determine the time constant of the
process.

Two solutions of Nal + I, 1.75% molar fraction, and 1.25 mM of I, respectively, are injected in the
electrochemical cell connected to the TLE. Two measurements are conducted: the first one, without
the organic phase in the TLE (TLE works only as a reservoir for the two solutions) and the second
one with the TLE filled with a solution of I, 1.25 mM in toluene.

A 0.7 mA cm constant current is applied to the electrochemical cell for 7.5 minutes. This driving
force induces to an iodine concentration difference between the two compartments of 0.8 mM.
Under these operational conditions, the Nal concentrations do not change significantly, since the
initial values are so much larger that concentrations are not influenced by the small, transferred
charge. Therefore, the final open circuit voltage, which is monitored during the experiment, depends

only on the activity of iodine as follow:

ocV = Eln <a—112> (5.22)
2F " \aj,

Where the superscripts 1 and 2 refer to the solution enriched and depleted in iodine, respectively. As
it can be noticed in Figure 5.29, while the curve obtained without toluene stabilizes to a non-
vanishing voltage, the curve obtained with toluene decays with time.
The reason why of these different behaviors is related to the TLE: in the first case, without the organic
solvent, iodine is not equilibrated between the two solutions, therefore, a concentration difference of
iodine involves a higher voltage compared to the second case, where iodine is equilibrated and thus,
has the same activity in both the solution.
A theoretical curve is also reported in Figure 5.29 (dashed line), which is obtained assuming that the
concentration difference decays exponentially.
Starting from the initial value of 1.25 mM, co, the concentration of I, in the two compartments

changes after the application of the constant current as follow:

1 Acy
C12 =Cy +T (523)

Acy
CIZZ = Cy —T (524)
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Figure 5.29. Measurement of the OCV during the time after the application of a constant current of 0.7mA cm-2 for 7
minutes, in a TRB filled with two Nal solution at 1.75% molar fraction and 1.25mM of 12 using an empty TLE (purple)
and a toluene filled TLE (green). The dashed line represents the fit of the theoretical curve.

TLE equilibrates the iodine concentrations between the two solutions exponentially:
1 ACO _t
¢, = ¢ +——e 7 (5.25)
2
Acy _t
¢t =¢o —Toe T (5.26)

Where 7 is the constant time of the iodine equilibrium in the TLE and t is the time from the opening
of the circuit. Equation 5.22 can be approximated as:

ocv = Rl i () 2 BT () (527
“2F "\az) T2F '\ (5:27)

If equations 5.25 and 5.26 are substituted in equation 5.27, and the terms ¢, and % are collecting in

. - AC .
a unique parameter o which is equal to a = ﬁ the result is:
0

t
ocv = Bl |22 7] (528
2F 1- ae_%
The function 5.28 is fitted in the experimental results in order to determine the time constant of the
iodine equilibrium mediated by TLE and it corresponds to 11 minutes.
The complete equilibration of the iodine chemical potential requires ideally infinite time. In real

conditions, a chemical potential difference of iodine between the two compartments it will be present.
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This is due to the operational limits of the TLE. Therefore, the potential is different from the one

calculated in equation 5.15 and this difference is equal to

(Wi = HE)
SETLE = % (529)

The voltage difference due to the chemical potential difference of iodine is similar to the mass
transport overvoltage, despite the fact that this process does not take place at the electrode surface
but in the TLE hence, outside the electrochemical cell. In the limit of low values of current, equation
5.29 can be linearized:

0Er,g = IRrpg (5.30)

The resistance of TLE is estimated to be equal to 0.8 Q which is a small value compared with the
measured resistance of the entire electrochemical cell (see section 5.4.3.). This means that TLE does
not significantly affect the performance of the TRB because it is not the limiting element of the
system. Moreover, the iodine equilibration takes place fast enough for the operating conditions and
therefore, TLE is an essential part of the successful operation of the TRB.

To determine the Rre value, it is necessary also to consider the iodine complexation, which takes

place whenever iodine is dissolved in water in the presence of iodide ions:
L+I~-2I3

At the equilibrium, if TLE perfectly works, the chemical potential of iodine in the H and L solutions

would be the same:

Mz =t (5.31)

The superscript “0” refers to the equilibrium quantities.

Considering the reaction of iodine complexation, the chemical potential of triiodide is equal to:
UNar + W2 = UNarz (5.32)
Wiar + Wiz = Uiars (5.33)
By subtracting equation 5.33 from equation 5.32 and considering the equilibrium conditions:
UNar + M2 = Wiar — M2 = UNarz — Miars (5.34)
UZZ?I - UzL\igl = UZ}?B - llhgm (5.35)

During the operation of the cell, a chemical potential difference of iodine is developed which

represents the overvoltage of the TLE diffusion:

Wh — M2 = WNarz — MNarz — WNar + Wiar = F8Erg (5.36)

108



Since the amount of Nal exceeds the amount of iodine and triiodide in both the diluted and
concentrated solutions, the chemical potential of sodium iodide can be considered the same as in
equilibrium. Therefore, considering equation 5.36, the TLE diffusion overvoltage can be expressed

as:

H,0 L0
F6Er g = u%aB - H]LVals — Myarz T Myarz (5:37)

Using the approximation for the ideal solution:

SEr g = Eln( M) (5.38)

F Cars 05;33

In order to evaluate the resistance related to the TLE diffusion overvoltage, the limit for vanishing
current has to be determined. In this condition, the amount of Nals changes with respect to the
equilibrium value of a small quantity, denais, if the volumes of the diluted and concentrated solutions
are assumed to be the same, V. In this way, the variation of concentration is the same in the two

solutions when a given amount of solute is changed from one solution to the other one.

SErpp = (5.39)

F L,0 H,0

H,0 L0
RT ln< CNarz T 5CNaI3> CNail3
CNarz — 0Cnarz/ Cyarz

By approximating at the first order in dc/c°, equation 5.39 becomes:

RT [ 1 1
0ErLg = F\GA0 +CLT Scnarz (5.40)
Nai3  “Nai3

The flux of iodine (@) in TLE is proportional to the concentration difference of iodine and it is

defined as:
&, =VK(cH — k) (5.41)

Where K is a constant depending on the TLE performances. The concentration difference of iodine

is linear with dcnais:
(I)IZ = VK,6CNa13 (54‘2)

To understand the physical meaning of K it is necessary to consider that iodine is present in solution

as the complex Nals, therefore the iodine flux mostly alters the concentration of Nals:
—®p; = Vicnarz (5:43)
Thus, taking in account equation 5.42 and 5.43 the result is a differential equation:

Scnarz = —K'8cnqrz (5.44)
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K is the reciprocal of the characteristic time constant of the iodine equilibration in the TLE: (//trig).
As it has already discussed, zre is known from experimental measurements and it is around 11
minutes.

In stationary conditions, the current, which flows through the cell, is related to the iodine flux:

2VF
I = ZFCDIZ = ‘[_ 6CN(113 (5.4’5)
TLE

Combining the last equation with equation 5.40:

§Erp = (L4 L VIE (5 46
F \eyars  CNais/ 2VF

Defining the resistance of the diffusion process in the TLE as:

. RT( 11 )TTLE 547)
TLE = 5 \ THO L0 -
F \eyais  CNais/ 2VF

The TLE diffusion overvoltage becomes
SETLE == RTLEI (54‘8)

Assuming that iodine is completely depleted in the diluted compartment, an equivalent of the
diffusion limiting current can also be calculated.

Knowing that the iodine flux is

vV
D1, = ——cyars (5.49)
TTLE
This flux is able to provide the amount of iodine necessary for a current flowing stationary:

[=2F _ ZVE ho 5.50
= 2= TriE Cnarz (5.50)

5.4.2. Maximum Current Density / Maximum Power Density

Experiments are conducted to test the electrochemical cell alone, without the TLE, to evaluate some
general parameters like the open circuit voltage, the maximum power density and maximum current
density that the system may achieve.

All the experiments in this section are performed for short time to avoid chemical consumption of
the species. The electrochemical cell is filled with two solutions at molar fractions 17.5% and 1.75%,

respectively, and heated at 90°C.
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Figure 5.30. a) Cyclic voltammetry of the electrochemical cell; b) power density as a function of the current density.

Figure 5.30 a shows the result of the cyclic voltammetry.

The observed open circuit voltage is 245 mV, in accord with the theoretical value obtained by Nernst
equation using the activity coefficients reported in literature®®,

The maximum current density reaches 17.5 mA cm, while the maximum power density is
approximately 1.2 mW cm2 (12 W m) and it is reached at a current density of around 8.5 mA cm
(Figure 5.30 b).

The profile of the cyclic voltammetry is linear: this means that the behavior of the cell is almost
completely resistive. The resistance, evaluated by the fitting of the recorded cyclic voltammetry, is
14 Q cm. From the characterization of the NASICON membranes, its conductivity at 90°C results
equal to 5 mS cm™. Thus, the membrane has a resistance of 10 Q cm2, while further 1.3 Q cm are
related to the electrical connections of the electrodes. Therefore, it can be concluded that the observed

resistance is almost completely attributed to the Ohmic contribution of the NASICON membranes.

5.4.3. Discharge and Model

Several experiments are performed, carried on with different membrane samples and solutions in
order to evaluate the electrical energy released during the discharge process.

Before any discharge process, the resistances of the electrochemical cell are evaluated by
electrochemical impedance analysis (PEIS). The typical spectrum is reported in Figure 5.31.

The intercept at higher frequencies represents the resistance of the electrolyte, that means of
NASICON diaphragms. This value, 6.4 €, is exactly the expected one considering three membranes
connected in parallel. In this type of circuit, the equivalent resistance is the sum of the reciprocal
resistances and any NASICON diaphragm has a resistance of nearly 20 Q.

Two typical discharged profiles are reported in Figure 5.32, obtained at two different current

densities: 5.3 mA cm (orange profile) and 6.7 mA cm (purple profile).
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These currents have been chosen in order to work closer to the maximum power density but, at the

same time, without sacrificing the electrochemical efficiencies.
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Figure 5.31. Electrochemical impedance spectrum of the electrochemical cell filled with H and L Nal solutions at 17.5%
and 1.75% molar fractions, respectively.
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Figure 5.32. Complete discharge of the cell under an applied current of 6.7 mA cm2 (violet curve) and 5.3 mA cm-
(orange curve): a) voltage vs time and b) voltage vs volumetric capacity. In the graph a is also reported the theoretical
discharge in black (solid line: under 6.7 mA cm-2 current; dashed line: under an applied current of 5.3 mA cm2).

The voltage decreases almost linearly with time: in fact, under the operating conditions, the chemical
potentials of sodium iodide depend linearly on the concentration itself due to the non-ideality of the
solutions.

The discharge process lasts until the cell voltage vanishes: the discharge under the higher current,
6.7 mA cm? requires 25 hours while the discharge under lower current, 5.3 mA cm, lasts almost 39
hours. At this point, the open-circuit voltage is not yet zero because the solutions have not reached

the same activities; however, the power production becomes negative due to the overvoltage.
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Visible fluctuations of the voltage are noticed which are related to the formation of air bubble in the
electrochemical cell. These bubbles are formed by the release of dissolved air occurring in the high-
temperature part of the hydraulic circuit.

The system extracts nearly 21 Ah dm= in the experiment at higher current and 26 Ah dm=in the
second experiment, even if it lasts fourteen hours more.

The solid and dashed black lines, reported in the Figure 5.32 a, are the theoretical discharges,

obtained with the following approximated equation:

%} —RI (5.51)

E(t) = AEY.y, [1 -

Where t is the time, AEO"CV is the initial value of the open circuit voltage, | is the current, R the
resistance, Q is the electrical charge necessary to fully discharge the cell and 1, represents the leakage
of charge due to parasitic processes. In fact, in this system, the unwanted passage of solution through
the porosity of the NASICON membrane and the unwanted passage of water through the organic
solvent may occur.

E(t) represents the discharge of the cell: it is assumed that the voltage decreases linearly with the
time during the discharge since the chemical potentials of the salt are approximately linear in
concentration in the used solutions. Finally, the term RI represents the ohmic drop.

The values of the parameters used in Equation 5.51 are reported in the next table.

I I AEYcy Q I R
5.3 mA cm™ 8 mA 250 mV 2480 C 3mA 125Q
6.7 mA cm™ 10 mA 250 mV 2480 C 6 mA 11Q

Table 5.1. Values of the parameters used to calculate the theoretical discharge profiles of the TRBs.

The total duration of the discharge is the time tr at which E(t;) = OV.
By solving equation 5.49 for E(t )= 0V:

(5.52)

tr =

4 [ AEgcv] (I+1p)
From the model, the total duration of the discharge under an applied current of 5.3 mA cm2is nearly
38 hours while the discharge under 6.7 mA cm- requires almost 24 hours.

The produced electrical energy W is:

tf
W=f E(t)I dt (5.53)
0

Expressing E(t) as reported in equation 5.51 and solving the integral:
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I+1
W = (AEScy — RI)Ity — AEQ .y %n} (5.54)

Using equation 5.50 to express t; :

Q

————— (5.55
AEch(I+IL)( )

W = %(AE&V — RI)?
The results are W = 81 J (6750 J L) for the experiments under an applied current of I = 5.3mA cm-
Zand W =61 J (5083 J L) for the second experiment where the applied current is | = 6.7 mA cm™.
By using the free energy calculated from tabulated activity coefficients, 272 J (22666 J L), the
resulting electrochemical efficiencies are 30% and 22%, respectively, which are actually closed to
the final points reported in Figure 5.33.
This means that the approximate model is accurate enough for this analysis.
In Figure 5.33 are reported the performances measured in the experiments. The abscissa represents
the efficiency of the electrochemical cell (rc) while the ordinate is the integral average power density

(p).

— 12 1 1 1 ! 1
“e JR— 6.7 mﬁu’cm; —
o 1 T~ 5.3mA/lcm
= i i
£
a 08|k i
=
b
g 0.6 ‘| 1
2
s D-4 B —
O
o
g 0.2} :
o
>
{ n | | | | |

0 5 10 15 20 25 30

Efficiency 1 (%)

Figure 5.33. Average power density vs efficiency for the discharge process under an applied constant current of 6.7 mA
cm2 (violet curve) and 5.3 mA cm™ (orange curve).

The efficiency is determined as:

I, P (t)dt

Where t; is the duration time of the experiment, P(t) is the instantaneous power at the time t, and 4G
is the mixing free energy of the two solutions that filled the cell. The average power density, reported

on the vertical axe, is determined by the following equation:
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tr
o) = 2O (559)
f

The curves reported in Figure 5.33 are obtained parametrically in t; : each point represents a different
duration time of the experiment. Increasing the duration time increases the electrochemical efficiency
but decreases the power density.

In the discharge at low current density, the electrochemical efficiency is up to 30%. Part of the energy
is lost due to the ohmic resistance of the NASICON. The consumed energy by resistance, is around
55-60% of the available free energy. The remaining loss, of the order of 10-20%, is likely due to
parasitic processes such as the dissolution of water in toluene in TLE or the passage of solution
through the porosity of the NASICON membrane.

In an ideal quasi-equilibrium conditions, with 1. = OV and 1—0, the maximum energy that can be

extracted, Wy is:
1

The efficiency is defined as:

_W_(,__H 2 (5.:59)
e = w, = AES., ) T+1,

The produced electrical energy is the difference between the maximum energy that can be extracted
and the energy loss which is distinguished in two different contributions as reported in the following

equation:
W = WO - WR - WL (560)

Where Wridentifies the energy loss due to the ohmic drop:

RI
Wy = QRI (1 570 > (5.61)

ocv
While W, identifies the energy loss due to charge leakage and it is defined as:

I

WL:(WO_WR)I_I_IL

(5.62)

In the next table are resumed the resulting values for the produced energy, the energy losses due to
ohmic drop and charge leakage, in the two experiments performed at different currents.
In the table 5.2 are reported the percentage of produced energy and energy losses in the two

experiments respect to the total energy.
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SCVE W (kJ L) Wr (J L) WL (I LY

5.3 mA cm™ 6.8 12.4 2.8
6.7 mA cm™ 5.0 12.7 3.7

Table 5.2. Values of the produced energy and energy losses during the discharge processes.

What it can be easily noticed is that 20-30% of the energy is actually extracted in the two
experiments, while 55-60% is dissipated due to the ohmic drop.
The rest 10-18% is lost due to leakage likely unwanted passage of solution through NASICON

membrane or unwanted dissolution of water in toluene due to the higher solubility at higher

temperature.

EXPERIMENT
5.3 mA cm 30.79 56.45 12.75
6.7 mA cm? 23.53 59.15 17.32

Table 5.3. Percentage of the produced energy and energy losses during the discharge processes.
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5.5. Evaluation of Distillation and Efficiency

To regenerate the concentration difference of the solutions, the exhausted solution undergoes to a
thermal separation. The thermal separation considered for this type of device is the vacuum
distillation technology. The solution is in contact with a heat exchanger, which brings the heat from
the heat source. The solution boils and concentrates while its vapor is condensed on a second heat
exchanger.

In a vacuum distiller, the inside pressure is lowered, therefore the boiling occurs at lower temperature.
After the initial evacuation, no mechanical work is required for keeping the vacuum. Connecting
several stages in series, a multiple-effect distiller is obtained: in this device, the condensation heat
from one effect is used as the heat input for boiling in the following.

The rate of production of mixing free energy of the solutions is defined as the power output of the

distiller, Pp, while the efficiency of the distiller is defined as:

AG

= — (5.63
Ub) 0 ( )

Where Q is the heat provided by the heat sources and 4G is the mixing free energy of the solutions.
Another important parameter to evaluate the distillation process is the size of the distiller, s, which

is determined by the following equation:
_ 2 5.64

Where S is the surface of the heat exchanger and Py is the distiller power output, defined as the
mixing free energy of the produced solutions per unit of time.

Vacuum distillation technique has been already explained at page 35 and a simplified model has been
previously discussed in the thermodynamic section (2.3.2.) starting from models presented in
literature8®119111 The main parameters determining the efficiency of the thermal separation are the
boiling point elevation, ATgp, and the temperature difference across the heat exchanger, ATwg, which
is assumed to be constant during the distillation.

This thermodynamic model is used to evaluate the consumed heat, the number of effects and the
surface of the heat exchangers for a vacuum distiller working with a solution of Nal 17.5% molar
fraction, the solution experimentally studied in the TRB, and a solution of NaCl 8.6% molar fraction,
a typical solution used in other distillation-SGP devices.

The parameters are calculated for a distiller power output of 1 kW in the form of mixing free energy

of the solutions. Different AT are considered during the parameter valuations (Figure 5.34).
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Figure 5.34. Parameter evaluation of a vacuum distiller to produce 1kW in the form of mixing free energy of solutions.
The cyan square represents an effect, the pale cyan square represents the heat exchanger with the heat source. The
surface of the squares is proportional to the surface of the heat exchanger of the effect. The orange bar represents the
heat required by the distiller. The heat source is at 100°C (Tw) and the heat sink is at 25°C (T.). The salt is NaCl (A-C)
8.6% molar fraction (ATsp =5°K); Nal (D-F) 17.5% molar fraction (ATep = 17°K). Three different ATwe are considered:
ATHe = 1°K in the cases A and D; ATue =6°K in the cases B and E; ATne =27°K in the case F; ATwe =35°K in the case
C. In the cases C and F, only one effect is used.

The first thing to notice is that values of 4Twe lower than 5°K are considered practically unfeasible:
at the same time, increasing 47+ also increases the heat consumption even if the dimension of the
distiller decreases because the distiller requires a lower number of effects and a smaller surface for
the heat exchangers.

Figure 5.34 also shows how the distillation of Nal solution gives always better performances
compared to the NaCl solution distillation. This is easily noticed in the case B and E, when ATwe =
6°K, a reasonable value for a real heat exchanger.

To evaluate the efficiency, the energy required for pumping the solutions through the electrochemical

cell and the TLE are neglected, as reported in equation 5.3:

N = Ner * Nais (5.3)

Considering a 4-effects distillation of a 17.5% molar fraction Nal solution, the distillation efficiency
(n4is) is equal to 10% with 16.5 m? of heat exchanger and a 47w = 6°K. The electrochemical
efficiency (n,;) is equal to 30%, the result of the discharge process. Therefore, the overall heat
conversion efficiency () is 3%.

The same heat conversion efficiency of 3% is obtained for a NaCl solution using 15 effects and a

heat exchanger with a surface of 320 m? and an unfeasible ATxe of 1°K.
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5.6. Conclusion and future developments

A new kind of device is developed in order to convert LTH in electricity by means a redox-flow cell
which is coupled with a vacuum distiller; this system is called Thermally Regenerable Battery.

The redox-flow battery releases electricity at the expense of two water solutions of Nal at different
concentrations with a small concentration of iodine.

lodine is always in equilibrium between the two Nal solutions thanks to the implementation of a
new-technology called Through-Liquid Exchanger. This system is connected in series to the redox-
flow cell and operates continuously with a mechanism typical of any liquid-liquid extraction.

The overall efficiency of the technology, combining both the electrochemical part and the thermal
process, is 3%. This is one of the highest values obtained in this field considering realistic operational
conditions.

To demonstrate the practical feasibility of the device proposed in this project, a preliminary study of
a possible household plant is reported.

Considering a plant able to provide 1 kW of electrical power during the time of the availability of
heat, and the operational conditions obtained during the discharge experiments (1,,=30%; P =4 W
m2; see Figure 5.30/ 5.32), if an overall surface membranes of 250 m?is implemented, which fits
into a reactor of 200 L, the volume of the solutions can be, as an example, 40 L in the electrochemical
cell (20 L for the H and L solutions, respectively), 40 L in the TLE (20 L for the H and L solutions,
respectively) and 20 L in an external reservoir, from which the solutions are recirculated.

The amount of Nal is around 100 kg, with a cost of nearly 200-300 €. The heat input should be
around 33 kW, which could be provided by a surface lower than 40 m? of state-of-the-art solar heat
collectors with selective adsorbers and low concentration non-imaging optics.

It is clear that such figures refer to the preliminary results: significant improvements are foreseeing
in the near future: using alternative more inexpensive salts will decrease the costs but, in some cases,

will also increase the performance of the device.
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CHAPTER 6

Thermally Regenerable Redox-Flow Battery based on LiBr

6.1. General Principles

Thermally-Regenerable Redox-Flow Battery is a system suitable to exploit the salinity gradient of
aqueous solutions of lithium bromide. This halide shows higher boiling point elevation compared to
iodide salts. The solubility of lithium bromide is also higher (1167g L), which results in higher
mixing free energy.

The overall idea consists, as for TRB based on Nal, in an electrochemical cell filled with two water
solutions of LiBr/Br, at different concentrations. In the concentrated (H) compartment, the halide

reacts to form the halogen, while, on the other compartment, the opposite reaction takes place.
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Figure 6.1. Scheme of the electrochemical cell and TLE based on LiBr solutions.
1
H: Br~+e” —>§Br2 (6.1)
1
L: EBrZ - Br~+e” (6.2)
To maintain the electroneutrality, lithium ions move from the H compartment to the L one, through

the electrolyte, a NASICON-like diaphragm (LICGC™). The cation-selective exchange membrane

does not allow the passage of water, bromine, and bromide between the two solutions.
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Here too, the so called “Through-Liquid Exchanger” is required to keep in equilibrium the bromine
activity between the two solutions. In this way, the voltage does not depend on the activity of the
halogen, which is complicated to determine.

At the same time, TLE allows that a redox couple is always present in both the compartments of the
electrochemical cell. In fact, bromine is less soluble in water than lithium bromide: this means that
bromine is the limiting agent of the redox process.

Thanks to the TLE, bromine is recirculated from the H compartment, where it is produced, into the

L compartment, where it is consumed, maintaining the same activity value in the two sides.
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6.2. Thermodynamic / Kinetic discussion

As already discussed for the TRB based on Nal, the total efficiency of the device depends on the
efficiency of the electrochemical cell (ne) and the efficiency of the distillation unit (74is):

N = Ner * Nais (6.3)

The efficiency of the electrochemical unit is expressed as

Net (6'4)

~ AGmix

Where W is the extracted work from the cell and AGmix is the mixing free energy of the two solutions
and it is determined as a difference between the Gibbs free energy of the exhausted solution (Gr) and
the sum of the Gibbs free energy of the H and L solutions, as reported in equation 6.5.

AGmix represents the maximum energy that can be obtained if the electrochemical process is ideal

and reversible:
AGpix = Gr — Gy = Nyopehiy — (Mgpy + 1) (6.5)

Therefore, to increase the mixing free energy that can be stored/extracted by the electrochemical cell
it is necessary choose two solutions with a higher concentration difference.
The distillation efficiency is again defined as:

T,
_ AGmix _ nyd- (1 - TVSV) 66)
Nais QH nW/l .

where Qu is the absorbed heat from the heat sources, nw are the moles of solvent that must evaporate;
/. is the latent heat of evaporation; Tw is the boiling point of pure water; Ts is the boiling point of the
LiBr solution.

To increase the efficiency of the heat conversion, thermodynamic analysis evidence the importance
to increase the boiling point elevation of the implemented solutions compared to the pure
solvent®®1° as reported in equation 6.6. Moreover, equation 6.6 point out as a solvent with a large
latent heat of evaporation leads to an increasing of the mixing free energy even if it also corresponds
to an increase of the thermal energy consumption from the heat source.

Therefore, from a thermodynamic point of view, water solution of lithium bromide is the easiest
choice because the high latent heat of evaporation of the water and the resulting high boiling point
elevation of this salt (45°K) (Figure 4.2) which results in a distillation efficiency of #4is = 13%, when
the final concentration of the salt corresponds to the saturation point.

In order to choose the initial concentrations of the two solutions, it is important to keep in mind that
higher is their difference in concentration, higher is the voltage and the relative electrical work that

can be extracted (Figure 6.3).
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6.2.1. Activity coefficients, Mixing Free Energy and Open Circuit Voltage

The Galvani representation of the TRB based on LiBr water solutions is:

] 1

a € 0] € a
Pt | LiBry(H,0) |LICGC™| LiBr_(H,0) | Pt

Where a and «’ represent the phases related to the electronic conduction, the metal-based electrodes,
€ and €’ are the phases composed by the redox couple LiBr/Br, in water solutions which react on the
electrode surface and, in the end, o is the ionic conductor phase, the electrolyte which, in the specific
case, is a solid electrolyte based on a ceramic material NASICON-like.

On the interphase a|e and o ’|e” the redox equilibrium which takes place is:
Br, +2e” 2 2Br™ (6.7)

Therefore, the equilibrium equations are

"‘BTZ

fie -+ 205 =208 (6.8)

S + 208, = 208 (6.9)
Two other equilibriums take place between the NASICON-like membrane and the solutions, related

to the movement of Li* ions through the LICGC™ electrolyte:

~Lit _ sLit

et =pst =t

i+
!

(6.10)

Combining the three equations 6.8, 6.9 and 6.10:
~e~ ~e” ~Br— ~Br~ ~B ~B ~Lit ~Lit
2fig — 2@, = 2087 — 20l + @ -+ -y (6.11)
ﬁ”+ + [iB"" is the electrochemical potential of the salt in the € and ¢’ phases. Using the definition of
the electrochemical potential, equation 6.11 can be rewritten explicating the open circuit voltage
(OCV):

~Bry _ ~BT>  ~1iBr _ ~LiBr
U= —=u - ’
ocv = —= e ke a

2F F

(6.12)

Thanks to the TLE device connected to the electrochemical cell, the chemical potential of bromine
is kept in equilibrium in both the two solutions H and L, respectively. For this reason, the first part
of equation 6.12 can be deleted even in this case and the OCV can be calculated using a simplified

Nernst equation:

ocy RTl aé,ﬁagr_ RT XIL_,IiBrZ LiBr? 6.13)
= —N|l——=— —_— .
F a£l+ all?r F X[l,‘lBrZVLLLBTZ
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To solve equation 6.13, the activity coefficients of LiBr solutions have to be determined.

As already discussed for Nal, even for LiBr there is not a thermodynamic model which is able to
correlate and predict the activity coefficient of LiBr in water and its molality for high value of
concentration.

The Debye-Hickel theory, considering also the extended one, is not enough accurate in the range of
molality of interest in this research. Hence, a simple fitting of the literature values of activity
coefficients?? is applied to obtain the equation which can describe the relationship between molality
and activity coefficients of LiBr in the more realistic way.

The best result is obtained with a polynomial fitting of the third order, as shown in Figure 6.2.
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Figure 6.2. Fitting curve of the activity coefficient vs molality for LiBr. The activity coefficients are reported in literature.
The fitting function is a polynomial curve.

The OCV profiles of a LiBr H solution at 26% molar fraction and 20% molar fraction is reported in
Figure 6.3 at different concentrations of L solution.

In the graph are also reported experimental values obtained using L solution with a molar fraction of
1.7%: the experimental data agree with the thermodynamic results. This means that, even for the case
of LiBr, the activity coefficients determined by fitting equation are enough accurate and, hence, they
can be used for the calculation required in this research.

The open circuit voltage for Xy = 20% and X, = 1.7% is 0.383V, at room temperature; while the
OCV for Xy = 26% and X, = 1.7% is 0.481V.

The resulting mixing free energy is:
1) Xy =20%; X, =1.7% > AGpiy =583k L7 =16 WhL™! - ng4s = 12.56%

2) Xy =26%; X, = 1.7% = AGpmiy = 92.0 kJL™1 = 255 WhL™! > 145 = 13%
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The case 2 represents the saturation point of LiBr in water solution, for the concentrated solution,
which means the maximum boiling point elevation and, therefore, the maximum value of distillation

efficiency.

800 v T v T
Theoretical curve Xy = 26%
Theoretical curve Xy = 20%
—@— Experimental data (X =1.7%)
600 + —®— Experimental data (X_= 1.7%)

30

X, (%)

Figure 6.3. OCV of a TRB based on a concentrated solution with a molar fraction of 26% (black curve) or a molar
fraction of 20% (red curve)vs increasing molar fraction of the diluted solution. Black and red points represent the
experimental OCV using a diluted solution with a molar fraction of 1.7%.

6.2.2. Electrochemical reaction

Bromine, as iodine, can react with bromide ions in water solution to form the tribromide chemical

specie, following the reaction:
Br, + Br~ 2 Bry (6.14)

At high concentrations of bromide, also the pentabromide ions can be easily form:
2Br, + Br~ 2 Brg (6.15)

Pentabromide ions are not significant in the determination of the standard potential of the bromine
reaction and they do not affect the thermodynamic parameters, while the tribromide specie is more
significant and affects the standard electrode potential because bromide ions are converted to
tribromide, in agueous bromine electrolytes, in large amount.

In the past century, different studies attempted to quantify the polybromide equilibrium constants at
various temperatures??1222, One of the more recent studies by Ramette and Palmer?% found the molal

equilibrium constants to be K3 = 16.73 for the tribromide formation.
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Due to the presence of polybromides, the mechanism and kinetics of the bromide electrode reactions
are complex.

Generally, the electrochemical reaction takes place with higher current density on platinum electrode
than on carbon at the same temperature (exchange current density on platinum = 15 mA cm?;
exchange current density on carbon = 0.2 mA cm2). However, bromine strongly reacts with platinum
and can corroded and dissolved it into the electrolyte??,

Therefore, a better electrode should be a carbon-based electrode, with high surface area, covered by
platinum nanoparticles??,

Bromine evolution reaction takes place via a Volmer-Heyrovsky mechanism:
Br™ = Bryys + e~ (Volmer)
Br™ + Brygs = Br, + e~ (Heyrovsky)

The rate-determining step is the second reaction, the Heyrovsky step, for the cathodic process while
step one is the determining step for the anodic process??2%,

From the study of Mastragostino and Gramellini?®, in presence of tribromide, the proposed
mechanism consists in the preliminary reduction of tribromide via the formation of bromine, with
which tribromide is in rapid equilibrium, whereupon bromine is reduced according to the mechanism
reported before.

The problem of the mechanism of bromine-bromide reaction is still not solved but in these last years,
the attention of the scientific community is focalized on it due to the diffusion of redox-flow battery

based on this redox-couple?’2%,
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6.3. Experimental Setup
6.3.1. Through-Liquid Exchanger

As widely discussed in the Nal TRB section, TLE is used to maintain the same activity of the halogen
in all the system, recirculating it from the H compartment, where it is produced by oxidation of the
halide, to the L compartment, where it is consumed by its reduction to halide.

TLE is based on the principle of the “liquid-liquid extraction”: the two water solutions are directly
in contact with an organic phase where bromine is soluble but not lithium ions, bromide ions nor
water.

TLE is tailored glassware (shown schematically in Figure 6.4 a), whose particular shape allows the
fasting mixing of the organic solvent, which is in contact with the two water solutions, but not the
direct mixing of them.

The two water solutions, H and L, are dropped from the top of the TLE and drawn from the bottom
and then recirculated into the electrochemical cell, which is connected in series. During the drop
pathway and the contact time of the water solution with the organic one, bromine diffuses from one
phase to the others until its activity is in equilibrium.

In the LiBr-based TRB, TLE is filled with octane, as organic solvent, instead of toluene: this choice
is related to the lower operating temperature used to conduct all the experiments. Decreasing the
temperature, the water solubility in the organic alkane also decreases, reducing the energy loses

related to the mixing of the two water solutions.

-

Figure 6.4. a) Scheme of the “original TLE”, b) Scheme of the new TLE, named TLE-2.

A second shape of TLE is also evaluated and compared to the original one, in order to achieve better
performances in terms of equilibrium time, and to solve the problem related to the raise of the volume
of the diluted solution during the discharge. In fact, during the discharge of the cell, the diluted
solution becomes more concentrated in LiBr, which has a high molar volume, resulting in an
increment of the volume of the solution. The schematic representation of the new TLE (named TLE-

2) is reported in Figure 6.4 b.
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This new shape is projected in order to increase the volume of the intimate contact between the two
water solutions and the organic solvent. In this way, the equilibrium time is drastically decreased:
the activity of bromine is equilibrated in a third of the time required with the “old” TLE.

Moreover, with TLE-2, part of the volume is empty and could be occupied by the raising volume of
the diluted compartment during the discharge. In fact, during the concentration of the L solution, the
molar volume of the solution increases: starting from 4 mL of solution, it is expected to reach a final
L volume of 5 mL. The increasing volume in a setup which counts TLE instead of TLE-2, will be
bring to the shutdown of the electrochemical cell before the complete discharge (when the two
solutions reach the same concentration): in fact, if the volume of L solution arises, it will fill part of
the tubes that connect and allow the passage of the bromine solution in octane from one compartment
of the TLE in the other one. In this way, bromine could not be equilibrated anymore. With the new
shape of TLE-2, this intimate contact is always possible due to the large contact volume at the top of
the device.

Bromine can react with octane in the presence of light or high temperature; the function of ultraviolet
light is to provide energy for the homolytic cleavage of halogen (Br-Br), forming the corresponding
free radicals?!. In the propagation step, bromine free-radicals can react with the alkane, removing a
hydrogen atom to form hydrogen halide and alkyl free-radical. The alkyl free-radical then reacts with
another halogen molecule to form haloalkane and regenerates the halogen free-radical.

To avoid this phenomenon, all the experiments are performed in a dark room.

6.3.2. NASICON-like membrane

As cation-exchange membrane is used a diaphragm made in Lithium lon Conductive Glass Ceramic
(LICGC™) a OHARA unique technology. It consists in a glass-ceramic which have isotropically
dispersed Lithium-lon Conductive Crystal particles and an amorphous glass phase. The result is a
powder which is thermally stable (up to 600°C), nonflammable (Figure 6.5), with a conductivity in
the order of 10*S cm™ at room temperature (Figure 6.6) and without though hole: this means there

is not water penetration.

Figure 6.5. LIGCG™ diaphragms, OHARA technology.
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LIC-GC®
(AG-01 Membrane)

Figure 6.6. Arrhenius plot of LIC-GC powder and membrane compared to the Arrhenius plot of the main lithium-ion
conductive inorganic materials. Symposium on Energy Storage Beyond Lithium lon; Materials Perspective, October 7-8,
2010 Oak Ridge National Laboratory Kousuke Nakajima, OHARA INC.

The main composition of the powder is a NASICON-type crystal with formula LiixAlxGeyTizx-

yP3012.

A sub-crystal phase is also present: it is a NASICON-type crystal with formula Lizx3Alx(Ge, Ti)2-

x(SizP04)3.

It also possible to observe a small percentage of a third phase, AIPO4, as shown in the XRD
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diffractogram and in the SEM images (Figure 6.7 and 6.8).
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Figure 6.7. XRD diffractogram of LCGC powder. Symposium on Energy Storage Beyond Lithium lon; Materials

28 Cu Ka

Perspective, October 7-8, 2010 Oak Ridge National Laboratory Kousuke Nakajima, OHARA INC.
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Li1+xAIxGeyTi2-x-yP3012 AIP04 Li1+x+31AIx(Ge!Ti)2-x(SizP°4)3

Figure 6.8. TEM and EDX pictures of LCGC powder. Symposium on Energy Storage Beyond Lithium lon; Materials
Perspective, October 7-8, 2010 Oak Ridge National Laboratory Kousuke Nakajima, OHARA INC.
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6.4. Electrochemical Characterization
6.4.1. Through-Liquid Exchanger

The discharge of the cell, without the implementation of TLE, is reported in the Figure 6.9.

As it can be noticed, the discharge lasts only few minutes due the fast consumption of bromine in the
diluted solution. Without TLE, there is not the possibility to recirculate the bromine produced in the
H compartment (by the oxidation of bromide) towards the L compartment, where it is consumed.
Therefore, the TRB gives energy until all the bromine dissolved in the L solution has completely
reacted.

In any case, a smart way to proceed consists to recirculate bromine, keeping its activity in equilibrium
in each side and avoiding the use of a big amount of bromine. In fact, the concentration of dissolved
bromine in the solutions is the minimum required to elude the shutdown of the cell, during the energy
extraction.

In the case of the TRB based on sodium iodide, several organic solvents have been studied in order
to find the one that less solubilized water at 90°C. This study has not been performed for the LiBr-

based TRB because the lower working temperature.
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Figure 6.9. Discharge of the cell under constant current of 1.6 mA cm2 without the implementation of the through-liquid
exchanger. The open circuit voltage is measured for the first 10 minutes, after that, the current is switched on and the
voltage decreased rapidly due to the ohmic drop. After only 16 minutes the cell reaches OV due to the low concentration
of bromine in the diluted compartment, where it is consumed undergoing a reduction reaction.

For the TRB based on LiBr, two different shapes of TLE are instead tested, in order to implement
the one that gives the best performance in terms of equilibration time and to solve the problem related
to the raise in the volume of the diluted solution.

To evaluate the performances of the two TLEs, several electrochemical titrations are performed.
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Starting from two LiBr/Br; solutions at the same concentrations (X.isr = 10%; [Br2] = 5mM), the
OCV is measured before and after an applied constant current for a fixed time without the
implementation of TLE, with TLE, and with the TLE-2 (Figure 6.10 and 6.11).

The current imposition distances the system from the equilibrium: bromine is consumed in a
compartment and produced in the other one. If TLE is not connected to the cell (Figure 6.10 a and
6.11 a), the final OCV depends on the concentration of bromine in the two solutions, which could
not be easily determined.

However, when TLE or TLE-2 are connected in series to the cell, bromine is equilibrated in the two
solutions keeping it always at the same activity via the use of the Through-Liquid Exchangers.
Therefore, the final OCV, after the application of the current, it does not depend on the activities of
bromine in the two compartments, but only on the activities of LiBr.

Knowing the applied current and the duration time, the new activities of the solutions can be easily
calculated. Considering possible little errors in the calculation of the activity coefficients, which at
this concentration values could change the OCV of few mV and taking into account that the bromine
activity is the same in both the solutions when TLE or TLE-2 are connected, the OCV should be 2
mV in the case of the TLE-2 test (Figure 6.10), and 1.3 mV in the case of the old shape TLE test
(Figure 6.11). In both the cases, the final measured OCV is 3 mV.

a) Without TLE b) With TLE-2
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Figure 6.10. Voltage vs time profile without (a) and with (b) TLE-2 feeding the electrochemical cell with two LiBr/Br2
solutions at the same concentrations: Xtier = 10%, [Brz] = 5 mM. The black curve is the OCV of the electrochemical cell
at the initial conditions; the red curve is the voltage profile during the discharge under a current of 10 mA for 20 minutes

and the blue curve is the OCV after the discharge. If the bromine activity is the same in the two compartments, the final
OCV should be 2 mV.

Considering a molecule flux proportional to the concentration difference, analogous to first-order

chemical kinetics, the time constant of the TLEs may be determined by exponential fitting:

X

y = Ae_(?) + 1y, (6.16)

The time constant depends also on the temperature and the flux, which are kept constant during all

the experiments.
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The fitting, showed in Figure 6.12, results in a time constant of ~15 minutes for the TLE and =5

minutes for TLE-2. This means that the halogen equilibrium is faster using the new shape of TLE-2.
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Figure 6.11. Voltage vs time profile without (a) and with (b) TLE feeding the electrochemical cell with two LiBr/Br2
solutions at the same concentrations: Xcier = 10% [Brz] =5 mM. The black curve is the OCV of the electrochemical cell
at the initial conditions; the red curve is the voltage profile during the discharge under a current of 5 mA for 30 minutes
and the blue curve is the OCV after the discharge. If the bromine activity is the same in the two compartments, the final

OCV should be 1.3 mV.

TLE
a) : : b) 20—
exp. curve
— fitted curve
2,5
-4
—— exp. curve
. I
S S fitted curve
& E 6 |
o 207 %
g g
B ©° - -
> g 8
1,54 " 0,00234 = 6,77962E-6 40 -0,00319 * 3,89958E-6
-10 - . a
a1 -0,02726 + 0,00275 AL 1508,30546 + 194,06059
1 234,09839 + 2,27319
1 984,14082 + 27,72745
1,0 T T T -12 T T T T T T
60 70 80 90 100 50 60 70 80 90 100 110
time (min) time (min)

Figure 6.12. Experimental and fitted curve of final OCV vs time for a) TLE and b) TLE-2. From the fitted curve, the time
constant t was calculated. It results that TLE requires =15 minutes to equilibrate the bromine activity between the two
compartments while TLE-2 requires only 5 minutes.

This result is also confirmed by a second test which consists in the measure of the open circuit voltage
in continuous of an electrochemical cell filled with two LiBr solutions at different concentrations (Xw
= 20%; XL = 2% molar fraction) without dissolved bromine in the solution and without the utilization
of TLE devices. When TLE, filled with a solution of bromine in octane, is connected to the
electrochemical cell, the OCV reaches an equilibrium value in few minutes, which depends on the
kind of TLE devices (Figure 6.13).

Fitting the OCV vs time profile after the connection of TLE, with the same exponential function used
before, the time constant is determined for the TLE devices (Figure 6.14).

As in the other test, TLE-2 shows a lower time constant than TLE (= 2 minutes vs = 12 minutes).
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Figure 6.13. OCV vs time profile for an electrochemical cell filled with two different LiBr solutions (Xn = 20%; XL =
2%) with no dissolved bromine. At the ti time, there is the first contact between the LiBr solutions and the
bromine/octane solution in the a) TLE and b) TLE-2. At the t2 time, TLEs are completely filled and the equilibration
process starts.

In both the analysis, the results are the same: TLE requires 12/15 minutes to equilibrate the activity
of bromine in both the H and L compartments while TLE-2 requires only 2/5 minutes. Consequently,
all the other electrochemical characterizations of the TRB system based on lithium bromide, are

performed connecting the new Through-Liquid Exchanger in series to the electrochemical cell,

instead of the old shape TLE.
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Figure 6.14. Experimental curve (black) and fitted curve (red) of OCV vs time for a) TLE and b) TLE-2. The time
constant t is calculated from the fitted curve. It results that TLE requires =12 minutes to equilibrate the bromine activity
between the two compartments while TLE-2 requires only 2 minutes.

6.4.2. Diaphragm resistance

Two different diaphragms are tested in the electrochemical cell. Both are made by ceramic materials
LICGC™, therefore conduct lithium ions but they avoid the transit of bromide, bromine, and water.
The two diaphragms have a thickness of 150 um and 50 um, respectively and an exposed surface

area of 3.14 cm=.
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The thinner diaphragm decreases the ohmic drop because its lower resistance, which could be further
decreases by operating at higher temperatures, as already reported in other works!® on TRB systems.
The Nyquist plots of the electrochemical cell fed with LiBr solutions (Xn = 20%, X. = 1.7%) at 50°C
and OCV are reported in Figure 6.15 for the low (red) and high (black) thickness membrane,
respectively.

From the lower to the higher frequencies, the spectra show an arc shifted along the real axis.

The high-frequency intercept and the arc diameter are related to the electrolyte and the interfacial Pt-
solution resistances, respectively. As expected, the surface resistance of the electrochemical process
is similar for both cases (5.2 Q and 5.4 Q) since the cells are equipped with the same electrodes.

On the contrary, the spectrum of the cell with the thicker membrane is shifted to higher impedance
value due to the larger electrolyte resistance.

The electrical resistances of the electrolytes (6.7 Q and 13.5 Q) are in good agreement with the
theoretical ones (5 Q and 16 Q) obtained from manufacturer specifications, (LICGC™ has a
conductivity of nearly 3 x 10* S cm™ at 50°C).
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Figure 6.15. Electrochemical impedance spectra of the TRBs at 50°C, the operating temperature. The black squares
represent the TRB which implements the thicker diaphragm (150 um) while the red dots represent the electrochemical
cell which implements the thinner diaphragm (50 pum).

The interfacial electrode solution, which affects the arc diameter of the impedance spectra, has been
already optimized in the analysis showed in Figure 6.15. In fact, in the preliminary electrochemical
tests, the cell was composed of platinum wires as electrodes instead of platinum meshes, resulting in

higher impedances due to the lower actives surface (Figure 6.16).
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Figure. 6.16. Electrochemical impedance spectra of TRB based on 150um membrane at 50°C using platinum mesh as
electrodes (red line) and platinum wire as electrodes (black line). Increasing the active surface area of the electrodes, the
total internal resistance decreases.

6.4.3. Maximum Current Density / Maximum Power Density

Experiments are conducted to test the electrochemical cell, without the TLE connected in series, to
evaluate some general parameters like the open circuit voltage, the maximum power density, and the
maximum current density that the system may achieve.

All the experiments in this section are performed for short time in order to avoid chemical
consumption of the species.

A Linear Sweep Voltammetry (LSV) is performed for the two TRBs, one with the thicker diaphragm
and one measurement for the TRB with the thinner diaphragm, in a voltage window between the
open circuit voltage and 0 V at 1 mV s (Figure 6.17).

The electrochemical cells are filled with two solutions at Xy = 26% and X. = 1.7% molar fraction,
respectively.

The observed OCVs of the TRBs are 479 mV for the TRB with 150 um diaphragm and 430 mV for
the TRB with the 50 um diaphragm, while the expected OCV is 480 mV. The significant difference
in the open circuit voltage for the TRB based on the thinner diaphragm is related to the lack of
accuracy during the preparation of the solutions, which probably would not at the exact concentration
required.

The profiles of the current density in the function of the voltage in the LSV graphs (Figure 6.17) are
straight lines. From the slope of the lines is possible to determine the total resistances of the processes
which are 22 Q and 16 Q for the high and low thickness, respectively, in good agreement with the

OCV impedance values.
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The maximum current density reached by the device is nearly 8 mA cm2 and 6 mA cm for the low

and high thickness diaphragms.
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Figure. 6.17. LSV between OCV and OV of TRB based on 150 um thick (black line) and 50 pm thick (red line),
respectively.

The linear behavior of the current-potential profiles determines the parabolic behaviors in the power-
current graph reported in Figure 6.18.
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Figure. 6.18. Power density vs current density of TRB based on thinner diaphragm (red profile) and on thicker
diaphragm (black profile).

The peak power for the TRB with the thicker diaphragm is nearly 7 mA cm, reached at a current
density of 3 mA cm?, while the maximum of power density in the case of TRB with the thinner

membrane is approximately 8.5 W m-2. This value is achieved at a current density of 4 mA cm=2,
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6.4.4. Discharge tests

All the discharge experiments are performed filling the electrochemical cell with two solutions of
LiBr at the concentrations of Xy = 20% molar fraction and X. = 1.7% molar fraction. The
concentrated solution is prepared at lower concentration than the maximum possible in order to avoid
issues related to the salt precipitations in the TLE or in the tubes during the cell preparation and
handling. In fact, during these tests, it was not possible to control the room temperature which was
always lower than 25°C.

Before showing you the discharge obtained with the final setup, it is going to be reported the
discharge profile after the main improvements of the cell, in order to appreciate the contribution of

any part of the cell on the final electrochemical performances.

6.4.4.1. Discharge of TRB in the old configurations

The first configuration of the TRB based on LiBr was composed by the old-shape TLE and platinum
wires as electrodes.

This TRB suffered of high internal resistances which dramatically affect the cell, resulting in high
ohmic drop (Figure 6.19).

The first discharge was performed under a constant load of 50 €2, a value that was chosen because of
the entire resistance of the device, which was based on the thicker diaphragm.

The experiment lasted nearly 17 hours, after this time, the membrane broke down.

In this condition, the extracted energy was so low that the resulting energy efficiency was only of
2%.
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Figure 6.19. Discharge of a TRB based on 150um membrane at constant load of 50Q. Black curve represents the voltage
profile vs the time while the red curve represents the current density.
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Figure 6.20. Discharge under constant current of 1.6mA cm-, for a TRB based on 50pum membrane and TLE. The black
curve represents the behavior of the voltage vs the time while the red curve represents the extracted energy during the
discharge.

Another discharge test is reported in Figure 6.20. In this case, the graph represents the discharge of
a TRB with the thinner LICGC™ membrane and the “old-shape” TLE.

For this experiment, platinum meshes were used as electrodes, reducing the resistances of the cell
and therefore the energy loss due to the ohmic drop. The discharge was also performed under an
applied constant current of 5 mA which means a current density of 1.6 mA cm?, referred to the
diaphragm surface.

The voltage profile decreased almost linearly with the time due to the non-ideality of the solutions:
in fact, in the operating conditions, the chemical potential of LiBr linearly depends on its
concentration.

It was also observed small variations of the voltage which can be connected to the temperature
fluctuations.

A tremendous voltage elevation was observed after ~18 hours. This behavior was related to the
reduction of the internal resistance of the cell, in particular, the part which is connected to the
diffusion process: during the discharge, on the electrode surface, there are phenomena of adsorption
of chemical species which affect the catalytic action of the electrode itself, decreasing its available
active surface area and leading to an increment of the internal resistance. With the continuous fluxes
of the solutions and the current which flows across the electrodes, these chemical species may be de-
adsorbed, resulting in a reduction of the internal resistance which involves a raising voltage (Figure
6.21).

The total extracted energy, showed as red profile in Figure 6.20, is only 1.46 kWh m, which

corresponds to an electrochemical efficiency of 12.8%.
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Figure 6.21. Electrochemical Impedance Spectra of TRB based on 50 um diaphragm and “old-shape” TLE before (red
profile) and after (black profile) discharge of the cell.

The maximum volumetric charge, the instantaneous value of charge, which changes during the
discharge, reached by this system is 15.4 Ah dm= which represents only the 20% of the available
capacity of the system.

Just before 25 hours of discharge, the electrochemical cell shut down. Once again, the membrane
broke down.

In all the experiments performed, it was observed that, when almost 20% of the solutions reacted,
the membrane ruptured. This was due to the raising in volume of the diluted solution; in fact, in the
L compartment, bromine reacts to form bromide and sodium ions move from the H compartment to
the L one in order to balance the released negative charges. In this way, the molar volume of the
solution increases during the discharge process. The increased volume blocks the exchange of
bromine in the “old-shape” TLE, filling one of the tubes that connect two opposite chambers of TLE
and therefore, stopping the mixing of octane in the device. In this way two possible things may occur:
the electrochemical cell turns off because the bromine activity is not equilibrated in the two solution
by means TLE; or the increment of the internal pressure in the electrochemical cell results in the

rupture of the diaphragm and the consequent mixing of the two solutions.

6.4.4.2. Discharge of TRB in the new configuration

The new setup, consisting in platinum meshes as electrodes and implementing the redesigned
Through-Liquid Exchanger, TLE-2, is tested with 150 and 50 um diaphragms.

The discharge profile of the two electrochemical cells, filled with concentrated solution Xy = 20%
molar fraction, and diluted solution X. = 1.7% molar fraction are reported in Figure 6.22.

The TRB which carries out the thicker diaphragm is completely discharged under a constant current

of 1.6 mA cm for = 62 hours (Figure 6.22 a). Once the potential reaches almost 0 V, the current is
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decreased to 0.3 mA c¢cm in order to reduce the ohmic losses and extract further energy (in Figure
6.22 a, on the right of the blue line). In fact, after the discharge at higher current, the LiBr
concentration in the H and L solutions is not the same, but the voltage reached the value 0V due to
the ohmic loss that reduces the available energy. Reducing the applied current, more energy could

be extracted even if longer time is required to discharge the device.
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Figure 6.22. Discharge profiles of a) TRB with 150um membrane, under a constant current of 1.6mA cm-2 (on the left of
the blue line) and 0.3mA cm-2 (on the right of the blue line); b) TRB with 50um membrane under a constant current of
3.2mA cm-2. The black-solid curves represent the experimental data, the dashed lines are the fitted curves while the red

profiles are the theoretical discharges (the maximum one). The theoretical discharge process lasts a) 67 hours, extracting

a volumetric charge of 42 Ah dm- and b) 38.5 hours, extracting a volumetric charge of 48 Ah dm-3.

Here too, there are small variations of the voltage, which in generally decreases almost linearly with
the time, that are associated to temperature fluctuations and the change in the internal resistances
during the electrochemical process (Figure 6.23).

35 —
| =0
30 4 e t=20h| |
® t=27h
25 4
E 201 4
<
e
£ 154 -
10 4 4
] A"-“‘“:. ;:3-_-
0 L] L] L] L] L]
0 10 15 20 25 30 35
Re (ohm)

Figure 6.23. Electrochemical impedance spectra of the TRB, which implements the thicker diaphragm, before the
discharge process (black curve), after 20h of discharge at 1.6mA cm-2 (red curve), and after 27h of discharge at
1.6mAcm-2 (blue curve).
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These changes in resistance are related to the charge transfer process, that means related to the
electrode-electrolyte interface, as already discussed. In general, the fluctuations are affecting the
internal resistance for less than 10%.

The extracted volumetric charge corresponds to 42 Ah dm=: up to 37 Ah dm is extracted under the
higher current while less than 5 Ah dm= of charge is extracted under the lower current.

The fitting curve (dots line) has a behavior comparable to the theoretical discharge (red line) which
is obtained modeling the discharge as a linear process where the slope is the ohmic drop and the
intercept is the open circuit voltage minus the ohmic drop.

Instead, the discharge of the TRB with the thinner diaphragm is performed under 3.2 mA cm current
for less than 13 hours and it is incomplete: unfortunately, the brittleness of the thinner diaphragm,
makes hardly possible its implementation in a laboratory scale (Figure 6.22 b). The experimental
volumetric charge reached by the device is less than 20 Ah dm,

Even the fitting curve of the experimental data (dots line) does not match with the theoretical one,
resulting in a volumetric charge of only 22.6 Ah dm, nearly a half of the expected volumetric charge.
The amount of extracted energy during the discharge can be easily determined by integration of the
voltage vs extracted charge profile (Figure 6.22).

The extracted energy during the discharge with the thicker diaphragm, is up to 5 Wh dm= which
means an electrochemical efficiency of 30.2%. The discharge at higher current (1.6 mA cm?)
provides a considerable part of the energy, 4.75 Wh dm?3, i.e. the 29.4% of the total energy. This
value is in agreement with the maximum energy that can be extracted under these operational
conditions: the maximum available energy that can be provided under a constant current of 1.6 mA
cm2, considering an internal constant resistance of 32 Q, is 4.8 Wh dm=, and this energy would be
extracted in 67 hours (Figure 6.24). Therefore, the resulting theoretical electrochemical efficiency
would be 29.6%.
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Figure 6.24. Theoretical discharge profile of a TRB based on thicker diaphragm under a constant current of 1.6 mA cm2,
The discharge process lasts 67 hours, resulting in a volumetric capacity of 42 Ah dm-3,
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In the discharge experiment where TRB is composed by the thinner diaphragm, the total extracted
energy is = 2.7 Wh dm™. This is translated in a lower efficiency: only 17%. As already discussed
before, this lower energy is due to the incomplete discharge of the system because of the ruptured
diaphragm. If the discharge process was complete, it would be obtained 3.1 Wh dm- that means an
efficiency of = 19%.

The experimental amount of the extracted energy does not agree with the theoretical one: it was
expected to reach an efficiency around 38% in less than 40 hours, considering an internal resistance
of 12 Q and the applied constant current of 3.2 mA cm2 (Figure 6.25).

The reason why, experimentally, TRB based on the thinner membrane gives only half of the
maximum available energy, is related to the membrane, which broke down after only 22 hours. The
rupture process was not instantaneous but a progressive degradation which brought to a slow mixing
of solution before the complete fragmentation. Considering an upscaling of the device, the handling
problem related to the thinner membrane should be easily solved as already verified for RED systems,
Redox-Flow Batteries and Fuel Cells?2234,

Even in this experiment, if the membrane had not broken, the cell would have provided other energy:
applying a lower current, the ohmic drop would be reduced and more energy would be available.
Considering that the complete discharge under 3.2 mA c¢cm proceeded with a profile like the fitted
curve reported in Figure 6.22 b, the new open circuit voltage of the cell should be 223 mV.
Discharging the cell under a lower current such as 1.6 mA cm2, the ohmic drop should be 60 mV.
Therefore, it is possible to discharge the cell for, at least, other 35 hours reaching a global
electrochemical efficiency of 30.7% (not considering further degradation of the membrane). Thus,

the same electrochemical efficiency can be easily reached with the thinner diaphragm, in shorter

time.
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Figure 6.25. Theoretical discharge profile of a TRB based on thinner diaphragm (50um) under a constant current of 3.12
mA cm2. The discharge process lasts 38.5 hours, resulting in a volumetric capacity of 48 Ah dm-3,
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This efficiency is obtained by theoretical construction of a discharge curve by comparison with other

discharge profiles made in the same current/diaphragm conditions (Figure 6.26 a). Reporting the

voltage trend against the volumetric charge and integrating this curve, the extracted energy can be

easily determined (Figure 6.26 b). The sum of the extracted energy at the first and second discharge

process, divide by the mixing free energy of the solutions, leads to an efficiency of 30.6%.

Thus, the same electrochemical efficiency obtained with the thicker diaphragm, can not only be

easily reached with the thinner one, but also in shorter time (=55h for S0um thick diaphragm; ~70h

for 150um thick diaphragm).
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Figure 6.26. a) construction of a voltage vs time discharge profile (black curve) of the electrochemical cell with 50um
thick diaphragm, under a 1.6mA cm-2constant current. The OCV is 223mV, resulted from the first discharge process. The
blue and red curve represent experimental discharge profiles obtained at the same conditions in term of diaphragm and
applied current. b) voltage vs extracted charge profile related to the theoretical curve of the graph on the left. The
integration of this function results in 1.84Wh dm-3 extracted energy. The total efficiency is 30.6%.
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6.5. Evaluation of the distillation and Efficiency

Vacuum distillation technology is proposed to restore the salinity gradient of the two solutions: its
lower internal pressure allows boiling at low temperature, exploiting Low-Temperature Heat.

In the distiller, air is evacuated from the system, so that the pressure stabilizes to the vapor pressure
of water at the temperature of the condenser, much lower than 1 atm. No external work is needed to
keep the vacuum.

The exhausted solution is sent to the distiller where it boils and concentrates in contact with a heat
exchanger, while its vapor is condensed in contact with a second heat exchanger. Each evaporation
and condensation chamber is called “effect”. At the end of the thermal process, the distilled water
and the concentrated solution are sent to the electrochemical cell after the mixing of a small amount
of concentrated solution with the distilled water to enhance the conductivity, regenerating the diluted
solution. A pressure exchanger decouples the cell from the distiller, so that the cell can be operated
at 1 atm without requiring external work.

The proposed scheme of the distiller for lithium bromide aqueous solutions is particularly simple,
being composed by a “single” effect.

Starting from a simplified model of vacuum distiller and heat exchanger8®1101112% the evaluation of
the single-effect distiller efficiency is reported here in this section.

The efficiency of the single-effect distiller is defined as

AG
ff
Ters =G 2L (6.17)
Heff
Where Qnerr is the absorbed heat from the heat sources and 4G is the mixing free energy of the
two solutions. Distillation efficiency is limited by the Carnot law, as previously mentioned and

discussed (section 2.3.2.) as follows
Ty
Ng <1—=(6.18)
Ty
Equation 6.18 can be rewrite for the single-effect distiller as:

Nefr < & (6.19)
BPE + Ty s

Where Ty e is the temperature of the condensing solvent while BPE is the boiling point elevation of
the solution at the end of the evaporation process. In the working condition, the aqueous solution of
lithium bromide shows a BPE of 45°K resulting in a distillation efficiency of 13%.

The distiller is kept at 85°C, which will be slightly less than the boiling temperature of the
concentrated solution, with the exception of the condenser, kept at 40°C (85°C-40°C = 45K, i.e. the
boiling point elevation). Moreover, the electrochemical cell is kept at 50°C: this is beneficial for the

conductivity of the NASICON-like membrane. This scheme is particularly efficient: the heat
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consumption is exactly equal to the latent heat needed for the evaporation of water plus the sensible
heat needed to heat again the distilled water after condensation which is so small that it can be
neglected. The electrochemical cell does not consume heat (the reaction is slightly exothermic).
Assuming a heat transfer coefficient U of the heat exchanger of 500 W m2 K, and considering an
output power of 1 kW as target, the surface of heat exchanger and the dimension of the distiller is
evaluated.

Any heat exchanger, one for the evaporation of the solution and one for the condensation of its vapor,
requires a surface of 3.5 m? when the temperature difference across the heat exchanger is 15°K, a
feasible value for realistic conditions (100°C-85°C=15K, 40°C-25°C=15K). This means the heat
exchangers may be easily contained in sink of nearly 20 L of volume.

Finally, to produce 1 kw in the form of mixing free energy, 26.5 kW of heat are consumed.
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6.6. Conclusion and future developments

Thermally Regenerable Battery developed to convert LTH in electricity is here improved.

The device exploits the mixing free energy of two water solutions of LiBr releasing electricity.

The electrochemical efficiency observed during the electrochemical tests is around 30% closer to the
maximum power density (P = 6 W m2; Pmax = 6.5 W m), using a diaphragm 150 um thick. If the
electrochemical cell involves a thinner diaphragm (50 um thick) could easily reach the same
efficiencies in an upscale device showing higher power density (P = 8 W m?; Ppax = 8.5 W m).
Unfortunately, in laboratory scale the brittleness of the membrane does not allow to perform a
complete discharge of the cell, affecting the performances of the system.

Thanks to the high boiling point elevation of lithium bromide, the thermal process shows higher
distillation efficiencies compared to the device based on the Nal water solutions: an efficiency of
13% is reached considering to use a single-effect distiller which works under vacuum, in order to
exploit LTH.

Combining both the efficiencies, the technology shows an overall heat-to-electricity efficiency of
4% in the case of the thicker membrane, and 5% in the second setup.

These efficiency values are the highest values reached in experimental devices.

In a future upscale, both efficiency and power density could be easily improved, reducing dead
volumes (considering a stack of cells as already made for RED systems) and enhancing the design
of the hydraulic system.

In order to evidence the practical feasibility of the Thermally Regenerable Redox-Flow Battery based
on lithium bromide water solutions, a preliminary study of a possible household plant is here
discussed as done before for the device based on sodium iodide.

Taking in account a plant able to provide 1 kW of electrical power with an electrical efficiency of
30% and a power density of 8 W m2, if an overall surface membrane of 250 m2 is implemented in
the reactor, which has a total volume of 200 L, the volume of the solution can be 40 L in both TLE
and electrochemical cell (20L for the H and L solutions, respectively), and 20 L in the external sinks.
The amount of LiBr is around 80 kg, with a cost of nearly 200 €. The heat input should be around 33
kW, which could be provided by a surface lower than 40 m? of state-of-the-art solar heat collectors
with selective adsorbers and low concentration non-imaging optics.

It is clear that such figures refer to the preliminary results; significant improvements are foreseeing
in the near future: using alternative more inexpensive electrodes, improving the performances of the

ceramic material used as membrane and upscaling the system reducing the dead volumes.

6.6.1. New electrodes

Platinum is an expensive material which is also subjected to adsorption of chemical species during
the discharge process, affecting the overall resistances, and thus the performances of the

electrochemical cell (Figure 6.23).
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A possible improvement consists in the exchange of the platinum electrode with a more catalytic,
cheaper electrode that should resists to the adsorption of the species.

Carbon-based electrodes, as used in the TRB based on Nal solutions, are not electroactive towards
Br2/Br redox couple, therefore they cannot be directly used in the electrochemical cell.

A proposal is a MEA (Membrane Electrode Assembled)-like electrode, as used in the fuel cells.

A MEA electrode is composed by a polymer electrolyte membrane (proton exchange membrane,
generally called PEM) which is a specially treated material permeable only to protons. On both sides
of the membrane, a catalyst layer is added. Conventional catalyst layers include nanometer sized
particles of platinum dispersed on a high-surface-area carbon support. The catalyst is mixed with an
ion-conducting polymer and sandwiched between the membrane and a gas diffusion layer (GDL).
This last layer is responsible of the transport of reactants into the catalyst layer.

For the Thermally Regenerable Battery, GDL layer is not required as well as the protonic membrane,
which should be exchanged by the lithium ion-selective ceramic membrane. The support where
nanoparticles of platinum are dispersed on it is another important part, and it would be the catalyst
of the electrochemical reaction.

A preliminary test of only the electrocatalyst is performed using a carbon layer with nanoparticles of
platinum dispersed on it, with a total platinum density of 1.95 mg cm.

This electrode is tested and compared to the platinum mesh in terms of current density (mA cm2 of
electrode surface) and observed current normalized on the mass of platinum (A g?) as reported in
Figure 6.27.

The results are really promising: pound for pound, platinum nanoparticles are more catalytic reaching
a current which is higher of three orders of magnitude compared the whole platinum mesh.
Therefore, with these new electrodes is possible to improve the electrochemical performances of the
cell (higher power density, higher current density, lower and constant resistances which means
reduce the energy loses) and reduce the costs of the electrode materials, which actually are the

predominant part of the overall costs.
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Figure 6.27. Cyclic voltammetry of LiBr/Brz water solution (Xiisr = 26% molar fraction) in a 3-electrodes
electrochemical cell where the Reference electrode is a calomel electrode; the Counter Electrode is a platinum wire and
the Working Electrode is a) Platinum mesh and b) MEA-like electrode.
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CHAPTER 7

Conclusion

The current global warming trend is the result of human activities which are changing the natural
composition of our atmosphere, increasing the so-called “greenhouse effect”. In fact, over the last
century, the consumption of fossil fuels, to produce energy, has increased the concentration of
atmospheric carbon dioxide and other greenhouse gases.

The consequences of the modification of the natural atmospheric greenhouse are sum up in the term
“climate change”: the Earth will become warmer, melting glaciers, increasing the sea level and
leading to more evaporation and, therefore, more precipitations. Moreover, climate change can cause
the emerging of new diseases affecting plants, animals, and humans.

The only way to avoid these terrible implications consists to reduce the production of carbon dioxide
and reach the net zero production around 2050. Hence, energy production has to become more green
and more efficient avoiding the use of fossil fuel.

One approach to reach this target is to exploit waste energy such has Low-Temperature Heat (LTH),
which means heat below of 100°C. Actually, more than 60% of the global heat is lost in the
environment as Low-Temperature Heat, without any other utilization.

LTH is not only a wasted form of energy deriving from human processes (industrial, transport,
residential...) but it can also be found in nature as geothermal heat, solar heat, and heat produced by
biomass.

The conversion of Low-Temperature Heat from various sources becomes therefore of utmost
importance since it would allow decreasing the environmental footprint of energy production and
can contribute to the overall reduction of fossil fuel consumption. However, the main problem related
to its conversion is the low efficiency that can be reached due to thermodynamic limits, and,
additionally, to technological limits.

This doctorate project has been focused on the development of a device able to store and convert in
the most efficient way LTH sources, reducing the main drawbacks that affect the previous
technologies proposed in literature: low power densities and high operational and material costs.
The device that is presented in this work has been designed, engineered, developed, and improved in
order to maximize the power output and obtaining the highest conversion efficiency reached in this
field.

The technology, called Thermally Regenerable Redox-Flow Battery (TRB) consists in a two stages
device: a “power production” stage and a “thermal separation” stage. The “power production” takes
place in an electrochemical cell which produces electricity at the expense of the mixing free energy
of two water solutions of Nal or LiBr. In the two compartments of the cell, which are separated by a
cationic-exchange membrane that allows the passage of only sodium or lithium ions, two redox
reactions happen: the oxidation of the halide in to the halogen in the concentrated compartment and

the opposite reaction in the diluted side. To maintain the process active, the halogen activity has to
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be in equilibrium between the two solutions, therefore, an unconventional system has been connected
in series to the cell, called it “Through Liquid Exchanger” (TLE).

Thanks to the particular shape of TLE, bromine or iodide are recirculated from the concentrated
solution, where they are produced, into the diluted solution, where they are consumed, passing
through an organic phase. After the completely discharge of the cell, the exhausted solution,
composed by the concentrated and diluted solutions that have reached the same value of
concentration, is sent to the second stage: the thermal separation. This second stage consists in the
vacuum distillation of the exhausted solution to obtain the concentrated one and pure water, that can
be easily stocked in reservoirs, exploiting LTH.

The heat-to-electricity conversion efficiency is determined as the product of the efficiency of the
power production unit and thermal separation stage and is dramatically affected by this last one.

In fact, the efficiency of the thermal stage is limited by Carnot law, which is the thermodynamic limit
that always affects these kinds of technologies.

From thermodynamic studies, it has been determined the better operational conditions in order to
maximize the second stage efficiency improving the overall efficiency of the device. These
conditions depend on the choice of the salt and solvent that will be used in the device: higher is the
boiling point elevation, higher will be the resulting efficiency.

The power production stage is responsible to the power output. The right choice of electrodes,
membranes, designed of the TLE, fluxes and concentrations of the solutions have led to obtain
competitive results in terms of power density, current density and overall costs.

The preliminary results of this research are summarized in Figure 7.1.
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Figure 7.1. Energy efficiency vs power density of state-of-the-art technologies to harvest LTH reported in literature. Red
points: Thermal Regenerative Electrochemical Cycle systems (TREC)®8.:8223; Black points: Thermal Electrochemical
Cell devices (TEC)"6177.178; Blue points: Thermo-Osmotic Energy Conversion technologies (TOEC)>"%7; Orange points:
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Flow batteries (results of these research)237.238,
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Thermally Regenerable Redox-Flow batteries based on lithium bromide or sodium iodide water
solutions show the highest conversion efficiency reached in the field of Low-Temperature Heat
conversion. They also show high value of power density, making them feasible devices.

Several improvements can be done in order to maximize the power output performances, such as
power density, applied current density, energy losses, and to reduce the costs. However, just from
these preliminary results, what can be observed is that TRBs are the best compromise between all

the proposed technologies to exploit Low-Temperature Heat sources.
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