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ABSTRACT

Electrolyte thermodynamics is considered one of the most challenging areas of applied thermodynamics.
It is an area with a wide range of applications in science and engineering. There are numerous mod-
els, both activity coefficient models and equations of state, but despite great successes and achievements
of many models for several applications there is little consensus on which are the more generally ap-
plicable approaches. There are many controversial aspects, both related to models and to fundamentals.
Over many years the Working Party of the Thermodynamics and Transport Properties of the European
Federation of Chemical Engineering has organized IUT (Industrial Use of Thermodynamics) workshops in
different topics of actual interest. The most recent of these IUTs, 5th in the series, was held (virtually)
during the ESAT 2021 conference in Paris. Panellists and participants from both academia and industry
attended allowing to include views from a very wide spectrum. This manuscript summarizes the most
important points from this workshop in terms of status and needs for electrolyte data and models and
concludes with some recommendations for the community, which we hope can accelerate future studies
in the field. The target of this work is not to present a general account of successes and shortcomings
of electrolyte thermodynamic models, rather it is mostly to focus on the expert views of the IUT partici-
pants from industry and academia related to the challenges concerning data, models and applications of
electrolyte thermodynamics.

© 2022 Published by Elsevier B.V.

1. Introduction

This was the 5th IUT organized by the WP. The minutes from
the four previous IUT workshops have been summarized in various

Many applications in the process industry deal with fluids that publications [1-4].

contain electrolytic species. While thermodynamic models for neu-
tral molecules are now well established, there are still many unan-
swered issues related to the presence of ions in a fluid mixture.
For this purpose, the Working Party (WP) of the Thermodynamics
and Transport Properties of EFCE (European Federation of Chem-
ical Engineering) organized an IUT (Industrial Use of Thermody-
namics) workshop that was held during the ESAT 2021 conference
in Paris (virtually). The workshop was co-sponsored by the EleTher
JIP (Joint Industrial Project).

* Corresponding author.
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Prior to the workshop a panel of representatives from academia,
industry and software suppliers with expertise in the area have
presented their views. The nine panellists were Nevin Gerek Ince
from Aveva, Shu Wang from AspenTech, Gaurav Das from OLI Sys-
tems Inc., Olivier Baudouin from ProSim, Christoph Held from TU
Dortmund, Laurent Cassayre from CNRS, Georgios M. Kontogeor-
gis from DTU, Nikos Diamantonis from BP, Susanna Kuitunen from
Neste and Antoon ten Kate from Nouryon (Panel Chair).

The panellists were invited to reflect and present their views on
the following three open questions:

1. What do you do when confronted with an electrolyte problem?
2. Which modelling approach do you recommend and how do you
parameterize, specifically when little or no data are present?


https://doi.org/10.1016/j.fluid.2022.113399
http://www.ScienceDirect.com
http://www.elsevier.com/locate/fluid
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fluid.2022.113399&domain=pdf
mailto:gk@kt.dtu.dk
https://doi.org/10.1016/j.fluid.2022.113399

G.M. Kontogeorgis, A.t. Kate, M. Hajiw-Riberaud et al.

3. How to create collaboration on an industrially important issue
(e.g. electrolytes thermodynamics)?

Following a summary of the comments from the panellists, a
two-hour long discussion took place.

There are several reviews in literature about electrolyte models,
both on fundamentals and activity coefficient (GE) models [e.g. 5-
7] and on electrolyte equations of state, e-EoS [e.g. 8,9]. All these
studies are typically written from academia.

The workshop had extensive participation from both academia
and industry. This paper summarizes the results from the discus-
sion including but not limited to the views expressed by the pan-
ellists. Still, we do not aim to summarize successes and shortcom-
ings of all electrolyte models, but the focus of the discussion is on
the information and thoughts during the IUT workshop.

2. The needs and problem definition

Needs for data and models relevant to electrolytes are so exten-
sive and diverse that it is absolutely necessary to define the prob-
lem as accurately as possible. This problem definition may often
be more complex than for non-electrolytes. First of all, it calls for
an exact knowledge of which components we have in the sys-
tem (strong electrolytes like salts, weak electrolytes; solvents —
water or mixed), which conditions (T,P, concentration range/ionic
strength) and which phases may occur (is there a solid phase or
not?), as well as which properties are actually needed (only phase
equilibrium or also thermal properties; solvent volatilities or ionic
activity coefficient for batteries). An important question is whether
pH is actually needed to be known/calculated or not. Another valu-
able question is about the need to have accurate speciation infor-
mation for a specific problem. These issues are further discussed
below.

Moreover, a problem definition in industrial applications will
often include expectations about the required accuracy, effort, tim-
ing and business case. The actual problem to be solved needs to be
specified e.g. prevent electrolyte entering certain flow, prevent or
maximize solid formation, choose appropriate materials for equip-
ment, aim to understand laboratory results or design/trouble-shoot
full scale process. Or even how electrolytes affect the behaviour
of other components in the system and how minority components
may cause troubles in operations (e.g. corrosion).

Based on the problem definition, some assumptions or simpli-
fications can be made, and expectations can be outlined. The real
difficulty is to determine the correct/acceptable level of simplifica-
tion. In practice, the level may change during the project develop-
ment, as a gross design may not need as many details as the de-
tailed design. For example, in the case of VLE (depending on tem-
perature and pressure) usually we can assume the presence of only
solvent in the gas phase. However, at some point it may become
important to have access to the presence of minority compounds
in one phase, either because of toxicity or corrosion aspects.

Depending on the phase, salting out will occur or a salt might
stabilize a component that is distributed between two liquid
phases. SLE can also be problematic since it is usually known only
for water which kind of solid will precipitate, yet, the presence of
co-solvents heavily determines the solubility limit of the salt, or
could even affect the type of salt that is formed. Standard states
are particularly important for SLE and such data for the diverse
solid forms are difficult to get. Mixed solvents can be tricky and
especially the combination of solvent - salt is important as this de-
termines the kind of additional species that might be formed (e.g.
ion pairs). This, in turn, will influence dramatically the phase be-
haviour.

Some of the industrial problems are particularly complex and
there is significant lack of data. It appears that about 90% of
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all studies relate to data at ambient conditions and for systems
comprising (pure) water. Often, such knowledge cannot be sim-
ply transferred to other temperatures or pressures, e.g. due to
the complexity in solution enthalpy effects. Hence, understanding
trends from available data both from literature and from propri-
etary experiments is very useful and this is a common practice in
industry, even if such data are from “similar” systems and not ex-
actly from the systems of interest. In some cases, pH and pKa data
can be particularly useful and may be not very difficult to mea-
sure. Nevertheless, it has been stated that for electrolytes, unlike
more conventional systems, the knowledge about the subsystems
does not necessarily lead to a satisfactory representation. This is
because new components can be formed that do not occur in the
subsystems (e.g. sour gases, well known aqueous mixtures, with
CO, and NH3 which can react and form non-volatile components,
increasing the solubility of these gases).

3. Which models can be used for electrolyte solutions?
3.1. Theory

To accurately model a multicomponent electrolyte system, in-
teractions (such as long-range electrostatic, short-range dispersive)
between different ionic and neutral solution species need to be ex-
plicitly defined at the theoretical level. This was recognized in the
workshop.

Still, theoretical developments were discussed only very briefly
in the workshop and most of the approaches use some form of
Debye-Hiickel or MSA (Mean-Spherical Approximation) theories,
the latter mostly in e-EoS. Differences between the two approaches
when combined in general electrolyte models appear to be small
and there is no consensus yet whether the concentration depen-
dency of relative permittivity is important and must be included
in the modelling. Several participants commented on the impor-
tance of the Born term in both e-EoS and electrolyte-GE models,
especially for LLE and mixed solvents. The Born model was de-
bated and some expressed the view that the term, while useful,
is too simplistic (lack of entropic contribution, very weak pressure
effect, temperature effect only via the relative permittivity, etc.).
Moreover, whether the advanced models like non-primitive MSA
can capture qualitative trends was briefly discussed without defi-
nite conclusions.

Finally, it was mentioned that for estimating the properties of
systems for which little experimental information is available, a
corresponding-states approach is promising. In pure ionic fluids,
corresponding-states methods have been proven useful for esti-
mating the properties of salts at high temperatures. However, no
rigorous corresponding-states treatment is available for salt-water
mixtures. At the same time, analysis of the phase behaviour of
several electrolyte systems reveals significant regularities, which
may be regarded as a manifestation of a corresponding-states be-
haviour.

3.2. Excess-Gibbs energy models and electrolyte equations of state

As expected, the choice of the modelling approach to use will
depend on the application of interest (VLE, LLE, SLE, other proper-
ties) but also on the availability of model parameters for the ap-
plications of interest and especially the familiarity with the spe-
cific approach and availability in commercial software. The (non-
Javailability of model parameters is of some relevance for commer-
cial models, although there is the option in many of these commer-
cial models to fit the parameters if experimental data are available.

For all these reasons, activity coefficients (GE-approaches) are
by far the ones most often used in practice as they are the only
ones available in most software tools.
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In general terms, among those GE models, the model which has
been mentioned by many in the discussion was electrolyte NRTL
(eNRTL), possibly due to its availability in several simulators and
software packages (Aspen Plus, AVEVA, Simulis Thermodynamics).
It requires a lot of experimental data for the estimation of param-
eters (see discussion in next section) and often these data are not
available for specific applications. Yet, it is designed to be applica-
ble to both aqueous and mixed solvent systems.

Other models have been mentioned as well esp. Pitzer, ex-
tended UNIQUAC, SIT and the Mixed Solvent Electrolyte (MSE)
model by OLIL For very special applications, some specific models
were cited like Engels for mixtures with strong acids (e.g. a mix-
ture of sulfuric and nitric acids), or the Helgeson-Kirkham-Flowers
(HKF) which can be used to compute chemical equilibrium con-
stants, liquid molar volume, enthalpies, etc. from pure true species
properties. Some of the aforementioned models are ion-specific
and some are salt-specific but comparisons between the models
have not been mentioned during the workshop, not even for a
limited number of systems. In the authors’ view, there are only
few comparisons between electrolyte models carried out on equal
terms.

There are many considerations of importance related to ther-
modynamic models for electrolytes, and while connected, the fol-
lowing rather independent aspects can be mentioned, and the
points below apply to many/most of the literature approaches:

1. Models - although they can be to some extent equivalent when
they are targeting the same property (e. g. activity coefficient
or fugacity coefficient) - they do not perform equally, partially
because their theoretical foundations are different.

2. Industrial use relies either on commercial/publicly available
models or on in-house models.

3. External models can sometimes pose problems in regards to re-
fitting parameters. So even if data are available, it is difficult to
use the data to improve the models. Nevertheless, commercial
software tools typically provide a possibility to regress param-
eters to data, yet the regression tools may be cumbersome and
challenging, esp. for electrolyte systems.

4, Electrolyte models are complex and require special algorithms
to assure cost-effective convergence. It is costly and elaborate
to implement such models (for commercial software vendors as
well as for in-house models) in particular if these model frame-
works are general purpose built.

5. Electrolyte models need plenty of parameters, but experimen-
tal data are fragmentary or missing. Moreover, in these models
the parameters appear to have a high level of correlation and
dedicated direct measurements to quantify parameters appear
difficult.

6. If data are missing, there is a lack of proper correlation meth-
ods to estimate the parameters.

Another major issue is the need to achieve consistency between
the selection of the true or model-intrinsic components, the rele-
vant reactions to be considered, the data for the model fitting that
can usually not be measured ion-specific, and the required map-
ping of the model species to the useful apparent components for
engineering purpose.

Electrolyte equations of state, based on SAFT or cubic equations
of state (with/without association), have been discussed only very
briefly, possibly due to the fact that these models are under con-
tinuous development and are not available in commercial software
tools. Still, it has been mentioned that various versions of e-SAFT
e.g. group-contribution versions of PC-SAFT or the electrolyte CPA
are expected to play a significant role in the coming years. They re-
quire fewer parameters than electrolyte Gibbs excess models, but
today they are not used as often as the activity coefficient mod-
els in practice. Interestingly, there has been very little discussion
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about properties which can only be predicted by e-EoS e.g. densi-
ties at high pressures.

When searching for a predictive approach, it has been men-
tioned that at least in one software tool (Simulis Thermodynamics)
a predictive Gibbs excess model based on modified UNIFAC is avail-
able (the ULDPS model). This model has specific groups for ions,
that take into account short-range interactions, while a Pitzer-
Debye-Hiickel term is used for long-range interactions, and which
also takes into account species solvation. Interestingly no/very few
publications of this approach exist and there are no comparative
validations against the other popular GE models mentioned above.
This model is not well-known as it has not been known by the ma-
jority of the participants who expressed actually the interest for a
predictive electrolyte model.

Finally, it was mentioned that COSMO-RS methods could con-
tribute in the case where little or no experimental data are avail-
able and some recent promising works have been cited but these
studies are at an early stage.

The number of modelling approaches is rather overwhelming
and despite some preferences, several of the industrial participants
expressed an interest for a decision tree or similar form for assist-
ing in the choice of a suitable model for a specific case. We feel
this is not easy and it may depend on opinions and traditions, as
we outline in the forthcoming section.

3.3. Suitable models depending on properties and conditions

While the discussion in the previous section is a general pre-
sentation of the main conclusions from the discussion, it was
also emphasized quite emphatically that different applications may
need different approaches, as there is clearly no unique solution to
all problems. Following guidelines have been discussed:

1. Phases present. In case of VLE (depending on temperature and

pressure) usually we can assume the presence of only solvents
and other related compounds in the gas phase (but not of
the electrolytes) and the use of models without the Born term
should work fine with versions of eNRTL, Pitzer, and some elec-
trolyte equations of state. On the other hand, LLE is more dif-
ficult as ions will distribute between two phases and models
with the Born term may be required, although there is no con-
sensus on this.
Correlative models such as eNRTL work if the parameters be-
tween ions and second solvent are available. Default parame-
ters are available, but those do not turn out to give the desired
results in all cases. On the other hand, SLE is problematic and
the results are very sensitive to the solid properties; changing
them by 1% can significantly change the modelling results. Ad-
ditionally, the kind of solid must be known prior to modelling
SLE. In the literature there are data for aqueous solutions, but
the problem becomes very delicate for mixed solvents.

2. Solvents. Especially the combination of solvent - salt is im-
portant as this determines the kind of additional species that
might be formed (e.g., ion pairs). If the solvent is only water,
most models work well, but many models are, however, only
parameterized for a limited number of salts. If a co-solvent is
present or the solvent is water free, then a very good model
is required and usually new experimental data are required to
validate the accuracy of model predictions.

3. Data availability. A lot of data is available for standard salts like
alkali halides. However, other salts such as those acting as base
in chemical industries are less studied, and more simplifications
might be required. One such assumption is often the complete
dissociation of the salt, which is justified using ion-specific ap-
proaches. It was mentioned by some participants that, in gen-
eral, ion-specific approaches are to be preferred and that these
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models are more powerful and physically more reasonable, as
they also have fewer parameters and can extrapolate more reli-
ably also in the case of rather few data. Again, there is no con-
sensus, and please notice that eNRTL is a salt-specific model. A
full section is devoted to data and databases, see below.

4, Conditions. The modelling of aqueous solutions at ambient and
non-extreme conditions is quite well-understood, yet the mod-
elling of mixed solvents and/or extreme conditions such as high
concentrations and high temperatures are far more challenging.
For such conditions, temperature-dependent model parameters
may be required as the behaviour of electrolytes with tempera-
ture is non-linear. Using models that are not validated to higher
temperature and pressure is not recommended and validation
through temperature (and pressure-) dependent LLE, SLE or VLE
is required. Predictive approaches may not always be successful
but they may be useful at extreme conditions where little or no
data are present and at high concentrations |/ high temperature
where ion pairing occurs and dielectric constant is decreased.

5. Simplicity vs. complexity. This has been discussed extensively
and several industrial colleagues stated the importance to find
the correct balance in modelling, avoiding too complex models
when not needed e.g. in the preliminary design stage and in-
creasing the complexity in the detailed design phase. There are
at least two types of complexity in this context:

complexity by the kind and number of properties needed for
the purpose (Basic design: phase equilbrium, enthalpic prop-
erties, density; Detailed design: additional transport properties,
surface tension, diffusion coefficient) and

complexity by higher model accuracy (especially if different ac-
curacy is needed for some properties, e.g. water saturation of
the vapour), more detailed component specification or better
extrapolation ability.

In some cases, only bulk properties are needed; in others, par-
tial molar properties (e.g. activity coefficients). In this latter
case, sometimes minority components (impurities) may be re-
quired, thus increasing the complexity of the problem. As ex-
ample, if volatility of neutral species is required, the knowledge
of ionic strength may be sufficient; on the other extreme, if tox-
icity in living beings is searched, the activity of minority com-
pounds may be crucial! Further, if no data are available, the use
of the best models is recommended that has shown good pre-
dictive power for similar systems as the system under study.
The model is used for guiding purposes in these cases and val-
idation by experiments is required.

In the case of weak electrolytes, sometimes their electrolyte
character can be neglected (e.g. formic or acetic acids, even SO,
NHs3, CO, and H,S depending on the application domain the model
is used for, i.e. do we need to calculate pH, to know the true com-
position of the mixture and so on). In some cases, the assumptions
can be crude but still usable e.g. when dedicated models available
for some specific applications (e.g. the Soreide-Whitson model for
sea water and hydrocarbons mixtures). But care should be exer-
cised, and no generalisations can be made. The actual choice will
depend on the problem to be solved. It is sometimes convenient in
practice to treat a complex electrolyte solution as NaCl-analogue.
But to use NaCl as analogue for describing the behaviour of other
solutions will in many places significantly falsify results, for exam-
ple in biological systems (e.g., the role of Mg?+ in molar concen-
trations on metabolic reactions).

4. Databases and model parameter estimation

The databases and the parameter estimation of electrolyte mod-
els were topics heavily debated in the workshop. On one hand,
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there is satisfaction about the availability of many databases that
several of the participants have access to, e.g. Detherm, LLNL, Ther-
moddem, NIST, ThermoXL, Thermochimie, PhreeScale, FactSage (for
solid compounds), ProPhyPlus (for pressure application requiring
an EOS for the vapour phase), and others, including the REAK-
TORO or JESS frameworks for chemically reactive systems. The lit-
erature on databases is indeed extensive. There were, however,
some complaints concerning the lack of open and easily accessi-
ble data sources. In response, other companies expressed the view
that maybe the available commercial databases are actually suffi-
cient but more structured databases are needed, with the data also
available in digital form.

Several industrial participants mentioned that measurements
are sometimes carried out for new systems for which there is
a lack of data e.g. water activities, freezing points and solubility.
Nonetheless, it was not clear whether such data were being pub-
lished. Considering competitive advantage, there is a natural ten-
dency for industry to keep the data private.

Overall, there was a feeling that the literature in the field of
electrolytes is rich, both at the experimental level and in the mod-
els implemented for some systems. Often the first thing to do is
to look at what has already been studied in the area of inter-
est. Nonetheless, given the huge variety of systems and conditions,
next to the lack of proper extrapolation and prediction methods,
there is still ample room and need for further exploration.

The reason why databases and experimental data were such a
“hot topic” is that there is a broad consensus amongst participants
that for all typical electrolyte models, a large number of adjustable
parameters are required. There was a general feeling that elec-
trolyte models seem to require a lot of parameters which are of-
ten difficult to properly regress. These must be fitted and validated
using various types of experimental data, including vapour-liquid
equilibria, osmotic and activity coefficients in completely dissoci-
ated aqueous systems, solubility of solid salts in water, organic sol-
vents and mixed solvents, densities, heats of mixing and dilution,
heat capacities and various speciation-related data (pH, acid disso-
ciation constant as a function of solvent composition) as well as
Gibbs energy of transfer of electrolytes. Another issue is that some
models cannot be fitted to a unique model parameter set (depends
on the amount of data) and we observe that many parameter sets
can satisfy the fitted data.

Such a multi-property approach can allow to accurately cap-
ture the phase behaviour, thermodynamic and caloric properties of
the complex multicomponent electrolyte systems. Furthermore, a
comprehensive thermodynamic modelling approach often demon-
strates excellent predictive ability, which is desirable as in certain
solution conditions no experimental data exist.

It was often mentioned that in many cases new parameteriza-
tions of published and commercially available models are needed.
For this, the regression tools available in simulators can be used
e.g. in PHREEQC or the OLI regression tool for the MSE model or
electrolyte NRTL in Aspen Plus. Some mentioned that the avail-
ability of a model’s parameters based on high quality data can be
more important than the actual model functionality in some prac-
tical applications.

4.1. Concerns and recommendations

There have been several concerns related to the interplay of
experimental data and regression needs of electrolyte thermody-
namic models:

- Contrary to non-electrolyte models, there is a concern whether
parameterization of a lower-component subsystem provides
good prediction of the multi-component system, particularly
due to the chemical effects.
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- Algorithms were extensively discussed and there can be addi-
tional challenges in case of electrolyte modelling especially for
reactive systems - speciation - involvement of reactions such
as for weak electrolytes.

- The question was raised on whether data sciences can be used
to “fill the gaps”, and whether they can be useful in model de-
velopment and validation.

The model validation after the parameterization is an area of
particular concern. Can we assess whether the results can be ex-
pected to be qualitative or quantitative? Is the model optimistic
or pessimistic from the study point of view? How to ensure that
the design is on the safe side if there are uncertainties in the sim-
ulation model? Can we assess the impact of this uncertainty on
the design? Also, taking into account the general shortcoming of
steady-state flowsheet simulation, as in reality, phases are not nec-
essarily in equilibrium. Several participants recommended to per-
form a sensitivity analysis of the model at the expected conditions
and to consider, if possible, the uncertainties involved in the pa-
rameter estimation. Such sensitivity analyses are particularly im-
portant as there are often many model parameters and it is not
easy to assess their relative weight or importance. It has also been
recommended, in case of very few data for the actual systems
of interest, to look for data and perform validations for systems
with “similar compounds” and adapt the degree of parameteriza-
tion (number and type of parameters) depending on the quantity
and type of available data. This may, of course, be considered an
indirect way to estimate parameters through a constraining ap-
proach.

5. Discussion - comparison to EFCE survey and summary of
workshop papers of IUT

Recently the WP of Thermodynamics and Transport Proper-
ties of EFCE carried out a survey on industrial needs for such
properties. 37 companies answered and the results have been re-
cently published [10]. Electrolytes were a hot topic and it may
be relevant to compare the findings of this survey with those
from the recent workshop. In the text below we summarize the
survey results for electrolytes so that the interested reader can
compare with the workshop results presented in the previous
sections.

According to the survey results, a large number of companies
agreed that modelling of electrolyte systems remains a major chal-
lenge, both from a fundamental point of view and from a more
“practical” point of view (e.g. many parameters not available for
important systems in e-NRTL).

It has been extensively stated in the survey that electrolytes
are present in many processes, including bioprocessing, but that
the electrolyte models are more complex than the non-electrolyte
ones, and much more difficult to use for practicing chemical engi-
neers. Lack of standardization has also been mentioned as a prob-
lem when it comes to using these models, even for the most es-
tablished models like e-NRTL. Many companies urged for a critical
review/comparison/evaluation of these models, like what has been
done for non-electrolytic (predictive) models.

There have been very few suggestions provided on what to
do/which models to use to address these significant challenges, but
several companies (which use Aspen Plus and maybe also other
simulators) discuss extensively e-NRTL, a model often used but
with serious limitations, e.g. a clear methodology to fit parame-
ters is required. In addition, many companies emphasize that e-
NRTL parameters may be missing in the database for specific sys-
tems of interest to some applications e.g. radioactive and toxic
compounds.
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Despite the lack of much discussion on alternatives, the com-
panies in the survey stated that improved and increasingly pre-
dictive models are required for electrolyte solutions, with limited
need for adjustable parameters and data regressions. The predic-
tive capabilities should include high concentrations, and speciation
behaviour; both areas where significant improvements are needed.
Many companies expressed concerns about most existing models
requiring large datasets or having no predictive power outside the
experimental range (in particular the difficulty to predict multi-
component systems from lower order systems, like ternaries from
binaries).

The survey included very few comments on equations of state
for electrolytes e.g. those based on SAFT, since they are not avail-
able in (most) commercial simulators. A single company noticed
that there have been some positive developments, such as the
inclusion of Coulombic interaction terms in SAFT, while another
company mentioned that the development of models (GC PPC-
SAFT) that could be used in Aspen Plus would be a major im-
provement. Not everybody is fully satisfied with e-NRTL and some
mention that testing electrolyte SAFT models should be given more
consideration.

The authors of the survey manuscript concluded that electrolyte
thermodynamics is an area where development of new models re-
quire advancement of fundamentals e.g. the role and importance of
the Born term; the description of ion-solvent interactions; the role
of individual ion activity coefficients (even if they are not entirely
accepted by the community) and more. Finally, the electrolyte part
of the survey was ended with this comment by the authors of the
survey:

“We hope that in the future we will see “pragmatic” develop-
ments of electrolyte models with both the classical approach of
activity coefficient models (like e-NRTL, extended UNIQUAC and
Pitzer) and the advanced e-EoS and we believe that this will pro-
vide to industry a larger flavour of potentially successful electrolyte
models.“

Finally, it is interesting to note that the need for better/more ac-
curate electrolyte thermodynamics had been expressed also in the
previous survey from the working party published 10 years earlier
[11].

6. Collaboration and recommendations to the community

The collaboration opportunities have been extensively discussed
within the area of electrolyte thermodynamics and there is a gen-
eral consensus that it is important to create common ground for
exchange of information between industrial and academic experts
as well as software providers. There is quite some diversifica-
tion in the field with many research teams having own tools and
databases, but this should not prohibit discussion on how some
consolidation can be achieved.

Joint Industrial Projects (JIP) is one way to have such a way
of working and the Elether JIP [12] is mentioned by many as an
exemplary and successful initiative. The creation of consortia like
those already existing for pure components databases (DIPPR from
AIChE) or group contribution predictive models (UNIFAC Consor-
tium) is also an interesting track that creates a synergy on the
long term, with clearly established development axes by the dif-
ferent members of these consortia. A careful preparation prior to
the creation of these JIP is however emphasized. Well-defined tar-
gets will facilitate to bring the case to decision-makers. In addition,
the findings should be implemented in some commercial simula-
tion tools (which modelling approach is the best, best practices in
parameter regression etc.). The role of software vendors is, thus,
quite relevant in this context.

Some examples of interesting targets for such collaboration
have been mentioned:
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1. To develop or agree upon a small number of benchmark
cases/challenges which could allow discussions without confi-
dentiality complications.

2. To develop a “standard” database for model development
and/or model validation, as recently proposed for non-
electrolytes by Jaubert and co-workers [13]. A consolidation -
combination of available electrolyte databases would be a use-
ful, albeit difficult task. Of course, such a “standard” database
will still be simply used as guidance as the range of relevant
systems for electrolyte applications is very extensive.

3. To stress and prove the importance of electrolytes to current
technology, including a wider range of applications (Power-to-
X, batteries, etc.) and climate challenges in a way that is easy
to demonstrate to policy makers and management levels.

4, To create a network of laboratories with special expertise in ex-
perimental methods - measurements relevant to electrolytes.

5. To develop a common tool for optimisation, calculation with
various models, with the same format for all experimental data
(that could be shared) would probably enhance further collabo-
rations on these topics and the investigation of the use of open-
access platforms is recommended. This may require a change of
paradigm by some stakeholders, but it is worth investigating.
The open source paradigm, which is working in other fields,
may be also considered here.

6. Despite the low success rate of such applications, EU and na-
tional calls for funding can be pursued, as the industrial partic-
ipation is required in several of them nowadays.

Finally, it has been often mentioned that the link to actual
“customer-industry” problems/case studies should be particularly
stressed and can define the scope of a collaboration. Although, it
was mentioned that there are various modelling tools, there is no
consensus about the strengths and weaknesses of the various ther-
modynamic models. A collaboration between academia, industry
and software providers (consultancy firms) can be very beneficial
as new challenging processes appear with the need to have more
predictive methods, typically related to the circular economy.

7. Conclusions

The IUT symposia have been established to promote synergy
between industrial needs and academic research [1-4]. In each
of these symposia, a round table discussion has been held where
different stakeholders were invited to present their view of the
coming challenges. The 5th IUT symposium, held virtually during
the ESAT 2021 conference, focused on electrolyte thermodynamics,
which was also identified by the survey paper [10] as being one of
the major challenges in the area of chemical engineering thermo-
dynamics. The discussion has brought up several interesting topics:

- The close interrelationship between the problem definition and
the degree of complexity of the modelling approach,

- The limitations of the (very few) models that exist today in
commercial simulators, and specifically their lack of predictive
capacity which is a result of the large number of adjustable pa-
rameters,

- The large consensus among the participants that collaborative
efforts are needed to address the new challenges that will come
up because of the complexity of the systems that address cur-
rent world’s grand challenges (e.g. as laid down in the Sustain-
able Development Goals (UN-SDG’s)), like circular economy and
energy transition.

Fluid Phase Equilibria 556 (2022) 113399
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

CRediT authorship contribution statement

Georgios M. Kontogeorgis: Conceptualization, Methodology,
Writing - original draft. Antoon ten Kate: Conceptualization,
Methodology, Writing - review & editing. Martha Hajiw-Riberaud:
Conceptualization, Methodology, Writing - review & editing.
Jean-Charles de Hemptinne: Conceptualization, Methodology,
Writing - review & editing.

Acknowledgements

The authors wish to acknowledge all participants that have pro-
vided input in the discussion, and very specifically the panellists
who have provided sometimes very detailed replies on the ques-
tions.

Georgios M. Kontogeorgis wishes to thank the European Re-
search Council (ERC) for funding under the European Union’s Hori-
zon 2020 research and innovation program (grant agreement no
832460), ERC Advanced Grant project “New Paradigm in Electrolyte
Thermodynamics”.

References

[1] G.M. Kontogeorgis, J.-.N. Jaubert, ]J.-.C. de Hemptinne, Editorial - Workshop on
Industrial use of Molecular Thermodynamics (InMoTher), Oil Gas Sci. Technol.
- Rev. IFP Energies nouvelles, 68 (2) (2013) 187-215.

[2] LG. Economou, ].-.C. de Hemptinne, R. Dohrn, E. Hendriks, K. Keskinen, O. Bau-
douin, Meeting report - Industrial use of thermodynamics workshop: round
table discussion on 8 July 2014, Chem. Eng. Res. Des. 92 (14) (2014) 2795-
2796.

[3] J.-.C. de Hemptinne, J.-.H. Ferrasse, A. Gorak, S. Kjelstrup, F. Maréchal, O. Bau-

douin, R. Gani, Energy efficiency as an example of cross-discipline col-

laboration in chemical engineering, Chem. Eng. Res. Des. 119 (2017) 183-

187.

P.M. Mathias, A. Soto, L. Fele-Zilnikc, ].-.C. de Hemptinne, A. Bazyleva, ]. Abild-

skov, Data quality and assessment, validation methods and error propagation

through the simulation software, in: Report from the Round-Table Discussion
at the 10th World Congress of Chemical Engineering in Barcelona (October

1-5, 2017), 137, Chemical Engineering Research and Design, 2018, pp. Al-

A8.

[5] J.M. Prausnitz, R.N. Lichtenthaler, E.G. de Azevedo, Molecular Thermodynamics
of Fluid-Phase Equilibria, 3rd edition, Prentice Hall Int., 1999.

[6] edited by K.S. Pitzer, Activity Coefficients in Electrolyte Solutions, Kenneth
S. Pitzer (Ed.) CRC Press, Boca Raton, FL, 1991. edited by.

[7] K. Thomsen, Electrolyte Solutions: Thermodynamics, Crystallization, Separa-
tion methods, Technical University of Denmark, Notes, 2006 http://orbit.dtu.
dk/files/131770579/ElectrolyteCompendium.pdf , assessed 24-11-2017.

[8] G.M. Kontogeorgis, G. Folas, Thermodynamic Models for Industrial Applica-
tions, 1st edition, Wiley, Chichester, 2010.

[9] S.T. Tan, H. Adidharma, M. Radosz, Recent advances and applications of statis-
tical associating fluid theory, Ind. Eng. Chem. Res. 47 (2008) 8063-8082.

[10] G.M. Kontogeorgis, R. Dohrn, I.G. Economou, J.-.C. de Hemptinne, A. ten Kate,
S. Kuitunen, M. Mooijer, L.F. Zilnik, V. Vesovic, Industrial requirements for ther-
modynamic and transport properties: 2020, Ind. Eng. Chem. Res. 60 (2021)
4987-5013.

[11] E. Hendriks, G.M. Kontogeorgis, R. Dohrn, J.-.C. de Hemptinne, 1.G. Economou,
LE Zilnik, Industrial requirements for thermodynamics and transport proper-
ties, Ind. Eng. Chem. Res. 49 (2010) 11131-11141.

[12] http://www.elether.fr/

[13] J.N. Jaubert, Y. Le Guennec, A. Pifia-Martinez, N. Ramirez-Velez, S. Lasala,
B. Schmid, LK. Nikolaidis, I.G. Economou, R. Privat, Benchmark database con-
taining binary-system-high-quality-certified data for cross-comparing thermo-
dynamic models and assessing their accuracy, Ind. Eng. Chem. Res. 59 (33)
(2020) 14981-15027.

[4


http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0001
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0001
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0001
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0001
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0002
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0002
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0002
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0002
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0002
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0002
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0002
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0003
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0003
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0003
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0003
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0003
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0003
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0003
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0003
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0004
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0004
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0004
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0004
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0004
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0004
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0004
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0005
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0005
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0005
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0005
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0006
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0006
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0006
http://orbit.dtu.dk/files/131770579/ElectrolyteCompendium.pdf
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0008
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0008
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0008
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0009
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0009
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0009
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0009
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0010
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0011
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0011
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0011
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0011
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0011
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0011
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0011
http://www.elether.fr/
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013
http://refhub.elsevier.com/S0378-3812(22)00024-3/sbref0013

	Conclusions from Round Table Discussion during IUT of ESAT 2021 electrolyte thermodynamics challenges - From industrial needs to academic research
	1 Introduction
	2 The needs and problem definition
	3 Which models can be used for electrolyte solutions?
	3.1 Theory
	3.2 Excess-Gibbs energy models and electrolyte equations of state
	3.3 Suitable models depending on properties and conditions

	4 Databases and model parameter estimation
	4.1 Concerns and recommendations

	5 Discussion - comparison to EFCE survey and summary of workshop papers of IUT
	6 Collaboration and recommendations to the community
	7 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	References


