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Abstract

For every Joule of electricity produced in power plants today, around two Joules are thrown away. The
majority of this wasted energy is in the form of low grade (<100 °C) waste heat. Currently no technology
exist that can effectively convert this heat back into a useful form of energy, such as electricity.

The goal of this thesis is to take a new approach to heat to power conversion, using the thermally
regenerative electrochemical cycle (TREC) with flow batteries. The TREC makes use of the Seebeck
effect, which is the change of (redox) potential due to a change in temperature. The potential difference
between a cold and hot battery can then be used to generate electricity. The driving parameter is this
system is the Seebeck coefficient, which gives the potential change per unit temperature (mV/K).

The TREC system was designed in three steps. (i) A flow battery consists of two electrolytes, for the
TREC these electrolytes need to have large and opposite Seebeck coefficients. A large screening and
characterization of the electrolytes was done to finally select two for the TREC. (ii) The parts of the flow
cell were custom designed and built. The performance of the flow cell was tested with the two selected
electrolytes. (iii) Using experimental parameters from the previous step, a model was created with
ASPEN Plus to determine the efficiency and power output from a TREC system.
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1. Introduction

For every Joule of electricity produced in power plants today, around two Joules of energy are wasted[1,
2]. This wasted energy is predominantly in the form of thermal energy. Especially in an age where fossil
fuels are running out, and carbon emissions have to be minimized, it is vital to utilize this wasted energy
stream. Various techniques already exist to employ waste heat, for example as heat source for other
nearby plants and greenhouses or the heating of houses in neighboring rural areas[3]. Waste heat can also
be converted into electricity by creating steam for steam turbines, which can even be used for smaller
applications, like charging a car battery from the heat of the engine[4].

The major part of waste heat, however, consists of so-called low-grade waste heat (~100°C and lower)
which is usually not of sufficient high temperature for the applications mentioned above[5]. Therefore it
is required to use other technologies to convert this low-grade waste heat into a more useful form of
energy (e.g. chemical bonds or electricity). At the moment there is no mature technology that is widely
used to recover low-grade waste heat. A reason is the difficulty that comes with converting low-grade
heat into work, since you work against the 2™ Law of thermodynamics. The maximum efficiency (heat
converted into work) a heat engine can obtain was already described in 1824 by Sadi Carnot[6], and
hence is called the Carnot efficiency:

Tcold

(1)

Nearnot = 1
Thot

Here Tqoq and Ty represent the temperature (in K) of a heat sink (e.g. river water) and a (low-grade) heat
source respectively. Since the temperature difference between low-grade heat and atmospheric
temperatures is small, only low efficiencies (see Table 1) can be obtained. So in a perfect scenario at most
only 21 % of low grade heat (100 °C) can be converted into work!

Heat energy is predominantly converted into power using steam turbines. Steam turbines cannot be used
for low grade waste heat, since water has a boiling point of 100 °C. In the Organic Rankine Cycle (ORC)
(Figure 1A) a similar turbine is used, with an organic solvent instead of water as working fluid. The ORC
has proven to be a solution with heat to power efficiencies up to 7%][7] (cycled between 25-116 °C),
which is 30 % of the Carnot efficiency.

A completely different approach is by converting heat Table 1. Calculated Carnot_ efficiencies for various
into electricity through the thermoelectric effect, or  Y2ueS Of Teos and Tpo using (11 ), which are the

y Y T temperatures of the heat sink (in this case the
Seebeck effect (see next page). Thermoelectric  temperature of river water in the Netherlands in

generators (Figure 1B) are one of the technologies  May[8]) and low-grade waste heat source.

that use this approach. The efficiency of these | Tcoi/Thot (°C) Ncarnot
generators is low compared to the ORC (maximum of | 20/100 21.44%
3% for the temperature interval 25-80 °C)[9]. 20/80 16.99%
Thermoelectric generators do not require moving 20/60 12.01%

: 20/40 6.39%
parts or organic solvents at elevated pressures and

temperatures. These generators are therefore much

safer to use, in addition to having a lower operating cost. However, state-of-art thermoelectric generators
require a high capital investment, since they mostly consist of rare materials such as Tellurium and
Selenium[9].




Seebeck effect
The Seebeck effect is a thermo-electric effect. A (semi)conducting material will create a voltage when
two sides of the material are held at a different temperature[10]. The same happens for redox active
compounds, of which the redox potential changes with temperature. The voltage difference is defined as
follows: AV = aAT
Here a is the so called Seebeck coefficient of the material, and has units of V/K:

e For metals, this is in the order of 1 pV/K

e For semiconductors, 300-500 pV/K

e For redox reactions, 0.5-2 mV/K.
The Seebeck coefficient can be positive or negative.

Very close to thermoelectric generators are thermogalvanic cells (Figure 1C). In a thermogalvanic cell,
the temperature dependence of the redox potential is exploited to convert heat into electricity. Usually
only one soluble redox couple is used, of which the oxidation and reduction reaction each happen at one
of the electrodes. However thermogalvanic cells suffer from efficiency losses, due to diffusion required
between the electrodes and a thermal gradient that has to be maintained[11]. According to a review by
Gunawan et al., the highest heat to power efficiencies only reached 2.6% of the Carnot efficiency[12].

Recently in 2014, scientists from MIT published[13] a new type of heat recovery system that makes use
of the Seebeck effect, which authors named a Thermal Regenerative Electrochemical Cycle (TREC). The
TREC uses a Cu/Cu?" and Copperhexacyanoferrate battery, of which the (dis)charge potential is strongly
dependent on the temperature. To harvest thermal energy, the entire device undergoes a cycle consisting
of 4 steps: Heating up, Charging, Cooling down and discharging (see Figure 1D)[13]. Less energy will be
used for charging, than is gained back by discharging, so there is net energy gain. Without any heat
recuperation, the system already reaches almost 25% of the Carnot efficiency (3.7% heat to power), when
cycled between 10 and 60 °C. If there would be 100% heat exchange efficiency, it even goes up to 80%
(12% heat to power).

A big downside of this system is that it consists of solid materials. The battery needs to be fully charged,
and then moved to a cool place to be cooled down. Once cool, it will be fully discharged and then moved
to a heat source again to go to a higher temperature again. The heat transfer itself is also not
straightforward. One needs to press the battery against the heat source or sink with thermal paste on both
objects to allow the heat transfer[13]. For heat recovery, hot and cold batteries need to be pressed
together. These steps are time consuming and significantly reduce the power output of the system.

In this thesis, a new approach to the TREC will be investigated. Instead of regular solid batteries, a
system based on redox flow batteries (RFB) will be designed. A RFB is a battery that does not use solid
electrodes, but of soluble redox couples in water (RFBs will be explained in more detail in Chapter 2).
Since the active compound in a RFB is dissolved in a liquid, it can easily be pumped from a hot to a cold
place and through a heat exchanger, which solves both problems of the TREC described above. The goal
of this thesis is to design and build such a setup, inspired by flow batteries, to convert low grade waste
heat into electricity and to see how efficient can be.

The report will be structured in the following manner: First the background theory will be explained and
some literature will be reviewed in chapter 2. At the end of chapter 2 the research questions and goals will
be formulated. Chapter 3 shall discuss the experimental setups and conditions. Then in chapter 4 the
experimental results will be shown and discussed. After that the conclusions will be presented, followed
by recommendations for future studies. There are seven Appendices at the end of the report.
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Figure 1. Schematic diagrams of various technologies that are used for low grade waste heat recovery. In every
diagram the hot and cold sides are marked by Ty, and T, g respectively. A. Organic Rankine Cycle (ORC). A
working fluid with boiling point lower than water is pumped through an evaporator, passed through a turbine, where
the expansion of the vapor is converted into electricity. Then the vapor condenses in the condenser, and the cycle
starts over again[14]. B. Thermoelectric generator. By using making use of two materials with a different Seebeck
coefficient, a temperature difference is converted into a voltage, which will be converted into electrical power. C.
Thermogalvanic cell. In a thermogalvanic cell the temperature dependence of a redox reaction is converted into
electricity. By having two electrodes at different temperatures a potential difference is created, which is used to
generate electrical power. D. Thermally regenerative electrochemical cycle (TREC) (figure inspired by Lee et al
[13]). Like in a thermogalvanic cell, thermal energy is harvested through the Seebeck effect of a redox reaction. A
battery consisting of materials with high Seebeck coefficients is charged at a different temperature than it is
discharged. During this cycle, more energy is gained during the discharge, than was consumed during the charging.




2. Background theory and methods
This chapter will cover the background theory that was used in this thesis. First the driving force of
batteries, redox reactions, will be discussed. Secondly the working principles of a redox flow battery
(RFB) will be explained. Then the thermodynamic background of the Seebeck coefficient will be treated.
Using this, the TREC will be explained. After that two relevant examples from literature will be discussed
in more detail. Next some requirements for the parts of the designed setup will be given. Finally the
research goal and questions of this thesis will be formulated.

2.1. Redoxreactions
The crux of a battery is the redox reaction happening in the half cells. A redox reaction is a chemical
reaction in which electrons are transferred between two species:

A+ne” - B

For a half reaction like the one above, the electrochemical potential can be related to Gibbs energy with
the Nernst-Lewis-Latimer convention:

AG = —nFE (2)

Here AG is the Gibbs energy change for the reaction, n is the amount of electrons that are exchanged, F is
the Faraday constant (96485 C mol™) and E is the half-cell potential of the reaction. For dissolved
materials, the half-cell potentials can be measured easily versus a reference potential by a technique called
cyclic voltammetry (CV)[15]. (See Figure 2)

A Voltage vs reference A
g _______________________________ Current
[
P
T Epa: I|l.'f
1
\: IJII
v/ Voltage vs reference

Figure 2. Left: The voltage (versus a reference reaction) is typically changes in a CV measurement, the slope is
called scan rate. Usually multiple cycles are done in one measurement. Right: A typical shape of a cyclic
voltammogram. Ey, and E,. are the anodic and cathodic peak potentials. If the peaks show symmetry, the redox
reaction can be assumed reversible. For (quasi)-reversible reactions the redox potential (Ey,) can be calculated with

(3)[15].

Ey, =P (3)




2.2. Redox flow batteries

The chemical principles of a redox flow battery (RFB) are the same as in a regular battery: Electricity is
stored electro-chemically by changing the oxidation states of the active materials. In a RFB these active
materials are all soluble species, usually dissolved ions. A typical setup of a RFB is shown in Figure 3
[16]. It consists of two reservoirs for storing charged/discharged electrolytes, pumps for pumping the
electrolyte and an energy conversion system. This energy conversion system consists of 2 half-cells and
an ion exchange membrane to separate the electrolytes. Each electrolyte is pumped through one of the
half cells, where the electron transfer happens at an inert electrode (usually some form of carbon). The
electrolytes usually consist of redox active species and a high concentration of a supporting electrolyte to
improve the conductivity, and hence reduce the solution resistance. Depending on the electrolyte, also
acids, bases or pH buffers can be added, to improve the stability of the active species.

D.C. Power

Negative —

electrolyte
J E Current feeder

tank
, .
Pump lon-selective Inert porous clectrode
memhrane

Positive
electrolyie
tank

Figure 3. Schematic representation of a redox flow battery (RFB). Figure taken from “Progress in Flow Battery
Research and Development”[16] with permission from author

The most developed RFB is the All-vanadium RFB[16, 17], which uses the V(ID)/V(111) and V(IV)/V(V)
couples as electrolytes. All ions are positive (V*, V**, VO*, VO,"), and can therefore be separated with
an anion exchange membrane. The All-vanadium RFB battery is one of the few RFB’s that has been used
for large scale applications. However, the high costs and toxic materials prevented widespread
applications[18].

There are however some limitations when it comes to choosing the electrolytes for a RFB:

e The redox active compounds must be soluble under the conditions of the cell (e.g. low/high pH or
raised temperature) and should not undergo irreversible reactions under these conditions.
Preferably the compounds have to be soluble at high concentrations to obtain a sufficiently high
power density, which is defined as kW per kg of system or kW per L electrolyte.

e Both half cells must be separable. This means that a suitable membrane must be available to
separate the two half cells. For the electrolytes this means usually that the ions must all be either
positive or negative, so they can be separated by an ion exchange membrane that allows transport
of counter-ions.




e A problem that will always occur is crossover contamination[19], which is the diffusion of active
species across the membrane. Membranes with a high selectivity are therefore preferred. In
general cation exchange membranes are more selective than anion exchange membranes [20, 21].
Along this reasoning negatively charged redox species would therefore be preferred.

e Some crossover will always occur, therefore the redox species should not undergo irreversible
reactions with each other.

e Both half-cells must be able to operate at the same pH. Using a setup with regular monopolar ion
exchange membranes would result into Donnan dialysis[22], which eventually makes both pH
levels the same again. It is possible to operate two half cells at different pH levels by using a
bipolar membrane. This will however result in a higher internal resistance and therefore higher
losses.

e The half-cell potential of both redox species should be within the water splitting window, see
Figure 4. If this is not the case, the redox reaction would not occur since H, or O, would be
produced instead.

15 0, + 4H'+ de'=2H,0
—~lb)
N~
o;

0.5 1

OH +H =H,0

2H'+ 2e'=H,
05 4

Potential (V vs. SHE))
o

2 o 2 4 & 8 0 12 1 16

pH
Figure 4. A graph of the half-cell potential of the water splitting reactions vs the pH. If the half-cell potential of
an aqueous redox reaction falls outside these two lines, it will not occur and water will react instead. (Source of
image is unknown)

2.3. The Seebeck coefficient
The driving force of the system developed in this thesis is the Seebeck effect. In the next two sections the
Seebeck coefficient will be explained in depth. The first section will mainly focus on the thermodynamic
background, the second on the effect of concentration and additives on the Seebeck coefficient.

2.3.1. Thermodynamics of the Seebeck coefficient
The Gibbs free energy can be expressed in enthalpy and entropy with the following relation:

AG = AH —TAS (4)
Combining equation (2 ) and ( 4 ) leads to:




TAS — AH
E=———"—

5
- (5)
The temperature dependence of the cell potential is then expressed like this:
dAS dAH
a:(d_E>:£+ () - Car) (6)
dT nF nF

Here o is the Seebeck coefficient of the redox reaction in V/K. In ( 6 ) A represents the change due to
reaction and d is used for a derivative, e.g. (dAS/dT) is the derivative of the reaction entropy to the
temperature.

a can be expressed in terms of the reaction heat capacity and reaction entropy with the following
relations, assuming constant pressure (dP = 0):

dAS\  ACp

Gr), =7 (7)
dAH 0AS 0AS ACp
(F>=dAS=(W>PdT+(¥>TdP=deT (8)

Unfortunately there is little data available on the heat capacity of dissolved species, so little can be said
about the magnitude of the AC;r term[23]. However, the two terms are of opposite sign and most likely
cancel each other out. Hammond and Risen calculated the magnitude of this term for a MnO,*/MnOy
couple and came to the conclusion that Cp terms have only a small effect (up to 8% of AS)[23]. If we
assume that AS and AH are indeed almost independent of temperature, the expression simplifies to (which
is what most articles in literature report [13, 23, 24]):

AS
e 9
* nF (9)
For a simple redox reaction such as A + ne™ < B, AS is expressed as[12]:
AS = (Sg + S5) — (S4 + S3) — nS, (10)

Here S, and Sy are the molar entropy of the ions. S} and S;; are the Eastman entropy of transport and S, is
the total transported entropy of the electrons in the electrode. S, can usually be neglected, since it usually
only contributes 1% of the total entropy[24, 25]. The contributions of S; and Sz are also relatively small
compared to the molar entropies, for example for the Fe(CN)s*/Fe(CN)g" redox couple this is 10 pV/K
[25] which is only 1% of the total Seebeck coefficient. The expression then simplifies to:

Sg — S,

nF
This simple expression can be used to predict the Seebeck coefficient for various electrolytes. However
for many ions (e.g. Cr*, Cr**, I or redox active organic molecules), the molar entropy is not available in
common databases such as NIST and the CRC-handbook[26, 27] neither could the Seebeck coefficient be
predicted by software, such as OLI Stream analyzer or ASPEN Properties. We are currently looking into

(11)




predicting the entropy change using molecular simulations, in collaboration with Dr. Remco Hartkamp.
At the moment of writing this thesis, no conclusions can be drawn yet.

For dissolved ions, the hydration shell (ordered water molecules around the ion) has a large contribution
on the entropy. When the magnitude of a charge increases, the hydration shell becomes bigger. Using this,
we developed a theory (Figure 5) to predict the sign of the Seebeck coefficient for simple reactions where
only the charge of a compound changes.

Hydrated ion radius

QOO0

.
-
Decreasing AS Decreasing

S >

Figure 5. lustration to show how the entropy changes for a simple redox reaction. If a neutral specie or anion gains
an electron, the system becomes more ordered (the hydration shell becomes bigger). Therefore the entropy change is
negative. The opposite happens for cations, where the entropy change is positive.

Using this theory we can predict:

e for redox couples with just anions or neutral species(4A™~ = A®~D~ 4+ ¢~ n > 1), a is negative.
e for redox couples with just cations or neutral species(A™* + e~ = A®~D+ n > 1), a is positive.

The theory agrees with literature data for many simple redox couples such as V**/V** and Fe*'/Fe®" [24]
but also for more complex couples such as Fe(CN)¢*/Fe(CN)s* and Cu-pyridine complexes[23].

Using this information we can calculate, or predict the Seebeck coefficient for many different ions. For
more complex reactions such as I3 + 2e~ — 3I~ it remains tricky to predict the Seebeck coefficient,
because the thermodynamic data is not available and the relation of Figure 5 no longer holds.

2.3.2. Effect of concentration and additives
It is possible to influence the Seebeck coefficient of an electrolyte by changing properties, such as the
concentration or by adding liquids to the electrolyte.

The effect of the concentration on the Seebeck coefficient is not really useful in practice. It is almost
always desired to work at saturated concentrations to reduce internal resistance and to allow for bigger
conversions. deBethune et al. did an analysis of the effect of concentration on the Seebeck coefficient,
here are two examples of the effects[24]:

e By changing the molarity of CuSO, from 0.08 to 1.4 mol/L for a copper/copper sulfate electrode,
the Seebeck coefficient changed from +0.64 to +0.75 mV/K.

o When changing the normality of Chlorine from 0.001 to 1.0 for a Ag/AgCI the Seebeck
coefficient changed from +0.77 to +0.250 mV/K.
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In a review by Quickenden and Mua[11] a wide range of Seebeck coefficients of Fe(CN)¢*/Fe(CN)s* are
reported for various concentrations, ranging from 1.0 to 7.4 mV/K (the sign of the value was not
reported). This effect seems too large and is likely a mistake in reporting. All articles of this topic are
either very old, or show doubtful results. Therefore the effect of concentration on the Seebeck coefficient
will be checked experimentally as well. This is reported in section 4.1.4.

Perhaps more interesting, is the effect of additives on the Seebeck coefficient. This phenomena was
reported recently by Kim et al. [28]. Kim et al. report Seebeck coefficients for Fe(CN)s>/Fe(CN)s" in
fifteen different organic-water solutions. The strongest effect was observed for methanol: for a 20wt%
methanol solution the Seebeck coefficient decreased from -1.43 to -2.9 mV/K.. The effect of ethanol on
the Seebeck coefficient of Fe(CN)¢*/Fe(CN)g* and 1715 will be determined experimentally in Chapter
4.1.4.

2.4. The Thermal regenerative electrochemical cycle
The Seebeck effect in batteries can be used to convert thermal energy into electricity, which is done in the
thermal regenerative electrochemical cycle (TREC)[13]. A cycle can be constructed, where a battery is
discharged at T, and charged back at T,. If the charging voltage is lower at T, than the discharging
voltage at Ty, net energy is produced by the voltage difference originating from the Seebeck effect.

Previously only the Seebeck coefficient of a half-cell was discussed. A battery is a combination of 2 half-
cells. The Seebeck coefficient of a battery or full cell (os,) can be obtained by subtracting the Seebeck
coefficient of the negative electrode (a,) from the positive electrode (ay):

Apypy = A — Ay (12)

At which temperature the charge or discharge happens depends on the system:

o Ifa;>a, ag is positive (see Figure 6). That means AE; > AE, 4 therefore one needs to charge
at low and discharge at high temperature.

o If ay < oy, agy is negative. That means AEq, < AEoq therefore one needs to charge at high and
discharge at low temperature.

Let AE = AE - AEcoq, Where AE > 0. The work performed by the TREC would be defined by (Figure 7):

W = AE * It = apy * AT = It (13)

Here W is the work performed in Joule, AE is the potential difference between the cold and hot battery
due to the Seebeck effect. I*t is the state of charge which defines how much of the battery is (dis)charged.
AT is the temperature difference between the hot and cold cell. The system should have a current
efficiency of almost 100%. For example, a system with 80% current efficiency, wastes 20% of the input
energy for charging. This energy loss is most likely higher than what can be recovered with the TREC.
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Figure 6. Potential vs temperature for a positive a. For a positive a, the potential difference will be higher at a higher
temperature. Half cell 1 and half cell 2 indicate the half-cell of the positive and negative electrode respectively.
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Figure 7. The voltage plotted vs the state of charge for the TREC. The dashed line indicates what the voltage would
be if the temperature did not change, it is shifted by aAT. The brown area in this figure is the performed work by the
TREC.

Current Efficiency
The current efficiency, also called Faradaic or Coulombic efficiency, describes the efficiency in which
electrons are transferred in an electro-chemical reaction. It is defined as:

_ Qdischarge

Ne = *100% (14)

Qcharge

A common example of charge losses is the self-discharge of a battery, which reduces the charge available
for discharge.

Now we shift our focus from a regular battery to a flow battery (Figure 8): A redox reaction is happening
at T, in one cell, and the reverse reaction at T, in the other cell. Both reactions happen at the same rate.
The electrolytes are circulated between both cells, through a heat exchanger, which results in a continuous
system. The heat to power efficiency of an ideal thermogalvanic cycle with a perfect heat exchanger is
defined in the following way:

e The heat put into the system is TLAS at the hot cell (this is a result from the endothermic reaction
which occurs in the hot cell)
e The energy that is converted is AGy — AGc = (Ty — Tc)AS = ATAS

10
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1--< (15)

Cold Cell

Pump

Hot Cell
Th

Figure 8. Schematic representation of a TREC based on flow batteries, operating at temperatures T and Ty with a
heat exchanger and a pump.

Equation ( 15) is the same as the Carnot efficiency mentioned in Chapter 1. However, a real world heat
exchanger does not work perfect. Also energy losses (e.g. electrical losses or energy consumption by
pumps) need to be taken into account. Then equation ( 15 ) transforms into:

_ ATAS - Qlass _ AT afull nF - QlOSS
TyAS + Qux Ty apuu nF + Qux

n (16)
There Qyoss represents the losses of energy from various sources (in Joules). Qux is the heat required raise
the temperature of the hot cell to T after the heat exchanger. It is desired to have a Seebeck coefficient
which is as high as possible. A big a results into having a larger power output compared to the losses and
will therefore approach the Carnot efficiency.

If Eoc is the open-circuit voltage difference between the hot and cold cell, Ejss Vvoltage losses from
various sources and R; the internal resistance (in Q m?) of the system. Then the maximum power density
of the TREC is defined as (for the derivation of equation (17 ), see Appendix A):

2
P — (EOC - Eloss)2 — (afullAT - Eloss) ( 17 )
max 4'Rint 4'Rint

So in order to have a high performance system, the Ejss and R, have to be minimized. Eqc should be
maximized as much as possible, the Seebeck coefficient should therefore be as high possible. AT should
also be as big as possible.

Using the theories of this chapter, some more criteria are presented below on which the system has to be
selected:

e Seebeck coefficient has to be as high as possible. This can be done by combining two redox
couples with large Seebeck coefficient of opposite sign.
e The redox couples should have low or no overvoltage, to minimize E . as much as possible.
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e Ry should be as low as possible. A high concentration of current carrying ions is therefore
required, and the redox couples should be stable in this.

e The current efficiency of the redox reactions should be almost 100%, otherwise losses will be too
big.

o All materials should be stable on a wide temperature interval (at least 10 - 60°C so a Carnot
efficiency of 15% is reached).

2.5. Literature examples
Before discussing the design of this thesis, first two examples from literature will be discussed. After a
brief introduction into the reported systems, the observations and recommendations of the researchers will
be presented.

2.5.1. Lee, Nature Communications 2014[13]
This article reports a regular battery with two solid electrodes, consisting of copper-hexacyanoferrate
(CuHCF), and copper (Cu/Cu?®") negative electrode (Figure 9). Cu(NO3), and NaNO; are added as
supporting electrolyte. The half-reactions during discharge are:

Na* + CuysFe(III)(CN)g + e~ - NaCu, sFe(II)(CN)g

Cu - Cu?t 4 2e~

—

Cu

Anion exchange mebrane

Cu?* NO;y Na* NOy

Figure 9. Schematic representation of the system reported by Lee et al[13]. The grey box indicates multiple
operations (discharging/charging).

This system has a Seebeck-coefficient of -1.20 mV/K. Therefore the system needs to be charged at high
and discharged at low temperature to gain energy. The system is more efficient than the best
thermoelectric techniques (see Chapter 1). A 3.9% heat to power efficiency was reported for
charging/discharging at 10 and 60 °C without any heat recuperation, this is 26% of the Carnot efficiency
for this temperature interval. Also stable cycling was reported, with the heat to power efficiency dropping
only 0.2 % after 40 cycles.
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The criteria’s on which Lee et al. selected this system are the following:

o Fast kinetics

e High charge capacity
e High a coefficient

e Low-heat capacity

Fast kinetics, high o and low heat capacity are the most important for our system. Fast kinetics result in a
lower resistance and overpotential and thus smaller losses. High o coefficient makes the system less prone
to losses, as discussed before. And a low heat capacity makes sure more thermal energy is recovered as
electricity, instead of only heating and cooling the system.

2.5.2. Hammond and Risen, Solar Energy 1979[23]
Hammond and Risen reported a system closer to the desired design of this thesis. They reported various
copper and iron based electrolytes. To test these electrolytes, a single cell was built, and the temperature
dependence of the potential was reported, see Figure 10A. Based on the high reaction entropy (linearly
related to the Seebeck coefficient) they paired a copper-ammonia based electrolyte, and hexacyanoferrate:

Cu(NH3)3* + e~ = Cu(NH3)3 + 2NH,
Fe(CN)§~ = Fe(CN)} +e~

Apart from these two electrolytes, NH,ClI and K,SO,4 were added to conduct current. A BaSO, precipitate
membrane was added to separate the two electrolytes. However, after running the cell for 5.5 hours, a
sudden sharp peak (200%) in the resistance was observed. The peak was caused by Cu,Fe(CN)g
precipitating on the membrane, observed by a color change. An idea for a continuous heat recovering
system was also presented by Hammond and Risen (Figure 10B). However, the precipitation and poor
solubility of reactants and large internal resistance of the system prevented them from developing it.

"‘32 T T T T T T HOTCELLATTh
A B

.36 1

-.40 :

. l HEAT  ——t
E(v)-44 EXCHANGER it

-48 -

]l e i

— D B x |
i MBComie + M _
E J S

COLDCELL ATT,

=52}

20 30 40 50 60 70 80 90
T{C™

Figure 10. Figures from Hammond and Risen [23], Solar Energy 1979 A The full cell potential plotted versus the

temperature. B Schematic representation of a continuous heat recuperation system, with the reactions A + ¢ < C

and B < D + ¢". The voltage difference between the hot cell operated at Ty, and the cold cell operated at T, allows

one to generate energy. P represents a pump.
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Despite the highly predicted efficiencies of the system (50% of Carnot efficiency at max power, assuming
100% heat exchange efficiency), the system by Hammond and Risen received little attention and was
cited only 7 times [11, 13, 29-33]. Unfortunately none of these articles continue on the proposed system
and the development of the system stopped where it started in 1979.

In their conclusion, Hammond and Risen state six requirements for a successful cell reaction but these
have already been mentioned previously in section 2.2 and 2.4.

2.6. The design of the setup of this thesis
As was already mentioned in the introduction, in this thesis a system will be designed for low-grade waste
heat recovery, using the TREC with flow batteries. The design needs to meet certain specifications in
order to work. For the electrolytes and membranes these have already been discussed in 2.2 and 2.4.

When designing the other parts of the cell, the following aspects have to be taken into account as well:

e When iron parts should be protected, when using Fe(CN)s*/Fe(CN)s" to prevent formation of
Prussian blue[34].

o All materials should be stable and not undergo phase change on a large temperature interval (at
least 0 — 80 °C)

e On this temperature interval the materials should be resistant to used pH and possible corrosive
electrolytes

e The materials in contact with the electrolyte should not conduct electricity(apart from the
electrode)

2.7. Research goals and questions
In this paragraph the research goals are discussed, and the research questions are presented.

The goal of this thesis is to design a low grade heat recovery system, based on the TREC using flow
batteries. This consists of selecting electrolytes, designing the parts and items required to run the system.

The main research question is:

What is the efficiency of a heat to power system using the thermally regenerative electrochemical
cycle, based on redox flow batteries?

The sub questions are:

e Which electrolytes are most suitable for such a system?

e What is required for a system with net gain?

e What are the main causes for energy losses?

e Can we experimentally validate the heat to power efficiency?
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3. Experimental
This chapter will display the experimental techniques that were performed and the amount of the
chemicals that were used. First the setup and preparation of electrolytes for measuring the Seebeck
coefficient will be discussed. Then the synthesis method of Alloxazine carboxylic acid (ACA) will be
shown. This is followed by the building of the flow cell. After that the experimental setup for doing
experiments with one flow cell will be shown. Finally it will be explained how the ASPEN Plus model
was created. The suppliers and purities of all the chemicals are in Appendix F.

3.1. Determining the Seebeck coefficient
The selection of the final electrolytes was done on the basis on the Seebeck coefficient. For the following
three redox couples, the Seebeck coefficient was measured:

e Fe(CN)} +e” = Fe(CN)¢™
o 7 +2e =3I
o ACA+2H' +2e~ = ACA-2H

First the measuring setup will be explained. Then the electrolytes of the above redox reactions will be
discussed.

The setup for measuring the Seebeck coefficient:

As was mentioned in section 2.3.3, a setup had to be designed in order to measure the Seebeck
coefficient. Two beakers at different temperatures need to be in ion-conductive contact, while not
influencing the temperature of the other beaker.

The obvious solution is connecting both beakers with a long salt bridge. Common salt bridges, such as
filter paper soaked in a salt solution or glass tube filled with salt solution jellified by Agar, are however
not very practical for our application. A long piece of paper would probably have a too high resistance
which will make the voltages too high to be measured by the potentiostat. Also a long string of paper is
difficult to handle. The Agar has a relatively low melting point (74 to 97 °C)[35], which in a heated
beaker could destroy the salt bridge.

A new piece of equipment was therefore designed: a 30 cm long glass U-shaped tube with two porous
filters at the ends and an opening at the top (for the blueprint see appendix G). The tube can be
filled/emptied with conducting salt solution from the top, and the porous filters prevent the electrolytes
from entering the salt bridge. The porous filters only worked if the concentration of ions in the salt bridge
and beakers was the same, otherwise osmosis occurred. The measuring setup for the Seebeck coefficient
is shown below in Figure 11.
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Figure 11. Schematic representation of the setup used for measuring the Seebeck coefficient. On the left is a heated
beaker with two Pt-wire electrodes, a thermometer and a magnetic stirring bar. On the right is a beaker at room
temperature with a Ag/AgCl electrode. These two beakers are connected with a salt bridge of 30 cm long, which has
two porous filters at the ends to separate the tested electrolyte from the KCI electrolyte. The potential difference is
measured between the work electrode (Pt-Wire) and the Ag/AgClI reference electrode.

Preparation of the electrolytes:

The electrolytes were prepared in the following manner: The solid compounds of interest were weighed
and added to a 50 mL flask. KCI was added to make the K* concentration of 1 mol/L. Demineralized
water was added until the volume reached 50 mL. All compounds were dissolved by shaking the flask and
stirring by spatula. The salt bridge was filled with a KCI solution with the same concentration as that of
the electrolytes, to prevent osmosis through the porous filters.

Hexacyanoferrate can undergo an irreversible reaction with iron to form Prussian blue. In the first
experiment, the stainless steel thermometer was corroded due to this reaction. Afterwards the
thermometer was protected by a finger of a safety glove filled with water. The thermometer was
calibrated with ice water and boiling water. The thermometer was still working properly, so it can be
assumed that the Prussian blue did not damage the sensor.

For cyclic voltammetry it is required to have both the oxidizing and the reducing agent of a redox couple
in the mixture. Since the synthesized ACA compound only consists of the oxidizing form, it had to be
partly converted. 20 mL of the ACA solution was reduced by a K;Fe(CN)g solution with a current of
~2.80 mA (this was the highest possible current) for 9.5 hours to receive equimolar concentrations of
ACA and ACA-2H. A photo of this setup can be found in Appendix E.

The Seebeck coefficient was calculated by performing cyclic voltammetry (CV) at various temperatures.
Two Pt-wires, pretreated in sulfuric acid were used as working and counter electrode. A refillable
Ag/AgCI electrode from Q-1-S B.V. was used as reference electrode. The potential difference was
measured between the reference electrode and the working electrode. All electrodes were connected to an
Iviumstat COMPACTSTAT (800 mA) and the voltages were read out from the computer.
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The procedure for measuring the Seebeck coefficient was as follows: A CV-scan consisting of 4 cycles
was done then the electrolyte was heated 5 degrees and this was repeated from 20 to 55 °C. The Seebeck
coefficient was then calculated by linear regression in Python.

The weighed amounts for the experiments are shown in the Table 2 below:

Table 2. Weighed amounts of material of the electrolytes, during the Seebeck coefficient measurements.

Experiment

Fe(CN)sg KsFe(CN)g K4Fe(CN)g-3H,0 | KCI Demi-Water
1.745¢ 2.144 g 1.131¢g 50 mL

(WiFY Kl I, KCI Demi-Water
0.098 g 0.015¢g 3.727 ¢ 50 mL

ACA ACA KOH (45 w/v) KCI Demi-Water
(50% reduced later)
0.646 ¢ 7.25 mL 3.342 ¢ 50 mL

3.2. Synthesis and Characterization of ACA

Alloxazine Carboxylic Acid (ACA) was prepared according to a previously reported synthesis
method[36]. A brownish suspension of 7.51 g (50 mmol) 3,4-Diaminobenzoic acid stirred in 425 mL of
acetic acid was prepared first. 3.4 g (55 mmol) of Boric acid and 7.53 g (53 mmol) of Alloxane
monohydrate were added to the solution. The reaction was stirred for 4.5 h at room temperature. During
the reaction, the color of the mixture went from dark brown to dark yellow to finally a green yellowish
suspension. After that the product was filtered off and washed, first with acetic acid, then with diethyl
ether, water and finally diethyl ether.

From the "H-NMR spectra in Appendix D it can be concluded that indeed pure ACA was synthesized.
However, the peak around 1.91 (which is characteristic for acetic acid in DMSO-d6 [37]) shows that there
is contamination of acetic acid. To remove most acetic acid from the ACA, the compound was further
dried in air for 2 days.

3.3. Building the flow cell
The flow cell was designed for this thesis. The design is based on a smaller flow cell created by David
Vermaas[38]. The smaller flow cell has a circular electrode with a radius of 1 cm and was scaled up to 5
cm in the design. 3D-drawings of the flow cell were created using Autodesk Inventor. All the sizes and
measurements are displayed in Appendix G.

The design of the flow cell was done in parallel to choosing the electrolytes. The materials therefore had
to be resistant to a large amount of chemical conditions (e.g. Alkaline, acidic or presence of bromine) at a
wide temperature range. The ideal material for this is Teflon, which is resistant to almost everything and
has a maximum operating temperature of 260 °C[39]. Teflon is a soft material, which is not suitable for
thin (< 3 mm) parts. As second material, a polyamide (PA2200) was used.

The flow cells contain three designed parts:

e PA2200 (a polyamide based plastic) 3-D printed spacer, manufactured by Oceanz 3D printing.
Before building the flow cell it was sanded to smoothen the rough surface. (see Figure 12)
o Teflon Back plate. Milled from a plate of Teflon by DEMO of the TU Delft. (see Figure 12)
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e Aluminum support plate. Created by drilling multiple holes in an aluminum plate by DEMO of
TU Delft. Teflon is a very soft material. In order to prevent it from deforming from the force of
the screws, an aluminum plate was added to spread the force more evenly across the plates.

Figure 12. Screenshot of Autodesk designs of the flow cell parts. Left: Design of the Teflon back-plate. The biggest
circles indicate the screw holes, the outer two circles on the diagonal are for the fluid inlet and outlet. The two
smaller circles on in the middle are holes for wires, to have electrical contact. The red circle is a groove for an O-
ring, to protect the wires from short circuiting and prevent leakage. Yellow indicates the compartment for the
electrode. Pink is the O-ring groove. Right: Design of the PA2200 spacer, Electrolytes flow diagonally up, where
they meet a circular hole. Here, there is contact with the electrode and membrane. Finally the electrolytes flow up
and out the cell. Along the electrolyte flow area, there are little pillars to keep the membrane in place. In the middle,
there is a porous plate to keep the membrane in place, while still keeping contact with electrolyte. Yellow indicates
the compartment for the electrolyte to flow.

In both Teflon back plates, graphite foil electrodes were placed. These electrodes were connected with
two wires each through two holes in the back plate. To prevent short circuiting and leakages a rubber O-
ring was added, to seal the wires from any fluid coming in. This O-ring was custom created by super-
gluing two ends of an O-ring cable together. On the top of the back plate, there is a hole for the reference
electrode to measure the outflow. The Ag/AgCI electrodes were the same as in chapter 3.1, and were also
sealed with O-rings and a custom made Teflon screw (see Appendix G) to prevent air coming into the
electrolytes.

The two sides were separated by a FKB-PK-130 cation exchange membrane from FuMaTech. All parts
were pressed together with 300 um thick Silicone gaskets between the back plates and spacers and the
spacers and membrane. Finally everything was screwed together with M12 steel screws. Figure 21 shows
a scheme of the assembled flow cell.

3.4. Experiments with the cell
To perform the cell experiments, the flow cell was connected with 8 mm (outer diameter) PTFE tubes to a
Masterflex L/S peristaltic pump and two 1 L glass bottles with electrolytes. All tubes were connected
using polypropylene connector pieces from EM-Technik. In the caps of the glass bottles two 8mm holes
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were drilled for the inflow and outflow and a 2 mm hole for a smaller tube which allows built up pressure
to be released.

The current and the potential were measured/applied with a Compactstat (maximum current of 800 mA)
from Ivium technologies. The electrodes were attached with the following combinations:

e Working electrode: 1715

e Counter electrode: Fe(CN)s®/Fe(CN)g*
e Sense electrode: Fe(CN)s*/Fe(CN)g*

e Reference: I'/l5

The temperatures were measured by K-type thermocouples from TC-direct. To measure the in- and
outflow temperature of the electrolyte, the thermocouple was pushed through a T-piece stuffed with a
PTFE disc (see Figure 14). The stainless steel thermocouple was protected by a layer of glue to prevent
Prussian blue formation by hexacyanoferrate. The temperatures were read out by a NI-9213 from
National Instruments, and converted into data files with LabVIEW.

The electrolytes were heated by looping the PTFE tube three times through a heating bath from Julabo.
To reduce heat dissipation from the tubes, isolation tubes from Gamma were used to isolate the tubes
between the heat bath and flow cell. Since the setup requires many different parts, tubes and cables, it was
decided to design a custom table. The table (Figure 13) was built by Item Industrietechnik.

Electrolytes

E P

. sac

I /

[ i — Pump

Thermometers

Potentiostat

Cooler

Heat-
bath

Figure 13. Photos of the flow cell setup. Left: Schematic representation of the flow cell setup Right: Picture of the
setup, the flow cell is connected to the heat bath with isolated tubes. Right of the pc is the second flow cell.
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Figure 14. Left: Schematic representation of temperature measuring setup with a T-junction. The green color
indicates the electrolyte, the grey stick the thermocouple. The T-piece is made transparent in the center to show how
the thermocouple touches the electrolyte. Right: Photo of the thermocouple setup. On the top is the assembled
piece, below are the 3 separate parts

For the measurements itself, the pump was always set on 75 rpm, which translates to 1 mL/s[40]. The

compositions of the electrolytes are shown in Table 3.

Table 3. Compositions of the electrolytes, and the weighed amounts for 1 Liter of electrolyte.

Fe(CN)g /Fe(CN)g" electrolyte I/15” electrolyte
Chemical Molarity (mol/L) | Weighed Chemical Molarity (mol/L) | Weighed
amount (g) amount (g)
KsFe(CN)s 0.1 32.95 I, 0.1 25.15
K4Fe(CN)s-3H,O | 0.1 42.19 Kl 0.3 49.83
KCI 0.3 22.40 KCI 0.7 52.20
3.5. ASPEN Plus model

The TREC system was simulated with an ASPEN Plus model (see Figure 15). The thermal properties of
all electrolytes were assumed to be that of water, since the data for heat capacity was not available for the
solutions. The composition of the streams was identical to those reported in Table 3 in the previous
section.

HHXN

0 HOT-DUTY

Figure 15. Screenshot of the ASPEN Plus flow sheet

The TREC was modelled as two stoichiometric reactors, one at high temperature and the other at low
temperature. To improve calculation speed, the system was modelled as an open loop. It was constantly




checked to see if the loop was indeed correct. The two outflow streams of the reactor were pumped to two
heaters, which add the heat of reaction to the stream and then flow through a heat exchanger. After the
heat exchanger the streams go to a heater and cooler to be adjusted to the temperatures of the reactors.
The duty of the heater of the hot side is used as an energy input to the system.

On the right side of Figure 15 one can see an additional reactor. This reactor is a dummy and is only used
to store parameters (in the form of mole flows) which ASPEN does not have itself, such as current density
or electrode area.

All the electrochemical calculations are done through calculator blocks. These calculator blocks also set
the conversion and heat of reaction of the reactors, and calculate the power and efficiency of the system.
Finally, various sensitivity analysis blocks were used to study the effect of current density and electrode
area on the efficiency and electrical power.
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4. Results and Discussion
This chapter is divided into three parts. First the selection procedure and characterization of the
electrolytes will be discussed. Then the design of the flow cell will briefly be explained, and the results of
experiments with the flow cell shall be presented. Finally, a numerical approach to the design will be
taken using a model created with ASPEN Plus.

4.1. Selecting the Electrolytes
The selection of the electrolytes happened in three steps: First a literature study was done, from which a
database of 44 different RFB systems was created (see Appendix B). From these 44 systems the best
electrolytes were then selected on basis of the criteria mentioned previously in chapter 2.6. Finally, the
chosen electrolytes were characterized experimentally.

4.1.1. Literature Study
When starting the project, it seemed an obvious choice to use the most developed RFB system as a basis
of our heat to power design. This system is the All-Vanadium Redox flow battery (V-RFB), which is
driven by the following two redox reactions at low pH:

V3t +e 2?2t
VO?* + H,0 2V0F +2H + e~

After doing some research on this system, it appeared to be unusable for our design. This is because the
operating range of the V-RFB is 10 — 40 °C[41] (or up to -5 to 50 °C with added stabilizers[41-43]). This
small temperature window is a result of an irreversible precipitation reaction that occurs above 40 °C:

2V0} + Hy0 + SO2™ - V,05 + H,SO0,

An obvious second choice was not available. Therefore it was decided to create a database with possible
RFB systems (see Appendix B). Most of these systems were found in the review paper of Skyllas-
Kazacos et al.[16] and the literature section of Lin et al.[44] and Lui et al.[45].

It was already discussed in chapter 2, that redox couples need to be at the same pH. In order to visualize
better which RFB electrolytes could be combined, the RFB systems were grouped into seven categories:

e Acidic, these aqueous RFB were reported to operate at a low pH

o Alkaline, these aqueous RFB were reported to operate at a high pH

o Neutral, for these aqueous RFB systems, no acid or base was added for operation

o Organic, these are all non-aqueous RFB systems, and run in organic solvents

e Solid, these hybrid-RFB systems have some form of solid electrode, or uncharged metal particles
in solution.

e Unfeasible, two RFB systems that use the ions of radioactive elements (Uranium/Neptunium)

e Other, two RFB designs that did not fit any of the above categories, since they run at both low
and high pH.

For each system, both half-reactions are reported in the database and if available, the overpotential and
temperature operating range as well.
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4.1.2. Selection of the electrolytes
The 44 RFBs reported in the database contain of 64 different electrolytes. If these electrolytes are
combined, 2016 different full cells could be designed! Therefore an efficient selection procedure is
necessary, which will be performed here. (For some more elaboration on why individual RFB systems
were excluded, see Appendix C)

The first set of systems was excluded on the basis on the chemical nature, the following exclusion criteria
were:

¢ Solid material deposition, a continuous flow battery cell is desired, therefore solid deposition at
an electrode is not desired

o Radioactive electrolytes, using materials like Uranium or Neptunium is not desired, because of
obvious reasons

e Uses aqueous Mn** electrolyte, Manganese(l11) ions react with water (2Mn*" + 2H,0 > Mn*" +
MnO, + 4 H*), and form insoluble MnO;

e Uses aqueous Ti*" electrolyte, the performance of the Titanium couple is seriously compromised
by activation polarization[46]

e Review stated there is no point for further research [16], this is the case for [Ru(bpy)s](BF4),
which has costly materials and low efficiencies. This is a strong indication the compound will not
be useful for the project.

Thirteen RFB systems fell in the categories above. For the second step, any of the 31 remaining RFB
systems will be excluded if they do not meet the following process specifications:

e Electrolytes work on a temperature interval. The solutions need to be stable at least between
10 - 60 °C. If this cannot be reached, the electrolyte will be unusable for the application.

e The flow battery has an overpotential smaller than 0.2 V, If the overpotential is larger than 0.2
V, almost all energy that was converted from heat will be wasted.

For most of the RFB systems, the temperature operating range and overpotential were not reported. If
possible, the temperature range was estimated by looking at phase change points of the materials or by the
presence of irreversible reactions above or below room temperature. The overpotential was estimated by
looking at the I/V curve. If the I/V curve was not linear through the origin, it can be assumed that there is
an overpotential. Another thirteen RFBs did not meet the above criteria.

The 18 RFB systems that survived the previous two selections were subject to a final cut. Here the RFB
systems were excluded on the basis of practical reasoning (e.g. not working with organic solvents or a
system requiring special parts in order to operate). Justification for the exclusion of each system is given
in Appendix C. The redox couples of the final RFB systems are displayed in Table 4 below.
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Table 4. The final 8 selected RFB systems, with the reactions happening at the anode/cathode during discharging.
The red color indicates that the reactions happen in an acidic solution, green indicates an alkaline solution and blue

indicates a solution without strong bases or acids.

Name Cathode reaction Anode reaction Reference
Iron-Chromium Cri+e >Cr* Fe SFe* +¢ [19, 47, 48]
Vanadium-Iron V¥ +e > VF Fe** >Fe’ +¢ [49] [50]
Vitamin B2 based ACA +2e + 2H"> ACA-H, | Fe(CN)s" > Fe(CN)s> +e” | [44]

(ACA = Alloxazine

Carboxylic Acid)
All-Soluble All-Iron [Fe(TEOA)OH] +e > Fe(CN)s" = Fe(CN)s” +e | [51] [52]
Aqueous Redox-Flow | [Fe(TEOA)OH]*
Battery (TEOA = Tri-ethanolamine)
Alkaline flow battery [Fe(TEOA)OH] +e > [Co(mMTEOA)H0O] = [52] [53]
based on coordination [Fe(TEOA)OH]* [Co(mTEOA)H,O] + ¢
chemistry of Fe and Co | (TEOA = Triethanolamine) | (MTEOA =

Methyl-triethanolamine)

Ferro/ferricyanide 25,7 +2e S, Fe(CN)s" >Fe(CN)s” +e | [54]
polysulfide battery
Polysulfide/lodide S,” +2e > 28% 3> 13 +2e [55]

(Average oxidation states,

actually consists of mixture

of S%/S,% 1352 1S4%)
Iron/Copper Cu(NHy) +e > Fe(CN)s" D>Fe(CN)s” +e | [23]
(See Chapter 2.5.2) Cu(NHs)," + 2NHj

From the redox couples in Table 4 pairs have to be created, which meet the requirements that were set in
Chapter 2. Only redox species with a similar (positive or negative) charge and operating pH can be
paired. A final cut was made in redox pairs:

e The hydration sphere theory from chapter 2.3.1 indicates that the Seebeck coefficients of the
electrolytes in acidic conditions (Cr**/Cr**, Fe?*/Fe®*, V**I\/*") are likely to be similar. This would
not result into a sufficiently large driving force for the system.

e The same can be said for pairing the iron or cobalt based systems in the alkaline category of
Table 4. Of all the iron and cobalt based electrolytes, Fe(CN)¢>/Fe(CN)s" is by far the most used
and proven electrolyte and has experimental data on the Seebeck coefficient, it is therefore
chosen as the electrolyte to use for pairing.

e The copper ammonia (Cu(NHz),) electrolyte could not be paired with another, since it is the only
positively charged redox specie. It cannot be separated from other redox couples by a monopolar
ion exchange membrane.

The selected electrolytes are displayed in Table 5 below.

24

—
| —



Table 5. The selected electrolytes for the TREC application. The half-cell potentials at room temperature (E,) are
reported versus the standard hydrogen electrode (SHE). The E, of polysulfide is marked red, because it falls outside
of the water splitting window for the neutral conditions reported by Li et al. [55]. A: Estimated Seebeck coefficients.
The values are questionable, since the coefficients in the paper do not agree with experimental data for Fe**/Fe®".

Redox couple | a(mV/K) | Reference | Eo (V vs SHE)
Neutral
Fe(CN)g" «— Fe(CN)s™ +e” -1.4 [13] 0.436
Mo Iy +2¢ -0.186" [56] 0.535
25" & S, +2¢ -1.52% [56] -0.64
Alkaline (pH > 12)
Fe(CN)g" < Fe(CN)s™ +e” -1.4 [13] 0.436
ACA-2H « ACA +2¢” +2H" ? NA -0.62

These electrolytes lead to two pairs:

1. The first choice is the pair of Fe(CN)s as catholyte and ACA as anolyte (electrolyte at
anode/cathode) at alkaline conditions. Lin et al. [44] reported that this is a working and efficient
RFB with long cycling stability. The Seebeck coefficient is unknown for ACA. It could be a
positive Seebeck coefficient which would result in a large o for the full cell.

2. The second choice is the pair of 1715 as catholyte and Fe(CN)e as anolyte at neutral conditions.
The combination of these two electrolytes has not yet been reported in literature, so it is not yet
proven that a RFB system like this could actually work. Both of the reported Seebeck coefficients
are negative, which results only a moderately large o for the full cell.

4.1.3. Characterization of electrolytes
In this section the electrochemical characterization of the selected electrolytes is reported. The most key
parameter here is the Seebeck coefficient of ACA/ACA-2H, since it determines the choice between the 2
pairs that were selected in the previous section.

Seebeck coefficient of Fe(CN)s>/Fe(CN)g":

To test the setup, the Seebeck coefficient of the Fe(CN)s*/Fe(CN)s" was measured. This is a commonly
used redox couple, and the Seebeck coefficient of -1.4 mV/K was published in various articles [11, 13,
28].

The Seebeck coefficient was calculated by measuring the half-cell potential for 4 cycles of a CV scan at 8
different temperatures. A line was fit through these 32 points using the polyfit function of NumPy in
Python. The slope of this line is the Seebeck coefficient. The CV scans and the fit are shown in Figure 16.
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Figure 16. Electrochemical measurements of a solution of 0.1M K3Fe(CN)g, 0.1M K4Fe(CN)g and 0.3M KCI (1 M
K™) Left: Four cycles of the CV scans at different temperatures, the currents are normalized on the absolute largest
current. Right: Half-cell potential vs temperature, each blue dot represents the half-cell potential of one CV cycle. A
linear fit was done through all the points to find the Seebeck coefficient, R? = 0.989

From Figure 16 the following can be concluded:

e The cyclic voltammograms are symmetric: the area of the negative current is equal to the positive
current. The area in a CV scan corresponds to the amount of electrons transferred during the scan.
Since the area of the negative current is equal to that of the positive current, the reaction goes
equally fast in both directions. This means that the reaction is reversible.

e At room temperature the half-cell potential is +0.22 V vs Ag/AgCI. The Ag/AgCl has a potential
of +0.22 V vs SHE. This means the half-cell potential is +0.44 V vs SHE, which agrees with
literature values from Table 5.

e For higher temperatures the sharpness of the peaks decreases. The peak of a CV is caused by
diffusion limitations and since diffusion is faster at higher temperatures the peaks are smaller
relatively to the final current.

e The Seebeck coefficient was measured as -1.4 mV/K, which perfectly agrees with the literature.
At higher temperatures, there is more noise in the measurement of the half-cell potential. This is
caused by the reduced sharpness of the peaks described in the previous point, since the peak
location is less defined.

From the points above it can be concluded that the built setup is capable of measuring the Seebeck
coefficient and half-cell potentials accurately.
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Seebeck coefficient of ACA/ACA-2H:

In order to measure the Seebeck coefficient of ACA, it had to be synthesized first (see Chapter 3.2). The
synthesis is a simple one step reaction at room temperature from readily available reactants[36].

To check if a pure compound was synthesized, UV-VIS spectrometry and *H-NMR measurements were
done and compared with the supplementary information of Lin et al[44]. From the *H-NMR (Appendix
D) it can be concluded that pure ACA was indeed synthesized, but that not all the solvent (acetic acid)
was washed off during the purification. In the UV-VIS spectra (Figure 17) a peak appears at 275 nm that
is not observed in the graphs from Lin et al. Two reasons could be given for that:

e This peak is due to the acetic acid still present in the mixture. However acetic acid mostly absorbs
around 220 nm[57], so this is unlikely.

e Linetal used a polystyrene cuvette for their measurements. These cuvettes are only suggested for
wavelengths larger than 340 nm[58], since polystyrene absorbs light at wavelengths lower than
300 nm. The noise observed in Figure 17 is likely due to the filtering of the absorption
spectrometer.

a T rlTrfrlr rrrrr1rr 17
}1.2- -

| Increase in concentration

u.)

Absorbance (A.
Absorbance (A.U.)

250 300 350 200 450 500 o
Wavelength (nm) 250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)

Figure 17. Left: UV-VIS measurement Absorption spectra were measured using a Perkin-Elmer Lamda 40 UV-VIS
spectrophotometer at room temperature. The solutions were prepared in 10mm SUPRASIL Quartz Cuvettes from
Helma Analytics by dissolving ACA in demineralized water. The concentration of ACA in the measurement was
around 80 uM. Right: Data from literature [44], the pink line corresponds to the same concentration as the graph on
the left.

For a CV-scan both the oxidized and reduced form need to be present. Therefore 20 mL of ACA
electrolyte was reduced to a 50/50 mix of ACA and ACA-2H (more details on this in Chapter 3.1). The
electrochemical measurements of ACA are shown in Figure 18 below.
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Figure 18. Electrochemical measurements of a solution of 0.025M ACA, 0.025 M ACA-2H, 0.1 M KOH and 0.9M
KCI (1 M K*) Top: Chemical structure of ACA and ACA-2H with the corresponding redox reaction. Bottom left:
Four cycles of the CV scans at different temperatures, the currents are normalized on the negative peak. Bottom
Right: Half-cell potential vs temperature, each blue dot represents the half-cell potential of one CV cycle. A linear
fit was done through all the points to find the Seebeck coefficient, R? = 0.956

Figure 18 shows that the cyclic voltammograms are not symmetric. Lin et al. do however report that the
redox reaction of ACA is reversible[44]. There are two other factors that could play a role in the
asymmetry:

1. The asymmetric behavior occurs because 2 H* atoms have to be attached to and removed from
the ACA molecule. This most likely happens in a different order, causing different reaction
kinetics and therefore a different peak shape.

2. At the lower voltages the hydrogen evolution reaction starts causing a large negative current. The
hydrogen evolution reaction has a Seebeck coefficient of +0.87 mV/K, which causes the reaction
to start at higher voltages, explaining the bigger dip at -1.15 V at higher temperatures.

The asymmetry does cause an issue, since the formula for calculating the half-cell potential ( 3 ) only
works for symmetric CV-scans. The temperature effect on the peeks is also asymmetric. Only the
cathodic peaks undergo a change due to temperature. The anodic peak might be unchanged because the
Seebeck effect of the hydrogen evolution and the ACA redox reaction have an opposite effect on the
peak, causing it to remain unchanged. Equation ( 3 ) was used anyway, since it seemed the only way to
calculate the Seebeck coefficient. By taking the average of the shift in the cathodic and anodic peak, a
Seebeck coefficient of -1.5 mV/K was calculated.

A full cell of ACA and Fe(CN)s has an o of 0 — 0.1 mV/K, which is too low for any practical applications.
The focus therefore shifted to the second choice, the pair of I/1;"and Fe(CN)e.
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Seebeck coefficient of 1'/15™:

Since the value of the Seebeck coefficient was questionable for the I/l;" couple (see annotation in Table
5), it was decided to validate it by measurements. At the time of doing these measurements, only small
amounts of iodine and potassium iodide were available. The measurements were therefore done at lower
concentrations than for the full cell in section 4.2.2. Also a 1 1,:10 KI ratio was used since I, dissolved
very slowly (multiple days) at lower ratios. The electrochemical measurements of 17/13" are shown in
Figure 19 below.
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Figure 19. Electrochemical measurements of a solution of 0.01 M I, 0.001 M I3 and 1 M KCI (1 M K*) Left: Four
cycles of the CV scans at different temperatures, the currents are normalized on the maximum positive current.
Right: Half-cell potential vs temperature, each blue dot represents the half-cell potential of one CV cycle. A linear
fit was done through all the points to find the Seebeck coefficient, R? = 0.911

The CV-scans of Figure 19 figure show a different behavior than was seen before. At the start of the
measurement the cyclic voltammogram is symmetric, indicating a reversible reaction. At higher
temperatures, the magnitude of the anodic peak significantly decreased. During the experiment, the color
of the mixture also changed (Figure 20) from dark orange to yellowish to eventually colorless. The color
is caused by the I3 ion, which is a product of the following equilibrium reaction.

I+L =13

From these two observations, it can be concluded that iodine evaporated from the mixture during the
heating. A change in the I : I3 ratio also causes a change in diffusion limitations, explaining why the
anodic peak size decreased in Figure 19. The half-cell potential (+0.66 V) at room temperature is higher
than is displayed in Table 5, this is most likely the result of the nonstandard 1,:KI ratio.

The Seebeck coefficient (+1.0 mV/K) of the I'/l3” couple, turned out to be positive, unlike it was predicted
in Table 5. To check that it was indeed the Seebeck effect (and not the evaporation of lodine) that caused
this shift in half-cell potential, a second experiment was done. Here the electrolyte was heated, then
cooled down again for a second measurement. If hysteresis occurs, the concentration difference would
cause a change in potential.
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Figure 20. Investigation of the color change of I/15” during heating. Left: Photo of the electrolyte before heating.

Middle: Photo of the electrolyte after heating. Right: Potential vs temperature before and after cooling. Blue dots

and lines are before cooling, red are after cooling. A linear fit was done through all the points to find the Seebeck

coefficient for both datasets. R? before cooling = 0.932. R? after cooling = 0.829

From Figure 20 it can be concluded that the Seebeck coefficient is indeed +1.0 mV/K. A full cell
consisting of Fe(CN)g and 1/1; then meets all the requirements set in Chapter 2, with the only downside
being that K4;Fe(CN)g is only moderately soluble (~0.6 M at maximum). For I/I; solutions of 2 M and
higher have been reported[55].

In order to start experiments with a full cell, more potassium iodide and iodine were ordered. The
experiments with the flow cell are discussed in section 4.2.

4.1.4. Effect of concentration and addition of ethanol
During the last two weeks before handing in the thesis, two bachelor students performed experiments to
investigate the effect of concentration and the addition of ethanol on the Seebeck coefficient.
Unfortunately there was not enough time to process all the data before handing in the reports however the
overall trends that were observed are:

e The Seebeck coefficient of Fe(CN)e becomes stronger negative with higher wt% of ethanol in the
mixture. The solutions of 0, 10 and 20 wt% showed in a decrease of -1.3 to -2.3 mV/K.

e The Seebeck coefficient of I/l; becomes stronger positive with higher wt% of ethanol in the
mixture. The solutions of 0, 10, and 20 wt% showed in an increase of +0.9 to +1.9 mV/K.

o The Seebeck coefficient of I/l5 increased for lower concentrations (numbers still need to be
calculated but the change is in the order of 0.1-0.3 mV/K)

e The effect of the concentration of Fe(CN)g still has to be processed.

However, a problem was also observed: KCI does not dissolve in ethanol. This results into having smaller
concentrations of conductive ions and thus a higher internal resistance. There most likely exists an
optimum ethanol wt% where the losses due to resistance and gains due to the increased Seebeck balance
each other out.

Addition of ethanol to the electrolytes will increase the full cell a for the Fe(CN)g and I/1; RFB system by
almost a factor two. Also the Seebeck coefficient of I/13 in 4.2 might turn out to be lower for the full cell,
since higher concentrations will be used.
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4.2. Designing and operating of the full system
As was already mentioned in chapter 1 and 2, a TREC system will be designed based on flow batteries.
The setup of the flow cell will briefly be discussed in 4.2.1. The results of the experiments with the flow
cells will be presented and discussed in 4.2.2.

4.2.1. Design of the flow cell

The crucial part of this system is the flow cell, in which the redox reactions take place. The flow cell
design was based on a redox crossflow cell previously designed by David Vermaas [38]. This design has
an electrode with a circular radius of 1 cm. As is mentioned in Appendix A, energy losses scale with
current density and the power increases with a larger current. The current can also be increased by making
the electrode area larger, while keeping the current density constant. To improve the efficiency of the
TREC, the electrode radius was therefore scaled up to 5 cm. This resulted into a 25 times larger area. A
larger current results in a bigger conversion of the chemicals, which results in a temperature change. By
having bigger currents this temperature change should be easier to measure. Apart from giving a larger
current, this flow cell is much easier to assemble and disassemble.

A schematic representation of the flow cell setup is shown in Figure 21.

i . . Silicone i
Aluminum Graphite foil P Graphite foil Aluminum
support plate askets support plate

‘ electrode // \\-’Iectrode ‘

/15

electrolyte

Fe(CN)s
electrolyte

Pump Teflon PA2200  (ation Exchange  PA2200 Teflon Pump

back plate Spacer membrane Spacer back plate

Figure 21. Schematic diagram of the crossflow flow cell setup. The two electrolyte solutions flow in from the bottom. In the
middle of the cell there is a circular gap with radius of 5 cm on two sides where the electrolyte makes contact with the
electrode and the membrane. It then flows out on the top, where it goes back to the beaker. The potential difference can be
measured between the two graphite foil electrodes.

The next section will discuss the experiments with the flow cell.

4.2.2. Experiments with the flow cell
Based on the electrochemical data from section 4.1.3, the Seebeck coefficient and open cell potential
should be +2.4-2.5 mV/K and ~0.1 V respectively for the chosen redox couples.

A first run was performed at room temperature (21 °C) to test basic operation. The potential was
measured for 17 different currents: The cell was run for some time on open cell (zero current). Then at -
80 mA until a steady condition was reached, followed by +80 mA, -70 mA, +70 mA, etc. until an open
cell condition was reached again. The results of this experiment are shown in Figure 22 below.
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Figure 22. Left: Stepwise I/V plot versus time of the flow cell at room temperature (21 °C). Right: The settled
potentials at the end of every step, plotted against the current. A linear fit was done to find the Ohmic resistance of
the flow cell. R? = 1.000

It can be assumed that the process is reversible, since the open cell potential does not change (£0.5 mV)
after running the cell for almost an hour. A fit of the I/V curve resulted in a high resistance of 44.2 Q cm?,
this is an order of magnitude larger than for other flow batteries from literature: The ACA-Fe(CN)s
RFB[44] had a resistance of 1.03 Q cm? and the polysulfide/iodide [55] had a resistance of 3-4 Q cm?.
These two systems here have the same redox couples as in our battery and only slightly higher
concentrations, both RFBs employed porous carbon electrodes.

Since the electrode material and redox couples are the same for the literature and the experiments of this
thesis, it can be concluded that the high resistance is likely due to the design of the cell. The
compartments are much thicker than the cells from literature (~5 mm compared to less than 1 mm), which
causes a strong resistance due to the diffusion of K* ions across a larger distance. Also more than 50% of
the membrane area is covered by the porous disk (Figure 12) which makes it even more difficult for the
K" ions to be transported. A better cell design and porous electrodes might reduce the resistance by a
factor 5 to 10.

After this first test run the cell was disassembled (Figure 23), to see if the electrode and membrane were
still intact. The graphite foil electrode and membrane were undamaged. The silicone gaskets changed in
color (could not be washed of) and also changed in shape. In the middle photo of Figure 23 a strong
leakage of the iodide side (brown) to the hexacyanoferrate (green) side was observed. It seems that the
membrane prevented the iodide electrolyte from spreading into the other electrolyte flow compartment, as
this remained mostly uncolored.

After reassembling the cell, it was observed that the two sides were no longer separated, as fluid from one
side could flow into the other. Further experiments were done with new silicone gaskets. No data is
available on the iodine resistance of silicone[59], but after these experiments it is clear that silicone is not
very resistant.
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Figure 23. Photos of the status of the flow cell after the first run. Left: The carbon electrode with gasket on top
Middle: Spacer from the hexacyanoferrate side. Right: Strongly colored silicone gasket (normally transparent) and
membrane in the center (normally light yellowish). The membrane was cut in a square shape of which the edges can
still be seen through the gasket.

For the second experiment, the cell was connected to a heat bath and the in- and outflow temperatures
were measured. Four measurements were done, with the heating bath at 30, 35, 40 and 45 °C. During the
45 °C measurement another leakage occurred and the experiment had to be stopped (see Figure 24). The
open cell voltage was clearly affected, and therefore it was decided to exclude the data from 45 °C from
the calculation of the Seebeck coefficient.
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Figure 24. Flow cell experiment with heat bath at 45 °C. Left: Photo of electrolytes before the experiment. Middle:
Photo of the electrolytes after the experiments. It can be seen that the color of the hexacyanoferrate (green) became
much darker, and the flask of the lodine (dark brown) almost empty. Right: 1/\V measurement. There is noise present
in this 1/V curve, also the open cell potential at the beginning and end are not the same.

Throughout each measurement, the temperatures remained constant (£0.1 C). The temperature at the
electrode is of interest for the Seebeck coefficient. This temperature was assumed to be the average of the
in- and outflows. The temperatures and Seebeck coefficient are shown in Figure 25 below.
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Figure 25. Left: Average temperatures during the measurement for different heat bath temperatures. The
temperatures were averaged over the two inflow and two outflow streams. Right: Open cell potential vs the
temperature. A line is fitted to find the Seebeck coefficient. The yellow dots are the open cell potential at room
temperature (the lab temperature is 21 degrees) reported at the beginning of this chapter. R* = 0.999

The Seebeck coefficient is slightly lower than, but very close to the expected +2.35-2.45 mV/K. This
could be because of the higher concentrations of I" and I compared to the measurements of Figure 19.
The full cell potential at room temperature is a bit lower than predicted, which could be due to a different
I/15 ratio in the flow cell electrolyte compared to the CV measurements of 4.1.3. A Seebeck coefficient of
+2.33 mV/K is very high. For agueous thermogalvanic cells, there is only one article[28] which reports a
higher Seebeck coefficient: -2.9 mV/K for hexacyanoferrate in water-organic mixtures.

The Ohmic resistances of the flow cell were measured as well during the experiment (see Figure 26). The
resistance decreases strongly with temperature, which is logical since reaction kinetics increase and
diffusion limitations decrease with higher temperature. The setup allowed to measure at four temperatures
only. While these are insufficient data points to draw strong conclusions, some fitting of the data will be
done anyway.

The resistances appear to be on a straight line, and show a good fit with linear regression. However in
electrolytes the resistance should be a hyperbolic function of the temperature[60]:

Ry
(1+6(T-Ty))

Ry is the resistance at a reference temperature T, (chosen to be 30 °C), 6 is a temperature coefficient (of
units °C™") and T is the temperature in °C. The fit of this function and 0 are also shown in Figure 26.
Fitting a hyperbolic function through four points is inaccurate, but it is necessary to have a this function
for resistance at higher temperatures for the model discussed in the next section. A line would have
resulted in negative resistances at temperatures above 82 °C, which is unphysical.

R(T) = (18)
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Figure 26. Fits of the Ohmic resistance of the full cell. Left: Linear fit, in the legend the slope of the line is
displayed. R?= 0.997 Right: Hyperbolic fit using ( 18 ), Theta is temperature coefficient 6. R? = 0.873

Another measurement at room temperature with new electrolytes resulted again in leakage. It was
concluded that the flow cell was too damaged for more experiments. The limiting factor of the design
seems to be the silicone gaskets, which are not resistant enough to iodine.

4.3. A numerical approach of the system
In this section ASPEN Plus will be used to model the design in order to give an estimate of the heat to
power efficiency, since the damaged gaskets prevented measuring it experimentally. ASPEN Plus was
chosen as modeling tool, since the thermal properties of water are well defined and all the properties of a
heat exchanger can be calculated.

The potential of a flow cell can be estimated with the following formula:

RT ([I"]*[Fe(CN)53]?
V(T) = EO + (X(T - To) i IdensR(T) - —1n< [I_][Fe(CN)_4_]2 )
3 6

nkF
Eo is the potential at Ty, the Seebeck coefficient (o) is +2.33 mV/K as was shown before, lgns is the
current density and the R(T) is the Ohmic resistance, which is modeled by ( 18 ). The last term is the
contribution of the concentration difference from the Nernst equation. However, the TU Delft desktop
version of ASPEN Plus crashes whenever a logarithm is calculated. It was decided to simplify ( 19 ) to:

(19)

V(T) = EO + a(T - TO) T IdensR(T) (20)

It can be simplified, because the effects of the last term on the potential losses are minimal at low
currents, compared to the Ohmic losses, as displayed in Figure 27 below.
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Figure 27. Potential losses at different current densities of two different effects. The green line represents the Ohmic
losses, the blue line the last term of equation ( 19 ). The effect of the blue line scales with the conversion in the flow
cell, so if a larger area is take, the effect will be larger.

The setup is simulated by 2 reactors, a heater, a cooler and a heat exchanger. The electrolytes are modeled
as water, since the heat capacity of the mixture is similar to that of water. The electrochemistry and
reaction heat are added through calculator blocks. For a more detailed description of the model, see
Chapter 3.5.

First a base case simulation was done to find the optimum current density to run at based on the
maximum power (the first two are values used during experiments):

o Flow rate: 1 mL/s

e Electrode area: 78.54 cm?

o Tp:90°C

o Teg: 20°C

o Heat exchanger approach (hot inlet- cold outlet temperature difference): 1 °C

The optimal current density is 1.27 mA/cm? (see Figure 28). This is quite low because of the low open
cell potential and high internal resistance. The latter could be reduced with higher salt concentrations and
a thinner flow region.
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Figure 28. The effects of current density on the design simulated with ASPEN Plus. Left: Sensitivity analysis of the
current density vs the system power and voltage. The maximum power is 8.10 mW at 1.27 mA/cm? Right: Current
density vs heat to power efficiency. The maximum efficiency is 0.175% at 1.25 mA/cm?.
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The maximum power for our design is only 8.10 mW. Too give a comparison: the pump that was used for
this cell uses 75 W, resulting in the system only consuming energy instead of producing from waste heat.
However the model allows us to simulate the TREC system beyond the current design, assuming the
Seebeck coefficient and equation for the resistance scale well. Two parameters can still be changed:

e The conversion of flow cell (either by increasing the electrode area or reducing the flowrate)
o The effectiveness of the heat exchanger.

Increasing the area of the electrode increases both the power and heat to power efficiency of the system
(Figure 29). It is important to note that the accuracy of the model also decreases for higher electrode area,
since the contribution of the In(Q) term (Figure 27) becomes larger. This causes an overestimation of the
power and efficiency.

With electrode area of 1 m? an efficiency of 6.8% is even predicted, this is already 35% of the Carnot
efficiency! An electrode area of 1 m? is reachable by scaling up the system, or by creating cell stacks
(multiple cells in series). However, even for a 1 m? electrode the electrical power is only 1 Watt, which is
most likely not enough to pump the electrolytes through the cell.

The efficiency is also strongly affected by the heat exchanger efficiency (see Figure 29). The very steep
curve indicates that a large amount thermal energy is lost in heating the system. From the heat exchanger
properties in ASPEN, it can be seen that a countercurrent heat exchanger, for a temperature approach of
0.1 °C requires a heat exchange area of 3.6 m?. For 1 °C it would require only 0.33 m%

1.6

L4}
L2}
Lo}
0.8}
0.6}

Efficiency (%)

Power {Watt)

Efficiency (%)

0.4¢
0.2¢

' ' - ' 0.0 0.0 ' ' ' ——
0.0 0.2 0.4 0.6 0.8 1.0 0 1 2 3 4 5

Electrode area (m2) Heat exchanger approach (C)
Figure 29. Analysis of heat exchanger approach and Electrode area on the effectiveness of the design, simulated
with ASPEN Plus. Left: Effect of the electrode area on the efficiency and power, the temperature approach is 1 °C
here. Right: Effect of the heat exchanger approach (hot inlet- cold outlet temperature difference) on the efficiency.
The electrode area is 78,5 cm? here.

Using an online tool [61], the pressure drops were calculated for a straight tube of 6 mm inner diameter,
this is what we used for tubing during experiments. A heat exchanger with an area of 3.6 m? results in a
pressure drop of 120 mbar, a heat exchanger with an area of 0.33 m? in a pressure drop of 11 mbar. This
pressure drop needs to be multiplied by two, since both a hot and cold stream go through the heat
exchanger. After the heat exchanger the stream flow past the heat source and sink to reach the final
temperatures. This is only a small temperature increase. It is assumed that this is only 20% of the
pressure drop resulting from a 1 °C heat exchange approach. The pressure drop due to the heating and
cooling then becomes:
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e 0.1°C approach: 245 mbar
e 1°C approach: 27 mbar

The pressure drop in the flow cell will be estimated by looking at the electrode area, which will be
calculated by the relation for a pressure drop between 2 plates. For the ease of calculation, it is assumed
that the electrode has a square shape. The theoretical pressure drop for laminar flow between two plates is
defined as follows[62]:

12u-L-Q
Ap = d3-w

Here Ap is the pressure drop in Pa, 4 the dynamic viscosity in Pa-s, L the length of the electrode in m, d
the distance between the two plates in m, w the width of the electrode in m and Q the flow rate in m¥s.
For a square electrode this simplifies to:

(21)

12u-Q
Ap = PE
Using the parameters of this cell, d =2 mm, Q = 1 mL/s, u = 1.002 107 Pa-s at 20 °C or 0.315 107 Pa-s at
90 °C. Both electrolytes go through a flow cell at 20 and 90 °C. The total pressure drops because of the
flow cells then is 4 Pa, which is negligible compared to the heat exchanger.

(22)

The required pump power can then be calculated with:

Boump = cp 9 (23)
r]pump

Here Pyump is the pump power in Watts and npump the pump efficiency. For a small scale system like this a
magnetic drive pump could be used, which have an efficiency of up to 70%[63]. In order to not
underestimate the pump power consumption, it will be assumed that the pump efficiency is 50%. A heat
exchange approach of 1 °C requires a pressure drop of around 0.05 bar including all parts, which
corresponds to a pump power of 5 mW. This means that the un-optimized flow cell of this thesis could
theoretically produce electricity from waste heat.

Making a thinner flow cell could reduce the resistances significantly, however the pressure drop over the
cell will also increase cubically according to equation ( 22 ). For reverse electro dialysis, an optimum
thickness was found to be in the order of 0.2 — 0.5 mm thick, which more than 10 times smaller than our
current flow cell[64]. The design could be improved significantly.

The model could be improved by addition of the In(Q) term, whether that be through using different
software, or by fixing the problems of ASPEN Plus. Measurements of the resistances at higher
temperatures would also improve the accuracy of the R(T) function, and therefore the model. Finally a
good estimation of the pressure drop and pump losses should be included into the efficiency calculation of
the model, to give a good indication of the real heat to power efficiency.
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5. Conclusion
In this thesis a flow battery system with iodine/iodide and hexacyanoferrate based electrolytes was
designed to convert heat into power using the thermally regenerative electrochemical cycle (TREC).

A literature study was done in which many different RFBs were evaluated. From these systems, the most
suitable electrolyte pair was:

e Fe(CN)s*/ Fe(CN)s~
o |_/|3

This is because these two have high and opposite Seebeck coefficients, no undesirable side reactions and
are separable by an anion exchange membrane. The chemicals of these electrolytes also have moderately
high solubility. The Seebeck coefficient of these electrolytes could be increased even further by the
addition of ethanol.

In order to have net gain, the system needs to be running at a wide temperature interval (> 50 °C) and with
a low current density with the highest possible concentrations to reduce the internal resistance as much as
possible.

The main causes for heat to power efficiency losses are:

e The Ohmic losses due to the internal resistance
e The heat required to heat the electrolyte to the hot operating temperature

Of these two the Ohmic resistance seems to have the biggest effect on the losses. This is because the
potential difference between the cells is in the order of 100 mV which is easily overshadowed by the
Ohmic loss. The cell design is the main cause for the high resistance, and making the cell thinner would
reduce the resistance significantly.

We were not able to determine the efficiencies experimentally. The lodine electrolyte damaged the cell’s
silicone gaskets, which resulted into mixing of the two electrolytes of the cell. This affected the potential
so strongly that it was impossible to do sufficient reliable experiments.

From a simulation in ASPEN Plus it was concluded that the heat to power efficiency of such a system is
heavily dependent on the electrode area and heat exchanger efficiency, but could eventually reach more
than 50% of the Carnot efficiency for large electrode area (in the order of 1 m?) and a heat exchanger
approach of 0.1 °C.

Finally, based on the current data it cannot be said whether the TREC based on flow batteries can
compete with other low grade heat to power technologies. The design requires the pumping of
electrolytes, which even for an optimized system most likely costs a large chunk of the energy that the
TREC recovers. The system needs to be optimized and investigated further, before anything can be
concluded about the potential of this technology.
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6. Recommendations
The main drawback of the TREC based on flow batteries is the power required to pump the electrolytes
through the system. To increase the power output it is recommended to do the following 3 changes:

e |ncrease the area of the electrode
e Reduce the internal resistance
e Increase the voltage difference

The first point speaks for itself. It requires either a bigger setup or several stacks of the cell. The second
point can be solved by using higher concentrations of active species and KCI and a thinner cell, which
results in less diffusion limitation. A different type of electrode might also reduce the resistance by
improving the redox kinetics.

The last point can only be achieved with a bigger temperature difference or a redox pair with a higher
Seebeck coefficient. The effect of added organic solvents should be investigated further, to find an
optimum weight percentage for increasing the voltage difference.

For aqueous systems the options of anorganic redox electrolytes are limited due to side reactions and low
solubilities, the Fe(CN)g and 17/15™ are likely the best option. For higher Seebeck coefficients organic redox
molecules or other types of solvents, e.g.ionic liquids or deep eutectic solvents, should be investigated.

It is important to improve the model (e.g. by measuring the resistance at higher temperatures). Therefore
it is advised to continue the measurements at higher temperatures as well. If another student would
continue to measure the efficiency of the current setup, the Silicone gaskets need to be replaced by
another material. As of now, new FKM gaskets have been ordered, which should be resistant to all the
used electrolytes[59].

The data from the two bachelor students still contains a lot of noise, and only a small amount of data
points. It would be wise to continue the experiments and also see if the results can be replicated. This also
gives a better indication of what the trends for different concentration and addition of organic solvents
really is.

Also the pressure drop of the current system is simplified a lot. A CFD simulation of the system could
give a better estimate of the pumping power.
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Appendix A: Derivation of maximum power
The voltage (V) is split up in 3 parts:

e The open cell voltage (Eoc), this is the voltage when the current is 0

e The voltage drop due to Ohmic losses: IRy

e The voltage losses (Eioss). Usually in the form of an overpotential: some reactions require a set
extra voltage in order to occur. The overpotential is a loss of energy that usually cannot be
avoided easily, unless choosing for a different reaction or electrode.

For a discharging battery, the voltage then becomes:
V =Eoc —IRint — Eloss
The power of a battery per unit area with is then defined as:
P=V=*I=(Eoc — Rint — Eioss) * I = 1Egc — I?Rint — IEjos

Here P is the power, V is the cell voltage (after losses), | the current density and R, the internal
resistance.

The maximum power is found differentiating the power to the current density, and setting this to 0.

dp Eoc — E;
a5 = Eoc = 2R = Fross = 0 > 1 = =5 —==

The maximum power then becomes:

2 _ (EOC - Eloss)2
max 4‘Rint

The total power can be increased by increasing the area of the electrode, since this does not affect the
relative magnitude of the Ohmic losses.
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Appendix B: Database of flow batteries

Color Legend

[ Acidic [ Alkaline [ Neutral [ Organic solvents  [Formssolids  [Unfeasible 7 Other |
Name Anode reaction Cathode reaction Overpotential Temperature | Additional Reference
(V)forl=0 range (°C)* information
Iron-Chromium Cr+e >Cr Fe** DFe® + ¢ NA 25-65 Cross contamination | [19] [47]
[48]
Iron-titanium Ti*+e T Fe?" SFe® + ¢ Yes, for Ti- 25-55 Cross contamination | [46]
reaction
All-vanadium | Normal Ve > V& VO* + H,0 > oV 10 - 40 Established [65] [66]
Added VO,  +2H" + ¢ 20-50 technology[16] [67]
stabilizers [42, 43]
Vanadium-Bromine 2Br+ClI'> CIBr, + | 2VBrg+2e > 2VBr, |0V 10-40 Stability of membrane | [68]
2e + 2Br in halide mixture
unknown, also
lifetime due cross-
contamination
unknown. Bromine
gasses can form at
40 °C. [17]
Manganese-vanadium V¥ie > V¥ Mn*>Mn**+ e oV RT No real proof of [69]
concept, lifetime or
temperature data
Vanadium- | Chloride acid | V¥*+e > V** Fe®*>Fe*+ e oV 0-50 Charge capacity [49]
Iron stabilizer lowers after 50 cycles
Mixed-Acid ov 0-50 Stable after 50 cycles | [50]
Supporting atRT
Electrolyte
Vanadium-cerium V¥+e >V Ce*>Ce"+e Smaller than 25-60 Low solubility of [70] [71]
0.15v cerium salts
(probably 0 V)
( ]
. *




Vanadium Polyhalide BrCl, +2e¢" >Br VCI,+CI'> VCl;+e |0V 5-40 Stability of membrane | [68]
+2CI° in halide mixture
or unknown, also
CIBr, +2e” >2Br lifetime due cross-
+CI’ contamination
unknown. Bromine
gasses can form at
40 °C. [17]
Tiron-Pb PbSO, +2e" > Pb+ | Tiron(OH), > Smaller than RT pH < 4 needed for [72]
(Tiron is a benzene ring with | SO,* Tiron(0), + 2H" +2e” | 0.02 V Tiron couple. Fast
S0O;,0 and OH side-groups) (probably 0 V) kinetics, needs
activation for RFB.
Vanadium-glyoxal(O,) V¥+e > Vv [OClren + H.0 2 Oxygen Oxygen polarization | [73]
[OClox +2H" + 2¢° polarization at electrode,
vanadium crossover
Vanadium cysteine V¥t+e > V¥ RSSR+5Br,+6H,0 |04V Too complex, not [74]
22 RSO;H + 10HBr efficient, small
And overpotential
10Br - 5 Br, + 10e
Hydrogen Bromide RFB Br, + 2e >2Br H, >2H" + 2¢ 0.1V-1MBr, | ?-58.8°C Simple kinetics, all [75]
~0.05V-2M Due to Br, over-potential from
Br, boiling membrane.
0V-3MBrm (at 1 atm Br, boiling pointin T
pressure) range?
Metal-free organic redox AQDS + 2¢ + 2H" 2 HBr >Br, + 2e" + 0.1V dueto RT 1 M concentrations. [76]
molecules: ->DHAQDS 2H" (de)protonation Potential could be
9,10-anthraquinone-2,7- of AQDS optimized with
disulfonic acid (AQDS) functional groups.
Titanium Manganese TIO* +2H +e > | Mn® > Mn* +¢ NA NA Problems with Mn** | [77]
Ti* + H,0 stability, membrane
crossover
(2Mn* + 2H,0 >
Mn* + MnO, + 4 H")
Bromine-polysulfide (x-1)Na,Sy +2e > 2Br->Br, +2¢ ov ? Crossover [78]
XNaySy.1 (X:2 or 4)
( ]
(. *




Vitamin B2 based ACA +2e +2H"> Fe(CN)¢" > Fe(CN):” [0V RT Low energy [44]
ACA-H, +e efficiency
(ACA = Alloxazine 63-74%
Carboxylic Acid)
All-Soluble All-lron Aqueous | [Fe(TEOA)OH] +e | Fe(CN)s" > Fe(CN)s~ | 0 NA Charge efficiency loss | [51] [52]
Redox-Flow Battery > [Fe(TEOA)OH]* | +¢ due to crossover of
TEOA, large internal
TEOA = Tri- resistance (TEOA
ethanolamine contaminates Nafion
membrane, higher
transfer resistance?)
Alkaline flow battery based on | [Fe(TEOA)OH] +e | [Co(mTEOA)H,0] = | Low voltage RT Cobalt couple is not [52] [53]
the coordination chemistry of | > [Fe(TEOA)OH]* | [Co(mTEOA)H,0] + e | efficiency, but perfectly reversible.
Fe and Co most likely 0 5 M NaOH.
TEOA = Tri- MTEOA = methyl-Tri- Large Fe/Co ratio
ethanolamine ethanolamine needed to prevent
large loss of capacity.
Iron/Copper Cu(NHy),/ " +e > Fe(CN)s" > Fe(CN)¢” | NA 0-100 Uses both positive [23]
Cu(NH3)," + 2NH, +e and negative redox
ions, which are
difficult to separate
All-chromium Cr(IlD-EDTA +¢e > | Cr(lI)-EDTA > NA NA Sluggish reaction [79]
Cr(IN-EDTA Cr(V)-EDTA + 2¢ kinetics, very low
efficiencies (8% in
battery setup)
Aqueous polymer based Viologen® + e’ TEMPO >TEMPO' + |0V RT Energy losses from [80]
->Viologen® e pumping due to high
Viscosity?
Ferro/ferricyanide polysulfide | 2 S,° + 2e” >S,” Fe(CN)s" >Fe(CN)s™ |0V RT Cheap materials. [54]
battery +e However: Crossover
problems at high
temperatures,
sluggish electrode
reactions
( ]
(. * )




Polysulfide/lodide S,” +2e > 25% 3> 13 +2¢ oV RT High cycling stability, | [55]
(Average oxidation High solubility
states, actually (<6.0M)
consists of mixture of Crossover problems
S%1S,21S:2 1S4 at high temperatures?
Total Organic aqueous with | MV* +e > MV* 4-OH-TEMPO > oV RT Stable capacity for [45]
Methyl Viologen and 4-HO- [4-OH-TEMPO]" + & 100 cycles (little
TEMPO crossover)
NaCl as supporting
electrolyte
Vanadium Acetylacetonate V(acac); +e > V(acac); = [V(acac)s]* | More than 1V RT Non-aqueous, very [81]
[V(acac)s] +e low efficiencies, Also
has some V(V)
forming, but can’t
react with
acetonitrile?
[Ru(bpy)s](BF4), [Ru(bpy)s]* +e 2> | [Ru(bpy)s]** NA 20-30 Very low [82]
[Ru(bpy)s]” >[Ru(bpy)s]** + & concentrations.
Review stated there is
no point for further
research. Other metal
complexes are
possible as well, such
as Fe or Co
Ru(acac); [Ru(acac)s] +e > [Ru(acac)s]> NA NA Acetonitrile solvent [83]
[Ru(acac)s]” [Ru(acac)s]” + e Non-efficient, side
reactions
Cr(acac)s [Cr(acac)s] +e > [Cr(acac)s]> Very large RT Non-agueous [84]
[Cr(acac)s]” [Cr(acac)s]" + e overpotential (Acetonitrile),
>1V) Low concentrations,
low efficiencies
Li-ion hybrid RFB LiFePO, TiO, Intolerably high | NA Uses electron carrier | [85]

(>0.3 V) due
reaction with
lithium storage
materials

materials to carry
electrons from one
side to the other
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Metallocene Cc'+e > Cc Fc >Fc" +¢ NA RT In Acetonitrile, [86]
Higher diffusion rates
than regular V,
Low concentrations
Metalbipyridyl-complexes Ni(IN(Bpy)s(BF4), + | Fe(ID(Bpy)s(BF.), NA RT Non-aqueous. No [87]
2e" >Ni(Bpy)s(BF4), | >Fe(l11)(Bpy)s(BF4), useful information,
+e only redox potential
Nonaqueous Organic Redox | MePh + e - MePh™ | DBMMB > Slight RT Non-agqueous, many [88]
Flow Battery DBMMB™ + ¢’ overpotential, possible side
(N-methylphthalimide & 2,5- less than 0.2 V reactions for MePh™
di-tert-butyl-1-methoxy-4-[2'- Energy efficiency of
methoxyethoxy]benzene) only 69%
A symmetric organic-based | PTIO +e = PTIO" | PTIO" = PTIO" + ¢ ov RT Non-agueous, no [89]
non-aqueous redox crossover problems
flow battery (same molecule on
both sides)
PTIO: 2-phenyl-4,4,5,5- Stable cycling over
tetramethylimidazoline-1- 15 cycles. Low
oxyl-3-oxide energy efficiency
(<60 %)
All-copper Battery [Cu(MeCN)J[TF,NT** | [Cu(MeCN),][Tf,N] NA Minimum Non-aqueous Liquid | [90]
te> ->[Cu(MeCN),][Tf,N]" temperature metal salt (needs 66
[Cu(MeCN)][TEN]" | +¢ is 66 °C °C for
-90°C [Cu(MeCN),][TF,N]
melting point)
Zn** +2¢" >Zn 2Br->Br, +2¢ NA ‘wide range’ | Uses solid Zinc [91]
Pb* +2e" >Pb Pb* + 2 H,0 - PbO, | Lead-deposition | 0-40°C Solid Pb and PbO; [92] [93]
+4H" + 2¢ during charging | (works at 60, [94]
results in loses charge
overpotential efficiency
due soluble
PbO,)[92]
Zn(OH),” + 2e> Propanol oxidation NA RT Uses propanol as fuel | [95]
Zn+4 OH to recover zinc
electrolyte, metallic
zinc during discharge
( ]
Lt % )




significantly after 7-8
cycles)

Li* + e >Li(s) 3213 +2¢ NA 15-55°C Only Cathode flow (I" | [96]
/|3_)1
Li is solid metal
FeCl, + 2e" > Fe + FeCl, + CI' = FeCl; + | NA RT but Solid metallic iron on | [97]
2CI e mentioned the electrode
higher
operating T
Cd* +2¢ > cCd Fe?* > Fe¥ +¢ NA RT Metallic Cd [98]
deposition during
charging, little
crossover, Cadmium
handling
Np* + e >Np* NpO," >NpO,” +e | NA NA High energy [99] [100]
efficiency, very
radioactive
U* +e U™ Uo," QU0 + ¢ NA NA Uranium(V) is [101]
unstable in water,
need aprotic solvents,
radioactive materials
Acid/Base flow battery with | 2H,0+2e" > H, + H, + 2 H,0 >2H;0" + | 0.4 V seems 20-50 Not very high ASg [102]
H, 20H 2e’ independent of | Most likely since H, is consumed
current density | large T and produced on both
interval sides.
Acid-Base  junction  flow | Charge: H,O + NaCl >HCI + NaOH ov Most likely No long cycling [103]
battery Discharge: HCI + NaOH ->H,0 + NaCl large T stability, (Energy
interval efficiency drops

*(italic means, proven at that range, Regular means limited by factors, such as solubility)




Appendix C: Exclusion procedure
The table in Appendix B has 44 flow batteries. The final 9 RFB systems were selected in 3 steps. In this
Appendix more detail will be given which batteries were excluded in each step and why.

The first set of RFB systems were excluded if they fell in the following categories:

Solid material deposition, a continuous flow battery cell is desired, therefore solid deposition at
an electrode is not desired

Radioactive electrolytes, using materials like Uranium or Neptunium is not desired, because of
obvious reasons

Uses aqueous Mn®" electrolyte, Manganese(l11) ions react with water (2Mn** + 2H,0 > Mn*" +
MnO, + 4 H"), and form insoluble MnO,

Uses aqueous Ti** electrolyte, the performance of the Titanium couple is seriously compromised
by activation polarization[46]

Review stated there is no point for further research [16], this is the case for [Ru(bpy)s](BF4),
which has costly materials and low efficiencies. This is a strong indication the compound will not
be useful for the project.

These batteries were therefore excluded from further research:

Iron-titanium; Manganese-vanadium; Titanium manganese; [Ru(bpy)s:](BF4)2; Zinc-bromine; Soluble
lead-acid; Zinc-air; Li-iodine; Iron chloride; Iron-cadmium; All-neptunium and All-uranium

For the second cut the remaining batteries were excluded if they did not meet the following specifications:

Electrolytes work on a temperature interval. The solutions need to be stable at least between
20 — 60 °C. If this cannot be reached, the electrolyte will be unusable for the application.

The flow battery has an overpotential smaller than 0.2 V. If the overpotential is larger than 0.2
V, almost all energy that was converted from heat will be wasted.

The following batteries were therefore excluded from further research:

All-vanadium: Uses aqueous V°* electrolyte, Vanadium(V) ions react irreversibly with water
above 40 °C.

All Copper battery, this battery is an ionic liquid of copper, which has a melting point of 66 °C.
The operating conditions are too high for our application.

Vanadium Polyhalide, 80% voltaic efficiency (E° = 1.30 V, so overpotential is 0.26 V), also
bromine gasses form at 40 °C that could hinder the performance of the hot battery[17].

Vanadium Bromine, this flow battery was improved by adding HCI[17] (resulting in the
polyhalide), since it is worse than the polyhalide, this one will be excluded as well.
Vanadium-glyoxal(O,), due to oxygen polarization at the electrode, there is an overpotential.
Vanadium cysteine, Too large overpotential

All-chromium, the energy efficiency of this battery is extremely low (<10%) because of the
overpotential due to slow kinetics at the anode

Vanadium Acetylacetonate, Really large overpotential ( >1V)
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Ru(acac)s, Very low voltage efficiencies

Cr(acac)s, too large overpotential

Li-ion hybrid RFB, The redox mediator molecules both result in a voltage loss of almost 0.3 V.
Other redox mediators or changing the concentrations might reduce the voltage loss. But at this
stage that is out of scope.

A symmetric organic-based non-aqueous redox flow battery, very low voltage efficiencies (60-
70%)

Acid/Base flow battery with H,, large overpotential (0.4 V), seems almost independent of current
density.

The final cut was made based on practical reasoning, the following batteries were excluded:

Vanadium-cerium, Cerium(lV) salts have a low solubility. Cerium is also a rare earth metal,
which makes large scale applications unfeasible.

Hydrogen Bromide RFB, this RFB uses a liquid bromine solution. Bromine has a boiling point of
58.8 °C, which lies within the desired temperature interval. There have been reports of a bromine
system which resulted into bubbles and changed o coefficients, and therefore it is decided to
exclude bromine containing systems[12].

Metal-free organic redox molecules: 9,10-anthraquinone-2,7-disulfonic acid (AQDS),this system
also uses bromine.

Bromine-Polysulfide, This system also uses bromine.

Aqueous polymer based, This system requires complex synthesis, which is out of scope for this
thesis.

Total Organic aqueous with Methyl Viologen and 4-HO-TEMPO, Methyl Viologen and 4-OH-
TEMPO are not readily available at large quantities and require either complex synthesis or have
to be bought for high prices at low quantities.

Metallocene, This system uses non-aqueous solvents. In order to keep the thermodynamics
simple, it was decided to stick with just aqueous systems since more data is available for these.
Metalbipyridyl-complexes, Also uses non-aqueous solvents

Nonaqueous Organic Redox Flow Battery (N-methylphthalimide & 2,5-di-tert-butyl-1-methoxy-4-
[2'"-methoxyethoxy]benzene), Also uses non-aqueous solvents

Acid-Base junction flow battery, This system requires 4 membranes and cannot be tested with our
current setup. Also the energy efficiency dropped significantly after 7-8 cycles, making the
system not very attractive for further applications.

Tiron-Pb, Tiron has a relatively low solubility (up to 0.3 M at max). | personally preferred to
avoid a Pb-based system because of the toxicity
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Appendix D: 1TH-NMR Measurements
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Supplementary Figure 2. (a) Synthetic scheme of alloxazine 7/8-carboxylic acid. (b) 'H
NMR (500 MHz. DMSO-ds) spectrum of alloxazine 7/8-carboxylic acid. Major isomer: &
12.02 (s. 1H), 11.79 (s. 1H), 8.29 (d. J= 1.9 Hz, 1H). 8.18 (d. J=8.8 Hz. 1H), 8.09 (dd. J
= 1.9, 8.8 Hz. 1H). Minor isomer: 6 12.06 (s. 1H). 11.80 (s, 1H). 8.55 (d. J=2.0 Hz. 1H).
8.25(dd. J=2.0, 8.8 Hz. 1H)., 7.90 (d. J= 8.8 Hz. 1H). Solvent peaks are labeled with
asterisks. Final yield: 95%.

Figure D-1: *H-NMR Spectrum of ACA by Lin et al.[44]
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Figure D-2: *H-NMR Spectrum of ACA. This was done by dissolving 10 mg of ACA in DMSO-d°. The NMR
spectra were recorded with a 400 MHz pulsed Fourier transform NMR spectrometer.
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Appendix E: Photo of the ACA-reducing setup
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Figure E-1. Photo of the ACA reduction setup. two graphite foil electrodes of 2 cm” were used. A 1 M
KCl salt bridge was used to connect the K,Fe(CN)g beaker with the ACA beaker.




Appendix F: List of chemical suppliers
This section is split into the different parts of the project, for every chemical it will be shown as follows:

Chemical — purity — supplier
ACA synthesis:

e Acetic Acid, Glacial — 99.7+% — Alfa Aesar
e Alloxane monohydrate — 98% — Alfa Aesar
e Boric Acid —99.8% — Alfa Aesar

e Diethyl ether — 99.0+% — Aldrich

e 3,4-Diaminobenzoic acid — 97% — Aldrich

Seebeck coefficient determination:

e KI—-99+% — Aldrich

o 1,—99.99+% — Sigma Aldrich

o KOH - 45 w/v% aq. — Alfa Aesar

e KCI-99.5% - EMSURE

o KsFe(CN)s—99.0% — Alfa Aesar

e K Fe(CN)s-3H,0 — 98.5-102.0% — Alfa Aesar

Cleaning of electrodes:

e Sulfuric acid — 6.0 N — Alfa Aesar
Flow cell electrolytes:

o KI-99% — Alfa Aesar

e |,—99+% — Alfa Aesar

o KsFe(CN)g—99.0% — Alfa Aesar

e K,Fe(CN)g-3H,0 — 98.5-102.0% — Alfa Aesar
e KCI-99.5% - EMSURE
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Appendix G: Autodesk drawings of the flow cell parts
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Figure G-1. Blueprint of the Aluminium support plate. All sizes are in mm.
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Figure G-2. Blueprint of the PA2200 Spacer. All sizes are in mm.
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Figure G-3. Blueprint of the Teflon Back plate. All sizes are in mm. 1/4G and M16x2 indicates screw thread size.
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Figure G-4. Blueprint of the Teflon Reference electrode screw. All sizes are in mm.
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Figure G-5. Blueprint of the Salt bridge. All sizes are in mm. The salt bridge is shown from various angles.
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