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PREFACE

This book of proceedings presents the inspiring work of conference EC0S2024, where experts
from all over the world have gathered to share knowledge, experiences and innovative
solutions in the field of efficiency, cost, optimization, simulation and environmental impact of
energy systems.

Several parallel sessions, panel discussions and presentations, covering diverse research areas
and ground-breaking ideas have been shared within the ECOS2024 conference. In total 336
full papers were accepted for oral presentations and 90 submissions were assigned to poster
presentations.

On behalf of the conference organizing committee, | would like to thank all participants for
their commitment and outstanding contributions. Special thanks to the reviewers, for their
thorough contribution towards ensuring the high quality and relevance of the papers
presented in this book.

We would like to thank our sponsors for their generous contributions and our co-workers for
their indispensable technical and secretarial assistance.
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ABSTRACT

The global energy sector is increasingly reliant on renewable energies, but the distance of renewable
energy sources from energy consumption centres requires effective energy transmission. The stochastic
and intermittent nature of sources like wind and solar underscores the need for adaptable energy storage
and transport solutions. Converting renewable electrical energy into green hydrogen addresses these
challenges, offering an environmentally friendly approach. However, the low energy density of
hydrogen requires specialized transportation methods, adding complexity and cost. In contrast,
methanol is a green hydrogen-derived fuel that is liquid at ambient conditions and therefore easier to
manage than compressed and liquid hydrogen. Hydrogen logistics under the form of methanol entails
three different stages: packing (methanol synthesis from hydrogen), transport, and unpacking (hydrogen
production from methanol). This study explores the use of methanol electrolysis cells (MECs) as
devices for the unpacking stage, focusing on their working conditions. To optimize MEC performance,
Response Surface Methodology is employed to systematically vary parameters (methanol flow rate,
concentration, and MEC temperature) and to study the influence of their combination on the
performance of the MEC. The research aims to identify optimal conditions yielding the lowest
electricity consumption for hydrogen production from methanol, contributing valuable insights to
enhance the efficiency of methanol electrolysis in advancing renewable energy integration strategies.

1 INTRODUCTION

In the growing hydrogen economy, a primary objective revolves around the generation of electricity
through fuel cells, particularly proton exchange membrane fuel cells (PEMFC). In this context, a
prerequisite is the utilization of high-purity hydrogen (Coutanceau & Baranton, 2016). Presently,
hydrogen predominantly stems from fossil fuels (e.g. natural gas, oil, and coal) (Fu et al., 2022), using
energy-intensive and environmentally adverse industrial processes entailing intricate steps for the
extraction of carbon monoxide and carbon dioxide in order to obtain high purity hydrogen (Hao et al.,
2022). One form of hydrogen production that avoids this drawback is water electrolysis. This process
generates a high-purity hydrogen stream, and by incorporating renewable primary energy sources, such
as wind or solar, is environmentally sustainable. However, as hydrogen has a low volumetric energy
density (11.3 MJ/Nm?®) (Lemmon et al., 2010) it is required to increase its density, with processes such
as liquefaction and subsequent storage, or storage and transport as compressed gas (d’Amore-
Domenech et al., 2023). These processes involve a high cost and energy loss, so alternatives such as
liquid organic hydrogen carriers (LOHC) can be explored and compared. Within this framework,
methanol emerges as a prominent candidate as a hydrogen vector, which can play a pivotal role in this
transition towards a more sustainable hydrogen economy. Methanol has the potential to achieve carbon
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neutrality when produced through a synthesis process with green hydrogen and CO, obtained through
industrial capture, from biomass or directly from the atmosphere (Roode-Gutzmer et al., 2019). Besides,
this fuel is liquid at ambient temperature and pressure, which simplifies its handling and distribution.
The conversion of methanol into hydrogen can be accomplished through either thermal processes or
electrochemical processes (Menia et al.,, 2018). Thermal processes have undergone significant
advancements, but the hydrogen stream obtained from these processes requires treatment before
utilization in PEMFC (Yazici et al., 2021). In contrast, electrochemical processes, exemplified by the
electrolysis of methanol in aqueous solution, yield a purer hydrogen (Wei et al., 2018), but have not
reached yet a commercial status. For this reason, research efforts are imperative to elevate the
Technology Readiness Level (TRL) of this technology. However, methanol electrolysis involves
electrical energy consumption. This consumption has direct implications for the use of methanol as a
hydrogen carrier, since once the methanol reaches its destination and hydrogen is to be obtained from
methanol electrolysis, electrical energy must be supplied. Taking this into account, for the use of
methanol as hydrogen vector to be economically profitable, the price of electricity at the hydrogen
production facility from water must be lower than that of electricity at the destination, and the energy
consumption of methanol electrolysis compared to water electrolysis must be much lower. In this case,
with the lower transport costs due to the use of methanol instead of hydrogen, and the lower electricity
consumption at the destination, methanol has its place as an economically profitable hydrogen carrier
(Meca et al., 2022).

Methanol electrolysis is an electrochemical process in which methanol (CH3OH) is broken down into
its basic components, hydrogen (Hz) and carbon dioxide (CO2), using electricity. The reactions that
occur in a methanol electrolyser are (Lamy, 2020; Xiao et al., 2017):

Anode: CH;0H + H,0 — CO, + 6H* + 6e" Q)
Cathode: 6e~ + 6H" - 3H, )
Overall: CH5OH + H,0 — CO, + 3H, 3)

The initial consideration of on-site hydrogen production through the electrolysis of agueous methanol
dates back to 1948, as documented in the NASA Brief Technical Report (Coutanceau & Baranton, 2016;
Jeffries-Nakamura B et al., 1948). Later, a system for the electrolysis of aqueous organic solutions to
produce hydrogen was patented (Narayanan, 1998). They built a methanol electrolysis cell (MEC) with
Nafion 117 as electrolyte and Pt and Pt-Ru electrodes for cathode and anode, respectively. When
working with methanol, for a given current density, the voltage of the MEC was approximately one
third of that needed for water electrolysis, implying a great reduction in electrical energy consumption,
fulfilling the premise that allows the economically viable use of methanol as a hydrogen vector using
methanol electrolysis when the price of electricity at the hydrogen production facility from water
electrolysis is lower than that of electricity at the methanol electrolysis facility.

The amount of hydrogen produced in a MEC has also been studied previously (Take et al., 2007).
During that study, hydrogen production at the cathode exhibited an incremental trend corresponding to
the current density, closely adhering to the Faraday’s law. Ultimately, the electrical energy required for
hydrogen production proved to be less than 60% of that needed for water electrolysis. Moreover,
analysing the relation between voltage and current density, they observed a small voltage variation,
from 0.95 to 1.34 V when the current density increased from 43 to 350 mA/cm?. These results have also
been reached by other researchers, who report an energy requirement for methanol electrolysis as a
function of the volume of hydrogen produced of 1 kWh/(Nm?®) compared to the 5 kWh/(Nm®) required
for water electrolysis (Guenot et al., 2015).

The purity of hydrogen obtained with methanol electrolysers was also analysed. Values of up to 99.8%
of purity have been reported, the remaining 0.20% being due to the presence of CO- in the cathode
(Sasikumar et al., 2008). They also studied the effect of methanol concentration on hydrogen production
and the behaviour of a MEC in the range of 1 to 10 M, with the best performance obtained between 4
and 6 M. The temperature effect on current density and hydrogen produced in the range of 30 to 80 °C
was also investigated, revealing an increase in both parameters at a fixed voltage when temperature is
increased, attributed to enhanced catalytic activity and decrease in ohmic resistance. Another study
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reported the influence of temperature and methanol concentration on the polarization curves of a MEC,
observing a much smaller influence of concentration (Lamy et al., 2015).

The importance of methanol electrolysis and the study of the operating conditions of methanol
electrolysers has been shown in previous paragraphs. The effects of both temperature and methanol
concentration on the performance of a MEC have been reported in the literature. However, no
information has been seen on methanol volumetric flow rate or on the combination of temperature or
concentration with this parameter. This work focuses on the improvement of performance of a methanol
electrolysis cell by incorporating the volumetric flow rate parameter into the study. In addition, the
influence of the interaction of the effects of temperature, methanol concentration and volumetric flow
rate on the behaviour of the MEC is also evaluated using the Response Surface Methodology (RSM).

2 METHODOLOGY

To explore and optimize operating parameters in a MEC, a single cell configuration was employed. The
cell consists of two stainless steel 316L plates, a Membrane Electrode Assembly (MEA) and two
gaskets. The plates, adopting a single-channel serpentine geometry with channels of 1.0 mm depth,
facilitate reactant distribution and by-product evacuation and minimizes pressure drops between
channel inlet and outlet (Kianimanesh et al., 2012). Each plate encompasses 25 channels, each with a
width of 1.0 mm. Gaskets prevent electrical contact between plates and ensure fluid tightness. The MEA
comprises two electrodes (anode and cathode) separated by a Nafion®-117 polymeric membrane
serving as electrolyte. The anode features catalyst PtRu/C 20wt% 3 mg/cm?, while the cathode
incorporates Pt/C 40wt% 1 mg/cm2. Both electrodes are homemade and use Toray carbon paper TGP-
H-60 as gas diffusion layer. Methanol is supplied to the anode through plate channels for the oxidation
reaction of this fuel to occur when an electric current is supplied to the device. No fluid was introduced
to the cathode.

As highlighted in the introduction, this study aims to investigate the influence of three parameters
(methanol volumetric flow rate, methanol concentration, and MEC temperature) on MEC performance
using RSM. This methodology is a technique used in design of experiments that allows exploring the
relationship between several variables of interest, called factors, and the response of an experimental
system, being able to optimise the values of these factors to achieve the desired response of the analysed
system. With this methodology, the minimum number of combinations of the factor values are selected,
the experimental response of the system to these input parameters is obtained and a mathematical model
is adjusted to predict the response of the system throughout the design space (Myers et al., 2016). This
methodology has several advantages, including reducing the number of experiments required compared
to traditional trial-and-error methods and analysing the relationship between factors and how this affects
the system response (Ozgiir & Mert, 2022).

Xy ,
_!____‘
’/ I ! ’/ ]
RS- -+ @ |
1 T L
1 I e I
._'l_'_'_']:’u :_ ..... 1@
1 -
1 ./-_:_T__i
PSR P
I
®
X3 g

Figure 1: Schematic representation of the Central Composite Design (CCD) model for three factors.
The stars represent the centre point, the circles the axial points and the squares the factorial points
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Within the Response Surface Methodology, the Central Composite Design (CCD) represented in Figure
1 is used to study the effect of three factors (x;, x,, x3) and is characterised by the inclusion of centre
and axial points. Centre point is represented with a star in Figure 1, while the axial points are represented
with a circle. These points are combinations of the values of the three factors, input variables in the
experiment. When the system is tested by setting the values of the factors according to these
combinations, each point is associated with a response. The centre point allows the combined effect of
the factors to be assessed at the midpoint of the experimental range, while the axial points allow possible
quadratic effects to be explored and the linearity of the model to be assessed.

The application of this methodology in this work starts with the choice of the parameters to be studied,
which are methanol volumetric flow rate, methanol concentration and MEC temperature. These
parameters were chosen because of their significant impact on the anodic reaction, as methanol flow
rate and methanol concentration directly influence the availability of methanol for oxidation and
temperature has an impact on catalytic activity.

In this study, the CCD is employed, allowing exploration of a wide parameter range with a limited
number of experiments. The CCD model incorporates the three factors at five levels (-a, -1, 0, +1, and
+a), where 0 represents the centre point and a determines the study range, value associated with axial
points. The combinations of factor values to be tested are determined by selecting a centre point, the
distance to range boundaries and a. Here, a is set to \3, ensuring all investigated parameter
combinations lie within a sphere. Experimental data, including the response of the system analysed,
which is the power density consumed at a given current density for each parameter combination, is
utilized to fit a second-order polynomial equation:

Y = Bo + Xitq Bixi + X Xicj Bijxixj + Xizq Bii X+ (4)

where y denotes the system response, f5, is the constant coefficient, x; and x; represent the factors; g;
are the linear coefficients, g;; stand for the interaction coefficients, B;; are the quadratic coefficients and
€ represents the statistical error. This equation characterizes the relationship between parameters and
MEC performance, offering insights for optimization and design.

To obtain the value of the coefficients of Equation (4), the methanol electrolyser single cell tests are
carried out for each of the points defined by applying the CCD model. During each of these tests, the
MEC polarization curve is recorded, and from this curve the power density curve is obtained
multiplying the current density by the measured voltage. From the power density curve, the power
density of the MEC at a given current density is obtained, which is the parameter chosen as the response
in this work.

3 RESULTS AND DISCUSSION

In this study, the analysis of the MEC power density at 300 mA/cm? is used to determine the effect of
the combination of the parameters on the MEC performance. For each one of the combinations of
methanol volumetric flow rate, methanol concentration and MEC temperature presented in Table 1,
obtained by applying the CCD model, polarization and power density curves are plotted. From these
power density curves the MEC power density value at 300 mA/cm? is determined. This current density
value has been chosen as it is an operating condition within the ohmic zone of the polarization curve,
which represents a high current density and which is prior to the zone most affected by the concentration
overpotential.
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Table 1: Combinations of the parameters used to perform the experimental tests and the power
density values obtained

V (ml/min) M (mol/l) T (°C) Pr‘r’]")f/’crrgfr(‘fr'mf: rﬁgo
1.90 2.00 50.0 377.9
3.00 1.00 400 405.5
3.00 1.00 60.0 375.1
3.00 3.00 400 399.8
3.00 3.00 60.0 340.3
4.50 0.27 50.0 618.1
4.50 2.00 32.7 4316
4.50 2.00 50.0 375.4
4.50 2.00 50.0 375.7
4.50 2.00 50.0 377.0
4.50 2.00 50.0 374.7
4.50 2.00 673 348.0
4.50 373 50.0 360.4
6.00 1.00 200 526.0
6.00 1.00 60.0 374.2
6.00 3.00 200 437.9
6.00 3.00 60.0 3185
710 2.00 50.0 4038

With the values presented in Table 1, RSM is applied, and Equation (5) is obtained, which
mathematically represents the relationship between the three parameters studied and the predicted
response to be obtained from the MEC:

y =319.6 + 101.1V — 139.8M + 3.4T — 8.6VM — 1.5VT + 4 - 107 2MT + 4 - 10722 5)
+32.9M2%2 —3.1073T2

In this equation y represents the predicted MEC power density at 300 mA/cm?, V is the methanol
volumetric flow rate in ml/min, M stands for the methanol concentration in mol/l and T is the MEC
temperature in °C.

Figure 2a) shows the polarization and power density curves obtained for the centre point of the model
proposed in this work, a flow rate of 4.5 ml/min, a concentration of 2M and a temperature of 50 °C.
Figure 2b) represents the response surface obtained by setting the temperature to 50 °C and modifying
the methanol concentration and volumetric flow rate values using equation (5) to obtain the power
density response. As can be seen in Figure 2b), by setting the temperature at 50 °C, a higher methanol
flow rate implies an increase in the power required to obtain hydrogen from methanol when working at
low concentrations. In this case, the limited presence of methanol due to low concentration (Sasikumar
et al., 2008) and the poor fuel utilization due to high methanol flow rates (Casalegno et al., 2007; Farah
Atigah Abdullah et al., 2020) require an increase in power to support methanol electrolysis.

The combined influence of temperature and methanol concentration is reflected in the response surface
in Figure 3a) when the volumetric flow rate is set to 4.5 ml/min. It can be observed that at low
temperatures and low concentration the electrical energy required in the MEC increases. This may be
attributed to a decrease in the reaction kinetics with decreasing temperature and a decrease of the
amount of methanol available for the oxidation reaction when decreasing fuel concentration (Lamy et
al., 2015). Increased MEC power density can also be observed when working at high methanol
concentrations. This effect can be attributed to the hygroscopic property of methanol which can adsorb
water molecules on the proton exchange membrane, leading to the decrease of the ionic conductivity
(Uhm et al., 2012).
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Figure 2: a) Polarization and power density curves of the MEC single cell of this study obtained at a
temperature of 50 °C, methanol concentration of 2 M and methanol volumetric flow rate 4.5 ml/min;
b) MEC power density at 300 mA/cm? as a function of the concentration and methanol volumetric
flow rate keeping the temperature at 50 °C

Figure 3b) shows the influence of MEC temperature and methanol volumetric flow rate on the power
density of the device under study. By setting the methanol concentration at 2M an a temperature lower
than 55 °C, an increase of the volumetric flow rate leads to an increase of the electrical power
consumption. This can be caused by the decreased residence time of methanol in the diffusion layer,
which makes it difficult for it to react properly reducing fuel utilization efficiency (Ramasamy et al.,
2022). This could also be related to a decrease in the catalytic layer temperature due to the introduction
of a liquid solution at room temperature to a system that is working at temperatures higher than 40 °C
(Zhao et al., 2023).
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Figure 3: Power density at 300 mA/cm? as a function of the: a) Temperature and methanol
concentration keeping the methanol volumetric flow rate at 4.5 ml/min; b) MEC temperature and
methanol volumetric flow rate keeping the concentration at 2 M

To further study the influence of the studied parameters on the power density of the MEC, an analysis
of variance (ANOVA) of the model obtained is performed, the results of which are presented in Table
2.
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Table 2: Results of the analysis of variance test

Variable Estimate Standard Error tStat p-Value

Volumetric flow rate (A) 101.057 69.278 1.459 0.183
Concentration (B) -139.834 96.848 -1.444 0.187
Temperature (C) 3.383 12.386 0.273 0.792
AB -8.607 9.746 -0.883 0.403

AC -1.512 0.975 -1.551 0.160

BC 0.041 1.462 0.028 0.978

A? 0.037 4.957 0.007 0.994

B? 32.867 11.153 2.947 0.019

C? -0.003 0.112 -0.025 0.981

In the results presented in Table 2 it cannot be observed a strong influence of the studied parameters on
the MEC power density response, except for the quadratic term of methanol concentration, which shows
a p-Value lower than 0.05. However, it has been observed from Table 1 and Figures 2b) and 3 that there
is a relationship between the parameter values and the energy consumed in the electrolyser. This implies
a need for refinement of the model obtained to be able to observe with this mathematical model the
relationships between the parameters and MEC power density observed previously: a decrease in power
density with increasing temperature at higher volumetric flow rate than 3 ml/min, and an increase in
power density consumed with decreasing methanol concentration and volumetric flow rate. Thus,
optimisation of the three factors studied would result in a reduction of the power consumed by the
electrolyser for the same hydrogen production while maintaining the current density, improving the
MEC performance.

Degradation of the catalysts used due to the presence of methanol can occur by poisoning of the catalytic
surface through adsorption of species, such as CO, or dissolution of platinum and ruthenium during
electrolysis in the presence of methanol (Becker et al., 2023). This means that, after several tests, the
catalytic layer becomes less effective and more electrical energy is needed for methanol electrolysis to
occur. This would alter the results obtained for certain test conditions, as the power density may increase
for the same test conditions due to MEA degradation after several tests.

Despite not having observed a strong influence in the ANOVA test, it can be seen in Figure 4a) the
linear trend of the power density obtained during the tests and that predicted by the model. This implies
an explanation of more than 80% of the experimental response. Moreover, the residuals in Figure 4b)
do not show a clear pattern and all of them present adequate values except one. This discordant point is
related to the test in almost extreme working conditions for the MEA evaluated (4.5 ml/min, 0.27 M,
50 °C; see Table 1) due to the large increase in power density required as there is not enough methanol
for the methanol oxidation reaction and water electrolysis can occur (Lamy et al., 2015). This test, due
to the high voltage and power density reached, could have a great influence in the catalytic layer
degradation and in the alteration of the results detected.
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Figure 4: a) Comparison of power density obtained experimentally and predicted with the model; b)
Comparison of studentized residuals values of power density and predicted values
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4 CONCLUSIONS

In this work, the influence of the volumetric flow rate of methanol, its concentration, and the operating
temperature of a Methanol Electrolysis Cell (MEC) on the electrical energy required to produce
hydrogen has been studied for the first time, using the Response Surface Methodology. It has been
possible to observe the high influence of the methanol concentration, as it is an inducer of the quantity
of this fuel available for the oxidation reaction to take place at the anode. Furthermore, it has been seen
that there is a joint influence of the combination of the parameters and not only each parameter
separately has its effect. An increase in temperature improves the reaction kinetics and thus decreases
the energy required for methanol electrolysis. The methanol concentration and the volumetric flow rate
have an influence on the fuel availability and its transport through each gas diffusion layer, and both
parameters must be controlled at the same time to decrease the energy needed by the MEC, improving
MEC performance. To further study these effects, the model used could be refined and the effects of
MEA degradation during testing should be analysed as it may influence the results presented especially
at high voltages.

To optimise the operating conditions of a methanol electrolyser, it is possible to complement the results
shown in this study analysing the power needed for the methanol electrolysis at different current
densities. Besides, it would be interesting to relate these variables to the amount of hydrogen generated
at a given current density, obtaining information on the overall process through further testing.
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