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Preface

The 10" International Conference on Sustainable Energy and environmental Protection —
SEEP 2017 was organised on June 27 — 301 2017 in Bled, Slovenia, by:

e Faculty of Chemistry and Chemical Engineering, University of Maribor,
Slovenia,
e University of the West of Scotland, School of Engineering and

The aim of SEEP2017 is to bring together the researches within the field of sustainable
energy and environmental protection from all over the world.

The contributed papers are grouped in 18 sessions in order to provide access to readers
out of 300 contributions prepared by authors from 52 countries.

We thank the distinguished plenary and keynote speakers and chairs who have kindly
consented to participate at this conference. We are also grateful to all the authors for their
papers and to all committee members.

We believe that scientific results and professional debates shall not only be an incentive
for development, but also for making new friendships and possible future scientific
development projects.

General chair
Emeritus Prof. dr. Jurij Krope

Ky
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Plenary Talk on
The Relation between Renewable Energy and Circular
Economy

ABDUL GHANI OLABI - BIBLIOGRAPHY

Prof Olabi is director and founding member of the Institute of
Engineering and Energy Technologies (www.uws.ac.uk\ieet) at the
University of the West of Scotland. He received his M.Eng and Ph.D.
from Dublin City University, since 1984 he worked at SSRC,
HIAST, CNR, CRF, DCU and UWS. Prof Olabi has supervised
postgraduate research students (10 M.Eng and 30PhD) to successful
completion. Prof Olabi has edited 12 proceedings, and has published
more than 135 papers in peer-reviewed international journals and
about 135 papers in international conferences, in addition to 30 book
chapters. In the last 12 months Prof Olabi has patented 2 innovative
projects. Prof Olabi is the founder of the International Conference on Sustainable Energy
and Environmental Protection SEEP, www.seepconference.co.uk

He is the Subject Editor of the Elsevier Energy  Journal
https://www.journals.elsevier.com/energy/editorial-board/abdul-ghani-olabi, also
Subject editor of the Reference Module in Materials Science and Materials Engineering
http://scitechconnect.elsevier.com/reference-module-material-science/  and board
member of a few other journals. Prof Olabi has coordinated different National, EU and
International Projects. He has produced different reports to the Irish Gov. regarding:
Hydrogen and Fuel Cells and Solar Energy.

CORRESPONDENCE ADDRESS: Abdul Ghani Olabi, Ph.D., Professor, University of the West of
Scotland, School of Engineering and Computing, D163a, McLachlan Building, Paisley, United
Kingdom, e-mail: Abdul.Olabi@uws.ac.uk.
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Plenary Talk on
Energy Footprints Reduction and Virtual Footprints
Interactions

JIRI JAROMIR KLEMES & PETAR SABEV VARBANOV

Increasing efforts and resources have been devoted to research during environmental studies,
including the assessment of various harmful impacts from industrial, civic, business,
transportation and other economy activities. Environmental impacts are usually quantified
through Life Cycle Assessment (LCA). In recent years, footprints have emerged as efficient
and useful indicators to use within LCA. The footprint assessment techniques has provided a
set of tools enabling the evaluation of Greenhouse Gas (GHG) — including CO,, emissions
and the corresponding effective flows on the world scale. From all such indicators, the energy
footprint represents the area of forest that would be required to absorb the GHG emissions
resulting from the energy consumption required for a certain activity, excluding the proportion
absorbed by the oceans, and the area occupied by hydroelectric dams and reservoirs for
hydropower.

An overview of the virtual GHG flow trends in the international trade, associating the GHG
and water footprints with the consumption of goods and services is performed. Several
important indications have been obtained: (a) There are significant GHG gaps between
producer’s and consumer’s emissions — US and EU have high absolute net imports GHG
budget. (b) China is an exporting country and increasingly carries a load of GHG emission
and virtual water export associated with consumption in the relevant importing countries. (c)
International trade can reduce global environmental pressure by redirecting import to products
produced with lower intensity of GHG emissions and lower water footprints, or producing
them domestically.

To develop self-sufficient regions based on more efficient processes by combining
neighbouring countries can be a promising development. A future direction should be focused
on two main areas: (1) To provide the self-sufficient regions based on more efficient processes
by combining production of surrounding countries. (2) To develop the shared mechanism and
market share of virtual carbon between trading partners regionally and internationally.

CORRESPONDENCE ADDRESS: Jifi Jaromir Klemes, DSc, Professor, Brno University of Technology
- VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process Integration
Laboratory — SPIL, Technicka 2896/2, 616 69 Bmo, Czech Republic, e-mail:
klemes@fme.vutbr.cz. Petar Sabev Varbanov, Ph.D., Associate Professor, Brno University of
Technology - VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process
Integration Laboratory — SPIL, Technicka 2896/2, 616 69 Brno, Czech Republic, e-mail:
varbanov@fme.vutbr.cz.
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JIRI JAROMIR KLEMES - BIBLIOGRAPHY

Head of “Sustainable Process Integration Laboratory — SPIL”, NETME
Centre, Faculty of Mechanical Engineering, Brno University of Technology
- VUT Brno, Czech Republic and Emeritus Professor at “Centre for Process
Systems Engineering and Sustainability”, Pézmany Péter Catholic
University, Budapest, Hungary.

Previously the Project Director, Senior Project Officer and Hon Reader at
Department of Process Integration at UMIST, The University of Manchester
and University of Edinburgh, UK. Founder and a long term Head of the

: Centre for Process Integration and Intensification — CPI2, University of
Pannoma Veszprem Hungary. Awarded by the EC with Marie Curies Chair of Excellence (EXC).
Track record of managing and coordinating 91 major EC, NATO and UK Know-How projects.
Research funding attracted over 21 M€.

Co-Editor-in-Chief of Journal of Cleaner Production (IF=4.959). The founder and President for 20
y of PRES (Process Integration for Energy Saving and Pollution Reduction) conferences.
Chairperson of CAPE Working Party of EFCE, a member of WP on Process Intensification and of
the EFCE Sustainability platform.

He authored nearly 400 papers, h-index 40. A number of books published by McGraw-Hill;
Woodhead; Elsevier; Ashgate Publishing Cambridge; Springer; WILEY-VCH; Taylor & Francis).

Several times Distinguished Visiting Professor for Universiti Teknologi Malaysia, Xi’an Jiaotong
University; South China University of Technology, Guangzhou; Tianjin University in China;
University of Maribor, Slovenia; University Technology Petronas, Malaysia; Brno University of
Technology and the Russian Mendeleev University of Chemical Technology, Moscow. Doctor
Honoris Causa of Kharkiv National University “Kharkiv Polytechnic Institute” in Ukraine, the
University of Maribor in Slovenia, University POLITEHNICA Bucharest, Romania. “Honorary
Doctor of Engineering Universiti Teknologi Malaysia”, “Honorary Membership of Czech Society
of Chemical Engineering", "European Federation of Chemical Engineering (EFCE) Life-Time
Achievements Award" and "Pro Universitaire Pannonica" Gold Medal.

CORRESPONDENCE ADDRESS: Jifi Jaromir Klemes, DSc, Professor, Brno University of Technology
- VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process Integration
Laboratory — SPIL, Technickd 2896/2, 616 69 Bmo, Czech Republic, e-mail:
klemes@fme.vutbr.cz.
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Plenary Talk on
Renewable energy sources for environmental protection

HAKAN SERHAD SOYHAN

Development in energy sector, technological advancements, production and consumption
amounts in the countries and environmental awareness give shape to industry of energy.
When the dependency is taken into account in terms of natural resources and energy,
there are many risks for countries having no fossil energy sources. Renewable and clean
sources of energy and optimal use of these resources minimize environmental impacts,
produce minimum secondary wastes and are sustainable based on current and future
economic and social societal needs. Sun is one of the main energy sources in recent years.
Light and heat of sun are used in many ways to renewable energy. Other commonly used
are biomass and wind energy. To be able to use these sources efficiently national energy
and natural resources policies should be evaluated together with the global developments
and they should be compatible with technological improvements. Strategic plans with
regard to energy are needed more intensively and they must be in the qualification of a
road map, taking into account the developments related to natural resources and energy,
its specific needs and defining the sources owned by countries. In this presentation, the
role of supply security was evaluated in term of energy policies. In this talk, new
technologies in renewable energy production will be shown and the importance of supply
security in strategic energy plan will be explained.

CORRESPONDENCE ADDRESS: Hakan Serhad Soyhan, Ph.D., Professor, Sakarya University,
Engineering Faculty, Esentepe Campus, M7 Building, 54187 - Esentepe /Sakarya, Turkey, e-mail:
hsoyhan@sakarya.edu.tr.
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HAKAN SERHAD SOYHAN - BIBLIOGRAPHY

Professor at Sakarya University, Engineering Faculty. 50 % fot teaching
and the rest for reasearch activities.

Teaching, courses taught:
Graduate courses:

- e Combustion technology;
? e Modelling techniques;

Undergraduate courses:

e  Combustion techniques;
e Internal combustion engines;
e  Fire safety.

Tehnical skills and competences professional societies:

25 jurnal papers in SCI Index. 23 conference papers;

Editor at FCE journal. Co-editor at J of Sakarya University;
Head of Local Energy Research Society (YETA);

Member od American Society of Mechanical engineers (ASME);
Member of Turkish Society of Mechanical Engineers (TSME).

CORRESPONDENCE ADDRESS: Hakan Serhad Soyhan, Ph.D., Professor, Sakarya University,
Engineering Faculty, Esentepe Campus, M7 Building, 54187 - Esentepe /Sakarya, Turkey, e-mail:
hsoyhan@sakarya.edu.tr.
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Composite Storage Systems for Compressed Hydrogen -
Systematic Improvement of Regulations for More
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Abstract Hydrogen is an attractive energy carrier that requires high effort
for safe storage. For ensuring safety they have to undergo a challenging
approval process. Relevant standards and regulations for composite
cylinders used for the transport of for on-board storage of hydrogen are
currently based on deterministic (e.g. ISO 11119-3) or semi-probabilistic
(UN GTR No. 13) criteria. This paper analysis the properties of such
methods in regards to the evaluation of load cycle strength. Their
characteristics are compared with the probabilistic approach of the BAM.
Based on Monte-Carlo simulations, the available design range (mean value
and scatter of strength criteria) of current concepts were exemplarily
estimated. The aspect of small sample sizes is analysed and discussed with
respect to the evaluation procedures.
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1 Introduction

Hydrogen is an attractive energy carrier that needs to be compressed (CGH.) or liquefied
(LH2) for storage and transport. The high storage pressure bares a risk of rupture with
high consequences. Therefore H,-storage systems have to undergo an extensive approval
process.. Relevant assessment criteria for approval and definition of retest periods of
composite cylinders are intended to ensure a safe use over its entire service life. The
overall aim is to avoid a critical failure during service. The risk of such a failure can never
be completely eliminated but have to be reduced to an broadly accepted level In this case,
the residual risk is accepted as a function of consequence.

The usual methods for the approval of composite cylinders for compressed hydrogen are
based on determined minimum performance criteria. They follow the concept of a
deterministic approach, i.e. the proof of minimum values with regards to burst pressure
and load cycle strength.

The approval of composite cylinder for CGH, storage systems for vehicles needs to
follow the criteria from the UN GTR No. 13 [1]. In regards to burst pressure, this GTR
13 is based on an extended semi-probabilistic approach. This means, there is a specific
minimum burst pressure as usual. But in addition to that the maximum scatter of the
single burst test results is also limited. In regards to load cycle strength it is required to
demonstrate a minimum number of load cycles (e.g. 11,000) without failure by testing
just 3 specimens resisting.

BAM (Bundesanstalt fiir Materialforschung- und priifung) has developed a probabilistic
approach (PA) that could be developed to an alternative to the GTR 13.The BAM-PA
[2], [3] is based on sample testing and statistical assessment on combination with
reliability criteria. Sample means here always a group of nominal identically
manufactured and used composite cylinders The approach is currently used by the BAM
to determine retest periods for composite cylinders according to ADR / RID P200 (9) [4]
and for service life tests for UN composite cylinders according to section 6.2.2.1.1 of
IMDG Code [5] and ADR / RID.

The comparison of these different assessment methods leads to the question: Which level
of safety do they ensure and how much potential do they offer for further optimization of
composite cylinders?

Concerning burst pressure, this has been already investigated in [6] by using Monte-Carlo
simulation. In the following, the Monte-Carlo simulation is extended to the statistical
analysis of test results created by cycle testing with respect to the GTR 13 and the BAM-
PA.
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2 Monte-Carlo Simulation

The concept of a Monte-Carlo simulation [7] is based on a large number of computer
generated samples. These samples result from a basic population following an assumed
distribution function with defined properties. Due to a limited sample size n, mean value
and scatter of a single sample deviate from the true characteristics of the original basic
population.

This concept can be adopted to burst pressure and load cycle strength of composite
cylinders. Corresponding studies on the statistical distribution of both performance
parameters are presented in [8] and [9].

Figure 1 shows for example the variety of sample properties from burst tests according
to GTR 13. Mean value and scatter of the samples are distributed around the true (but
unknown) characteristics of the basic population. Each individual point in Figure 1 was
generated by a Monte-Carlo simulation and represents burst values of a sample of 3
cylinders. The comparatively small sample size of n = 3 creates a wide range of possible
sample properties out of the same basic population. The challenge of an approval
requirement is to identify potentially unsafe design types despite the high variability of
the test results.

Figure 1 uses the sample performance chart (SPC) developed and applied by the BAM
since 2012. The combined representation of mean value and scatter in relation to the test
pressure PH enables the display of both properties relevant for a safety assessment. The
shown scatter of sample properties results from the basic population with a mean burst
pressure Qsoy 0f 2.6 PH and a scatter Qs of 10% of PH.

When these generated samples are combined with an assessment criterion, they can be
divided into two groups: Samples that meet the criterion (black) and those, which do not
meet it (red). Figure 1 is based on the criterion according to GTR 13. Each of the three
burst pressure values within a sample must exceed the test pressure PH by 1.5 times, i.e.
the nominal working pressure (NWP) by 2.25 times. Additionally, each burst pressure
needs to be within a range of + 10% of the mean value Qso.
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Scatter and acceptance of sample properties from same cylinder population
Samplesizen=3

Q,=17:09,=10% 93% accepted

7% notaccepted

1.5 x PH or 2.25 x NWP
14 acc.to UN GTRNo.13

Mean value of burstpressurerelated to PH: Qg.,

1~ + t - } | t e t t t
0% 5% 10% 15% 20% 25% 30%
Scatter of burst pressurerelated to PH: 2,
Figure 1. Monte-Carlo simulation of sample properties for a cylinder population
Q50% = 2.6 PH; Qs = 10% PH, assessed by UN GTR No. 13.

As shown in Figure 2, around 93% of the generated samples include adequate test results
and fulfill the burst criterion of the GTR 13. That means that the underlying basic
population of composite cylinders would be accepted with a probability 93 %. This
probability is called Acceptance Rate (AR). Conversely, the basic population would not
meet the criterion with a probability of about 7%.

The example shows that the evaluation of a small sample with n = 3 leads to considerable
uncertainties. These uncertainties are always present and are usually covered by
appropriate safety margins and additional tests. However, the decisive point of an
assessment criterion should be the risk that an unsafe design type could be accepted - or
even not.

To evaluate this it is necessary to clearly define the term “unsafe” respectively "safe".
In the case of burst pressure, “safe” can be defined by the reliability or survival rate (SR)
against a sudden rupture at a certain pressure [3], [4], [8]. A comparable criterion for load
cycle strength can be defined based on the reliability against a leakage or sudden rupture
after N further additional load cycles. In case of a composite cylinder at its end of service
life N corresponds to just one (the very last) residual load cycle.
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3 Evaluation of un GTR 13

The adoption of Monte-Carlo simulation to generate load cycle values requires a suitable
assumption of the distribution function for the load cycle strength of composite cylinders.
The average load cycle strength Nsg and scatter Ns are obtained by a combination of
Log-Normal and Weibull distribution [9] as shown in an adapted sample performance
chart in Figure 2.

A high number of Monte-Carlo simulations for different combinations of Nsg»% and Ns
allows to calculate acceptance rates (AR) over the entire range of the SPC. Points from
basic populations (Ns; Nsge,) With same AR are linked together to isolines of a constant
acceptance rate.

Sample Performance Chart
Acceptancerates ofUN GTRNo. 13

AR = 95% /

100,000 -

[

UNGTRNo.13

11,000 L
10,000 4 e - e ] I B

1.000 +

Statistical unsafe
cylinder population
(EoL)

1 11 12 13 1.4 1.5 1.6 17 18 19 2
Scatter of hydraulic LCs: N, []

Figure 2. Iso-lines of acceptance rates for GTR 13 in comparison to statistically unsafe

cylinder populations.

Median of residual hydraulic LCs: Ngs,

Figure 2 shows the distribution of AR for the load cycle criterion of GTR 13. For a better
understanding: if the properties of a basic population of composite cylinders are located
e.g. on the iso-line AR =50%, there will be a probability of 50% that this basic population
meets the requirement of GTR 13. Figure 2 combines the calculated isolines for AR with
the safety criterion of a reliability of 1-10° (99.9999%) against failure at the next load
cycle (red line).
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Two main questions arise in this context:

1. What is the acceptance rate for a potentially unsafe population of composite
cylinders?

2. Which range of Nsgy% and Ns can be used for designing composite cylinders acc. to
GTR?

Concerning the first question, Figure 2 shows at very high scatter values of N = 2 the
general possibility to accept a basic population with a mean load cycle strength of N50%
< 11.000 LC. The probability to accept a potentially unsafe cylinder population below
the red line is less than 5% and consequently practically irrelevant.

For the second question, it can be assumed that an acceptance rate of above AR = 50%
should be relevant in practice. Otherwise a design type would be conspicuous due to too
many rejected batch tests and becomes therefore uneconomical. Acceptance rate of AR
= 95% appears to be realistic from experience. The range between the line of AR = 95%
and the red line of minimum reliability can be considered as a range of permissible
reduction in load cycle strength during service life.

4 Evaluation of BAM-PA

A similar application of the Monte-Carlo simulation to the BAM-PA for the probabilistic
assessment of load cycle strength is shown in Figure 3.

A cylinder population with reliability of less than 1-10 against failure (red line, compare
[3], [6], [10]) is regarded as unsafe for further use. The already explained uncertainty of
sample testing is covered in the PA by operating a confidence level of 95%. Therefore, a
sample needs to demonstrate at least an average strength for load cycles and a scatter
value above the dotted line. Aim of this approach is to ensure that the acceptance rate of
a potentially unsafe cylinder population is not significantly higher than 5%. The shown
example is based on a sample size of n = 5 test results.

Figure 3 shows that in case of a cylinder population which is located on the line of the
minimum requirement, a sample would be accepted by slightly more than 50%.

The isoline of AR = 95% limits the range of the de facto required properties for a cylinder
population as otherwise the requirement would not be fulfilled very often.

5 GTR 13 compared with BAM-PA

Figure 4 shows the AR iso-lines for the GTR 13 and the BAM-PA. For the BAM-PA
with n = 5 the scatter N of a cylinder population should be lower than 1.25 for reaching
an acceptance rate of AR = 95%. In comparison, the GTR 13 allows to accept cylinder
populations with a much higher scatter value. On the other hand, the BAM-PA allows
accepting cylinder populations with very low mean load cycle strength in case of a scatter
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Ns< 1.2. A low scatter value of load cycle strength leads to an increased reliability against
failure. This is considered in the BAM-PA and demonstrates the general potential of
weight and cost savings by probabilistic assessment criteria. A high production quality
ensures a high reliability against failure even at lower mean load cycle strength.

Sample Performance Chart
Acceptance rates of BAM-PA
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Scatterof hydraulicLCs: N, [1

Figure 3. Isolines of acceptance rates for BAM-PA in comparison to statistical unsafe
cylinder populations.
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i Figure 4. Requirements and of areas of acceptance for GTR 13 and BAM-PA.
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ven if the iso-line AR = 95% of the BAM-PA seems to reduce the scatter to a relatively
small range this requirement is far less limiting the freedom for design in practical terms.
In contrast to the GTR 13 and other standards based on deterministic requirements, a
probabilistic assessment does not require fixed minimum values. It is important to look
at the characteristics of the entire sample.

Therefore, it is possible within the BAM-PA to increase the sample size if necessary. This
offers additional and more accurate information about a cylinder population. In practical
use of the BAM-PA, an increased sample size often proves that the minimum requirement
for the sample is met despite a critical first impression.

An increased sample size reduces the statistical uncertainty. Regarding Figure 3, this
means that the dotted black line moves further right and allows higher scatter values.

The dependencies between sample size n, scatter Ns and mean load cycle strength Nsoo
are shown in Figure 5 for an acceptance rate of AR = 95%.

The required load cycle strength which ensures a minimum reliability against failure for
a sample scatter of Ns = 1.2 is reduced from 10,000 LC (n = 5) to 300 LC (n = 10). This
effect is directly related to reduced statistical uncertainties in case of a sample size of 10
test specimens versus a sample size of only 5 test specimens with otherwise similar
properties.

Additional tests to increase the sample size for a statistical assessment cannot be
compared with the very questionable praxis of retesting induvial results in deterministic
procedures. In case of a statistical assessment all previous test results are still part of the
sample. In contrast, retests procedures for deterministic requirements are ignoring
previous test results.

5 Conclusions

It was shown that deterministic and probabilistic requirements are very different in terms
of the acceptance of samples with high scatter values and potentially unsafe cylinder
populations.

The used method of operating the Monte-Carlo simulation offers detailed analyses of
approval criteria. Monte-Carlo simulation can be used to identify under which conditions
minimum requirements could be reduced or changed without critical safety losses.

Especially probabilistic approval requirements would allow considerable improvements
regarding the avoidance of critical cylinder populations. A probabilistic safety
assessment offers a high potential for future optimization of cylinders designs. The
consideration of scatter values provides additional information about production quality
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and reliability and an optional increase of sample size allows immediate reactions on
potential problems, too.

Required median of load cycle strength toreach AR = 95%
depending on sample size n and scatter N,

1,000,000 —

100,000 +

10,000 +

1.000 +

100 +

Medianofresidual hydraulicLCs: N, []

Samplesizen
Figure 5. Required load cycle strength for BAM-PA to achieve an acceptance rate of
95% for specific scatter values of basic populations.
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Abstract Production of economically competitive solid oxide fuel cell (SOFC)
systems requires development of new functional materials to enhance the
performance, extend the lifetime and reduce the cost of the devices. The present
work focuses on structural properties, electrical conductivity and thermal stability
of Pr2-xCaxNiOa+s oxide materials. Based on the study, electrochemically active
and stable two-layer composite electrodes with Pr1.7Cao.3NiOas+s5—based functional
layer and LaNio.sFeo.403-5 current collector were purposely proposed for use in
intermediate temperature (IT) SOFCs with oxygen-ion and proton-conducting
electrolytes.
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1 Introduction

Minimization of the resistance to the oxygen reduction reaction (ORR) at the cathode,
which contributes the most to performance degradation and efficiency loss in the existing
SOFCs, is a fundamental step for the application of SOFCs on a large scale. PraNiOs
(PNO) has attracted much attention as a promising cathode material for the IT-SOFCs
due to a sufficiently low ASR value, but it is thermodynamically unstable under working
SOFC’s conditions and goes through subtle changes from PraNiOa, to PrsNi2O-, and to
PraNisO1o [1,2]. It has been demonstrated in a number of studies that partial substitution
of Pr3* in ProNiOa.s with La®*, Nd®* or Sr?* enhances structural stability of the material,
its conductivity and, in some cases, improves the electrochemical performance of the
electrodes [3-7]. However, little information is available on the influence of other rare-
earth or alkali-earth elements on the structural, electrical and electrochemical properties
of PNO.

The present work aims at studying the structural and electrical properties of
Pro«CaxNiOs+5 (x = 0.0 — 0.7, PCNO1-PCNO7) oxide materials, their thermal stability
and electrochemical performance. The influence of calcium content on the polarization
resistance of the electrodes has been studied by an impedance spectroscopy method; the
results were compared with those for PNO and Pry7SrosNiO4:5 (PSNO3) electrodes. A
new design of electrochemically active and noble-metal free two-layer composite
cathodes with PCNO functional layers and LaNigeFeo 4035 (LNF) current collector was
proposed for use in IT-SOFCs in contact with oxygen-ion CeygSmo 2025 (SDC) and
proton-conducting BaCeo sGdo.19CU0.0103-5 (BCGCu) electrolytes. Long term stability of
the developed electrodes was studied during 1500 hours at 700°C in air.

2 Experimental

ProxCaxNiOu+s (X = 0.0 — 0.7), Pr1.7SrosNiO4+s and LaNioeFeosO3 (LNF) powders were
synthesized by the two-step solid state reaction method using Pr.Os (99.99 % purity),
La203 (99.99 %) NiO (99.6 %), CaCO3(99.6 %), SrCOs (99.6 %) and Fe»03 (99.6 %)
with a final temperature of synthesis of 1250°C as in [8]. Characterization of the powders
was performed by an XRD analysis (DMAX-2500, Rigaku Co. Ltd. Diffractometer with
Ni-filtered CuKa radiation in the range of 20° < 26 < 80°). The oxygen nonstoichiometry
(8) was determined by long-term high-temperature treatment of the samples in an
10%H,/Ar atmosphere at 850°C up to complete reduction. To study the thermal stability,
the materials were calcined at 850°C in air for 250 h and then analyzed by XRD.

Conductivity of the compact samples of the related compositions was measured by
employing a dc four-probe technique.

For the electrochemical characterization the electrodes were fabricated symmetrically
with in the form of two-layer coatings with functional and collector layers on the SDC
and BCGCu electrolyte substrates. The functional layers of PCNO, PCNO-SDC and
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PCNO-BCGCu (compositions were taken in 1:1 wt ratio) were placed onto a substrate
by painting several times followed by sintering at 1200°C for 1 h. Microstructure of the
electrodes was examined by using a high resolution scanning electron microscope Mira
3 LMU, Tescan.

The electrochemical study was carried out using FRA-1260 with EI-1287 (Solartron
Instruments Inc.) in a temperature range of 550 — 850°C in air in a frequency range of
0.01 Hz to 100 kHz at the amplitude of applied sinusoidal signal of 20 mV. Each
measurement was finished by measuring the full dc- resistance (Rqc) of the cell. The area
specific polarization resistance (R,) of the electrochemical cell with symmetrically
arranged electrodes was calculated as follows:

(Rgc —Rnf)S

= ()

2

where S is the surface area of the electrode, and Ry is the serial resistance determined by

extrapolation of the high-frequency part of an impedance spectrum to the intersection
with the x-axis. The impedance spectra were analyzed by using Zview software.

3 Results and discussion
3.1 Structure

According to the XRD data, the obtained PCNO materials were single phase (except 0.7
with trace amount of NiO) and up to x = 0.3 possessed orthorhombic structure related to
a high content of interstitial oxygen, 3, changing from 0.255 for PNO to 0.091 for PCNO3
(Table 1). Since the Pr*—Ca?* substitution does not cause distortions in the A sublattice
due to the radii of host (rPr3*=1.179 A) and substituting (rCa?*= 1.180 A) cations being
close, the observed decrease in the cell parameters can be attributed to increased
concentration of Ni®*cations with smaller ionic radius as compared to that of Ni?* (rNi®*
=0.590 A and rNir?* = 0.660 A), which appears for charge compensation.
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Table 1. Structural parameters of PCNO and PSNO: orthorhombic (O) and tetragonal
(T) structure

X Space Lattice parameters
group a[A] b [A] c[A]

0 0. Emmm 5-‘(‘5)03 5-(3%8 12.4387(19)
0.1 0, Fmmm 5'?3)01 5'?79)65 12.4351(13)
0.2 0, Fmmm 5'?;‘)53 5'(‘%5 12.3974(39)
0.3 O, Fmmm 5':()’2)02 5.39117(31) | 12.38127(89)
0.4 T, P42inem 5-1(31)45 12.3627(13)
0.5 T, P42/ncm 5'?5)65 12.3494(16)
06 | T, Pa2incm o 12.3081(16)
(("S?’r) T, 14/mmm 3'?21)29 12.4967(12)

At x > 0.3 there was a clear transition of doublets to singlets, which corresponded to the
stabilization of a tetragonal P42/ncm structure, which is characterised by low values of &
(0.013 for PCNO5). Nevertheless, all the prepared samples were hyperstoichiometric,
similar to Sr?* substituted PNO at x < 0.5 [3]. PSNO3 possessed a tetragonal 14/mmm
structure with 6 =10.011.

Thermal stability of the structure increased with an increase in calcium content (Figure
1).
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Figure 1. XRD patterns of PNO (a) and PCNO with x=0.1 (b), 0.3(c); and 0.5(d) before
and after long-term treatment during 250 hours at 850°C in air

Relative intensity

As in the case of PNO, PCNO1 underwent a partial decomposition with formation of
PrO:1g3 along with the main phase. However, the second phase detected after
decomposition of PCNO1 was PrNiOs instead of PrsNizO1 for PNO. PCNO3 and
PCNOS5 showed excellent phase stability under long-term thermal treatment.

3.2 Electrical properties

Doping with calcium leads to a systematic increase in the electrical conductivity due to
the increasing concentration of electron holes in the material caused by charge
compensation (Figure 2). For T > 500°C the conductivity decreases with temperature for
the samples with low x and has no changes or increases for x > 0.5.
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Figure 2. Temperature dependences of the total conductivity of the PCNO compacts

Similar conductivity decrease (for T > 400°C) was observed for La»xCaxNiOs:5 and
related to a release of the interstitial oxygen from the layered structure in this temperature
range, which lead to a partial annihilation of compensating holes [9]. With an increase in
calcium content, oxygen exchange, as the temperature increases, becomes insignificant
due to the low initial content of interstitial oxygen and conductivity shows
semiconducting behavior across the whole temperature range. The maximal conductivity
level was observed at x = 0.5 (135 S/cm at 700°C); there are two probable reasons for its
decreasing when x > 0.5: an appearance of impurity phases or the possible formation of
electrically neutral defect associates [4].

3.3 Electrochemical activity of the electrodes in contact with the SDC oxygen-
ion conducting electrolyte

Microstructure of the electrodes

Microstructure characterization of the electrodes was done using an original algorithm
for the SEM image processing [10] (shown in Figure 3). It was found, that with an
increase in x there was a small decrease in the average particle size at about the same
porosity of the functional layers (Table 2). The thickness of LNF collector layer after
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sintering at 1050°C was 50(5) pm, with porosity of 60(4) % and the average size of
particles of 2.3(3) um.

Table 2. Characterization of the PCNO functional layers

Functional | Porosity Thickness, Aver_age
particle
layer % um .
size, pm
PCNO1 63(4) 18(2) 3.3(3)
PCNO3 57 (3) 21(2) 3.2(3)
PCNO5 65(5) 21(2) 2.2(2)

Figure 3. Microstructure of the electrode with the PNO functional and LNF collector
layers (example of image sedimentation)
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Polarization resistance of PCNO and PSNO electrodes

Figure 4 depicts Arrhenius dependences of the polarization conductivity (o, = 1/Ry) in
dependence on the calcium content. Surprisingly, despite the higher conductivity of the
Ca-substituted PNO, the polarization conductivity increases only for the electrodes with
a small amount of calcium (x = 0.1 — 0.2). Further increasing x results in a decrease in
the polarization conductivity. Such a deterioration of the electrochemical activity of the
electrodes may be connected with the reduction in the amount of interstitial oxygen and,
as was shown in our work on Lay«xCaxNiO4+s electrodes [11], subsequent reduction in the
coefficients of oxygen surface exchange k™ and oxygen tracer diffusion D", which may
change the rate determining stages of the electrochemical reaction. Due to lower

distortion induced by calcium doping into the PNO structure than that for LNO, it appears
only at x > 0.2.

re Se

Igoy, S cm™?
]
o 8 *ee

KPNO_1.57 136eV

®PCNO1_227 139V

[ 1]

a1 ®FPCNO2 226 143 eV
®PCNO3_2.00 148V :
®PCNO4_1.70 1.41eV

PCNO5 220 148eV
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(=]
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Figure 4. Polarization conductivity of the PCNO and PSNO electrodes sintered at
1200°C (related Sget of the electrode powders and E; of the polarization conductivity
are shown)

In toto, PNO-based electrodes have higher polarization conductivity than that of LNO-
based electrodes [11]. The polarization resistance of the PCNO1, PCNO2 and PCNO3
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electrodes was 0.17, 0.22 and 0.44 Q cm? at 700°C, respectively, which is lower than that
of the PSNO3 electrode and LNO and LCNO3 electrodes with the same design 0.63, and
0.50 and 4.01 © cm?, respectively. The two-layer, noble-metal free PCNO electrodes
show superior performance, comparable to those Sr-substituted presented in literature.
As for example, the best ASR values for PSNO electrodes in contact with CeO»-based
electrolytes at 700°C were found 0.376 Qcm? (x = 0.8) [7] and 0.39 Qcm? (x = 0.7) [4].

Polarization resistance of PCNO-SDC composite electrodes

In undoped layered nickelates the ionic conductivity proceeds mainly by an interstitial
conduction mechanism [12]. A decrease in oxygen excess will result in a decrease in the
ionic conductivity. At the same time, the ionic conductivity, which occurs in the
perovskite layers by a vacancy mechanism, will have an adequate level mainly at x > 1.0
[6]. The level of the overall ionic conductivity appears to reduce at the doping level of
0.3 <x <0.7. It is known that increasing the electrochemical activity of the electrodes
with a predominantly electronic or low ionic component of the mixed electronic
conductivity is possible through the introduction of the ionic conductor. Indeed,
introducing SDC in the electrodes we had a pronounced effect on the polarization
conductivity of the PCNO electrodes with high calcium content (Figure 5). Note that the
introduction of SDC into the PNO and PCNOL1 electrode did not give such a positive
effect on the electrochemical performance. This was probably due to a high inherent ionic
conductivity, which is comparable with that in the electrolyte and increased interaction
between electrolyte and electrode material with low calcium content. The lowest values
of polarization resistance at 700°C in this work were observed for the PCNO1-SDC and
PCNO3-SDC composite electrodes (0.25 and 0.28 Q c¢cm?, respectively).
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Figure 5. Polarization conductivity of the PCNO-SDC and PSNO-SDC electrodes
sintered at 1200°C

3.4 Electrochemical activity of the composite electrodes in contact with the
BCGCu proton conducting electrolyte

The PCNO-BCGCu and PCNO-SDC composite electrodes studied demonstrated good
matching with BCGCu electrolyte, whose thermal expansion coefficient (TEC) value is
10.5x108 Kt in the temperature range of 100 — 575°C and 8.65x10°¢ K in the range of
575 — 900°C, respectively [13]. The polarisation resistance of the PCNO3-BCGCu
electrode was 0.26 Q cm? at 700°C, which was lower than that of the PCNO1 composite
electrode both with BCGCu and SDC electrolyte component (0.53 and 0.46 Q cm?,
respectively). It can also be explained by the increased interaction between the composite
electrode components during the electrode sintering at 1200°C. However, in long term
testing during 1500 h at a decreased temperature of 700°C we observed similar behaviour
from both PCNO3-BCGCu and PCNO1-BCGCu electrodes (Figure 6). It shows that in
the intermediate range of working temperatures both of the developed electrodes can be
successfully function successfully; however, the first one is preferable due to its better
thermal stability. Performance of the PCNO electrodes developed is significantly higher
than those of the strontium and calcium substituted LNO electrodes [13].
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Figure 6. Time dependence of the polarization resistance of the composite electrodes in
contact with BCGCu

4 Conclusions

ProxCaxNiOs:5 (X = 0.0 — 0.7) oxide materials were synthesized by a solid state reaction
method. The obtained PCNO materials were single phase and at x < 0.3 had orthorhombic
structure related to a high content of interstitial oxygen 8, and at x > 4 had tetragonal
P42/ncm structure. Doping with calcium increased thermal stability of PNO. It resulted
also in the increased electrical conductivity due to increasing the concentration of electron
holes caused by charge compensation from Ca?* doping on Pr3* site. The polarization
conductivity of the electrodes in contact with the CeosSmo 20,5 electrolyte increased at
x<0.2. Atx > 0.3 it decreased due to a remarkable 6 decrease. Introducing Cep.gSmg.20,.
5 into the electrodes with high calcium content had a pronounced positive effect on the
polarization conductivity. Based on the study, electrochemically active and stable two-
layer composite electrodes with Pr17CaosNiOs:s—based functional layer and
LaNio¢Feo403-5 current collector were purposely proposed for use in IT-SOFCs with
oxygen-ion CepsSmo.202-5 and proton-conducting BaCepsGdo.19CU0.0103-5 electrolytes.
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Abstract The general performance of fuel cell is influenced by parameters
such as cell operating temperature, humidification and even the pressure of
the hydrogen gas. The performance of proton exchange membrane fuel cell
was carefully studied through experimental and mathematical analysis
using polarization curves. The work concluded that increasing the pressure
of the hydrogen gas increased the cell voltage, hence increasing the output
power of the fuel cell. The cell operating temperature was studied in
relation to the fuel cell performance. It was observed that the performance
of the fuel cell increased from room temperature of 180C to 470C. Above
550C the performance begins to drop due to the drying up of the membrane
causing an increase in the ionic resistance. The temperature of the
humidification chamber was increased gradually from 200C to 900C to see
the effect it will have on the fuel cell at such high operating temperature
above 550C. It was observed that at higher humidification temperature and
higher cell temperature, the fuel cell was able to perform better since the
membrane became moist increasing the proton conductivity through the
electrolyte. The losses that also occur in the fuel cell were also critically
analysed for each operating parameter.
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1 Introduction

The current movement towards environmentally friendlier and more efficient power
production has caused an increased interest in alternative fuels and power sources. Fuel
cells are one of the oldest energy conversion technologies but lately they are being
investigated properly for commercial purposes [1-3]. Burning of fossil fuel leads to air
pollution which is hazardous to the health and leads to the depletion of the ozone layer
affecting the climatic conditions in the world [4]. A fuel cell is an electrochemical device
that transforms energy in fuel directly into electricity. Fuel cells have several advantages,
some of these advantages are: they have the potential for a high operating efficiency
which is a strong function of the size of the fuel cell, they also have scalable design, fuel
cell produce zero greenhouse emissions, again they have no moving parts hence there is
no wear and tear and finally fuel cells can provide instantaneous recharge compared to
batteries [4-8]. There are still some limitations of fuel cells in terms of cost. The
performance of the fuel cells is highly dependent on the purity of the gas being used. An
acceptable way of determining the performance of PEM fuel cell is through polarization
curves. Three main phenomenon occur during the general operation of a fuel cell [9].
This leads to the creation of three main regions on the curve that is the electrode kinetics,
ohmic losses and transport limitations [10]. The steps leading to the adsorption of the
reactants species, transfer of electrons across the double layer, desorption of the reactant
species, the number and distribution of active sites and the general nature of the surface
of the electrodes creates the first region called the activation polarization. There is a direct
variation between current and ohmic loss which is the second region on the polarization
curve. The ohmic loss increases as the current density increases [10]

The ohmic losses often experienced in fuel cells can be curbed using a thinner electrolyte
membrane with good humidification, better conductivity cell stack materials, proper and
better flow field design and current collectors. Reducing the contact resistances at various
interfaces is also another pragmatic way of reducing ohmic losses [11]. The mass
transport limitations to reactants and products to or from the electro reactive sites create
concentration losses. These voltage losses occur throughout the current density but are
usually seen at very high current densities where the supply of reactants becomes a
challenge [12]. A recommended approach of improving the performance of fuel cell is
by increasing the operating temperature. When the cell operating temperature is high the
rate of reaction is faster hence more electrons will be released thus providing an effective
water management through the cell [13]. High relative humidity is required especially if
the cell is operating at a higher temperature. Hydration of the membrane is another
important issue that determines the general performance of the membrane and its
durability. In situations where the hydration of the membrane is low, there is higher ionic
resistance and can even destroy the membrane. This work explores the operating
parameters that affect the performance of fuel cell stack. The fuel cell is operated in a
dead end mode and the hydrogen outlet is blocked in order to pressurize the anode [14].
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2 Mathematical Modelling of PEM Fuel Cell.

The mathematical model is developed to describe the fundamental electrochemical
transport phenomena and charge transport through the cell. It is equally possible to predict
the performance of the fuel cell through mathematical modelling under different
operating conditions and optimize the design of fuel cell system.

2.1 Thermodynamic performance of fuel cell

The hydrogen on reaching the electrolyte splits into hydrogen ions and electrons [13-14]
according to equation (1).

2H, (7 4H" + de” )

The electrons then flow through an external load producing electricity. Electrical work is
done as the electrons flow through the load and finally return to the cathode. The protons
(hydrogen ions) then flow through the membrane to the electrolyte cathode interface
where the meet with the oxygen and electrons to produce water and heat as by product
[15]. The entire reaction process is as indicated in equation (2).

4HY + 4e™+ Oz¢gy— 2H,0) 2
The entire electrochemical reaction can be represented by equation (3).

2H,(5y+0, g7 2H,0; ®)

The maximum electrical energy output and the potential difference between the cathode
and anode are achieved when the fuel cell is operated under thermodynamically reversible
conditions. The reversible cell potential is the maximum possible cell potential. At any
current density, the net output voltage of the fuel cell is the reversible cell potential minus
the irreversible potential [16].

V(D) = Viey = Virrew 4)

But V.., = E, is the maximum (reversible) voltage of the fuel cell and V., is the
irreversible voltage loss (over potential) occurring at the cell. The maximum electrical
work (Weiec) any system can perform at a constant temperature and pressure is determined
by the negative change in Gibbs free energy change (-AG) [17], hence the maximum
electrical work is shown in equation 5

Weleet = -AG (5)

We|ect = AG =AH - TAS (6)
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Where G is the Gibbs free energy, H is the Enthalpy of formation and S is the Entropy.

The change in enthalpy of formation for any chemical process can also be expressed from
the heat and energy balance as shown in equation (7)

Where Y, m;h; is the mass times the enthalpy of each substance leaving the system.
Y. m;h; is the mass times the enthalpy of each substance entering the system. The
possibility of a system performing an electrical work by a charge, Q(coulombs) by an
electrical potential difference, E [18-20] in volts shown in equation (8).

Welee = EQ (8)
But the charge Q =nF 9)

Where: Q = Charge, n is the number of moles of electrons, F is the Faradays constant
(96,485 coulombs per mole of electrons), hence,

AG = -nFE;

_ AGpyxn _  AH-TAS
Er - nFr - nFr (10)
2.2 Fuel cell performance

The performance of a fuel cell as explained is determined by the graph of the output
voltage (V) against the current or current density (A/cm?). The graph is also referred to
as the 1-V or polarization curve which is effectively used for the design and optimization
of fuel cells [18]. The theoretical voltage of any fuel cell can be determined
thermodynamically depending on the temperature, pressure and set of species. The actual
voltage from the fuel cell is always less due to losses as explained in equation 4. The
losses turn to increase as more current is being generated from the fuel cell [19]. The fuel
cell voltage output can be described therefore by equation (11).

V= Ethermo - (rlact,a + rlact,c) - I’lohmic - rlconc,a + rlcon,c (11)

Where V is the real output voltage, Eemo is the thermodynamically predicted voltage,
Nace o is the anode activation polarization due to reaction kinetics I, . is the cathode
activation polarization due to reaction kinetics, I, o i the anode concentration losses
due to mass transport, 1., . is the cathode concentration losses due to mass transport
Nonmic 1S the ohmic loss due to ionic and electrical resistances. Ej.rmo Can be determined
mathematically using the Nernst equation which factors the operating temperature and
pressure into consideration [19].
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RT
Ethermo = EO - In [ aHZ? (12)
nF /2
aH200,

Where E© is the Standard state reversible voltage, R is the universal gas constant, T is
the fuel cell Temperature, n is the number of electrons transferred in the reaction, F is
the Faraday’s constant, ay,, = activities of water, ay, = activities of hydrogen a,, is
activities of oxygen.

Using the Butler — VVolmer equation, the activation polarization (et + Nacec) €an be
derived. The Tafel slope equation is used in situations of slow electrode reaction kinetics
[20] and large current being drawn from the fuel cell.

Nace =a+ b In(i) (13)

Where a = - ~—In(i,) (14)
_ RT

b= (15)

But i, is the exchange current density which is the rate of forward and backward reaction
at equilibrium. a is a parameter related to electrode kinetics or the transfer coefficient.
The ohmic loss or resistance complies to ohms law. It occurs as a result to resistance due
to the transfer of hydrogen ions(protons) and electrons with the PEM fuel cell. It is
expressed as:

I]ohmic = i-Rohmic =1 (Rionic + Relectronic) (16)

Where R,nmic 1S the total internal cell resistance, R;,,;c 1S the resistance to ion transport
within the membrane and R,;..tonic 1S the resistance to electron transport in the electron
conductive parts [17].

The concentration losses or over-potential occurs due to the reactants and products
concentration gradient. It could also be explained as the loss due to the consumption of
the reactant at the surface of electrode causing concentration gradient to develop between
the bulk and electrode surface. A practical scenario in the fuel cell is that the
concentration of oxygen in the flow channel at the cathode region is always higher
compared to that in the catalyst active site [20]. This difference tends to increase as more
current is drawn from the fuel cell. A critical stage occurs with time where the
concentration of the oxygen in the catalyst active site falls to zero. The current generated
at this stage is called the limiting current density(i,). The maximum current that can be
drawn from the fuel cell is the limiting current density. There is depletion of reactants
and product accumulation which eventually reduces the cell voltage due to two major
reasons: reduction in the thermodynamic cell voltage (lower E.;.rmo) and a reduction in



30 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), HYDROGEN AND FUEL CELLS
T.Wilberforce, F. N. Khatib, O. Emmanuel, O. ljeaodola, A. Abdulrahman, A. Al
Makky, A. Baroutaji & A.G. Olabi: Experimental Study of Operational Parameters on
the Performance of PEMFCS in Dead end Mode

the rate of reaction (higher ,.;) [18]. Concentration loss therefore can represented by
equation (17).

Neon = N4 (17
The activation polarization occurring at the anode in PEM fuel cells with hydrogen and
air as the reactive substances is negligible compared to the activation polarization at the
cathode. This is basically due to the oxygen reduction half — reaction being slower in
kinetics compared to the hydrogen oxidation half — reaction. The limitations due to mass
transport of oxygen are more severe because air is being utilized instead of pure oxygen
and also the diffusion rate of O is slower compared to H2 [19]. The entire cell reaction
is shown in equation (18).

V= Ethermo - nact,c - lllohmic - ncon,c (18)

Equation 18 can further be expanded to equation 19 as the formulae to determine the cell
voltage

V= Ethermo - [aC +bc In(i + i|055)] - [I Rohmic]' Ccln[-ild—c] (19)

iLc—(i+ijoss
3 Experimental Set Up

The paper intends to investigate the operating parameters affecting the performance of
PEM fuel cell such as operating pressures, relative humidity of hydrogen and the oxidant
stoichiometric ratio. The fuel cell used is a five cell stack PEM fuel cell made of
Nafion212 membrane and having an active surface area of 11.4cm?. The thickness of the
membrane is nearly 27pum and the electrodes are platinum loaded with 0.3mg Pt/cm?.

The fuel cell stack was operated using pure hydrogen (99.999vol%) and air without
humidification. The hydrogen was supplied at varying pressures from 1,1.5,2,2.5bar and
the flow rate was measured using a digital hydrogen flow meter. The hydrogen was
supplied in a dead-end mode as shown in Figure 3. The outlet of the anode region was
closed in order to keep the hydrogen gas pressurized but a valve was attached to open
occasionally to allow any water built up to leave the cell.

The schematic drawing of the experimental set up is shown in Figure 1.
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Figure 1: Schematic drawing of the fuel cell testing set up
4 Results and Discussion

The experimental results obtained were first fit with a model designed in Matlab. This
was done to carry out an exhaustive analysis on the fuel cell without carrying out further
experiments. The experiment was initially performed at a constant pressure and
temperature of 25°C. It can be seen in Figure 2 that the model shows a good fit with the
experimental results.

4 Effect of Operating Pressure on the Fuel Cell Performance.

As discussed earlier, each experiment was performed 5 times and for the first experiment,
the air pressure was kept at constant pressure of 1 bar while the fuel pressure was varied
between 1 and 2.5bar. This was done to explore the effect of this operating condition on
the performance of the fuel cell.
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Current (A)
Figure 2: Polarization curve at hydrogen pressure of 2.5 bar.

From the polarization curve in Figure 3, it was observed that the open circuit voltage
increased appreciably as the hydrogen fuel pressure increased. The operational
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temperature was maintained at 25.5°C. The maximum current obtained from the fuel cell
was 600mA. This current was noticed to be constant throughout the changes made in the
fuel pressure.

The same experiment was conducted for the fuel cell just like experiment 1 but in this
instance the hydrogen pressure was kept constant but the air pressure was initially
reduced to a pressure of 1 bar and later increased to 2.5 bar. At a low air pressure, the
performance of the fuel cell reduced as less current was being generated from the cell.
The maximum current that was generated was 600mA while the voltage equally reduced.
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Figure 3: Polarization curve for fuel cell showing the open circuit voltage

4.2 Effect of operating temperature on the fuel cell.

The fuel cell stack performance was first analysed by varying the operational cell

temperature between 18°C and 65°C. The fuel pressure and flow rate was kept constant
and the oxygen or air pressure and flow rate were also maintained.
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Figure 4: Cell operating temperature with respect to current and voltage.
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It was noticed that an increase in cell operating temperature significantly increased the
performance of the fuel cell due to an increase in rate of reaction. The current being
generated from the fuel cell increased to 5.2A at a temperature of 55°C and the open
circuit voltage equally increased to 4.6V at that same operating condition as shown in
Figure 4. It was also observed from Figure 4 that the fuel cell temperature often increase
to a specific range and fall back to a low temperature. This was because as more current
was being produced, the fuel cell was equally generating more water which eventually
tends to reduce the internal temperature of the fuel cell. Another reason that could be
attributed to the high performance of the fuel cell at high temperature was an increase in
diffusivity at these conditions. Nafion membranes becomes more conductive at higher
temperatures generating more current from the fuel cell. The increase in temperature also
increase exchange current density which reduces the activation polarization.
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Figure 5: Loss characteristics at maximum power over a range of increasing cell
temperature

Figure 5 shows the various losses between minimum temperatures and high temperatures
of 25°C to 60°C. It can be clearly seen that activation polarization decreased with
increased cell operating temperature but the ohmic loss was constant at the maximum
power. Concentration loss also increased with respect to temperature.

Figure 6 shows the maximum achievable power from the fuel cell with respect to
temperature. Increasing the cell operating temperature increased the maximum
achievable stack power to nearly 4.8W.
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Figure 6: Effect of increasing stack temperature to the maximum achievable power
from the PEM FC Stack at hydrogen pressure of 2.5 bar.

4.3 Surface plot for fuel cell performance

Figure 13 shows the general surface plot for the performance of the fuel cell at a specific
temperature of 40°C but varying hydrogen and oxygen pressure. Figure 7(a) shows that
the maximum stack voltage can be obtained at high oxygen pressure and high hydrogen
pressure but it is possible to still be in the red region of the graph with low hydrogen
pressure and high oxygen pressure. Figure 7(b) also shows the maximum current that can
be generated from the fuel cell while figure 7(c) shows the maximum stack power from
the fuel cell. The efficiency of the cell is shown in figure 7(d)
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Figure 13: (a) Stack voltage (V) (b) Stack current (A) (c) Maximum Stack Power (W)
(d) Fuel Cell efficiency. The graphs have be generated at a temperature of 40°C.
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5 Conclusion

The work was able to expose some parameters affecting the overall performance of fuel
cell and the impact of these losses on the fuel cell performance. It was noticed that the
activation loss in fuel cell is normally reduced with increased temperature due to an
increase in exchange current density hence the overall performance of fuel cells increased
once the operating temperature of the cell increased. Another reason was the fact that at
high temperature the rate of reactions increases which tend to increase gas diffusivity in
the membrane therefore making the fuel cell perform efficiently. Though increasing the
temperature of the cell will increase the fuel cell performance, a critical temperature is
established after a period of time where the performance of the cell begins to drop. This
is due to an increase in membrane resistance as rate of evaporation of water in the
membrane also increase. A solution is to keep the membrane well humidified by raising
the temperature of the humidification chamber. This will in effect restore the membrane
moisture thereby maintaining the fuel cell performance and even preventing the
possibility of the membrane drying up at higher temperatures.
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Abstract This investigation reports the analysis of the performance of a
PEM fuel cell through design of experiments (DOE). The various
operational conditions like flow rates and pressure were optimized to
determine the best condition that will generate optimum current and voltage
to make the fuel cell efficient. This in effect will reduce the operational cost
of running a fuel cell, as less input conditions were explored to generate
more voltage and current from the 5-cell stack fuel cell. The experiments
were conducted at temperatures ranging between 500C and 600C. The
work concluded that maintaining high pressures of the reactive gases but
reducing the flow rate of the hydrogen whilst increasing the oxygen flow
rate, provided maximum current and voltage from the fuel cell. Increasing
the operating work conditions around the cell will cause the output
response (voltage and current) to increase but will surely affect the
operational cost of the fuel cell as more hydrogen and oxygen will be
needed to sustain such demand. The work finally concluded that working
parameters around the cathode significantly determined the performance of
the fuel cell as any changes around the cathode either increased or
decreased the final output of the cell.
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1 Introduction

Recent interest in the development of different energy generation mediums such as fuel
cells [1], have been seen due to the harsh environmental impact on the use of fossil fuel
in the last decade. Some of the negative impacts on the reliance of fossil fuel are air
pollution, extensive exploration of the worlds resources and political implications on
countries that sometimes are naturally blessed with such resources [2]. It has therefore
become very imperative that an alternative power source is needed that is energy efficient,
has low pollutant emission and its supply of fuel is unlimited [3]. It is therefore possible
to consider fuel cells as one of the alternative mediums to commercially supply power to
meet the energy demand which is also environmentally friendly.

Some advantages of fuel cell systems are: they have high operating efficiency, they are
capable of having several options in supplying the fuel to the stack. The fuel can be
obtained from different sources as well, they also produce no or less pollutant harmful to
living things, require low maintenance because they do not have moving parts capable of
causing wear and tear or

electrons

Hydrogen

8

Water

®

Figure 1: Various corﬁponents ina hydrbgen fuel cell

generating excessive heat and finally do not need being recharged as they provide power
instantly when supplied with fuel. With all these advantages of fuel cell one may assume
there are no demerits but they major challenge has to do with cost. This is because
materials needed in building a fuel cell must come with some specifications especially
on the catalytic layer where platinum is needed. Today fuel cells are being used to power
portable devices like toys, large stationary device and even in the automobile industry [4-
8].

There are several types of fuel cell and each type is often named according to the
electrolyte they are made off but the proton exchange membrane fuel cell is currently the
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most dominant among all the types. They are considered to have a fast start-up and shut
down, high power density, low operating temperatures and the design of the stack are
also simple compared to the others. For PEM fuel cell to compete with other fuel cells on
the market, it’s important that the cost and weight is reduced significantly. One of the
pragmatic ways of improving the performance of any fuel cell is by varying the
operational parameters of the fuel cell [9]. The operating condition of fuel cell play a key
role in the final output of the stack. It is therefore imperative that the best conditions that
gives the maximum performance of the fuel cell is well known. For instance, the
conditions leading to the maximum power and current density must all be established for
any fuel cell [10]. The knowledge of the complete operational map will allow to
efficiently use the device and even reduce the possibility of it being damaged. Some
works have been carried out on fuel cell operating conditions to achieve the best
performance, however these works do not consider the possibility of integrating surface
responses and design of experiment analysis to predict the optimal conditions for any fuel
cell.

2 Testing of Fuel Cell

A fuel cell with a serpentine flow plate design was purchased from Fuel cell store in the
United States(US) with an active area of 11.46cm2 One of the manufacturers
specification was to have the membrane humidified to prevent the possibility of it drying
up. The PEM fuel cell was dismantled as shown in Figure 2, to examine how the various
components interacted with each other in the cell, and to get an idea on the impact of the
operating conditions were likely to have on each layer in the stack.

Current Collector — Anode Side

PEM Stack with two gaskets back to back 3 \
; Hy inlet \

Air breathing bipolar plate

Current Collector — Cathode Side

S Anode side backing plate
H, outlet

H, bipolar flow plate

Air blowing fan

QQ Cathode side backing plate

Figure 2: 3D view of the Fuel cell purchase from fuel cell store, US.
2.1 Design of experiments

Design of experiments (DOE) is a mathematical method for planning and performing
scientific studies that change experimental variables together to determine their effect on
a given response. It also makes controlled changes to input variables to gain maximum
amount of information on cause and effect relationships with minimum sample size. DOE
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is efficient is essence, that changing one variable at a time can predict the impact on any
given response. It gives out information based on the effect of different factors has on a
response variable. In some cases, DOE, may be able to determine optimal settings for
those factors. Figure 3 shows the basic steps in any DOE analysis.

‘ CONTROLLED FACTORS ‘

e

‘ TNCONTROLLED FACTORS ‘

Figure 3: Design of Experiment approach
2.2 Box — Behnken design

The Box — Behnken design is a response surface design which is also described as an
independent quadratic design. It implies that this response surface design does not have
any embedded factorial or fractional factorial design. The treatment combination for this
design is centred on the midpoints of edges of the process space and at the centre. They
are rotatable (or near rotatable) and require 3 levels of each factor as shown in Table 2.
They have limitations for orthogonal blocking compared to the central composite [11].

d i

=il
-1 +1
Figure 4: Geometry of Box — Behnken design for optimization of three parameter
process.

Blocking is a technique used to increase the precision of an experiment by breaking the
experiment into homogenous segments (blocks) to control a potential block to block
variability. The effects on the experimental result because of the blocking factor are
minimized. The main levels considered were coded as -1, 0, and +1 as shown in Figure
4,
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They are formed by combining two — level factorial designs with incomplete block design
[12]. This approach generates designs with desirable statistical properties but only a
fraction of the experiments is required fora three level factorial. The quadratic model is
often the most preferred because there are three levels. The number of centre point
selected was 1, in order to reduce the amount of experiments and also because the centre
point was not considered to be an important position. There are other types of statistical
programs that can be used to set up and analyse a DOE. Stat-Ease or Mini tab are two
common programs that can be used in DOE analysis. This analysis was performed using
DOE, Stat-Ease because it dedicates itself for providing the best program for design and
analysis of experiments and proved to be more than satisfactory for this type of study
[13].

2.3 Experimental parameters

The experiment was performed considering the effect of three parameters on the
performance of the fuel cell. The various conditions were also optimized to determine the
best operating conditions to achieve the maximum voltage and current. Several graphs
were generated through DOE in response to these operating parameters. The air pressure
was initially set to be below the hydrogen pressure but from the manufacturers’
specification, the oxygen had to be supplied in large quantities as shown in Table 2.

Table 2: Fuel cell experimental parameters.

DOE level -1 0 +1
Parameter level Low Medium High
Hydrogen 1bar 1.75 bar 2.5 bar
pressure
Air/oxygen 0.8 bar 1.55 bar 2.3 bar
pressure
Hydrogen 15ml/min 82.5 150
volumetric flow ml/min ml/min
rate
Oxygen 15ml/min 82.5 150
volumetric flow ml/min ml/min
rate
2.4 Experimental set up

The hydrogen gas was produced using a hydrogen generator from Peak Instrument, UK
where the reacting oxygen was obtained by directing air through the air vents of the fuel
cell with the aid of a fan. The pressure of the hydrogen fuel was varied between 1bar and
2.5 bar. The fuel (hydrogen) was then directed through a flow meter to determine the flow
rate of the gas before entering the fuel cell. Once the flow rate of the gas was determined,
the hydrogen was then passed through a humidified chamber before finally entering the
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anode region of the fuel cell, as in [14]. The working environment for the experiment had
a relative humidity of 0.74 and the air flow rate was also determined from the data sheet
of the fan used in the experiment.

A potentiostat from Gamry Instrument was used to generate the polarization curve at each
working condition. The open circuit voltage and current was also determined using a
multi meter. A thermocouple was attached to the fuel cell to determine the cell operating
temperature at varying operating condition. The fuel cell was operated at temperatures in
the range 50°C — 60°C.

3 Analysisof Data

The design of experiment was first used to determine the accuracy and to predict possible
errors prior to each response being analysed and graphed statistically. The software
automatically lists each execution in randomized order which protect against any lurking
factors such as time, temperature, humidity etc. A number of factors can be used to correct
the errors in the experiment [15]. In DOE, one of the approaches is to check the
significance of the model in the ANOVA. ANOVA is analysis of variance, a statistical
method in which the variation in a set of observations is divided into distinct components.
For the experimental model o used for this investigation, the F-value was 11.04 which
indicated that the model was significant. There was only a 0.01% chance that an F-value
this large could occur due to noise. Values of "Prob > F" less than 0.0500 indicate model
terms are significant. From the model intercept, D, AB, B2, C*2, D"2 were significant
model terms. Again an insignificant model can be made significant by reducing the
model. Another important parameter to carefully consider in the ANOVA is the “Pred R-
Squared”. The "Pred R-Squared" value for this experiment was 0.5408 and this was also
not so close to the "Adj R-Squared” of 0.7416. The difference was more than 0.2. The
model could be reduced further or the response could be transformed further. "Adeq
Precision™ in ANOVA measures the signal to noise ratio. The normally accepted ratio is
4 but the ratio for the model for the experiment was 12.015 making it very suitable for
the DOE analysis. According to Montgomery, 2001 transformation sometimes skewed
the results so it’s often advanced that is used as the last resort in getting the values either
significant or the difference between “0Adj R-Squared” and “Adeq Precision” less than
0.2. The normal plot in diagnostics as shown in Figure 5 is used to determine whether the
results are normally distributed [16-20]. Under normal circumstances, the normal plot of
residual should be a straight line showing no abnormalities. From the normality plot, there
is linearity between the experimental set points.
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Figure 5: Normality plot for the experimental model.
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Figure 6: Plot to determine the operation condition to generate the maximum current
from the fuel cell at maximum pressure.
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4.0 Results and Discussion

4.1 Current

From the analysis made in the design of experiment, the highest current of 4.15A was
achieved by increasing the oxygen flow rate (150ml/min) and increasing the hydrogen
flow rate(150ml/min) as shown in Figure 6.

A low hydrogen flow rate of 15ml/min but high oxygen flow rate of 150ml/min at

maximum pressure can equally generate high amount of current from the fuel cell as
shown in Figure 7
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B: Oxygen pressure (bar)
A Hydrogen pressure (bar)

Figure 7: Plot of low hydrogen flow rate (15ml/min) but high oxygen flow
rate(150ml/min) still yield maximum current from the fuel cell.

Figure 8 shows that reducing the pressure of the gas to the least minimum value but
increasing the flow rate of the reactant will still generate high amount of current.
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Figure 8: Plot of low gas pressure but Hig_h flow rates can still generate maximum
current from the fuel cell.

4.2 Voltage

From Figure 9, increasing all parameters both voltage and current will affect the general
performance of the fuel cell by increasing the open circuit voltage. From Figure 10
increasing everything will contribute to the fuel cell performing better but this may not
be the most efficient approach as it will eventually increase the general cost of running
the fuel cell. Hence a much easier and cheaper approach is to increase the hydrogen flow
rate but reduce the oxygen flow rate. Reducing the gas pressure as shown in figure 11
will reduce the general performance of the fuel cell from its initial voltage of 4.7V to
4.4V, an indication that a fairly high pressure should be maintained whilst varying the
flow rate if the fuel cell performance is to be kept constant.
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Figure 9: Increasing all parameters for the fuel cell.
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Figure 10: Operational performance of fuel cell at reduced pressures but high flow
rates.
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4.3 Optimization of parameters

Itis possible to optimize the various operational parameters to determine the best working
condition to make the fuel cell efficient through DOE. By optimization, one can predict
the optimum pressure and flow rate to achieve high efficiency at a reduced operational
cost from the fuel cell. The optimization package in DOE can be done numerically as
shown in Figure 11 or graphically in Figure 12 and 13.

—_— I
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25 0.8 23
A: Hydrogen Pressure = 1.61288 bar B: Oxygen Pressure = 2.3 bar
Y R S

15 150 15 150
C: Hydrogen Flow Rate = 150 ml/min D: Oxygen Flow Rate = 138.79 ml/min

— e — [
3.47 3.95 438 4.92

E: Current = 3.90136 A F: Voltage = 4.74002 V

Desirability = 0.850

Figure 11: Optimization of operating parameters to determine the best conditions for
maximum output from the fuel cell.
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Figure 12: Graph of the best conditions to obtain the maximum current from the fuel
cell.
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Figure 13: Graph of the best conditions to obtain the maximum voltage from the fuel
from the fuel cell.

Various conditions can be set under the optimization package. For instance, the
operational limit can be set and reduced to know the working conditions to obtain the
optimal result. Once the criteria has been set for the conditions the software generates the
best operating parameters to give the maximum results. From Figure 11, it is observed
that increasing the oxygen pressure but keeping the flow rate high will generate a
maximum current of 3.9A and maximum voltage of 4.7V. The graphical representation
is as shown in Figure 12 and 13.
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Figure 14: Graph of the best conditions to obtain the maximum current from the fuel
cell.
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Figure 15: Performance of the fuel cell with respect to high oxygen flow rate but low
hydrogen flow rate at high operational pressures.
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Optimization was also done graphically to predict the best working range for the fuel cell
to work efficient shown in Figure 14. This gave a fair idea to specifically know the best
condition or area one should maintain the operating parameters to achieve the maximum
current from the fuel cell. The yellow region from Figure 15 indicates the region where
the fuel cell will be operating at its maximum potential.

It can be seen from Figure 15, that reducing the hydrogen flow rate but maintaining the
oxygen flow rate at high maximum pressure will still eventually lead to the fuel cell
generating good amount of current in the yellow region.

5 Conclusion

Several parameters are taken into consideration when optimizing the performance of a
fuel cell. The general working conditions contribute significantly to the performance of
the cell. In order to predict the best operational conditions for the fuel cell, DOE(S) were
performed to record the inputs and determine the output. Predictions were made based on
the best result for each DOE. It is possible for an error to be corrected and situations
where the input data was not significant. They were checked by ensuring that they were
correctly keyed into the software and the experiment performed satisfactorily. From the
results, it was observed that increasing all parameters of the fuel cell eventually increased
the performance of the fuel cell, with certain limitations. Applying this approach means
more hydrogen and oxygen is needed which will eventually affect the operational cost of
the fuel. Several parameters were varied but the best operational condition yielding the
maximum current and voltage was found by reducing the fuel(hydrogen) flow rate but
increasing the oxygen flow rate while maintaining constant pressure for both reactive
gases. The parameters were also optimized using both numerical and graphical package
in DOE. In a nut shell, the performance of the fuel cell is highly dependent on the
conditions occurring at the cathode region whilst that at the anode, have least influence
on the performance of the fuel cell except at very high conditions.
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1 Introduction

Ni-YSZ cermets are the most traditionally diffused anodes for Solid Oxide Fuel Cells
(SOFCs) but their use in direct methane fuel cells is complicated by their capability to
catalyse the formation of carbon filaments that cause the efficiency loss of the device [1].
A suitable anode for the direct oxidation of methane needs good electronic conductivity
and electrocatalytic activity decoupled from the tendency to form carbon. Copper based
ceria cermets demonstrated to be advantageous in replacing Ni-cermets for direct
hydrocarbons SOFCs [2-6]. In these cermets the electrical conductivity is warranted by
copper, whereas ceria is responsible for the catalytic activity in oxidation reactions.
Moreover, CepgGdo10195 (CGOL10) is an ionic conductor capable to operate at
intermediate temperature (600-800°C), thus opening interesting opportunities for a wider
application of these devices. In the present contribution, we developed and optimized a
new procedure for the Cu-CGO10 cermet synthesis using the citrate route in order to
obtain highly dispersed CuO nanoparticles in CGO10.

In addition to the traditional SOFC geometry a CGO-based symmetric configuration can
be considered, through an appropriate optimization of the electrodes. This approach could
greatly simplify the production of fuel cells because the electrodes’ assembling can be
carried out in one thermal step decreasing the fabrication costs. Even more important,
compatibility troubles can be minimized and the problems related to poisoning (sulphur,
carbon deposition) simply addressed by reversing the gas flow. To reach this objective,
beside electronic conductivity and electrocatalytic activity, stability/reversibility in
oxidizing and reducing conditions is required for a successful application in symmetric
and reversible SOFCs (SR-SOFCs). Therefore, we investigated the structural behaviour
of the composite under oscillating H2/O-, feed.

2 Experimental
2.1 Synthesis

The nanocomposites CUO/CGO (CGO = Cep.9Gdo.101.95s CuO:CGO10 2:3) were obtained
by the citrate method [7] starting from CGO, (Sigma-Aldrich >99%, dimension 5-10nm),
and CuO (Sigma-Aldrich 98%, dimension <5um). Citric acid monohydrate (Sigma
Aldrich >99%) was added to an aqueous solution of the copper cations, obtained by
mineralization of CuO with nitric acid, with a molar ratio of 1.9:1 with respect to the total
amount of cations. Before adding CGO powder to the solution, the pH was adjust to reach
respectively 1, 4 and 8 obtaining three different solutions from whom a different
complexation and final particles’ dispersion is expected (the final samples will hereafter
indicated as pH1, pH4, and pHR). Each solution was than heated to 80°C in air to promote
water evaporation and to obtain a wet-gel. The gels were heated in air to 400°C (5°C/min
heating rate) for 2 h to decompose the organic framework. At the end of the heat
treatment, the powders were grinded and calcined at 600°C for 5 h. This procedure was
preferred to the traditional wet impregnation to allow the deposition of copper oxide in
highly dispersed form thanks to the complexation of the citrate.
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2.2 Characterization

XPS measurements were carried out with a Perkin Elmer @ 5600ci Multi Technique
System. The spectrometer was calibrated by assuming the binding energy (BE) of the Au
4f71 line to be 84.0 eV with respect to the Fermi level. Both extended spectra (survey -
187.85 eV pass energy, 0.5 eV-step™?, 0.05 s-step™®) and detailed spectra (Ce 3d, Gd 4d,
Cu 2p, O 1s and C 1s — 23.5 eV pass energy, 0.1 eV-step™?, 0.1 s-step™) were collected
with a standard Al Ka source. The atomic percentage was evaluated using the PHI
sensitivity factors [8] after a Shirley-type background subtraction [9]. The peak positions
were corrected for the charging effects by considering the C 1s peak at 285.0 eV and
evaluating the BE differences [10]. XRD analyses were performed with a Bruker D8
Advance diffractometer with Bragg-Brentano geometry using a Cu Ko radiation (40 kV,
40 mA, A = 0.154 nm). Temperature Programmed Reduction (TPR) measurements were
performed with an Autochem 11 2920 Micromeritics, equipped with a TCD detector. TPR
measurements were carried out in a quartz reactor using 50 mg of the sample and heating
from RT to 900°C at 10 °C/min under a constant flow of 5 vol% Ha/Ar (50 ml/min). Field
emission-scanning electron microscopy and EDX measures were carried on a Zeiss
SUPRA 40VP . Morphological analysis and EDX analysis were carried out setting the
acceleration voltages at 20 kV.

2.3 Catalytic tests

The catalytic tests were carried out by loading the sample in a quartz tube reactor in which
a thermocouple was inserted to read and control the temperature. The effluent gases from
the reactor reached the GC (Agilent 7890A equipped with TCD) for the analysis. Methane
oxidation was performed between RT and 900°C using stoichiometric mixtures (2 vol%
CHgz and 4 vol% 0,).

Time resolved operando XRD

Time-resolved operando XRD measurements were performed at beamline 1D 15 of the
European Synchrotron Research Facility (ESRF, Grenoble) in the Q range of 0-12 A
and at an energy of 74.9 keV. The patterns were collected every 0.5 s during the heating
ramp and at static temperatures. Alternate pulses (20 s) of 5 vol% H2/Ar and 5 vol%
O,/Ar were performed in a home-made cell closed by X-ray transparent windows
(graphite) and interfaced with a mass spectrometer [11].

2.5 Electrochemical characterization

The electrochemical measurements were performed using symmetric cells
(Cu/CGO/CGO/Cu/CGO) made of dense gadolinium doped ceria (CGO) ceramics as
electrolyte on which electrode materials based on the as prepared CuO/CGO powder were
deposited as porous layers [12] and reduced by treating in 5% H» at 400°C for 1h. The
electrolyte was made with a pellet pressed and then calcined at 1450°C for 5 h with a
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1.5°C/min heating ramp. The symmetric electrode was deposited by a home-made screen
printing machine and calcined on the electrolyte at 1000°C for 1 h with a 2°C/min heating
ramp. After calcination the electrode’s thickness was about 10 um, as show in Figure 1.

R -

Electrolyte

Figure 1. SEM image of cell’s section .
Electrochemical Impedance Spectroscopy (EIS) measurements were carried out using an
Autolab Frequency Response Analyser. The frequency scanned was from 0.05 Hz to 1.5
MHz and the amplitude of 0.05V.
3 Results
3.1 XRD
The comparison between the XRD patterns of CuO/CGO and CGO revealed the

formation of cubic CuO (Figure 2). No significant differences have been observed as a
function of the pH of the precursors’ solution.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL

57

PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), ENERGY STORAGE
T. Wilberforce, F. N. Khatib, A. Al Makky, A. Baroutaji & A.G. Olabi: Characterisation
of Proton Exchange Membrane (PEMFC) Fuel Cell Through Design of Experiment

(DOE)

*
2,0
| *
1,5 4 l *x @ @ *
- | *
3 .
s ‘l pH8
w 1,0
5
H4
3 P
0,5
pH1
0.0 J\J\CGO
— 71t~ r T r T r 11T
30 35 40 45 50 55 60
2 Theta (°)

Figure 2. XRD patterns of the CuO/CGO nanocomposites obtained at increasing pH
from bottom to top: pH1 = red, pH4 = green, pH8 = blue. Symbols: [*] CGO, [¢] CuO.
The pattern of CGO is reported for comparison (black line).

3.2 XPS

The Cu 2pssz peak position (934.1 eV) was consistent with those expected for Cu(ll) [13].
Consistently, the shake up signal (about 942 eV) characteristic of Cu(ll) was evident. No
significant difference was observed in the Ce 3d signals after copper deposition. The
atomic surface compositions indicated a low amount of copper suggesting high CuO

dispersion particles.

Table 1. XPS atomic compositions before and after the deposition of copper under

different synthesis conditions

Sample Ce |Gd | Cu | O | Gd/C( Cu/Cq
CGO10 XPS 31527 |- 65.80.1 |-
(92.1(7.9)

Nomina| 30.5|3.4 |- 66.10.1 |-
(90.9 (120.0
CuO,/CGO1{XPS |22.9|24 |16.3 |58.40.1 |0.7
pH 1 (55.1 (5.7) | (39.2)
CuO,/CGO1{XPS |16.3|8.8 |215 |53.405 |13
pH 8 (35.0(18.9) (46.1)
CuO,/CGO1{Nomina| 15.4|1.7 |24.8 |58.10.1 |1.6
(36.7 (4.1) | (59.2)
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3.3 TPR

The TPR curves of as prepared CuO/CGO samples (Figure 3) exhibited a signal due to
the Cu(Il) — Cu(0) reduction at ca. 250°C. The corresponding signal in the CuO
reference was observed at 316°C. The lower reduction temperature was consistent with
the extent of dispersion of CuO [14]. A weak shoulder at low temperature (180-200°C),
becoming more evident as the synthesis pH increases, suggested the presence of highly
dispersed nanoparticles.

3 10

- 0,8+

p=y

w

o 06 pH8

S o

= 04 pH4
0,2 pH1
0,0 CGO

160 ‘ 1.%0 260 ‘ 2%0 360 ‘ 360 460 I
Temperature (°C)
Figure 3. TPR curves of the CuO/CGO nanocomposites obtained at increasing pH from
bottom to top: pH1 = red, pH4 = green, pH8 = blue. The line of CGO is reported for
comparison (black line).

This important result confirmed the possibility to obtain highly dispersed particles by
opportunely modifying the citrate synthesis procedure.

The comparison between the estimated (123 cm?®/g) and measured (123 cm?/g for all the
three samples) Hz consumption confirmed that copper is present as Cu(ll). It was
interesting to observe that, based on literature, pure CeO; exhibits two reduction peaks at
450 and 900 °C, whereas in mixed CuCe oxide catalysts the ceria reduction is frequently
difficult to observe and can be centred at lower temperatures [15]. In the present case no
relevant reduction events were observed for CGO until 900°C testifying its great stability
under reducing conditions.

3.4 SEM

TPR results suggest a different dispersion of CuO depending on the pH of the precursors’
solutions. This behaviour is confirmed by SEM images. When the pH=1, in fact, it was
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possible to observe the CuO agglomerate inhomogeneous dispersed on the surface. The
CuO particle size obtained were more than 1 um. As expected at pH8, the copper
complexation induced grater dispersion with smaller particles size, <1 um (Figure 4 and
Figure 5).

EHT = 16.00 kV Signal A= SE2 Date :2 Mar 2017
WD = 7.5mm Photo No. = 14411 Time :17:35:01

EHT = 16.00 kv Signal A = SE2 Date :2 Mar 2017
WD = 75mm Photo No. = 14403 Time :16:55:50

ol
Figure 5. SEM image of the CuO/CGO pH1 powder.

35 Catalytic and electrocatalytic tests

The catalytic behaviour observed before and after the deposition of copper oxide is
reported in Figure 6.



60 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), HYDROGEN AND FUEL CELLS
G. Carollo, A. Garbujo, D. Ferri, M. M. Natile & A. Glisenti: Cu/CGO Cermet Based
Electrodes for Symmetric and Reversible Solid Oxide Fuel Cells

100 H

80
S
T~ 604
o
c
% —=— CuO/CGO pH1
£ 407 —e— CuQ/CGO pH4
2 —+— CuO/CGO pH8
S L ——CGO

450 I 560 ' 5%0 ' 660 ' 660 I 760 I TéO ' 860 ' 8%0 ' 960
Temperature (°C)
Figure 6. Catalytic activity in methane oxidation observed for the CGO before and after

copper oxide deposition.

The CGO support started to be active in methane oxidation at 475°C; the Tso was 575°C
and a conversion of more than 80% was reached at 650°C. In the temperature range more
interesting for the application in SOFCs (600-800°C) the CGO showed good catalytic
activity. Moreover, CGO was also selective towards the complete oxidation. The
deposition of CuO did not decrease the catalytic activity significantly: the catalytic
activity decreased only in the nanocomposite obtained at pH = 1 (Tso = 600°C; 80%
conversion at 800°C).
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Figure 7. XRD patterns of the CuO/CGO nanocomposites obtained at increasing pH
(from bottom to top) after reaction. Symbols: [*] CGO, [§] CuO, [¢]Cu. The pattern of
CGO is reported for comparison (black line).
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The XRD patterns obtained for the samples after the reaction are compared in Figure 7.
In all cases the XRD signals were characterized by a smaller FWHM suggesting the
increment of the crystallite size. A different behaviour was observed between the
composite obtained at pH = 8 and those prepared at pH = 1 and 4. In the former, the
increase of the crystallite size was the only observed difference, whereas in the latter two
nanocomposites copper was converted into elemental form. These results suggest that the
synthesis at pH = 8 allows to reach a better dispersion of the CuO nanoparticles enhancing
the stability of the composite.

The high dispersion of copper also improves the electrochemical performance as a
consequence of the enhanced electrical conductivity: EIS measurements, in fact, confirm
that the Area Specific Resistance (ASR) significantly decreases due to copper dispersion
and as a function of temperature. The Nyquist plot analysis allowed to distinguish
between the different contributions to the resistance and thus to optimize the electrode
preparation.

3.6 Time-resolved XRD

The behaviour under reducing conditions was investigated in more detail by collecting
time-resolved XRD patterns. The continuous perturbation of the sample by alternated gas
pulses requires high time resolution to obtain kinetic information concerning the
structural changes. The data collected in temperature ramp from the sample prepared at
pH = 8 (Figure 8) showed the reduction of CuO to Cu through the path CuO-Cu,0O-Cu at
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about 250°C as expected from TPR analysis (Figure 3). The Cu,O XRD contribution at
2.55 A appeared clearly at ca. 190°C while the CuO phase gradually disappeared. Cu0
was only formed transiently from 157°C to 183°C. When the Cu XRD phase started to

appear, the CuO and Cu,0 phases vanished simultaneously.

QA"

0 500 1000 1500 2000 2500
Time (s)
Figure 8. 2D visualization of the operando XRD data acquired during the heating ramp
(50°C-400°C) under 5 vol% Ho/Ar flow. Time-resolution: 0.5 s.

Redox pulses of diluted H, and O, were performed at 400°C. The phase transitions were
followed at 0.5 s/pattern (Figure 9) and the products were detected with a mass

spectrometer.
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Figure 9. 2D visualization of the operando XRD data acquired during repeated and
consecutive pulses of 5 vol% Hz/Ar and 5 vol% O»/Ar at 400°C.
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As expected, the mass analysis revealed the formation of water as product when the
sample was in reducing environment. During the redox pulsing, the copper dispersed on
the CGO surface changed repeatedly and reversibly from CuO to Cu through Cu20 in the
H: pulse and re-oxidized reversibly in the Oz pulse. The main XRD reflex of the CGO
phase also exhibited a reversible change of d spacing in the reductive and oxidative pulses
suggesting a reversible expansion/contraction of the CGO lattice upon oxygen exchange
with the environment but without loss of the structure.

4 Conclusions

In this contribution we developed a new procedure for the dispersion of copper oxide on
CGO. We observed that the copper distribution can be controlled through the appropriate
selection of the synthesis conditions. The highly dispersed copper enhances electron
conductivity without decreasing the catalytic performance of CGO. The structural
behaviour observed by operando time-resolved XRD confirms the stability and
reversibility of the cermet under reducing and oxidising condition, and therefore the
possibility to use this material as electrode in intermediate temperature Solid Oxide Fuel
Cells.
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1 Introduction

At present, the clean energy research has been widely studied due to the increase of
environmental pollution and the depletion of fossil fuel reserves. Many research focused
on the enhancement of the use of renewable energy technologies (RETS) [1,2]. Among
various RETS, the Polymer Electrolyte fuel cell (PEFC) is one of the most favored energy
convertors due to its low operating temperature, high power density, low noise and zero-
carbon emission. To enhance the performance of a PEFC, a proper design of the reactant
flow fields is required as the flow fields performed several functions affecting the cell
performance, such as distributing reactant to the diffusion and catalyst layers, conducting
the electrons to the external circuit, keeping the reactants (i.e., H2 and O,) separated from
each other, and also helping in water management [3]. According to our previous study
[4], a novel design so-called “Hybrid Serpentine-Interdigitated (HSI) Flow Field” had
been proposed and compared with the conventional single-channel serpentine flow field.
The result revealed that the HSI flow field with one inlet and one outlet (1-10 HIS)
outperformed the single channel serpentine flow field by providing the better heat and
water management as well as the net power output. However, the 1-10 HIS flow field
still had the shortcoming which was the low oxygen concentration area near the oxygen
outlet on the cathode side. The low oxygen concentration reflected low chemical reaction
rate and high amount of liquid water in this area. Therefore the 1-10 HSI flow field still
needs to be improved. The solution for the improvement of oxygen mass faction
distribution was numerical investigated by Seungjae Lee et al. [5]. The result was very
useful since the proposed multi-inlet serpentine design achieved more uniform oxygen
concentration and water distribution than the conventional single-channel serpentine flow
field. In this work, a comparison of the three different cases of the 50 cm? HSI flow field
has been numerically studied. These cases were one inlet and one outlet hybrid
serpentine-interdigitated flow field (1-10 HSI), one inlet and two outlets hybrid
serpentine-interdigitated flow field (11-20 HSI) and 2 inlets and 2 outlets hybrid
serpentine-interdigitated flow field (2-10 HSI), as depicted in Fig. 1. The transport
behaviors such as the oxygen mass fraction, water saturation and water content were also
simulated so as to investigate the effect of the numbers of inlet/outlet design.

1 . 1 4 1
i ] 2 ] 1 ]
(a) (b) (c)

Figure 1. The three different HIS flow field designs; (a) 1-10 HIS, (b) 11-20 HIS and
(c) 2-10 HSI
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2 Model Development

In this work, the investigation on the cell performance and other transport behaviors of
50 cm? PEFCs has been carried out using CFD techniques with a finite volume method,
including a set of several equations such as the mass conservation equation, the Naviere-
Stoke's equations, the conservation of energy equation, and species transport equations
which are a combination of theoretical and experimental derived equations via ANSYS
FLUENT software. The 3-D geometries of three HSI configurations were generated in
ANSYS WORKBENCH. The geometries’ dimension is shown in Table 1. After finishing
the geometries, they were imported into ANSYS ICEMCFD for discretizing into small
computational cells. To stably solve the problem and avoid inaccurate solution, the
hexahedral cells had to be used as they do not create highly skewed cells [6]. There were
about 1,500,000 hexahedral cells for each geometry.

The simulation was carried out under the steady state condition and the non-isothermal
condition was used to examine the heat generation phenomenon. The inlet flow rates at
the anode and the cathode side were assumed constant based on the Reynolds number
calculation which were in the laminar flow regime [3, 7].
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Table 1. Material properties of the flow fields and model parameters used in the
simulation [7]

Parameter 1-10 11-20 2-10
Number of inlets 1 1 2
Number of outlets 1 2 2
Cell active area (cm?) 48.067
Channel  cross  section

(width x depth (mm)) 0.80x0.80
Porosity;

Gas diffusion layer 0.6

Catalyst layer 0.4
Electrical conductivity

(1Qtmd 280

Density (kg m™®) 3215

Sugfacg to volume ratio 1127%107

(m* m=)

Thermal conductivity

(W m K 0.16
Equivalent weight of dry

membrane 1,100

(kg kmol?)

Anode exchange current

density 7.17

(Am?)

Cathode exchange current

density 7.17x10%
(Am?)

Anode flow rate (kg/s) 2.87x10°®
Cathode flow rate 3.87%10°
(ml/min)




10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 69
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), ENERGY STORAGE
N. Limjeerajarus & T. Santiprasertkul: Improvement of a Hybrid Serpentine-
Interdigitated Flow Field by Adjusting Numbers of Inlet and Outlet of Gas Flow
Channels

The counter-flow pattern was used in all cases. In each case, the inlet flow rate of each
reactant was equivalent to the stoichiometric number of 1.1 at 60 °C and 90 % RH which
was calculated based on the reference current density of 1.8
A cm, The operating temperature was set at 60 °C throughout the terminal surface of the
anode and cathode current collectors and the pressure was set at 1 atm at the outlets of
the gas flow channel. In this model, water transports inside the membrane, multi-
component diffusion, liquid water formation and transport were considered. The
boundary conditions and material properties were obtained from our previous work in
which those parameters were already well validated [7, 8].

3 Results and Discussion

After the numerical simulations of the three cases were completed, the I-V polarization
and the generated power curves were plotted to compare cell performance, as shown in
Fig. 2. The result clearly revealed that the 11-20 HSI configuration provided the lowest
performance as compare with the others, while the highest performance was obtained in
the case of 2-10 HSI configuration. From Fig. 2, the maximum generated power by the
2-10 HIS would be at the current density of about 1.6 A cm?, which was at 0.48 V,
approximately. However, in many applications, the PEFC usually operates at a particular
potential which is approximately 0.6 V (0.8 A cm in this case) [7], Considering at the
0.6 V, the overall performance of 1-10 HSI and 2-10 HSI configurations were almost
identical, but that of 11-20 HIS was significantly lower.

The objective of this work was to investigate not only the cell performance, but also the
distributions of water content, water saturation, and the mass fraction of oxygen at the
interface of the cathode catalyst layer and gas diffusion layer which was the major
disadvantage of the previous HSI flow field (1-10 HSI). The analysis of those
distributions was carried out for the practical potential of 0.6 V.
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Figure 2. The simulation results of I-V polarization curves and generated power of the

three different HIS cases
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3.1 Oxygen concentration

As mentioned earlier, the previous HSI configuration (1-10 HSI) had the weak point
which was the low oxygen concentration area near the oxygen outlet on the cathode side
(see Fig.3a). This issue could lead to the non-uniform distribution of current density, the
acceleration of cell degradation and the decrease in cell durability. The comparison of
oxygen mass fraction distribution of the three cases is presented in Fig. 3. The result
showed that with the 2-10 and 11-20 HSI configurations, the oxygen mass fraction
around the bottom-right corner was significantly increased, and the distribution of the
oxygen mass fraction was obviously more uniform than that in 1-10 HSI case.
Furthermore, the 2-10 HSI configuration gave the best uniformity in oxygen mass faction
distribution.
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Figure 3. Oxygen mass fraction distribution on the interface between the cathode
catalyst and gas diffusion layers of (a) 1-10 HSI (b) 11-20 HSI (c) 2-10 HSI flow fields

It can imply that oxygen could be better fed into the 1-10 HSI defect point (low oxygen
mass fraction area) by increasing the number of gas flow inlet in the middle of the flow
field. As a result, at a particular potential below 0.7 V, the current density of the 2-10-
HSI configuration was the highest among all three cases because the electrochemical
reaction could uniformly occur throughout the entire cell area. This result confirms the
summary by Seungjae Lee et al. that increasing inlet of gas flow channel can accomplish
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a higher oxygen concentration, which leads to the decrease in the over-potential and
ohmic loss, and thus the higher cell performance [3].

3.2 Water management

As concluded by many researchers [9], a major problem that affects cell performance and
durability is water flooding in the catalyst and gas diffusion layers. Therefore, a well-
designed of flow field must provide a uniform distribution of water concentration and
good water management. According to our previous work [2], although 1-10 HSI could
provide a better water management than the conventional single channel serpentine flow
field, it was not good enough as it caused high membrane water content (water
content>14) which indicated that the membrane was full of liquid water. Fig. 4 presents
the comparison of water content distribution of the three cases. It was clear that the 2-10
HSI configuration gave the best water content uniformity while the 11-20 HSI
configuration offered a more uniform water content distribution than the 1-10 HSI
configuration. Nevertheless, it is worth to mention that the water content in 2-10 HIS was
still higher than 14, which the HIS can be further improved.

Similarly, considering the water saturation distribution on the interface between the
cathode catalyst and gas diffusion layers, the 2-10 HSI could offer the best water
management while the previous 1-10 HIS gave the worst (see Fig. 5). The 2-10 HIS
provided much more uniformity in water saturation distribution than the other two cases.
More importantly, the water saturation in 2-10 HIS was below 0.2, which is the critical
value suggested the existence of liquid water and the cell performance would become
unstable if the water saturation exceeds 0.2. This means the 2-10 HIS could force liquid
water out of the cell more efficiently than the 11-20 HIS and 1-10 HIS, respectively. This
resulted from its gas flow inlet and outlet arrangement that reduced the length of the gas
flow channels. From Figs. 4 and 5, it can be concluded that the 2-10 HSI configuration
provided the best water management in the catalyst layer and the gas diffusion layer as
well as in the membrane.
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Figure 4. Water content distribution on the interface between the membrane and the
cathode catalyst layers of (a) 1-10 HSI (b) 11-20 HSI (c) 2-10 HSI flow fields
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Figure 5. Water saturation distribution on the interface between the cathode catalyst and
gas diffusion layers of (a) 1-10 HSI (b) 11-20 HSI (c) 2-10 HSI flow fields

Owning to better water management, the less water flooding could be achieved in the 2-
10 HIS configuration, especially at the bottom-right corner of the cell. As a result, the
reactant Oz could reach any part of the cell more efficiently, which coincided with the
result of oxygen mass fraction distribution shown in Fig.3, resulting in the best 1V
performance.

4 Conclusion

The modification of gas inlets/outlets of HIS flow field configuration had been
numerically studied, aiming to solve the problem of low oxygen mass fraction area, and
to improve cell performance. Three cases of 1-10 HIS, 11-20 HIS and 2-10 HIS were
proposed and investigated using CFD simulation via ANSYS FLUENT software. The
simulation results suggested that the 2-10-HSI configuration outperformed the other two
configurations in the viewpoints of the cell performance, the oxygen mass fraction
distribution and also the water management due to its shortest length of gas flow
channels. Furthermore, the 2-10 HSI configuration offered much more uniform
distributions of oxygen and water, which could lead to longer cell life time. Therefore,
the 2-10 HSI configuration could be a promising flow field design for a practical scale
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like 50 cm?. However, to confirm its performance and merits, this flow field still needs
the experimental examination, which is ongoing in our research group.
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1 Introduction

Proton exchange membrane fuel cell (PEMFC) technology is slowly entering the market
for small, manwearable and manportable power applications. This is primarily because
they can attain a higher specific energy than Li-ion batteries, which results in lower
weight and longer autonomy of the power unit [1]. An attractive option to further increase
the energy density of PEMFC portable applications is to use methanol instead of
hydrogen as the fuel. This is not only because methanol has a higher volumetric energy
density, but also because of methanol’s properties with respect to storage and
transportation, which are much better than those of pure hydrogen.

Due to the highest attainable hydrogen concentration in the reformate stream,
endothermic methanol steam reforming is more attractive than auto-thermal steam
reforming or partial oxidation of methanol. Since a methanol steam reformer (MSR) is a
heat consuming device it would be very convenient to form a heat integrated system
where the otherwise redundant waste heat produced by a HT PEMFC stack could be
directly transferred to a MSR and thus effectively put to use.

Until now this was not practicable because there was a temperature gap between the
operating temperatures of the PEMFC stack and the MSR. Conventional high-
temperature (HT) PEMFC based on polybenzimidazole (PBI) polymer doped with
phosphoric acid (H3POa) operate best within the temperature interval 160 - 180 °C and
up to 200 °C, but at this temperature the degradation processes become more rapid. The
use of conventional catalysts enables the MSR to attain practically full conversion at
relatively low temperatures between 250 - 300 °C. Unfortunately, these temperatures
exceed the operation temperatures of the conventional HT PEMFC. However, other
unconventional or novel HT PEMFCs capable of operating above 250 °C have been
developed [2, 3] or are still under development [4] but they are not market mature yet.
Their successful commercialization would allow direct thermal coupling with the MSR
using conventional reforming catalysts.

On the other hand, a low-temperature (LT) MSR catalyst was recently discovered that
shows great potential to achieve complete conversion of methanol with a very low CO
content at temperatures below 200 °C [5, 6]. Low temperatures disfavour the reverse
water-gas shift reaction (rWGS) which according to [7] is the main cause of CO
formation. The developed LT MSR catalyst enables direct thermal coupling of the HT
PEMFC stack and the LT MSR into an integrated thermally self-sustained system.

Directly utilizing the heat produced by the HT PEMFC stack in the reformed methanol
fuel cell (RMFC) system was first shown in [8] although at the temperature of 200 °C
close to 100% methanol conversion could only be achieved at a very low hydrogen yield
around 6.7 cm® min gcar. Similar but a more advanced approach was taken in study
[9] where a two stage MSR was used. The first stage was in direct thermal contact with
the HT PEMFC stack and the second stage was heated with the catalytic combustor using
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anode off-gas as the fuel. Most recently published was a numerical and experimental
study [10] of the integrated system constructed from an internally RMFC stack, where
the methanol was reformed by a catalyst incorporated into the anode compartment of the
HT PEMFC.

The goal is to characterize the newly developed LT MSR catalyst and a two-cell HT
PEMFC stack. The obtained kinetic data will be used to predict the operational
characteristics of the LT MSR that will be directly thermally coupled with the stack of
HT PEMFCs into the integrated system. The main objective is to predict or identify a
working point where the system becomes thermally self-sustained (e.g. when all the heat
produced is in balance with the heat consumed and lost to the environment).

2 Experimental Setup
2.1 Methanol steam reformer

A pH-controlled co-precipitation method was used to synthesize the highly active
CuZnGaOx catalyst. 6.03 g of the synthesized catalyst was inserted into the reformer.
The reformer is made from three separate stainless-steel plates welded together; the
design can be seen on Figure 1. The inlet (1) and outlet (2) channels go through the upper
plate. In the middle plate a reaction chamber was cut out (3), which was filled with the
catalyst through the service hole (4) in the bottom plate. Two inserts with guide holes (5),
for aligning the reformer to the fuel cell, were placed in the positioning holes (6) and
welded onto the upper and bottom plates. A wire mesh (7) was inserted into the slots (8)
at the inlet and outlet sides of the reaction chamber in order to entrap the catalyst. The
planar shape of the reformer is required for the integration with the fuel cell stack.
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Figure 1. Premanufactured LT MSR parts (top), upper side (bottom left) and bottom
side (bottom right) of the constructed LT MSR

The packed bed reactor was modelled considering the processes of convection, axial
dispersion and chemical reaction. Mass transfer to the surface of the catalyst particles
was neglected due to the small size of the catalyst particles. The viscosity and density of
the gaseous mixture, as well as the diffusion coefficients, were calculated through
appropriate equations of state [11].

Based on the mechanism proposed in [7] the following power-law empirical correlation
was used for the description of the reaction kinetics of the LT MSR reaction:

_Eamgsr )
_ RT a
sk = Awisr® Pueor Pr,0 Peat 1)

where rusr IS the rate of reaction, Awsr is the pre-exponential factor, Eamsr is the
activation energy, R is the ideal gas constant, T is the temperature and P; is the partial
pressure. The empirical kinetic parameters obtained through the regression analysis are
presented in Table 1.
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Table 1. The kinetic parameters of the LT MSR reaction on the CuZnGaOx catalyst

Awmsr Eamsr a b
(mol bar*™® s kgea) (I mol™®) / /
1.012 x 107 74,000 | 0.43 | 0.39

The activity of the LT MSR was analysed by examining the methanol conversion as a
function of hydrogen yield. The experimental data show that increasing the temperature
from 180 °C to 200 °C has a very beneficial effect on the hydrogen yield allowing 99.1%
conversion at 62 cm® min gear* (this corresponds to the flow rate of 0.2 ml min™). It is
shown in Figure 2 that the kinetic model, corroborated by experimental data, predicts that
at 200 °C complete conversion of methanol is possible at hydrogen yields of up to
45 cm® min! gcart. This is a threefold increase compared to a study [12] where complete
conversion was possible at hydrogen yields of up to 15 cm® min gcat™ using one of the
finest commercially available catalysts HiFuel R120.
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Figure 2. Methanol conversion as a function of hydrogen yield at SMR = 1.3

2.2 Fuel cell stack

The stack consists of two HT PEMFCs each with an active area of 12.9 cm? The
membrane electrode assemblies were custom designed and purchased from Danish Power
Systems (DPS). Graphite composite bipolar plates (60 mm x 60 mm x 4 mm in width,
length and thickness) were custom designed and purchased from Bac2. Custom design
was also needed for Viton gaskets which were developed together with company Klander
d.o.o. The stack was sandwiched between two layers of insulation (Microtherm® Board)
and then compressed from both sides with aluminium alloy end plates (78 mm x 78 mm
x 20 mm in width, length and thickness). The upper plate was also fitted with connectors
for inlet and outlet gases. The experimental test system and the scheme of the
experimental setup are shown in Figure 3.
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i -
Figure 3. Experimental set-up for the HT PEMFC stack (top) and the HT PEMFC stack
without insulation (bottom)

During the measurements the voltage differences between the first and the second HT
PEMFC were fairly small through all the current density range, being -7 mV at 0.1 A cm
and 9 mV at 0.8 A cm. That is why dividing the measured HT PEMFC stack voltages
by the number of cells to get a single cell polarization curve is a reasonable
approximation. The power density characteristics shown in Figure 4 were used in the
modelling of the integrated system.
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Figure 4. Characteristics of the single HT PEMFC at T =180 °C, Ay, = 1.5, 14,z =25
used in the modelling of the integrated system

3 Simulation Approach

Basic design of the prototype system (shown on Figure 5) has been developed in 3D
modelling software SolidWorks. The model is used to visualize the prototype system
while it also allows detecting construction issues prior to making changes or adaptations.
The simulation approach (using Aspen Plus and Comsol Multiphysics interactive
modelling), explained in scientific paper [13], was used to obtain geometrical and
operational characteristics of the conceived integrated system.

4 Numerical Modelling

The integrated system was modelled as shown in Figure 6. The thermally self-sustained
working point of the integrated system is reached at 0.8 A cm2 where the HT PEMFC
stack produces 8.5 W of electricity and 17.3 W of heat.

In Comsol Multiphysics the calculated heat flows of the integrated system are combined
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Figure 5. Conceptual design of the integrated thermally self-sustained system; external
insulation is transparent

with the system design (Figure 5), which takes into account the physical properties of the
materials, to obtain the approximate temperature profile (see Figure 7). Also, heat losses
of the system are evaluated which are around 4.8 W.

To produce a sufficient amount of hydrogen, 0.2 mL min* of liquid methanol-water
mixture with SMR = 1.3 is needed. At this volumetric flow 98.5% conversion of
methanol is achieved by the LT MSR. The incoming feed flow corresponds to 38.9 W of
heat input based on higher heating value (HHV). Anode and cathode stream exiting the
integrated system still carry a substantial part of heat, mostly because excess hydrogen
and unconverted methanol are unutilized. Model unit BURNER calculates that around
25.6 W is rejected to the surroundings when the combustible components are burned and
the stream is cooled down to 25 °C. The system achieved a gross electrical efficiency of
21.7%.
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Figure 6. Flowchart of the modelled integrated system
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Figure 7. Temperature profile of the integrated system (a), Sankey diagram of the
energy flows (b)
5 Future Work

Measurements at excess ratios lower than those suggested by the supplier were also
performed, since using a smaller hydrogen excess ratio is directly reflected in improved
efficiency of the system. It can be seen in Figure 8 that reducing the hydrogen excess
ratio significantly aggravated the characteristics of the second HT PEMFC (labelled as
FC2). This was attributed to the fact that distribution of the gases between the two HT
PEMFCs in the stack was uneven. By using the laser profilometer it was confirmed that
the depth of the flow field channels is not the same on both bipolar plates. As a
consequence, the plate with deeper channels has a higher volumetric flow rate. That is
why a new set of bipolar plates will be manufactured where special attention will be given
to the equality of channel depths.
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Figure 8. Voltage characteristics of the two HT PEMFCs at constant oxygen excess
ratio Aoz = 2.5 and various hydrogen excess ratios (ranging from 1.5 to 1.25)

At 185 °C the HT PEMFC stack reached the thermally self-sustained working point at a
relatively high current density of 0.76 A cm2, which was attributed to poor insulation of
the system.

The external insulation of the HT PEMFC stack was made from soft and quite delicate
polyimide foam. However, the mechanical and hence thermal properties of the insulation
visibly deteriorated during the use in this and previous experiments. For the integrated
system, a new, mechanically more resilient aerogel insulation, which also has a lower
thermal conductivity, will be used to further reduce the thermal losses.

Also, internal insulation layers were made from a compressed powder blend of filament-
reinforced silica. This material is rather soft and compresses easily at pressures above
0.5 MPa. To prevent any creep during the fastening of the bolts the material was pre-
compressed. It was later discovered that the applied pressure was too high, which led to
poorer insulating properties because the material was over-compressed.
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Abstract Lnz2NiOs oxides with Ruddlesden-Popper structure having a high mixed
ionic-electronic conductivity are important materials in developing oxygen
separation membranes and cathodes of intermediate temperature solid oxide fuel
cells. This work presents results of studies the structure, oxygen mobility and
surface reactivity of Ca-doped Ln2NiOa. Lnz2 xCaxNiO4 oxides (Ln = La, Pr, Nd; x
=0, 0.3) prepared by the co-precipitation method were characterized by XRD and
TEM. The oxygen mobility and surface reactivity were studied by the temperature
programmed isotope exchange of oxygen with CisO2 and unit cell volume
relaxation. Although doping results in enhanced electrical conductivity the overall
oxygen mobility declines due to decreasing the content of highly mobile interstitial
oxygen and hampering cooperative mechanism of oxygen migration. This results
in the emergence of additional 1-2 channels of slow oxygen diffusion at a high
dopant content related to transport in perovskite layers and via the interlayer
positions near the dopant cation sites.
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1 Introduction

Materials with a high mixed ionic-electronic conductivity are required for developing
functional layers of oxygen separation membranes and cathodes of intermediate
temperature solid oxide fuel cells [1]. Ln2NiO4 oxides with layered Ruddlesden—Popper
(R-P) structure having a high oxygen mobility are promising materials for such
applications [2-6]. The high performance of single-button solid oxide fuel cells with
cathodes based on PrNiO4.; (power density up to 0.5W/cm? at 700 °C) was
demonstrated [7,8].

Ruddlesden — Popper structure consists of perovskite-like LnNiOs.; layers having oxygen
vacancies and rock salt-like Ln,Ox+5 layers which can accumulate large amounts of highly
mobile interstitial oxygen [9-11]. A high overall oxygen mobility in the surface and the
bulk of the oxides (the oxygen tracer diffusion coefficient Do ~ 10 cm?/s at 700 °C) is
provided by a cooperative mechanism of diffusion via oxygen migration between
interstitial and regular positions [10,12].

Previously we demonstrated that doping LnaNiO4 (Ln = La, Pr) by alkaline earth metal
cations (Ca, Sr, Ba) increased the total electric conductivity (up to 85 S/cm) [13].
However, the overall oxygen mobility and surface reactivity declined due to decreasing
the content of highly mobile interstitial oxygen and hampering the cooperative
mechanism of oxygen migration. This results in the formation of additional channels of
slow oxygen diffusion which can involve up to 75 % of overall bulk oxygen. Such effect
reduces the electrochemical performance of these materials.

This work aims at studying the structure, oxygen mobility and surface reactivity of Ca-
doped Ln2NiO4 (Ln = La, Pr, Nd).

2 Materials and Methods

Ln,xCaxNiO4:5 oxides (Ln = La, Pr, Nd; x=0, 0.3) were synthesized by the co-
precipitation method. The final synthesis temperature was 1100 — 1250 °C as described
elsewhere [14]. Ball-milling of powders was performed in a planetary mill SAND in
isopropy! alcohol. After milling and drying, BET analysis (SORBI N.4.1 analyzer) was
applied to estimate the specific surface area of powdered materials. Oxygen
nonstoichiometry was determined by the iodometric method.

The X-ray powder diffraction (XRD) data were collected at room temperature using a
Shimadzu XRD-7000 diffractometer (Japan) with Cu/Ka radiation in the 26 range 23 —
83° with a step of 0.02° and fixed time of 5 s at each point. The profiles of diffraction
patterns were analyzed with the Rietveld refinement program Fullprof.
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High resolution transmission electron microscopy (HR TEM) images were obtained with
a JEM-2010 (Jeol, Japan) instrument (lattice resolution 1.4 A, acceleration voltage
2:10°V).

Conductivity of compact R-P samples (size 5 x 5 x 23 mm) prepared by the uniaxial
semi-dry pressing with polyvinyl butyral binder at 6 MPa followed by sintering at
1450 °C for 5 h was measured by a dc four-probe technique.

Oxygen mobility and surface reactivity of samples were studied by using the temperature-
programmed isotope exchange (TPIE) with C*0O, in the flow reactor. The gas phase
composition was analyzed by UGA-200 mass spectrometer (Stanford Research Systems,
USA). Estimations of oxygen tracer diffusion coefficients Do and surface exchange
constants kex were carried out as described elsewhere [15-17].

Chemical diffusion coefficients (Dchem) and chemical exchange constants (Kchem) Were
calculated from the unit cell volume relaxation (UCVR) curves obtained using in situ
SXRD data after an abrupt change of the oxygen partial pressure similarly to our previous
research [9].

3 Results and Discussion
3.1 Structural features

According to the XRD data, all samples are single-phase materials. LnzNiOa.:s phases
have the orthorhombic crystal structure with Fmmm space group, while Ln; 7Cag 3sNiOass
phases possess the tetragonal crystal structure with 14/mmm space group. The data
obtained for both undoped and doped oxide systems reveal a reduction in the lattice
parameters and the unit cell volume with the decrease in the ionic radius of the lanthanide
(rLa™x=1.216 A; rPrt3x=1.179 A; rNd*3x=1.163 A [18]) due to a dimensional effect.
There are two possible causes for decrease in these values when doping with calcium.
Firstly, for Ln = La, Pr, it is due to their substitution with the element possessing a smaller
ionic radius (rCa?*x=1.18 A). Secondly, for all members in the series Ln = La, Pr, Nd, a
partial replacing Ni**vi(r =0.69 A) in LnoNiOgss structure by Nity(r = 0.56s A;
0.60ns A) owing to charge compensation can also result in parameters decreasing, and
this reason seems to prevail in the case of Nd17Cao3sNiO4+s. Structural parameters for
Ln2.xCaxNiOs.5 oxide systems calculated by the Rietveld method are shown in Table 1.
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Table 1. The structural parameters of Ln,.«CaxNiO4+s

Sample | LNO LCNO PNO PCNO NNO NCNO
a, [A] 5'4;5)81( 3.8288(1) 5'3%23( 3.8057(1) 5'317)59( 3.7992(1)
b, [A] 5'42‘?)56( 3.8288(1) 5'45’)10( 3.8057(1) 5'415)96( 3.7992(1)
12.6755 12.4441 | 12.3947( | 12.3652
¢, [A 12.5984(2 12.2927(2
A e @1 3) 3) @
V, [A%] 3783')13( 184.69(1) 362')45( 179.52(1) 3621')92( 177.44(1)
(Fcz)/%cé) 2.08(1) 1.71((11))/0.3 2.15(2) 1.7%(81)/0 2.18(1) 1.7%((11))/0.3
B"X;ﬁi"'[ 0.33(4) 0.42(4) 0.41(7) | 1.10(4) | 0.52(5) 0.68(1)
Rer 4.13 2.91 3.41 3.45 2.92 2.59
Rf 2.42 2.41 2.09 2.63 1.79 2.01
5 0.17(1) 0.01(1) 0.21(1) | 0.04(1) | 0.22(1) 0.05(1)

Hyperstoichiometric oxygen content & in LnaNiOa.+; is determined by the nature of the Ln
cation and increases as Ln radius decreases in the series of LayNiOas+5 (0.17) < PraNiOass
(0.21) < Nd2NiOa+s (0.22). The phase transition from the orthorhombic to the tetragonal
lattice, as observed in all Ln;7Cag3NiO4+s materials, is associated with a sharp decrease
in the amount of hyperstoichiometric oxygen which was equal to 0.01, 0.04 and 0.05 for
La;7Cao3NiO4ss, Pri7CapsNiOsrs and Nd17CaosNiOuss, respectively. Calculations
carried out on the refinement of the occupation coefficients of cationic positions Occ. (Ln
/ Ca), presented in Table 1, qualitatively confirm both a tendency to increase ¢ in the
LnyNiOas+;s series and a tendency to decrease ¢ with calcium doping. An increase in the
temperature factor Boveran from LnaNiOa+s to Lni7CagsNiOa+s reflects disordering of the
lattice with doping.

According to TEM data, very large particles (~ 200 — 1500 nm) are typical for all
samples, which may be caused by a high (1100 — 1250 °C) sintering temperature. Small
nanoparticles probably corresponding to CaO segregation were observed as well. In
general, the interplanar distances observed correlate well with those for La:NiO4
tetragonal structure (ICSD-PDF#70-509): (002) 6.3415 A, (101) 3.7068 A, (004)
3.1707 A, (103) 2.8570 A, (110) 2.7408 A, (112) 2.5158 A, (105) 2.1225 A and (006)
2.1138 A. Insignificant difference with the standard values can be explained by variation
of the local cation composition without substantial distortion of the anion sublattice.
1 -3 nm thick amorphous layer and/or amorphous nanoparticles are present on the
surface of particles (Fig. 1). The other extended defects such as cluster inclusions, grain
boundaries and
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stacking faults were revealed for all samples (especially for those containing Nd;
Fig. 1, a, b).

3.33A,6.45A,2.21A

(b)
Figure 1. High resolution TEM micrographs for Nd2NiO4.s (a) and Nd1.7Cao3NiO4:5 (b)
samples. | — inclusions, A —amorphous surface layers, GB — grain boundaries.

3.2 Electrical conductivity
Fig. 2 shows electrical conductivity vs T plots for Ln,.xCaxNiOs:+s sSamples. Doping with

Ca results in enhancement of electrical conductivity. This is due to increasing
concentration of electron holes while placing Ca?* cations into the positions of Ln®*
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cations. The effective activation energy values are 2.4, 5.5, 4.8, 7.8, 6.4 and 6.7 kJ/mole

for LazNiO4+5, La1,7Cao,3NiO4+s, PI’zNiO4+5, Pr1,7Cao,3NiO4+s, NdzNiO4+5 and
Nd1.7Ca03NiO4:s , respectively.
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Figure 2. Conductivity of the compact samples: La;NiOu:s (a), La17CaosNiOuss (D),
PeriO4+5 (C), Pr1,7Cao,3NiO4+a (d) NdzNiO4+§ (e) and Nd1_7Cao_3NiO4+5 (f)

3.3 Oxygen mobility and surface reactivity
Temperature programmed isotope exchange of oxygen

For undoped Ln;NiO4+5 samples the oxygen isotope heteroexchange starts at ~ 200 °C.
Doping by Ca increases this temperature by ~ 100 — 200 °C. For Laj7Cap3NiO4+5 two
TPIE peaks corresponding with two types of oxygen were observed. The atomic fraction
of oxygen involved in the exchange during TPIE run (extent of exchange) is 80 — 90 %
for both undoped and doped samples.

According to modelling results the oxygen isotope exchange process is as described by
the R! type of exchange mechanism by Muzykantov’s classification [15,19] with
participation of the surface oxygen atom and without dissociation of the CO, molecule.
Typical oxygen surface exchange constant (kex) values are ~10*cms? at 700 °C for
undoped samples as well as for Pr;7Cao3sNiOs:5 and ~10° cm st for La;.7Cao3NiOsxs
(Fig. 3, top image). It is to be noted that these k™ values for exchange with C¥O, are
~ 2 orders of magnitude higher as compared to those for exchange with 20, [20].

Typical Do values are ~ 108 cm? st at 700 °C (Fig. 3, bottom image). These data concur
closely with the results obtained earlier by isotope exchange of oxygen with 80, [14].
Emergence of an additional channel of slow oxygen diffusion (Fig. 3, b) observed as
separate peaks in TPIE curves (not shown for brevity) was revealed for La; 7CaosNiOu:s.
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Observed trend in decreasing the oxygen mobility with Ca doping is caused by reducing
the amount of highly mobile interstitial oxygen and hampering the cooperative
mechanism of oxygen migration involving oxygen in interstitial and regular positions [9].
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Figure 3. Arrhenius plots of oxygen surface exchange constants (top picture) and tracer
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PI’zNiO4+5 (C), Pr1,70a0,3NiO4+5 (d) NdzNiO4+5 (e) and Nd1,7cao,3NiO4+5 (f) samples
calculated from TPIE data.
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A fast diffusion channel corresponds to a cooperative mechanism, while slow ones are
related to transport in perovskite layers and complicated interlayer positions near the
dopant cation sites.

Unit cell volume relaxation

Oxygen mobility and surface reactivity characteristics under the gradient of chemical
potential are close to those for previously studied R-P oxides [9]. Typical values of
chemical diffusion coefficient at 700 °C are ~ 105 cm?/s.

4 Conclusions

The structure, oxygen mobility and surface reactivity of Ln,.xCaxNiO4s (Ln = La, Pr, Nd;
x =0, 0.3) were studied. The relationship between the structural and transport properties
of these materials was established. The hyperstoichiometric oxygen content 6 was found
to increase when the ionic radius of the lanthanide decreases.

Doping with Ca was shown to decrease ¢ and increase the electrical conductivity. The
co-existence of several channels of oxygen migration in layered nickelates was revealed
and explained by the effect of the doping cation on the content of highly mobile interstitial
oxygen atoms and barrier for oxygen migration. A high overall oxygen mobility of
Ruddlesden-Popper phases Ln,«CaxNiOa+s (Ln=Pr, Nd) along with their stability allows
us to conclude that the materials involved are promising for application as cathodes of
intermediate temperature solid oxide fuel cells and functional layers of oxygen separation
membranes.
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1 Introduction

A key problem of modern hydrogen energy is producing hydrogen and syngas from
biofuels in catalytic reactors using oxygen as a reagent [1-4]. Oxygen separation
membranes produce syngas from fuels by their selective oxidation with oxygen separated
from air [5-7]. The membrane typically consists of metallic or cermet foam substrate
with a few functional layers with various porosity, a dense buffer layer and porous
catalytic ones deposed on the fuel side [8,9]. Oxides and nanocomposites with high mixed
ionic-electronic conductivity/oxygen mobility are used as materials for functional and
buffer layers of these devices.

Recently we reported about our advances in design and testing membranes based on
praseodymium nickelate-cobaltite — yttria doped ceria nanocomposite [6,7]. Stable to
carbonization PrNigsC00503-5 — Ce0.9Y0.102-5 (PNC — YDC) nanocomposites with a high
mixed ionic-electronic conductivity are promising materials for such application. Their
high oxygen mobility (Do is up to ~ 107 cm?/s at 700 °C) is provided by a developed
perovskite-fluorite interface and strong redistribution of Pr cations between phases [7,10-
12]. In thus formed Ce1x.yPrxYyO2.s domains fast oxygen migration occurs along ordered
Pr3+#* chains due to ability of Pr cations to vary easily their charge [7,11,13].

In our earlier work devoted to testing membranes based on PNC — YDC nanocomposite
we demonstrated their high performance with the oxygen flux under air/CH4 gradient
~ 10 ml Oz/cm?min meeting criteria of the practical application [6,7]. A high CH,
conversion and syngas yield were shown with Ho/CO ratio > 1. In long-term tests a stable
performance was demonstrated for at least 200 h.

One of the ways of further improving membrane performance is deposition of the
additional catalytic layer and using substrates with improved textural characteristics. This
work aims at studying performance of membranes based upon novel Ni/Al substrates and
PNC — YDC nanocomposites with functionally graded catalytic layer.

2 Materials and methods

Individual nanocrystalline oxides PrNigsC00503.s (PNC), CeogY01025 (YDC),
Ceo,ngo,102.5 (GDC), MnFe,04 (MF), Smo,15PI’0,15CEOA35ZI'0,302.5 (SPCZ) and
Pro2Ceo.4Zro40..5 (PCZ) were synthesized by modified complex polyester precursor
(Pechini) route using water solutions of metal nitrates [14]. PNC — YDC and MF — GDC
nanocomposites were obtained via ultrasonic dispersion of these powders in isopropanol
in 1:1 weight ratio using T25 (ULTRA-TURRAX IKA, Germany) homogenizer.
Pt(1.4 wt. %)/SPCZ and LaNiggPto103 (LNP) /PCZ/Al,O3 catalysts were prepared by
wetness impregnation as described elsewhere [1,7].

Improved Ni/Al foam substrates kindly provided by Powder Metallurgy Institute
(Republic of Belarus) were used. A few PNC — YDC functional layers, MF — GDC buffer
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layer and Pt/SPCZ and LNP/PCZ/AI,Os catalytic layers were consecutively deposed on
the substrate and sintered at 1100 °C (for functional and buffer layers) or 900 °C (for
catalytic layers) [7].

The membranes obtained were tested in CH, selective oxidation into syngas using a
specially built Kinetic set-up [1,5,8] and oven-placed double-flange reactor assembly at
typical values of air and fuel feed rates 3 I/h and 7.6 I/h respectively. The temperature
profile across the membrane with working diameter 25 mm was obtained by visible
spectra pyrometry by shooting through the quartz window and analyzing RGB image as
reported in our earlier work [7].

3 Results and Discussion

In contrary to our previous studies showing a certain non-uniformity of the membrane
surface temperature [7], according to pyrometry measurements (Fig. 1) the temperature
distribution during tests of the membrane is rather uniform. This demonstrates a good gas
phase intermixing along the surface of the membrane providing absence of concentration
and temperature gradients.

Figure 1. Image of the membrane tested at 916 °C.
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CH, conversion, [%]

Figure 2. Dependence of methane conversion on its inlet concentration at 900 °C.

For tests at 900 °C, the methane conversion is ~ 50 % for its content in the feed up to
14 vol. % decreasing at a higher CH4 content (Fig. 2). CO, dominates in products up to
7% CHs in the feed, while in concentrated feeds the main product is CO. These
tendencies are explained by decreasing the coverage of the catalytic particles surface by
reactive oxygen species transferred through membrane from the air side [7].

The selectivity of methane oxidation into syngas increases with the inlet methane
concentration which is typical for the oxygen separation membranes. Syngas yield and
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Figure 3. H2/CO ratio dependence on methane inlet concentration at 900 °C.
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Carbonization of the membrane surface appears to be negligible or absent due to a high
oxygen mobility of the functional layers [7,11,12]. H2/CO concentration ratio in the outlet
gas mixture is > 1, which is important for the practical application (Fig. 3). High H,/CO
ratios for low CHy, inlet concentrations are explained by a low CO vyield due to a high
CO: selectivity (Fig. 2). U-like shape of H2/CO concentration ratio curve in Fig. 3 is
caused by almost linear increase of H, content, while CO one reaches its peak value then
decreases. H2/CO ratio reaches 2.7 in CHs inlet concentration range where CO; yield is
negligible. Hy fraction in the outlet gas mixture reaches 25 % at 900 °C due to a low water
selectivity.

The addition of CO; to the inlet gas mixture demonstrated stability to carbonization.
However, H,/CO ratio decreases with increasing CO, content in feed (Fig. 4) due to
RWGS reaction. Small addition of CO; even increases syngas Yyield especially for high
CHy inlet concentration (Figs. 5, 6). Also increase of syngas yield and decrease of CO,
content were observed in experiments with high feed rates (Fig. 6). Higher syngas yields
were obtained at higher temperatures due to a higher oxygen flux through membrane.

Hence, performance characteristics of the membrane demonstrate that the materials used
in its design are promising for the practical application.

6.0 1 CO
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Figure 4. Dependence of methane conversion products at 900 °C and CH, content 4.5%
on carbon dioxide inlet content
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Figure 5. Dependence of methane conversion products on its inlet concentration at
900 °C. COz inlet concentration is 0 (a), 0.84 (b), 1.63 (c) and 2.53 % (d).

4 Conclusions

Successful test of the new membrane revealed stability of its components to
carbonization. Almost uniform spatial distribution of the membrane surface temperature
was achieved. A high yield of hydrogen-rich syngas was demonstrated. Thus, the
materials involved are promising for the practical application as components of oxygen
separation membranes.
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1 Introduction

In DCFC system using carbonaceous fuels, various fuel properties affect the
electrochemical reaction. In previous study, the electrochemical characteristics on DCFC
were evaluated by comparison of fuel properties using various solid carbon fuels.
Following properties are major fuel properties which investigated the effect on DCFC
performance such as volatile matters, surface composition, and ash.[1,2] In terms of the
effect of the fuel properties, Li and co-workers investigated the properties that affect
DCFC performance.[1] The effect of surface area, pore volume, and functional groups
was investigated through correlation with performance. They also studied the effects of
mineral matter in coal on cell performance and confirmed that SiO; and Al,O3 decreased
performance but MgO, CaO, and Fe;O3 enhance the electrochemical reaction.[3] Elleuch
and co-workers also performed to determine correlation between fuel property and
performance using wood charcoal.[4] The influence of carbon content, meso-macro
porosity, disordered structure was discussed. In our previous research, we demonstrated
that the surface oxygen concentration has an influence on DCFC performance.[5,6] In
addition, we reported that coal volatilization is one of factor which affects cell
performance due to high operating temperature.[4,6]

From previous researches, DCFC performances depend on the electrochemical oxidation
reaction of carbonaceous fuel at anode side. In various fuel properties, the surface
properties of the coal are especially important to form the triple phase boundary with the
electrode and the molten electrolyte such as oxygen functional groups, surface pore, and
ash. However, it was not identified exactly that what fuel properties have an influence
what electrochemical resistances.

In this study, the objective was to perform experiment with the correlation between fuels
surface properties and the inner resistances which are a charge transfer resistance and
electrolyte resistance. To demonstrate the relationship between surface properties and
oxygen functional groups, we carried on acid treatment using hydrochloric acid (HCI)
and nitric acid (HNOs3) to change coal surface characteristic. Glencore coal that is
bituminous coal and Adaro coal that is sub-bituminous coal

Table 1. Proximate and ultimate analysis of raw coals (wt %, dry basis)
Proximate analysis Ultimate analysis

VM FC Ash C H 0 N s

Bituminous coal(Glencore) 3718 | 5366 | 916 | 7220 | 461 | 1094 | 235 | 074

Sub-bituminous coal (Adaro) | 47.99 | 5020 | 180 | 7120 | 527 [ 1893 | 1.28 | 0.3

Fuel

were selected and modified by HCI and HNOs. The electrochemical reaction parameter
of raw coal and treated coal were compared with coal surface properties to investigate
correlation. To measure reaction parameter, the half-cell consists of three electrodes, and
the current density, power density, and electrochemical impedance were discussed.
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2 Experimental
2.1 Fuel treatment

The bituminous coal which contains low volatile and high ash component and the sub-
bituminous coal which contains high volatile and low ash component were used for
evaluation of surface characteristic. Raw coals were performed by proximate analysis and
ultimate analysis and these results were shown in Table 1. The coals were grinded and
sieved 0.09 - 0.15 mm of size. The 4 mole of solvents were made by mixing acid solution
and deionized water. HCI and HNO3 are 38% of assay and 62% of assay, respectively.
Raw coals were immersed in acid solution for 24 hours. After that, treated samples were
washed by distilled water and it was dried at 80°C during 24 hours.

2.2 Analysis method of fuel properties

Three techniques were employed to account for electrochemical reactions of two types
of coals and treated coals in the DCFC system. The thermal reactivity of fuels has been
investigated through thermogravimetric analysis (TGA) using SDT-Q600 (TA
instrument, USA) under Argon gas atmosphere because the anode side is filled with
Argon to prevent coal combustion. Therefore, thermal characteristics of fuels in the
Argon are important and accomplished. The flow rate of atmospheric gas was set to 100
ml/min and ambient temperature was heated from room temperature to 900°C with
heating rate of 10 °C /min.

The surface characteristic of raw coal and treated coal were demonstrated by the gas
adsorption. The specific surface area and pore volume of the solid fuels were estimated
using an ASAP 2020 (Miciomeritics Co., USA) instrument. Adsorptive gas is nitrogen
gas and 0.5 g of the sample was used in each analysis. The adsorption temperature was
kept constant at -196.15°C using liquid nitrogen. Adsorption experiments were carried
out in the relative pressure range of 0.0 - 0.99. Using the relative pressure range of 0.0 -
0.3, the specific surface area was determined.

X-ray photoelectron spectroscopy (XPS) examination was carried out with Theta Probe
AR-XPS System (Thermo Fisher Scientific, U.K.). The ESCALAB250 XPS system used
the monochromatic Al Ka radiation (hv = 1486.6 ¢V) as an X-ray source which was
operated at 15 kV and 150W power source and the spot size was 400 um. The pass energy
kept constant of 50 eV while data was acquired for 201 times with 0.1 eV energy step
size.
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2.3 Half-cell system
The direct carbon fuel cell (DCFC) based on molten carbonate fuel cell operated using

two types of coals and treated coals. Figure 1 shows the DCFC apparatus to use molten
carbonate

CE WE RE

CO, +0, ll Ar T l Co,+0,

Cooling water | Cooling water

€« <«

L=

Thermocouple <

Fuel <€

Figure 1. Schematic diagram of DCFC system

electrolyte.[5,6] The lithium carbonate, purity of 99.0%, and potassium carbonate, purity
of 99.8%, were used as electrolyte (Junsei, Japan).

The two carbonate were mixed with 62:38 mole ratios of LioCO3 and K,CO3 which have
the lowest melting temperature. For each condition, the fuels were loaded 1.5 g. The
working electrode (anode), the counter electrode (cathode), and the reference electrode
were made of Ag and a cylindrical working electrode was inner-diameter of 15 mm and
length of 50 mm (effective surface area 3.64 cm?). The current and voltage of fuels was
measured by electrochemical measurement with a Versastat3 (Princeton Applied
Research). Using linear sweep potentiometry method, the current density was obtained
from open circuit voltage (OCV) to 0 V as scan rate of 1 mV/s.[7] The electrochemical
characteristics were demonstrated by current density-potential (i-V), current density-
power density (i-p), and Nyquist plot of impedance. The impedances were measured from
0.1 Hz to 100 kHz. The voltage amplitude of frequency was 10 mV. The i-V and
impedance tests were performed at 1000s intervals.
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3 Results and Discussion
3.1 Characteristic of thermal reactivity

Table 2. The surface texture of fuels measured by gas

adsorption

Surface area | Pore volume | .. Mean

Fuel (m?lg) (cm%/g) diameter of

g g pores (nm)
G'iggfre 12.15 5.99x1073 1.975
G'eH”éfre 2.409 1.18x10° 1.959
Gm‘g;e 1.872 0.92x10° 1.964
Adaro coal 3.340 1.61x10%° 1.934
Adaro HCI 2.756 1.34x1073 1.943
Adaro HNO3 1.374 0.63x10°3 1.825

In DCFC system, the properties change of using fuel occurs in the inert gas atmosphere
because operating temperature is over decomposition temperature of volatile matter.[6]
Through the weight variation, the thermal reactivity of fuels was measured. Figure 2 and
3 showed results of thermal decomposition of raw coal and acid treated coals. In all fuels,
a slight weight change

—— Glencore coal
— = Glencore HCI
= =+ Glencore HNO3
e h Adaro coal
O - = =+ Adaro HCI
Adaro HNO3

100

. -

90

80 |- O

Weight (%)

60 - O R TY -

. e
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Temperature (°C)
Figure 2. TG curves of raw coals and treated coals
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Figure 3. DTG curves of raw coals and treated coals

could be confirmed near 100°C due to evaporation of water. A rapid weight change of
raw coals and those of HCI treated coals showed similar trend that Adaro coal and
Glencore coal were decomposed about 300°C and 350°C, respectively. However, in cases
of HNOs treated coals, the weight change of thermal decomposition was observed from
150°C. In Figure 2, when comparing the TG profiles of fuels, HNO3 treated coals shows
the highest decomposition reaction. As a result, HNOj3 treated coals have large reactivity
than HCI treated coal. It means that fuel properties change by acid treatment lead to high
reactivity of solid fuels.

3.2 Characteristic of surface textual

To analyze the fuel surface properties, the gas adsorption was performed and these results
were shown as Table 2. From this analysis, we obtained the specific surface area, total
pore volume and mean pore diameter. At the results of Table 2, the specific surface area
was reduced after the acid treatment process. In this regard, Li et al. investigated that
effects of the acid treatment on specific surface area using activated carbon and
conformed that the specific surface area was decreased after HCl and HNO3 treatment.[8]
HNO:; treated carbon decrease more the specific surface area than the HCI treated coal.
The pore walls on fuel surface collapsed during acid treatment progress and the specific
surface area and the pore volume was decreased.[8,9]

3.3 Oxygen concentration and ash components on fuel surface

To investigate the variation of atomic concentrations caused by the acid treatment, the
surface composition was shown in Table 3. By XPS measurement, the oxygen on fuel
surface and the ash component were obtained. In the HNO3 treatment, the oxygen
concentration of Glencore coal and Adaro coal increased 0.9% and 4.6%, respectively.
The HNOs treated coals show the higher oxygen content than raw coals. However, HCI
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treated coal of Glencore coal has the lowest surface oxygen content in contrast with HCI
treated coal of Adaro coal. Compared to the previous studies that treated carbon fuels
show an increase in the surface oxygen content as expected, the oxygen concentration
trend of Glencore coal by acid treatment is the opposite.[8] When the coal was treated by
HCI, the reduction of oxygen amount is the removal of chemisorption moisture and ash
components which is present as an oxide in coal. The silicon and aluminium which are
major coal ash exist in a form of SiO, and Al,Os. Therefore, oxygen concentrations of
XPS contain this component. Through the ratio of ash to carbon of HCl-treated coal was
25.96% and that of HNO3 treated coal was 30.78%, HCI treated coal has the lowest ash
contents; especially Si2p. After oxygen contents of coal ash were eliminated, the ratio
tendency of oxygen to carbon was changed as followed. Glencore coal is 15.72%,
Glencore HCl is 16.54%, and Glencore HNO3 is 19.75%. As these results, HCl and HNO3
treatment increase oxygen concentration on fuel surface, HNO3 treated coals are larger
than raw coals and HCI treated coals.

Table 3. Surface composition of carbonaceous fuels measured by XPS

Fuel C(at.%) O(at %) Si(at.%) Al(at %) 0/C(%) | (SIALC(%)
Glencore coal 46.20 34.80 10.08 7.00 75.32 36.97
Glencore HCI 54.94 30.80 793 6.33 56.21 25.96

Glencors HNO; 48 44 35.66 9.76 6.15 76.79 30.78
Adaro coal 85.03 14.97 - - 17.61 -
Adaro HCL 8242 17.58 - - 2133 -

Adaro HNO; 80.50 19.50 - - 2422 -
34 Concentration of surface oxygen functional groups

The surface functional groups which consist of carbon and oxygen exist in various types
as shown in Table 4.[10,11] The different functional groups have a unique binding
energy, which causes different dissociation temperature and reaction rate of each
functional group. Therefore, the traditional relationship between the O/C ratio and the
DCFC performance is less accurate. In order to investigate the exact correlation of oxygen
functional group and the electrochemical reaction, the oxygens on fuel surface must be
distinguished as each oxygen functional group. Using the O1s Spectrum which was
obtained by XPS, the oxygen concentrations with oxygen functional groups were
calculated and shown in Table 4. A sum of Lorentzian-Gaussian functions is used for
deconvolution of XPS spectra of O1s, which can determine the quantitative amount of
oxygen functional groups on fuel surface.[12,13] The peaks were set as the full width at
half maximum equal to 2.0 eV and allowing the position of the peak center to vary within
+0.2 eV of the reported value.[10] The functionalities contribute with peaks located at
these five binding energies; 531.1 eV, 532.3 eV, 533.3 eV, and 534.2 eV. The HNO3
treatment which mean carbonyl groups, while the 533.3 eV and 534.2 eV of binding
energy, such as ether oxygen and carboxylic acids, were decreased. This result was good
agreement with Figueiredo
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Table 4. Oxygen Functional Groups on Fuel Surface

P Glencore coal Adaro coal
Bﬂ;i?gnf Surface functional Decomposition
(V) I::‘:I HCI | HNO: fj: HCl | HNO: ERUES Temperature
531 |00 | 476 | 611 | 3s2 | s33 | ass | - CTQmeabemyland 1 phn ghgec
quincne
- Carbonyl in lactone -400-630°C
and anhydrides
5323 6.03 7.82 10.64 5331 5.61 798 - Oxuygen atoms in -600-700°C
phenel
- Ethers -700°C
- - Ether oxygen in
> 17 » ) o
3333 236 | 3.03 1.37 492 483 5.82 tactone and anhydrides -400-630°C
5342 3.40 0.93 1.62 0.92 1.79 0.85 - Carboxylic acids -100—-400°C
Total O | 15.72 | 16.34 | 1975 14.97 17.38 19.51

et al. studies that the double bond of carbon and oxygen on fuel surface was increased
through HNOs acid treatment.[10] All treated coal were increased with the double bond
of carbon and oxygen in carbonyl and quinone groups (533.3 eV). In case of HCI
treatment, Glencore HCI was added with lactone and anhydrides groups (532.3 eV and
533.3 eV) and Adaro HCI was added with carboxylic acids. In Figure 2, the weight
variations which were reduced from 100°C were caused by carboxylic acid groups
through the decomposition temperature in Table 4. The acid treated coals tended to
increase the weight reduction at about 400°C because of the additional the lactone group
and anhydrides group. The acid treatments formed the oxygen functional groups on fuel
surface which is decomposition temperature over operating temperature (531.1 eV and
532.3 eV), while the proportion of the carboxylic acids in the whole oxygen groups was
decreased except Adaro HCI. Through the characteristic of each oxygen functional group,
the carbonyl, quinone, phenol groups may have an influence on electrochemical reaction
parameter.

3.5 Electrochemical characteristics of raw coals and treated coals

To examine the electrochemical reaction characteristics of each fuel, a half-cell
experiment was conducted at 650°C. When the open circuit voltage was kept constant,
the linear sweep voltammetry was measured as 1 mV/s of scan rate.[2] The i-V and i-p
curves of carbon fuels were shown in Figure 4 and 5. Two figures indicate the features
of the electrochemical reactions of raw coals and treated coals. The OCV of treated coals
are higher than raw coal because of the produced gases from additional oxygen functional
groups.[14] In Glencore coal, the maximum power densities of each fuel were 39.20
mW/cm? for HNOjs treated coal, 29.80 mW/cm? for HCI treated coal, and 22.68 m\W/cm?
for raw coal, respectively. In case of HNOs treated coal, the maximum power density
improved 73% compared to those of raw coal. The maximum power density of HCI
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treated coal improved 31% for raw coal. In Adaro coal, the maximum power densities of
each fuel were 28.24 mW/cm? for HNOjs treated coal, 23.65 mW/cm? for HCI treated
coal, and 19.96 mW/cm? for raw coal, respectively. In case of HNOj3 treated coal, the
maximum power density improved 41% compared to those of raw coal. The maximum
power density of HCI treated coal improved 18% for raw coal. This is good agreement
with previous research that HNOj3 treatment showed the highest performance than other
treatment using activated carbon and carbon black.[8] Increasing oxygen functional
groups improve the wettability between solid carbon fuels and electrolyte and increase
the reaction area.[15] Further, according to previous study, the presence of surface
oxygens improves the oxidation reaction rate of carbon.[1,8]

In Table 2, raw coals showed the highest surface area and the decrease of surface area
was caused

Table 5. Electrochemical resistance for each fuels (Q)

Fuel Electrolysis ICharge transfer|
ue resistance resistance

Glencore coal 0.228 7.682
Glencore HC1 0217 4.677
Glencors HNO: 0.237 3934
Adaro coal 0.373 8.035
Adaro HCI 0.352 5.756
Adaro HNO: 0311 5401
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Figure 5. i-V and i-p curve of Adaro coal and treated coal at 650°C

by HNOs and HCI treatment. However, treated coals improved performance even though
specific surface area was decreased because coals are non-porous material and most
porous sizes are nano-scales. The mean pore diameters from gas adsorption results were
about 2 nm and the solid carbon fuels had less pore volume compared to other porous
carbons. Therefore, when comparing performance surface area, it is considered effective
surface area that the electrochemical reactions occurred. In these results, the surface
oxygen functional groups were significantly related to the actual electrochemical reaction
unlike the surface area.

To obtain the charge transfer resistances and electrolyte resistance of the electrochemical
reaction, the electrochemical impedance was measured at the open-circuit voltage. The
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results are shown in Table 5. The charge transfer resistance of HNOj treated coals, which
has the highest oxygen concentration, were smaller than those of other fuels because
HNO; treated coal has a higher reactivity than other fuels. In Table 4, the charge transfer
resistance had a linear relationship with the oxygen components corresponding to 531.1
eV and 532.3 eV. The carbonyl, quinone, and phenol groups were mainly considered
because the ether oxygen in lactone and anhydrides and carboxylic acid decompose at a
low temperature.

4 Conclusions

In the cases of HCI treated coal and HNO3 treated coal, they showed similar polarization
curve of raw coal in the whole current density region. However, the OCV of HNO3 treated
coal was higher than other fuels. HCI-treated coal and HNO3 treated coal were improved
6.1 % and 30.5 % compared to the maximum power density of raw coal because of
changing coal properties caused by acid treatment. HCI, non-oxidant acid, removes the
mineral component. By comparison, HNOs3, oxidant acid, change the surface composition
and surface functional groups.

1) Through the maximum power density, both acid treatments increased the cell
performance (raw coal < HCI treated coal < HNOs treated coal).

2) The surface area and pore volume of fuels were less influence on DCFC performance
because the solid carbon fuels are hon-porous materials. The oxygen functional groups
of fuel surface were more dominant. The decomposition gases were produced from the
surface oxygen functional groups. These are reacted as sub-fuel of DCFC and improved
DCFC performance.

3) In case of treated coals, the uniformity of current distribution was better than raw coal
due to effect of additional functional groups. From these results, both acid treatments
decreased the charge transfer resistance (HNOj3 treated coal < HCI treated coal < raw
coal).
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1 Introduction

Recently, considerable efforts have been devoted to remove the carbon monoxide existed
in the hydrogen fuel.[1-4] Among the popular methods for CO removal from the Ha-rich
gases, carbon monoxide preferential oxidation (CO-PROX) is considered as the most
efficient technique to reduce the CO in rich-H, gas. Different catalysts, including noble
metal-based and transition metal oxide-based catalysts, have been explored and studied
for the CO-PROX.[5-7] However, the excessive cost of the noble metals limits its
application at industrial level and encourages the development of new efficient and
cheaper catalytic systems.

It was found that Co;0,—CeO, system exhibited high conversion values at low
temperatures.[8-10]. Traditionally, Co30,—CeO, catalysts have been synthesized co-
precipitation method. [10] In this work, a rapid, simple and solvent-free method was used
to synthesis Co/CeO; catalysts. Then they were tested for the CO-PROX reaction in the
presence of an excess of hydrogen. Moreover, the influence of CO2 and H,O on the Co-
Ce catalysts was evaluated under the presence of CO; and H,O in the feed, simulating a
CO-PROX unit. In order to understand the catalytic behavior and the influence of the
structural and chemical properties of obtained catalysts. The samples were characterized
by XRD, Raman, TEM, XPS, H,-TPR and UV-vis to analyze the evolution of the active
phase during the catalytic test.

2 Experimental
2.1 Catalyst preparation

The Co( x )/CeQ; catalysts were prepared by urea grind combustion method (which is
abbreviated to UGC. The nitrate of cobalt and cerium was added into urea within a moral
ratio of 3/7[(cerium nitrate +cobalt nitrate)/urea] and materials was grinded in agate
mortar under room temperature until the transparent viscous gel was obtained. After that,
the gel was calcined at 600°Cfor 20minutes and naturally cooled down to room
temperature. A batch of catalysts with different ratios of cobalt and cerium were
synthesized for CO-PROX test. The catalysts were denoted as Co(x)/CeQO,, where x is
referred to the calculated mass ratio of Co/CeO; of 5%, 10%, 15% and 20%.

2.2 Characterization

XRD patterns were recorded by means of the Rigaku D/max-1200 diffract meter using
Cu Ko radiation at 26 range between 20° and 70°. The UV-vis were carried out at room
temperature in the range 200-800 nm using BaSO4 as a reference. The XPS was
performed on a PHI 5000 Versa Probe Il with non-monochromatic Al Ka radiation
(1486.6 eV) as the excitation X-ray source. The C1s photoelectron peak at 284.6 eV was
used as a reference to calibrate binding energy. Raman spectra were detected by using a
Via Reflex Confocal Raman Microscope with a laser (613 nm) working at 5 mV power.
Transmission electron microscopy (TEM) images were obtained using the JEOL JEM-
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2100 microscope with an accelerating voltage of 300kV. TPR experiment was carried out
in the flow rate of 10% H2/Ar (30 cm3/min) by increasing temperature from 100 °C to
800 °C with a heating ramp of 10°C/min. H, consumption was measured by an on- line
thermal conductivity detector (TCD).

2.3 Catalytic test

300 mg of the catalyst with the particle size of 40- 60 meshes was loaded in a tubular
reactor for CO-PROX test at atmospheric pressure between 80°C-220°C. The feed gas
was composed of 1% CO, 1% O, and 50% H. in volume and balanced with He. The total
flow rate was 80 ml/min, corresponding to 24000 h** GHSV. The experiments for
studying the effect of CO, and H,O on catalytic activities were performed by the addition
of 15% CO; and/or 10% H,O into the feed gas, respectively. The inlet and outlet
concentrations of reactants and products were analyzed by an on- line gas
chromatography with TCD detector. The catalytic performances are expressed in terms
of the CO conversion (%) and the CO; selectivity (%), which was calculated based on
the formula reported in the literature[11].

3 Results and Discussion
3.1 The textual and structural properties

The N2 adsorption—desorption isotherms were employed to determine the surface area
and porous volumes. The textural parameters are compiled in Table 1.

Table 1. Texture Properties, Crystallite Size Of The Catalysts.

Surface Pore volumeCrystallite  Lattice
area(m? g!) (cm®gl)  size(nm) parameter (A)
CeO, 67.425 0.231 25427 5.400

Co(5)/Ce0Q, 17.167 0.029 18.487 5.393
Co(10)/Ce0, 11.444 0.023 13.139 5.389
Co(15)/Ce0, 7.010 0.017 14.686 5.393
Co20)/CeQ, 7233 0.020 13.454 5.389

Sample

It was seen that the incorporation of cobalt into CeO, caused dramatic decrease in the
surface area and pore volume. For the Co/CeQ; system, the surface area reduced with the
increase of Co content. It was worth noting that the trend of the catalytic activity was not
in accordance with that of the surface area. This might reach a conclusion that the BET
surface area was not a key role in the catalytic performance for CO-PROX in the present
study.
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The TEM images (Figure S1 in supporting information) for representative Co(10)/CeO-
reveals that oxides prepared by the UGC method are highly agglomerated nanoparticles.
The agglomeration might be responsible for the decrease in BET surface area. As shown
in the picture, it is difficult to tell the Coz04 particle while it’s easy to identify the CeO>
through lattice structure analysis at high resolution with lattice fringe spacing of 0.31 nm

for CeO, ([111]).[12]
A C0(20)/Ce02

= Co(15)/C¢0,
i Co(10)/CeO,
Z Co(5)/Ce0
&

CeO

A
T W

20 30 40 50 60 70
2-Theta (degree)
Figure 1. The XRD Patterns Of Pure CeO, And Co(x)/CeQO, Catalysts.

The XRD profiles of pure CeO- and Co (x)/CeO; catalysts are presented in Figure 1. For
all samples, five main peaks ascribing to typical fluorite structure of CeO, were observed
at around 20=28.4°, 33.1°, 47.5°, 56.4°, and 59°(JCPDS 34-0394.1). In the Co(20)/CeO;
catalyst, four peaks (26=31.3°, 36.9°, 44.8° and 65.3°) corresponding to Co304 were
observed, while only weak signals of Co30. at 26=36.9° and 65.3° appear in other Co
(x)/CeO, samples due to their low concentration. However, no reflection of CoO and
Co,03 were detected by the XRD, which possibly indicated that only Co304 and CeO-
oxides were formed, this is accordant with the result of UV-vis and Raman Spectra. The
broadening peaks of CeO, appear in the Co(x)/CeO, samples as shown in Figure 1 ,
suggesting that the structure of CeO is distorted due to the insertion of Co. The radius of
Co?*and Co®" is both smaller than that of Ce** [13] This might lead to the decrease of the
crystallite size in Co/CeQ; catalysts determined by Scherrer equation, which was
presented in Table 1.
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Figure 2. Raman Spectra of Catalysts.
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The Raman spectra of four Co/CeQ catalysts are shown in Figure 2. The peaks at around
193cm™ and 680cm™ could be assigned to the Fz4 active mode and A;q mode of the spinel
Co0304, respectively. [14]The band at around 460 cm™ has been ascribed to a cubic
fluorite CeO2.[15] Additionally, the spectra of typical fluorite of CeO, was broadened
with the loading of Co, which is consistent with the result in XRD. This might be due to
an interaction between Co and Ce caused by the change of Co®*/ Co?* in the composition
of Co304 oxide[13]. It has also been reported that the presence of Co?* in the CeO; lattice
would deform the structure, which would favor oxygen mobility.[16, 17] Accordingly,
the fluorite-characteristic peak intensity decreased with increase of Co loading.

The UV-vis spectrums of nanocrystalline Co/CeO, samples are presented in Figure S2
in supporting information. The adsorption peaks cantered at around 300nm have been
attributed to the metal charge transfer (0%-—Ce**) of CeO, clusters.[18] There are two
absorption peaks were observed at 720nm and 470nm which were assigned to ligand—
metal charge transfer of O(I)—Co(Ill) and O(II)—Co(Il), respectively. [19]These
transitions confirmed the existence of spinel Cos0. and fluorite CeO, phase, which was
consistent with Raman results and XRD patterns.



122 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), HYDROGEN AND FUEL CELLS
L. Zhong, D. Chen, K. Chen, J. Lu, J. Wang, C. Han & Y. Luo: Rapid Synthesis of
Co/CeO2 Nanoparticles for Selective Oxidation of Carbon Monoxide in Hz-Rich Stream

3.2 Electronic and redox properties
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Figure 3. H,-TPR Profiles Of CeO, And Catalysts.

The H2-TPR profiles of pure CeO, and Co/CeO; catalysts are collected and presented in
Figure 3 for the analysis of redox properties. Two reduction peaks at about 499°C and
820°C are obtained on pure CeO; [20], suggesting the successive reduction steps of the
superficial oxygen of CeO, [21, 22]. All Co/CeO- samples play a peak at 820°C due to
the reduction of bulk CeO,, and the reduction peaks below this temperature are mainly
related to Cos0. phase because cobalt species have a much higher reducibility, as
compared with CeO,.[23] With the increase of cobalt loading, the increase of H:
consumption of the reduction of highly dispersed Co304 and reducible Co® was
observed.[14] In the Co(10)/CeO, and Co(15)/CeQO, samples, all of the reduction peaks
have slightly shifted to a lower temperature may due to the synergetic effect between
Co0304 and CeOs.

XPS was carried out to investigate the electronic properties of Co and Ce in Co/ CeO:
catalysts. For comparison, the spectra of pure Co3zO4 was also collected. The
corresponding spectra of Ce 3d, Co 2p and O1s were shown in Figure 4 and Figure 5
respectively. Based on the intensity of fitted curves, the relative amounts of Co?* and
Ce® were calculated and complied in Table 2.
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Table 2. The Relative Amounts of Co And Ce On The Surface of Catalysts.

o fRelative confent atom Relative content

Content

Samples Co (%) % of Ce species  atom % of Co species
Ce¥/(Ced+Cet)  Co¥/(Co®™+ Co®)
Co;0,4 100 - 71.8479
Co(5)/Ce0, 3.178 8.9511 39.6539
Co(10)/Ce0O, 8.029 12.3326 55.7437
Co(15)/Ce0, 12.788 12.9461 66.5600
Co(20)/Ce0, 19.553 12.0762 65.5296

Figure 4 shows the Co2p spectra and O1s spectra of Co-containing materials. For all
samples, the characteristic of Co (2ps2) at the binding energy of 779 eV can be
decomposed into two components of Co2+ and Co3+, while the peak of Co(2p1) arises
at 794eV. The satellite peak appears at 785 eV above the main peak can be seen as a
broad peak.[16] It has been reported that the sharp and more intense component at lower
binding energy is ascribed to Co®*: whereas the shoulder at higher binding energy
represents the Co?* component.[24] The highest content of Co?* observed in
Co(15)/Ce0O,, which improves the formation of Ce®*, resulting in a better oxygen mobility
as well as the best oxidation activity.

Olsa Cooy/ceo,

AO(IS)/ CeO, 175 Co(15)/Ce0,
/N Co(10)/Ce0, &””J
&\ ng)/(:eoz

C0(5)/ CeO, Co(5)/CeO,

527 529 531 533 535777 782 787 792 797
B.E.(eV) B.E.(eV)
Figure 4. The Spectra Of O1s And Co2p Of Catalysts.

2p. Co2p

Intensity (a.u.)

As shown in Figure 5, the curve of Ce 3d peaks in this study are the same as those
described in the literature. [25, 26]. The presence of Ce®* is attributed to the interaction
between ceria and the surrounding atoms, and it also implies that the surface of CeO
(111) is not fully oxidized and contains some oxygen vacancies[27].
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Figure 5. The Spectra of Ce3d of Catalysts.

It could be seen that the relative concentration of Ce®* was changed with the content of
Co, showing a highest value on Co(15)/CeO.. The trend of the change on Ce®* is perfectly
consistent with that of catalytic performance. It was reported [28] that high relative
amount of Ce®* indicated a high concentration of oxygen vacancies which contributed to
improve oxygen mobility and thus enhanced the catalytic oxidation activity. Therefore,
it was reasonable that the O1S peak of Co(15)/CeO; shifted towards a higher binding

energy, suggesting a better oxygen mobility. Consequently, the Co(15)/CeO; exhibited
the best activity for CO selective oxidation.

3.3 Catalytic performance
100 100
5\280 S\-\/SO
'§60- 2 [[~5%
57| 500l 10%
L]
£40 D40~ 13%
5 o [ l=—20%
D20 S20[
80 120 160 200

| . 80 120 160, 200
Temperature( C) Temperature (°C)

Figure 6. The Activity of Co (x=5%, 10%, 15%, 20%)/CeO- Catalysts on CO-PROX
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Figure 6 shows the conversion of CO and selectivity towards CO; of the Co(x)/CeO;
catalysts for the removal of CO in the rich-H; gas. In all cases, the conversion increases
with the reaction temperature as well as with the cobalt content, being the best
performance for Co(15)/CeO; catalyst which exhibited conversion values close to 95%
at 160°C. Nevertheless the CO conversion slightly decreases for the catalyst with the
highest cobalt content (Co(20)/CeQ). This fact could be ascribed to a decay of dispersion
of the active phase which can lead to a decrease of the available active sites for the CO-
PROX. Moreover, the influence of H,O and CO, together with the stability on the
Co(10)/Ce0; catalyst was studied, the results can be seen in supporting information.

4 Conclusion

Co(x)/CeO catalysts prepared by UGC method exhibited a good catalytic performance
and stability for CO-PROX. The particle size of the catalysts is at average of 14.9nm due
to the highly agglomeration. Co3O4 is the unique Co oxide as confirmed with XRD,
Raman and UV-vis. The interaction between Co and CeO- plays a more important role
than that of Co content and temperature in the catalytic performance. The interaction was
formed due to the change in the relative content Co?* and Ce®*, resulted in an increase of
oxygen mobility in the Co/CeO; catalyst system according to the XPS results.
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1 Introduction

The development of efficient catalysts for the CO preferential oxidation (CO-PROX) in
the presence of CO-contaminated Ha-rich streams is a current challenge for use in
polymer electrolyte membrane fuel cells (PEMFC)[1]. It’s well known that the metal
catalysts such as CuO/CeQ; catalyst exhibited favorable catalytic activities[2].SnO; has
been widely used as an oxidation catalyst because it can reversibly undergo transforming
the Sn** and Sn?* at relatively low temperature, so it is always be applied as a catalyst
support or promoter[3].In this paper, Sn doped in CuO-CeO; catalysts (Sn(x)-CuO-CeOy)
were synthesized rapidly by a green and solvent-free route within 30 min. However, the
catalysts synthesized by this way contain a certain number of chloride ions. As reported
before[4], the presence of chloride could poison the catalysts and make the worse
catalysts performance, but there is no literature discussed about the influence of Cl-in Sn
doped in CuO-CeO, catalysts for CO-PROX application. We improved the preparation
method by removing the chloride ions in the Sn(x)-CuO-CeO; (signed wSn(x)-CuO-
CeO2samples) and found that these samples exhibited superior catalytic performance. In
order to analyze the interaction between catalytic behaviors and physicochemical
characteristics, Sn(x)-CuO-CeO; and wSn(x)-CuO-CeO; catalysts were characterized by
N2 adsorption-desorption, XRD, TEM, Raman, XPS and H,-TPR measurements.

2 Materials and Methods
2.1 Catalyst preparation

All the catalysts were synthesized by urea grind combustion. Firstly, Sn(x)-CuO-CeO;,
(x=1, 2.5, 5, 7.5), which catalysts were prepared with Ce(NO3)3.6H,0, Cu(NO3)2.3H,0,
SnCl4.5H,0 and (NH)2.CO, where the loading of CuO was kept at a constant of 12.5wt.%
and x meant the molar percentage of SnO/CeO,. All the above experimental materials
were mixed with a definite proportion in agate mortar and then grinded under the room
temperature about ten minutes until the transparent viscous gel was obtained.
Subsequently, the gel was put into the Muffle furnace and calcined at 600°C for 20
minutes. The resultant solids were respectively dissolved in 50ml deionized water and
heated in boiling water bath at 80°C for 1h. Then filtrated and washed the mixture with
hot deionized water until no CI- was examined by 0.1mol/L AgNO3; aqueous solution.
The samples were dried at 120°C, followed by calcination at 600°C. The catalysts
prepared via this route were noted wSn(x)-CuO-CeO..

2.2 Catalytic activity measurement

Catalytic activity tests were tested in a quartz tubular in a continuous flow fixed bed
reactor, using 0.3g sample (in 40-60 mesh). The typical reaction gas mixture were
consisted of 1%CO, 1%0,, 50%H> in volume with He as the balance gas, passed through
the catalyst bed reactor at a total flow rate of 80ml/min and a GHSV=24000h"1. The exit
gases were analyzed by gas chromatography equipped with a thermal conductivity
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detector (TCD). The CO conversion and O selectivity, were calculated based on the CO
consumption[5].

2.3 Catalyst characterization

The specific surface areas were detected using a Brunauer-Emmett-Teller (BET) with
nitrogen adsorption. Pore sizes distributions were got from the data of desorption branch
by using Barrett-Joyner-Halenda (BJH) method. X-ray diffraction (XRD) patterns were
performed using a Rigaku D/max-1200 diffractometer by using Cu Ko radiation
(A=1.5406 A) at 20 range between 10 and 90°. X-ray photoelectron spectroscopy (XPS)
was performed using a PHI 500 Versa Probe Il analyzer employing non-monochromic
Al Ko radiation (1486.6 e¢V). The Cls photoelectron peak at 284.6 eV determined the
binding energies as reference. Transmission electron microscopy (TEM) pictures were
detected by using a JEOL JEM-2100 microscope with an accelerating voltage of 200kV.
Raman spectra was determined by a Via Reflex Confocal Raman Microscope with a laser
(514nm) working at 5nV power. H, Temperature programmed reduction (Hz TPR)
measurement were performed in a fixed-bed reactor loading 0.1g catalyst in a quartz tube.
Catalysts were pretreated under a mixture gas (10%H,/Ar) at 100°C for 30min, then
reduced by increasing the temperature at a rate of 10°C/min. Hydrogen consumption was
monitored with a thermal conductivity detector (TCD).

3 Results and Discussion
3.1 Effect of the ratio of Sn doped on CuO-CeO: catalyst
Catalytic activities

As shown in Figure 1, the CO conversion and O2 selectivity over Sn(x)-CuCe and CuO-
CeO2. Obviously, when the temperature was below 1400C the CO conversion of the
Sn(x)-CuCe catalysts gradually increased with the molar ratio of SnO/CeO2 increasing
from 1 to 5%. The conversion of CO was substantially decrease when furthering
increasing the molar ratio of SnO/CeO2 from 5 to 7.5%. It can be seen that CuO-CeO2
catalyst exhibited the highest CO conversion among the Sn doped in CuO-CeO2
catalysts. When the reaction temperature was above 1200C, the O2 selectivity of Sn(x)-
CuCe samples decreased by the water that formed from the oxidation of hydrogen.
Furthermore, there were more thermodynamically favorable factors at high
temperature[6].
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The catalytic activity of Sn(x)-CuCe and wSn(x)-CuCe for CO-PROX is shown in Figure
2. It was observed that all of catalytic activity of the wSn(x)-CuCe was superior to Sn(x)-
CuCe and the reaction temperature window was broader than that of Sn(x)-CuCe, even
much better than that of CuO-CeO; catalyst. It was suggested that the Sn doped into the
CuO-Ce0;, catalyst improved the catalytic performance, and chloride ions indeed poison
the catalysts. Remarkable improvement was observed for wSn(7.5)-CuCe that contained
the most amount of chloride ions on the surface. For instance, at 80°C the CO conversions
of Sn(7.5)-CuCe and wSn(7.5)-CuCe were 3.96% and 61.77%, respectively. In all of the
samples, wSn(5)-CuCe being the highest CO conversion values catalyst which exhibited
conversion values to 97.74% at 100°C and reached 100% CO conversion at about 110°C.
The results obtained by catalytic tests indicate that chloride ions on the surface in the
catalyst has a significant influence of the catalytic performance.
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N2-adsorption-desorption

N2-adsorption-desorption measurement was used to investigate the influences of chloride
ions on the textural properties of catalysts. The obtained values are collected in Table 1.
It can be observed that after removing the chloride ions, wSn(x)-CuCe possessed higher
BET surface area which should be conductive to the dispersion of copper species and the
formation of strong interaction between active copper species and support[7].

Table 1. Characteristics of Catalysts
Pore Pore Lattice Crystallite size

Catalysts (21%]?) Diameter Volume parameter of CeO, d(111)
¥ mm)  (elp) A (nm)
Cu0O-CeQ2 13332 3.788  0.034 5399 17.08
Sn(1)-CuCe 13.167 3.670 0.040 5.3913 16.79
Sn(2.5)-CuCe 22984 3780 0.072 5.3885 15.65
Sn(5)-CuCe 23753 3.752 0.077 5.3887 15.02
Sn(7.5)-CuCe 19.188 3377 0.061 5.3847 13.25
wSn(1)-CuCe 29308 3357 0.061 53911 16.36
wSn(2.5)-CuCe 36.117 3.368 0.082 5.3885 15.68
wSn(5)-CuCe 51.839 3349 0.116 53822 13.50
wSn(7.5)-CuCe 42.765 3.371 0.093 53773 13.23

XRD

Figure 4. shows the XRD patterns of Sn(x)-CuCe and wSn(x)-CuCe with various SnO
loadings. As same as the Sn(x)-CuCe, in the XRD patterns the diffraction peaks of all the
catalysts were assigned to the cubic fluorite structure of CeO2, and there is no extra
diffraction peaks of SnO or CuO species detected from the each of them, implying that
the low content of tin or copper species have been highly incorporated into the ceria
lattice to form a solid solution[8]. When the Sn was loaded into CuO-CeQO2 catalyst, the
peaks became broader, indicating that the particle sizes of Sn(x)-CuCe (x>0) catalysts
became smaller, due to the ionic radius of Sn4+ (0.81A) is smaller than that of Ce4+
(0.97A), further preventing that all of SnO2 is incorporated into the cell of CeO2[9]. By
contrast, the reflection peaks of wSn(x)-CuCe were shifted to the low-angle region and
also broader than those of Sn(x)-CuCe, suggesting that the decrease of crystallinity
formed in wSn(x)-CuCe. As described in previous work[10], even extremely small
amounts of chloride provided the necessary species for a sintering mechanism of Cu via
surface migration. This is probably because of a synergetic effect in Cu-Cl mixed
compound may cause bulk CuCl2 during preparation procedure through the surface
migration and further caused high crystallinity and decay of CO conversion.
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Hz-TPR

H,-TPR profiles of all catalysts are displayed in Figure 5. For each catalyst, the reduction
peak at about 185°C (o peak) is attributed to the reduction of small particle CuO
presenting as finely dispersed particles[11]. The reduction peak at 222°C (B peak) is
assigned to medium particle of Cu?* ions entered in the lattices of CeO, solid solution,
and the reduction y peak at about 270°C corresponds to the reduction of bulk Cu
species[12]. After made H,-TPR experiment on CuCl,-CuCe catalysts we confirmed that
the y peak was corresponding to the dispersed CuCl; species into the CeO; support (As
shown in Figure S1). Comparing the H.-TPR profile of Sn(x)-CuCe catalysts, it was
noted that the y peak of wSn(x)-CuCe disappeared and shifted to a stronger  peak,
indicating that in wSn(x)-CuCe copper chloride has been reduced to Cu?* ions. This result
directly promote a consequence of that the metal dispersion entered in the lattices of
Ce0,, promoting a strong interaction between the copper and ceria[13]. Obviously, the
temperature of B peak shifted to a lower temperature and its H, consumption substantially
increased in wSn(5)-CuCe catalyst. It is significant for understanding the catalytic
performance for being the highest activity value.
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XPS

The XPS analysis of Sn(5)-CuCe and wSn(5)-CuCe was displayed in Figure 6, where the
Ce 3d, Sn 3d, O 1s and Cu 2p core level spectra have been depicted to determine the
corresponding species presented on their surface.

The core level photoelectron spectrum of Ce 3d can be fitted by eight peaks[14]. As
shown in Figure 6(A), the peaks labeled as v, v’’, v’’’, u,u’’ and u”’” have been attributed
to Ce** state as in CeO;, and the peaks marked as v’ and u’ are corresponding to Ce®*
species[15], indicating that the surface of the CeO; substrate is not fully oxidized and
contains some oxygen vacancies.

Table 2. XPS Results

Binding energy (eV)

Catalysts Ce3+/Ceq+ Sn+2/Snig Isay Top On/OrtOx
Ce 3ds2 Sn 3dsnz Cu 2psp
Sn(5)-CuCe 8829 4863 9334 0.070 122 026 0458
wSn(5)-CuCe 882.6 4863 9339 0.073 1.31 0.37 0.456

The XPS spectra of Sn 3ds,, and Sn3dsy, is shown in Figure 6(B). For the tin-containing
in two samples, two distinguished peaks centered at 486.5eV assigned to Sn3ds;; and
another one centered at 495.0eV was corresponding to the Sn3ds[16], namely with the
presence of species of Sn**. The O 1s XPS spectra is also shown in Figure 6(C). There is
a main peak centered at 531.0 eV which attributed to the lattice oxygen on the surface,
accompanying with the main peak is a shoulder peak approximately at 529.2eV, which
is attributed to the chemisorbed oxygen on the surface[17]. Figure 6(D) shows Cu core
level 2p spectra, It can be observed that both two catalysts showed two sets of peaks at
932.7eV and 952.5eV, which attributed to Cu2p3/2 and 2pl/2 transitions,
respectively[14]. The higher binding energy (centered at 933.2eV) for the Cu2ps, peak
and the existence of the shake-up peak which is a fingerprint of Cu?*, whereas lower
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binding energy (centered at 934.9eV) for the Cu2ps/, peak together with the presence of
the shake-up peak are the features of Cu*[18], indicating that Cu* and Cu?* species are
coexisted on their surface[19]. Table 2 listed the relative intensity of satellite with respect
to main photoelectron peak (lsa/lImp) to further investigate the valence of copper in these
two samples. The lsa/Imp 0f WSN(5)-CuCe is higher than that of Sn(5)-CuCe, suggesting
the presence of more Cu?* in wSn(5)-CuCe that would be entered in the lattices of CeO,,
which is in favor of the H,-TPR results.
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Figure 6. XPS Spectra (A) Ce 3d (B) Sn 3d (C) O 1s (D) Cu 2p of Sn(5)-CuCe and
wSn(5)-CuCe
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Raman Spectroscopy

The Raman spectra of Sn(7.5)-CuCe and wSn(7.5)-CuCe are presented in Figure 7. All
the samples showed a main band around 458cm that is a characteristic of the cubic
fluorite structure of CeO,[20]. It is shifted to lower frequencies and broadened while
removing the chloride on the surface of the Sn(7.5)-CuCe. These observations can be
explained by combining effects of inhomogeneous strain and phonon confinement related
to the presence of reduced states of cerium and smaller CeO; units[22]. Besides, a broad
peak at ca. 598cm has been attributed to the oxygen vacancies[21]. The Raman results
are in good agreement with H,-TPR and XRD analysis on the effect of chloride on the
catalysts surface.
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Figure 7. Raman Spectra of Sn(7.5)-CuCe and wSn(7.5)-CuCe

4 Conclusions

In summary, a series of Sn-doped CuO-CeO; catalysts were synthesized rapidly within
30 minutes with a facile and solvent-free route, the Sn(x)-CuO-CeQO; samples were
characterized by XRD, HR-TEM and H.-TPR. The results showed that the Sn(x)-CuO-
CeO, have lower CO conversion for CO-PROX than that of CuO-CeO; owing to the
chloride ions which came from precursor combined with metal ions and further cause
high crystallinity and decrease of CO conversion. Thus, the catalysts without chloride
ions (wSn(x)-CuO-CeQ;) were prepared. Np-adsorption-desorption, XRD, XPS, Ho-TPR
and Raman experiments were measured to investigate the influence of chloride ions on
the catalyst surface and catalytic performance. The wSn(x)-CuO-CeQO, were superior to
the Sn(x)-CuO-CeO; and CuO-CeO, wSn(5)-CuO-CeO, being the highest CO
conversion value which exhibited conversion values to 97.78% at 100°C. It was attributed
to the higher surface area, more Cu?* ions entered into the lattices of CeO,, more reduced
copper species and the decrease of crystallinity for catalysts. From these results, the
controlling factor for the CO conversion in CO-PROX should be the absence of chloride
ions on the catalysts surface.
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1 Introduction

Polymer electrolyte membrane (PEM) fuel cells and electrolysers are widely proposed
for energy conversion through the use of hydrogen as fuel[1]. In this context, PEM
electrolysis provides an alternative to more traditional alkaline electrolysis systems, with
cells that tend to be more compact, efficient, with higher gas purity and the possibility of
differential pressurization[2]. These characteristics make PEM electrolysers ideal for on-
site generation of pressurized, high-purity hydrogen and oxygen.

Perfluorosulfonic acid (PFSA) based cells usually show their highest energy efficiency
in the 70-90 °C temperature range and atmospheric gas pressures, due to catalyst and
membrane properties[1], [3]; this range is therefore recommended for applications such
as off-grid electric power storage. However, in cases where cell durability and gas purity
are more important, like carrier gas for chromatography applications[4], it might be more
convenient to work at lower temperatures. While most published research deals with cell
performance at the aforementioned higher temperatures, less work is done yet on cell
design for low temperature applications.

In this work, we studied the influence of design aspects such as: choice of membrane,
catalyst loading, and clamping bolt torque on the performance of PEM cells operating at
40 °C and 6.9 barg H; differential pressure.

2 Experimental
2.1 Design concept

A series of single-cell PEM electrolysers were designed, based on the flanged reactor
principle, used in most commercial systems. Figure 1 shows a schematic diagram of the
cell design. The cell consists of 5 main layers: a Catalyst Coated Membrane (CCM),
anode GDL subassembly made of porous titanium, cathode GDL subassembly made of
porous graphitized carbon, and stainless steel plates.
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Figure 1. Diagram of the electrolyser design.

The active section was circular, with 23.8 cm? geometric area. The design current was set
at 26.8 A, for a nominal hydrogen production capacity of 200 mL/min (1 bar, 293 K).

Construction materials

Perfluorosulfonic acid (PFSA) type membranes were used in the CCMs, purchased from
two commercial suppliers. Two PFSA-based membranes, with and without a fibre
reinforcement, were purchased from Supplier A. In addition, a series of Nafion®115-
based CCMs were purchased, with different loadings of 40% Pt/carbon (cathode) and Ir
black (anode), from Supplier B. Table 1 shows the main characteristics for the different
cell configurations. The descriptor code for each CCM is {Membrane}-{Pt loading,
mg-cm2}-{Ir loading, mg-cm™2}.

The cell had 8 bolts distributed symmetrically around the cell active area. In order to
control cell clamping pressure, known torque was applied upon assembly with a torque
wrench.

Table 1. Tested cell configurations.

Cell ID CCM configuration Torque/
N-m

A-5 N115-Ptl-1r2 5

A-10 N115-Ptl-1r2 10

A N115-Ptl-1r2 15

B N115-Ptl-1rl 15

C N115-Pt0.5-1r1 15

D PFSA-Pt0.65-1r2.2 15

E PFSA-Pt0.65-1r2.2-R 15
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2.2 Performance testing

The electrochemical evaluation of the different cell configurations was done in an in-
house built setup, with hydrogen chamber pressure, water temperature and water flow
control. A Bio-logic HCP-1005 boosted potentiostat was used for the electrochemical
measurements. Cell performance was measured with i-V curves and Electrochemical
Impedance Spectroscopy (EIS).

For cell performance evaluation, all experiments were carried out at 40 °C and differential
H; pressure of 6.9 barg, with atmospheric O pressure. A peristaltic pump was used to
push water through the setup, from a water reservoir with constant temperature control,
through an ion exchange column, into the anode chamber of the cell, and back into the
water reservoir; water pumping rate was kept constant at 150 mL/min.

Cells were run at constant 26.8 A current for 48 h, before obtaining i-V curves and EIS
spectra measurements. EIS spectra were obtained at 100 cmA-m?, from 10kHz to
50mHz, with 6 points per decade measured and 10 mA-cm™ rms AC signal. From these,
the ohmic resistance was taken as the real component at zero imaginary component. The
cell area specific resistance (ASR) was calculated by normalizing ohmic resistance to
electrode geometric active area. Gas crossover was estimated indirectly following a
method described by Schalenbach et al. [5], using pressure build-up in the sealed H;
chamber at constant current. The steady-state pressure was recorded, and the gas

crossover rate I, was calculated by Equation 1 as follows:

rco(mL-min‘l): ;T: g 1)

Where i, is the applied current, F is Faraday’s constant, R is the gas constant, T is

293 K, and P is 1.013 bar. The crossover rate can be taken as indicative of both
membrane gas crossover and cell sealing, since the method described includes all gas
pressure loss sources in the hydrogen chamber.

With gas crossover rate and cell voltage, the combined efficiency at different currents
can be estimated by Equation 2 as:

[ E

— — cell th

Ecomb = €Farad " Etherm = ( . j E (2)
Icell + Ico cell




10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 145
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), ENERGY STORAGE
A. L. Tomas-Garcia, M. Mirzaeian, G Chisholm & A. G.Olabi: Design and Testing of a
Single-Cell PEM Electrolyser for Small-Scale Hydrogen Production Under Mild
Conditions

With iCO being the crossover current density, i_., the applied cell current, E_, the

cell cell

measured cell voltage, and E,, the thermoneutral voltage for water splitting, +1.48V
(HHV) in operating conditions.

3 Results and Discussion
3.1 Cell compressibility and bolt torque

Figure 2 shows the effect of applied torque to the bolts clamping the cell on its ohmic
resistance, cell voltage and gas crossover. It can be seen how the applied torque in the
bolts during cell assembly has a strong influence in its measured ohmic resistance and
gas crossover. This can be attributed to the behaviour of interfacial contact resistance
between cell layers, such as current collectors and gas diffusion layers. The results
obtained are in good agreement with recent work published by Selamet and Ergoktas on
a similar PEM system[6], although in that case different gasket materials were used, and
cell performance was measured at room temperature.

It is worth noting that, on the one hand, higher torque (and hence higher clamping
pressures) is beneficial for minimizing the cell’s internal resistance; on the other hand, as
interfacial resistance is overcome, a minimum residual resistance remains, which is closer
to the sum of the individual bulk resistances of the cell’s components. If higher torques
are applied, in addition of no significant improvement in cell resistance and/or sealing,
excessive strain on cell materials can produce mechanical failure of softer components
like gaskets and membranes. Therefore, in any cell design a compromise might be sought
when considering applied clamping pressure, between performance and mechanical
integrity.
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Figure 2. Measured cell voltage, gas crossover (c.0.) rate and ASR for Cell C, at
different applied bolt torques.

The compression behaviour of the cell assembly is likely correlated to that of the softness
of polymeric components, such as gaskets and membrane, compared to stiffer ones such
as endplates and GDL layers.

3.2 CCM configuration

Figures 3, 4 and 5 show the performance of cells with different membranes (C, D and E),
tested through i-V curves, EIS spectra and gas crossover. The i-V curves show lower
voltage for Cells D and E. The EIS spectra (Figure 4) show a single semicircle for the
Nafion membrane (Cell C), while a wider shape with probably two different circles was
observed for the PFSA membranes (Cells C and D); this is possibly due to different
electrode microstructures in each of CCMs. The main difference between membranes
seems to be their ohmic resistance; this can in turn be attributed to differences in
membrane resistance, with the PFSA membrane being more conducting at 40 °C than the
Nafion membrane. It can also be added that the mechanical reinforcement applied to the
PFSA membrane in Cell E did not seem to be detrimental to cell performance, with very
similar ohmic resistance and total cell resistance at 100 mA-cm™. In Figure 5, the cell

combined efficiency ¢, at different current densities is shown, calculated from gas
crossover and cell voltage (Equation 2). Cell C had superior efficiency at low current
density, due to its lower gas crossover. On the other hand, Cells D and E showed superior

efficiency at current densities, reflecting the influence of ohmic resistance on voltage
efficiency.
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When different catalyst loadings were applied to Nafion membranes, the differences in
performance were much smaller (Table 2); e.g. halving Ir loading in Cell B compared to
Cell A only increased cell voltage by 8 mV at 100 mA-cm, and halving Pt loading in
Cell C compared to Cell A decreased cell voltage by 3 mV. Recent work by Grigoriev et
al.[7] has shown similar results in the catalyst loading range used here, with minimal

performance changes for cathode Pt loadings between 0.5 and 2 mg-cm™.

Table 2. IR-compensated cell voltage at 100 m-Acm for Nafion 115 CCMs with

different catalyst loadings.

Figure 3: i-V curves for different Cells: C( A ) Nafion, D(®) PFSA, E(m) PFSA-R.

Cell ID|Pt loading/ |Ir loading/ |E-I'R/ | Crossover/
mg-cm mg-cm vV mL-min’?
A 1.0 2.0 1.580 0.21
B 1.0 1.0 1.588 0.21
C 0.5 1.0 1577 0.20
> 2]
i
1.9
1.8
1.7
1.6
—A—C
1.5 ——D
—a—E
1.4 4 T T T T )
0 250 500 750 1000 1250
i/mA-cm2

Obtained at 40 °C and Pn»=6.9 barg.
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Figure 4. EIS spectra for Cells C, D, E. Obtained at 100 mA-cm?.
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Figure 5. Calculated cell efficiency ¢, for Cells C, D, E. Same conditions as Figure

3.
4 Conclusions

In the relatively mild conditions in which the cell designs were tested, membrane
selection and gasket compression were more important for cell performance than catalyst
loading, at least within the studied range of loadings. Membrane selection had an
important influence in ohmic resistance, with the PFSA CCMs showing lowest resistance.
Clamping pressure of the cell, applied through controlled bolt torque, played also an
important role in optimizing resistance. In this design, 15 N-m torque was found to
provide the best ohmic resistance, cell voltage and gas crossover.
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Abstract Ene.field and other like PACE project are needed for a large scale
Fuel Cell mCHP deployment that enables suppliers to overcome the point
of greatest risk in new product commercialisation and a significant cost
reduction is required to move the technology to a commercial proposition.
Ene.field is the largest European demonstration of FCmCHP to date,
deploying up to 1,000 FCmCHP in 11 key European member states in
duration of 5 years.

Outputs of the project include LCC&LCA assessments, market analysis,
commercialization strategy, and policy recommendations.

It is shown that Germany is the strongest early market, due to regional
funding opportunities, tolerance of higher cost heating systems and a more
developed manufacturer base. Increased manufacturing volumes is
expected to be the biggest driver of capital cost reductions, which will
require a stable policy framework.

About policy readiness, with ene.field, we learned that policy development
should closely follow and complement the industry’s commitment to
FCmCHP cost reduction and performance improvements. Current national
administrative barriers are preventing access to existing support schemes
and funding, lack of political recognition of FCmCHP benefits.

The Fuel Cells and Hydrogen Joint Undertaking (FCH JU) is committing
€26 million to ene.field under the EU's 7th Framework Programme.
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1 Introduction

This position paper is a part of Europe’s largest demonstration project for fuel-cell-based
mMCHP (micro combined heat and power) systems, ene.field (European-wide field
trials for residential FCmCHP, grant no. 303462). The aim of the project is to demonstrate
small stationary fuel cell systems for residential and commercial applications. The
project is deploying almost 1000 FCmCHP units in 10 EU member states. This is a
step change in the volume of FCmCHP deployment in Europe and an important step to
push the technology towards commercialization. The project involves 26 partners.
Besides the manufacturers of the FC systems, several research institutes as well as
utilities are also involved as partners in the project.

This position paper was written in the framework of the ene.field project. The paper
was curated and partly written by the Technical University of Denmark (Carsten Brorson
Prag, Jonathan Hallinder and Eva Ravn Nielsen). Input regarding the FC mCHP
integration (Chapter 2) is based on was provided by Baxi Innotech, Bosch,
Ceramic Fuel Cells, Dantherm Power, Elcore, Riesaer Brennstoffzellen technik,
SOLIDpower and Vaillant. Contributions to the discussion of FCmCHPs from a utility
perspective (Chapter 3) were made by Dong Energy, Dolomiti Energia, GDF-SUEZ
and British Gas.

2 General Introduction to Smart Grids

A smart grid is an extension of the current electrical grid, as seen in Europe or
North America. The definition of a smart grid is nebulous because a smart grid is
more defined by what it seeks to achieve than how it achieves it. A smart grid is an all-
encompassing coordination of the capabilities and needs of generators, grid operators and
end-users. As any grid it seeks to stabilise the delivery of electricity. Additionally, it
aims to achieve a higher utilisation of resources compared to traditional grids using
advanced technologies. This can be achieved in a number of ways and with a host of tools
depending on the situation, the utilities, the grid managers and the consumers.
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DEMAND SIDE PARTICIPATION

DisTRIBUTION — AcTIVE CUSTOMERS

Figure 1. Visual representation of the smart grid. The key concepts are the decentralised
generation and the distribution flexibility [4]

With the introduction of smart grids, we see the emergence of a trend towards higher
decentralisation of the energy system with the following benefits: A smart grid will aid
limiting losses in transmission [1] through a constant analysis of the grid [2]. A smart
grid can also aid distributed generation by minimising the distance from generation to
consumption thus limiting the need for long range transmission at all.

Smart grids will span over all distribution and generation levels ranging from high to low
voltage grid, large to small scale production and remote as well as on-site control of
decentralised generation [3] (see Figure 1).

2.1 Why do we need a smart electricity grid?

Intermitted sources such as wind power and photovoltaic (PV) generation require that
other generation system in the grid can quickly and flexibly react to a change of
production. As the intermittent renewable sources are fluctuating, other systems will have
to be able to start up, resume production, go idle or shut down in reaction to the
intermittent electricity generation. While this is all happening in the traditional grid
introduction of new technologies, such as heat pumps, electric vehicles, electrolysers and
mCHPs, will require faster and more intricate communication between all the
components connected to the grid.

At times of high energy production from renewable resources, excess energy will be
stored in order to be used in times of low energy production from renewable resources.
Storages can come in several forms such as: Pumped hydro storage (PHS), compressed
air energy storage, batteries, flywheels and gas storage (from electrolysis). All of these
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have different energy recovery times ranging from seconds to tens of minutes.
Coordination of storage of energy over such large quantity of units and technologies as
well as the coordination of utilisation of aforementioned stored energy will require a
smart grid.

One thing is certain: There is no “silver bullet” technology solution to address the de-
carbonisation of the electricity system while still ensuring grid stability in a cost effective
way. The future energy supply will most likely be based on several different technologies
with a large variety of power output [5]. These technologies will make up a complex mix
in the power grid. The preference for these technologies will of course depend on
geographical location. Every technology has requirements and advantages which makes
them more or less well suited for a specific region, country or terrain.

Wind and solar power are intermittent and will therefore increase the need for grid
balancing energy storages. Fuel cells are also included as they are tightly linked to energy
recovery from hydrogen and synthetic fuel storage. While other recovery technologies
exist, fuel cells are among the most efficient and have a low carbon impact.

2.2 Fuel-cell-based micro-CHP systems

Micro-CHP systems are co-generation systems. According to the European definition, a
MCHP system has a maximum electric power output of 50 kW [6]. The electrical
efficiency of a FCmCHP system has been reported as high as 60% [8], total efficiency up
to 90% [7] and CO2 emissions as low as 240 g/kWh [8]. This is comparable to modern
combined cycle power plants [9]. The possibility of a high utilization of the produced
heat is a big advantage for FCmCHP technology. Micro-CHP systems can be used in
buildings off the grid for primary heat and power generation as well as in buildings
connected to the grid allowing for the export of excess produced electricity at a profit.
Such distributed electricity generation can, as mentioned, potentially increase the power
supply security in a future electricity grid when electricity generation from intermittent
renewable energy technologies is lacking due to absence of wind or sun.

A mCHP unit needs to be connected to the gas grid (or a separate gas supply such as
bottle gas) to fuel the fuel cell. An electricity grid connection is an additional requirement
if export of excess electricity and import electricity when there is a production deficit is
desired. Figure 2 shows a sketch of a FCmCHP unit installed in a residential house.
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Figure 2. Sketch showing a micro-CHP installed in a residential house [10].

3 FCMCHP Systems: The Role in a Future Smart Grid

The capabilities FCmCHPs are well suited to play an important role in the future of an
intermittent energy mix. As the power output of the individual system is small,
aggregation of systems into virtual power plants is both necessary and possible. This
capability exists and has previously been demonstrated. Aggregation can take advantage
of the comparatively fast response time of the FC systems. Decentralised generation
afforded by mCHPs installed at the point of consumption can limit power transmission
losses. Multiple operation modes, are possible and base load operation with the
possibility of adjustment based on consumer- and grid needs is suggested.

3.1 Manufacturers views on the capabilities of FCmCHPs

The on-site generation from FCmCHPs can contribute to the grid stabilisation at hours of
low energy generation from the intermittent sources. Similarly, at times of energy surplus,
a FCmCHP can be allowed to go idle. This makes the FCmCHPs compatible with
intermittent generation, a desirable trade as balancing the grid in the presence of
intermittent generation is expected to be a substantial challenge in years to come.

As the output power of a single FCmCHP system is low, larger clusters, or virtual power
plants, are required to make their use practical. Here, combined control or aggregation is
used to coordinate the output of a large amount of systems. This requires remote active
control of the systems to synchronise the distributed generation of the FCmCHPs. This
capability is already proven in manufactured systems.

The aggregator is needed to reach market bid volumes and to pool systems with other
generators. Such control could be in the hands of utilities or grid operators and requires
operation control of the FCmCHP systems. For running such aggregated virtual power
plants, it is necessary that the grid operator knows what the current power output from
the FCmCHP units is. It is also necessary that the grid operator has the ability to take
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control of the FCmCHP systems connected to the grid within a pre-established set of
conditions.

At operation temperature, FCmCHPs can adjust their power output within seconds to suit
the needs of the grid balancing and the household. Start-up from cold to operation
temperature may require much longer time. This requirement of a constantly hot cell is
not considered a large problem as other factors already created incentives for this. To
clarify, these are factors such as ensuring constant performance, grid stabilisation
predictability, power export subsidies and household needs. It should be noted that while
start/stop cycles may reduce performance, varying the output power does not. This is a
great advantage as reducing the output power can in most situations substitute complete
shut-down of the FCmCHP system. Currently, electric energy losses from central
generation (traditional power plants) to consumption are in the order of 5-8%. This is
mainly due to transmission losses in power lines. With distributed generation, these types
of losses can be reduced since electricity is produced at the site of consumption. The fast
response time of FCmCHPs together with their aggregation capabilities makes them well
suited for smart grid controlled distributed generation.

A FCmCHP can be operated in multiple modes. The most relevant are heat load
following, electrical load following, grid following and constant load. As heat load
following mode results in suboptimal electricity production and suboptimal economics,
it is expected that actual operation will be a combination of electrical load following, grid
following and constant load.

One possible way of operation could be the following: By default, the systems are
providing base load as long as there is no need for grid balancing. This delivers the best
internal rate of return to the home owner. More electricity will be produced if there is
power shortage and selling price on the grid (Power Spot Exchange, APX) is high. Less
power will be produced if there is more than enough power such as during sunny daytime
and windy hours.

4 Discussion of FCMCHPs From a Utility Perspective

The technical capabilities for integration of FCmCHPs are present and available.
Aggregation of systems into virtual power plants is feasible but relies on competitive
economics. This includes investments, running costs and the disadvantage of handling
systems with individual owners.

The operation of FCmCHP systems relies on system up-time, response time, consumer
needs and grid needs. Ideal operation would be an electrical load-following mode directed
by a tailored profile for the individual household with the additional option of automatic
adjustment to the internal and external needs. For the utility company to service the
individual system owner, control of electrical and thermal power is a necessity.
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Economic subsidies are at the moment necessary. In countries with feed-in tariffs, these
are the driving factor. Non-economic barriers and hidden costs play a large role in some
markets, while standardisation and clarity would greatly help market development.

4.1 Aggregation

Some major assumptions for small scale FCs to reach remarkable future shares of the
coming balancing market for power are:

= That aggregation is possible for many small units through a common system
that can control many small units and balance outputs.

= Fast response times for each single unit, which mostly will mean that systems
have to be at operation temperature.

= Economic competitive solutions.

Aggregated FCmCHP VPPs will only be of interest for utilities if the system is economic
competitive with conventional methods for balancing of power networks. "Economic
competitive" covers both investment and running cost for the system as well as all the
costs connected to the bureaucracy introduced by the handling of systems with many
thousand owners.

4.2 Operation

The use of FCmCHP units in a smart grid context, introduces into the operational
management a certain number of issues never approached in a normal household.

The need of an aggregation of systems implemented through a full remote control
managed by an external operator instead of the single owner of the single system
definitely requires the possibility of a real-time exchange of information relevant to the
operation condition of the units. All this must be combined with knowledge of the
technical characteristics of the unit itself.

When considering the response times of a FC unit to a load variation request, there are
two general scenarios to consider:

1) If the response times are in the range of seconds or milliseconds, system operators will
function as distributors in terms of the provision of grid services such as regulation of the
reactive power, local adjustment of voltage and the reduction of grid congestion.

2) If, on the other hand, the reaction times are measured in minutes, or more, the only
kind of operator who could be interested is a "commercial” operator (seller), who may
obviate the need for displacement for production programs or for market needs. That is,
an operator who only regulates power output based on commercial needs and not on grid
technical needs.

An ideal solution for the utility companies would be electrical load following mode, such
as the one proposed by the manufacturers in the previous chapter, optimized by a well-
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designed heat storage capacity (based on the total day heat demand with no waste energy),
and a daily stepped pre-set load profile based on a “typical” energy need profile of the
end user. This profile should then automatically be adjusted according to the demand over
time or manually by the “network operator” via remote control for grid balancing needs.

4.3 Data, metering and control

The currently available systems for metering, data collection and system control are in
themselves sufficiently advanced to fill their required roll in a future integration of
FCmCHPs in a smart grid. The response time of the FCmCHPs may however pose a
limitation to the practical use of these metering and control systems.

If a utility company is to serve the individual customer via incorporation of FCmCHPs,
they must be able to control the output of the installed unit. The utility company must be
able to control either the electrical or the thermal power output of the units as a minimum.
If the mCHPs are to be used in a smart grid context, it must be possible to control the
electrical power output specifically.

4.4 Economics

The deployment and economics of FCmCHPs are still very much subsidy driven. The
most commonly seen subsidy mechanism, or incentive, is the feed-in tariff (FiT) regime.

In countries where no FiTs are available, it is possible that the cost of purchase and
installation of the mCHP unit becomes insurmountable for the consumer. Whichever
benefits there may be in installing a FCmCHP are overshadowed by the initial
expenditure. In these countries without FiTs some expenses may not be apparent from
the onset as paperwork and bureaucratic processes may also result in obfuscated costs.
This alienates the consumer, not only to the system but to the product as well.

4.5 Distributed generation

As mentioned in the previous chapter, a reduction of transmission losses will be afforded
by the in-house generation promised by technologies such as FCmCHPs. To make a
difference in practice mCHP installation volumes must be in the order of several
thousands. The grid capacity will in practice be increased as grid electricity demand will
be reduced by the distributed generation. That is to say, the existing power loss of 5-7%
from power station to consumer will be minimised through the local mCHP power
production.

4.6 Limiting factors and challenges
The greatest limiting factor, as seen from a utility perspective, to the introduction of

FCmCHPs to the market in a broad sense, is the cost of the units. The reliance on subsidies
is pervasive and will continue until large enough manufacturing numbers are met.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 159
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), ENERGY STORAGE
T. Auer & M. Small: European-Wide Field Trials for Residential Fuel Cell Micro-CHP

FCmCHPs are an interesting option for balancing and aligning the grid for renewable
energy sources. The technology promises assistance in the compensation of the
fluctuations caused by intermittent energy sources and has the potential of being an
attractive technology with low environmental impact. The capacity to function in
aggregates where each FCmCHP unit is controlled individually and remotely has already
been demonstrated in commercial systems. An additional advantage is that a FCmCHP
at operation temperature can adjust its power output within seconds to quickly fit either
grid balancing needs or the needs of the household where it is installed.

The promise of grid stabilisation through aggregation of fuel cell mCHPs is enticing. To
realise the potential, this technology depends both on bringing the unit costs down as well
as on putting in place a framework that creates a market for balancing and other ancillary
services. Such a framework should attract new players and new business models that can
help to facilitate the process. Aggregators are expected to step in, once the market offers
greater rewards for flexible generation and appropriate contractual arrangements can be
made to ensure that both the unit owners and aggregators draw benefits from such an
arrangement.

It is recommended that the FCmCHPs are in general operated in an electrical load
following mode with a well-designed heat storage capacity. A load profile based on a
typical energy need should be applied and adjusted automatically according to demand
or grid balancing need. The resources for such operation are available and are in
themselves not a limiting factor.
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Abstract The Car Park as Power Plant (CPPP) is a main business concept
related to a future integrated sustainable mobility and energy system in
which hydrogen is a key energy carrier. In order to investigate the uncertain
profitability of the CPPP concept, an optimisation model has been
developed of a CPPP system that includes an electrolyser, a hydrogen
storage tank, and fuel cell electric vehicles, which can produce electricity
from hydrogen. The potential profits that can be obtained with electricity
price arbitrage through energy storage are explored by means of various
energy market scenarios. It is concluded that the CPPP electricity arbitrage
business model can be profitable for a future system with a high share of
wind and solar power, but that profit levels are highly dependent on
electricity prices in hours with low wind and solar power generation.
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1 Introduction
1.1 Hydrogen as a Main Energy Carrier

To reach the high greenhouse gas emission reductions required to mitigate climate
change, our fossil-based economy must transform into a low-carbon economy that makes
use of renewable energy sources. For the power sector, this means a system based on
variable renewable energy (VRE), notably wind and solar power, while in the mobility
sector the main technology option is considered to be the electric vehicle, including
battery vehicles, and fuel cell electric vehicles (FCEVs), which convert hydrogen (H>)
into electricity for propulsion [1]. The Car as Power Plant concept entails a vision of an
integrated sustainable energy and mobility system, based on VRE, hydrogen production
and storage, and FCEVs [2]. It offers an energy transition pathway that brings along
various technical and economic synergies. Electricity can be converted to hydrogen using
electrolysers when VRE generation exceeds demand, hydrogen can be stored on a large
scale for periods up to months, and FCEVs can generate power when wind and solar
power output are insufficient [3], [4], [5]. In a future power system based on intermittent
wind and solar power, the tasks of real-time energy balancing and overall load levelling
will become much more substantial. The need for back-up power generation capacity will
become particularly pressing in case of multi-day periods without wind or sun. The use
of FCEVs for power production results in a more efficient use of passenger cars, which
are standing still more than 95% of the time, and reduces the need to invest in little-used
back-up power plants [2].

1.2 The Car Park as Power Plant

A main business concept related to the Car as Power Plant concept is that of the car park
as power plant (CPPP), which consists of the aggregation of FCEVs parked in a car park
into a ‘virtual power plant’ to produce electricity and feed it into the power grid. In
contrast to battery vehicles, the availability of FCEVs for driving and power provision is
not constrained by VRE output and power line capacities, as they are powered by
hydrogen. Advantages of aggregating FCEVs within the boundaries of a car park are that
the required vehicle-to-grid (V2G) infrastructure and other system components can be
integrated within the car park building, and that possible compensation for drivers can be
factored into the parking fee.

The CPPP business concept encompasses many business model options, involving
different business developers (e.g., car park operator, energy company, mobility service
provider), products and services (e.g., parking, power system services, heat), and related
system designs (e.g., V2G infrastructure only, inclusion of hydrogen storage tank,
inclusion of electrolyser). In this work, we focus on the business model of electricity
price arbitrage, where electricity is converted to hydrogen when prices are low and
hydrogen is converted back to electricity when prices are high, incorporating hydrogen
production and storage within the car park. This particular model was chosen because it
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represents an elementary CPPP business model design that could play a central part in
load levelling in future renewable power systems.

The profitability of the electricity price arbitrage business model (and the CPPP business
concept in general) is highly uncertain: It depends on future system costs and electricity
market prices. Our research objective is to explore the dependency of profitability of this
business model on various energy market conditions. To this end, we perform an
optimisation model analysis, in which potential annual profits are explored for different
annual power generation, load and price patterns.

2 Model Description

We have developed an optimisation model of the car park as power plant applying the
electricity price arbitrage business model, ‘CPPP model’ in short. It has been built in
MATLAB, and makes use of the linear programming solver ‘linprog’. Below, we
describe the model details.

2.1 Conceptual Design

The conceptual design of the CPPP model primarily concerns the system design, i.e., the
system components that the business developer invests in. These consist of an
electrolyser, a hydrogen storage tank, a hydrogen compression system, a hydrogen
dispenser (to refuel the FCEVs), V2G dischargers, a rainwater collection system (to
obtain water needed for electrolysis), and a reverse osmosis (RO) system (to purify the
rainwater). The electrolyser, compression system and dischargers are indispensable
components for electricity price arbitrage using FCEVs. The hydrogen storage tank
increases the arbitrage potential. The dispenser is used to refill the FCEV tanks. The
rainwater collection and RO system enable the production of pure, demineralised water.

The modelled system environment is formed by a specific distribution grid or microgrid,
which consists of residential and service sector consumption, wind and solar power
capacity, and a merit order list of back-up power capacity.

2.2 Model assumptions
The following system-level assumptions apply to the CPPP model:

e The total load of a specific number of households is modelled, along with an
equivalent size of service sector load.

e The balance between power production and consumption is not maintained.

e All hydrogen used for V2G is produced within the CPPP system (H» balance).

e The CPPP operator makes use of one electricity market only (for both buying
and selling).
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e The CPPP operator has perfect foresight of electricity prices and VRE
surpluses and shortages in future hours.

e The operation of the CPPP system does not influence the electricity price.

e The CPPP system components other than the electrolyser and the ‘FCEV
plant’ are not subject to energy losses.

e The electrolyser and the FCEV plant can ramp to full capacity instantaneously.

o Asingle dispenser is used.

e A certain minimum number of cars is available for power production at all
hours.

o Fuel cells do not degrade faster due to VV2G operation.

e The energy storage service (electricity price arbitrage) is the only service
considered. Therefore, parking costs and benefits are not taken into account,
the FCEVs are owned by the individual drivers, and on-board tanks are
refuelled to original levels.

e No benefits or costs are associated with the oxygen (by-product of
electrolysis), and heat and water (by-products of V2G operation).

One of the most important assumptions concerns the hour-to-hour electricity price, which
is determined as follows. First of all, the residual load (MWh) is calculated as the
electricity demand minus the PV and wind power generation, for each hour in the
modelled year. Negative residual load values are transposed into positive VRE surplus
values, and positive residual load values into positive VRE shortage values. Secondly, a
back-up power generation bid ladder is constructed. The bid ladder is assumed to be
linear. Third, the electricity price for hours with a VRE shortage is set at the back-up bid
ladder price that corresponds to the back-up capacity volume equal to the VRE shortage.
The electricity price for VRE surplus hours is set at a fixed VRE surplus price.

2.3 Optimisation problem

The goal of the CPPP operator is to maximise gross profit by optimising the control of
the electrolyser and the FCEV plant throughout an entire year, with an hourly time
resolution. The corresponding objective function is

Nk
min Z Pex Eel — Pex - Ercevc (D)
k=1

Pelk*, PrcEVK *

, Where pex is the electricity price at hour k (€/MWh), Eei is the energy input of the
electrolyser at hour k (MWh), Ercew is the energy output of the FCEV plant at hour k
(MWh), and N is the last hour of the period over which the profit is maximised. Pey* and
Pecewi™ are the electrolyser capacity at hour k (MW) and the FCEV plant capacity at hour
k (MW), resp.; these are the control variables. The gross profit maximisation is subject
to the equality constraint
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Bhc..i= EHk+77eI'PeIk'At—

- Prcevi - At )

HFcEv

,.where Enc .1 is the hydrogen stored at hour x«1 (MWHh), e is the efficiency of the
electrolyser, Pel is the power input of the electrolyser at hour k (MW), necev is the
efficiency of the FCEV plant, Prcewk is the power output of the FCEV plant at hour k
(MW), and 4¢ is the time interval (hours). In addition, the following inequality constraints
apply:

0 S Pe|k S Pel max,k (3)
0 < Prcew < PFCEV maxx 4)
O S EHk S EH max,k (5)

Here, Pelmaxx is the maximum power input of the electrolyser (MW; this is the minimum

of the rated electrolyser capacity and the VRE surplus in MW at hour k), and PFCEV max«
is the maximum power output of the FCEV plant (MW; this is the minimum of the rated
FCEV plant capacity and the VRE shortage in MW at hour k).

24 Model inputs
The following main input data are fed into the CPPP model:

e The number of households. For the analysis this was set at 2,000.

e An electricity demand profile, for all hours in a year. The reference profile is
based on residential and service consumption data from the Netherlands in
2014, as developed and used in [6].

e Photovoltaic (PV) and wind power generation profiles in MWh, for all hours
in a year. Data from the Netherlands from the years 2013, 2014 and 2015 have
been used, obtained from [7].

e Installed PV and wind power capacity values in MW.

e A back-up power bid ladder (€/MWh), based on 2014 data from the Dutch
balancing energy market. The size of the bid ladder is assumed to be 3 MW,
which is large enough to cover the peak demand of 2.86 MW. The minimum
and maximum prices on the bid ladder are based on the average Dutch
balancing energy market prices at minimum and maximum activated volumes,
which are 52.6 and 235.5 €/ MWHh, respectively [8].

e The VRE surplus price (E/MWh), i.e., the electricity price for hours with a
VRE surplus. This is set at 10 €/MWh.



166 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), HYDROGEN AND FUEL CELLS
R. van der Veen, R. Verzijlbergh, Z. Lukszo & A. van Wijk: Exploring the Profit
Potential of Energy Storage in a Car Park Using Electrolysis, Hydrogen Storage and
Fuel Cell Electric Vehicles

e Capital cost (in euro per unit of capacity) and O&M cost (in euro per year,
expressed as a percentage of total capital cost) for each of the system
components. The used values are projections for 2050, described by [4]. These
include capital cost values of 250 €/kW for the electrolyser, 575 €/kg of
hydrogen for the storage tank, 4,200 €/kg/h for the compression system,
72,890 euro per dispenser, and 3,200 euro per 4-point discharger.

e The weighted average cost of capital (WACC). This was set at 3%.

o Energy efficiencies of the electrolyser and the FCEVs, and the lifetime of the
system components, based on projections for 2050 [4]. The electrolyser
efficiency is set at 82%, and the FCEV efficiency at 61%, following [4].

o The electrolyser capacity (MW) and the hydrogen storage capacity (MWh).
The values of these are calibrated and fixed for the main analysis (see section
3).

e The power output of a single FCEV. This is assumed to be 10 kW.

e The number of fuel cell cars that is assumed to be available for power
production at all times. This is set at 100.

2.5 Model outputs

The direct results of the model optimisation consist of the hour-to-hour power input
values of the electrolyser (MW), the power output values of the FCEV plant (MW), the
stored energy values (MWh), and the gross profit (€).

The main result of interest is the net profit, which shows if the investment in the CPPP
system is earned back. It is calculated by

Nk Ni
NP =" (Ercevi - Pec — Eetc - pe) — >_TCi (6)
k=1

i=1

, where NP is the total net profit (€/year), EFcew is the energy output of the FCEV plant

at hour k (MWHh), Eel is the energy input of the electrolyser at hour k (MWh), and TC;
is the total cost of individual system component i (€/year). The total cost of a component
is equal to the sum of the annual capital cost and O&M cost of that component, with
annual capital cost being dependent on the economic lifetime of the component and the
WACC. The corresponding equations are identical to those used and presented in [4].

The return on investment (%) is the gross profit as a share of the total system costs.
Two other important economic performance indicators of the CPPP model are the system-

levelised cost of electricity produced by the CPPP and the system-levelised cost of
hydrogen produced by the CPPP. These are calculated by:
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Nk Ni
Z (Eelk . pEk) + ZTCI
SLCOE = & = (M

Nk

z (Eelk . pek) + iTCJ
SLCoH =% =

Z = s

k=1

®)
e

, Where SLCoE and SLCoH are the system-levelised cost of electricity (€/MWh) and
hydrogen (€/kg), resp., TC; is the total cost of the components j needed for hydrogen
production and storage (€/year), and ey is the specific energy of hydrogen (MWh/kg).

3 Analysis Results
3.1 Calibration of system dimensions

Given that the modelled power market spans 2,000 households and the capacity of the
FCEV plant is 1 MW, the capacity of the electrolyser and the hydrogen storage tanks
have a certain optimal value. When varying the dimensions of both system components,
we find that they should be large enough to utilise the potential for arbitrage with the
FCEV plant, but that the profitability of the CPPP business model drops when marginal
investment cost surpass marginal revenues. For the reference scenario (4 MW PV, 4 MW
wind, 2014 load and generation data), the found optima are an electrolyser capacity of
0.6 MW and a storage capacity of 32 MWh. See Figure 1.
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Figure 1. Impact of CPPP system dimensions on profitability for reference scenario

Here, the load factor of the electrolyser is 43%, showing that it can pay off to invest in
capacity that enables the sale of more energy in high-price hours.

When performing the same calibration for a scenario with high power production
potential (enabled by the load and VRE generation profiles), we found that an electrolyser
capacity of 0.9 MW could increase profits by 60% in this scenario. However, in a scenario
with minimum power production potential, no profit could be made. To limit the number
of optimisation scenarios, we assume an electrolyser capacity of 0.6 MW and a storage
capacity of 32 MWh, which produces a net profit in the reference scenario that is close
to the average of all scenarios in the main analysis.

3.2 Sensitivity to market conditions

We have run the optimisation for 972 scenarios in which six inputs were varied:

installed PV capacity (3 MW, 4 MW, 5 MW)

installed wind power capacity (3 MW, 4 MW, 5 MW)

PV generation profile (2013, 2014, 2015)

wind power generation profile (2013, 2014, 2015)

load profile (residential, mixed minus 10%, mixed, mixed plus 10%)
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e back-up power bid ladder (reference minus 25 €/ MWh, reference, reference
plus 25 €/ MWh)*

All input value combinations have been included in the analysis. This has led to the
overall results presented in Table 1. We find that in 81% of the scenarios a positive profit
develop. The distribution of the net profit values resembles a normal distribution, but
with smaller tails. The average gross profit is high, which is necessary to obtain a positive
business case: The break-even value lies in the range 80-100 €/ MWh? The system-
levelised cost of hydrogen is in the range of the DOE 2020 target value for electrolysis
[9]. Profit levels are proportional to the total electricity produced by the FCEV plant, as
well as to the back-up bid ladder prices on which the electricity prices are based, which
indeed follows from Equation (6). The total electricity produced increases along with the
total VRE shortage over the year, until the first becomes larger than ca. 2,000 MWh, in
which case the reducing number of VRE surplus hours and the corresponding
opportunities for low-cost electrolysis affect the arbitrage potential. The average total
electricity produced is 45% of the average total VRE shortage, which indicates that short-
term energy storage has the potential to supply about half of the residual load.

Table 1. Main Results Of Optimisation Over All Scenarios

Output parameter Mean Standard
deviation

Net profit (€/year) 22,843 124,102

Gross profit (€/MWh) 104.7 22.8

Return on investment (%) 14.4 24.7

Total system cost (M€) 1.68 0

System-levelised cost of|0.093 0.0067

electricity (€/kWh)

System-levelised cost of(2.0 0.14

hydrogen (€/kg)

Total electricity demand (MWh) (14,210 |1,005

VRE surplus hours (%) 67.4 8.4

Total VRE shortage (MWh) 2,185 664

Total electricity produced by |982 85.0

FCEV plant (MWh)

Load factor of electrolyser (%) |37.4 3.2

Load factor of FCEV plant (%) |11.2 0.97

Grouping the results by input value generates a series of box plots (Figure 2). How much
PV capacity is installed does not have a significant impact on the net profit, but higher
wind capacity values lead to lower net profit values, due to lower total VRE shortage
values (power production potential). This indicates that PV production peaks do not
match well with the load peaks. Wind generation patterns are much more irregular than
PV patterns, which is reflected by the differences between (profile data from) different



170 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), HYDROGEN AND FUEL CELLS
R. van der Veen, R. Verzijlbergh, Z. Lukszo & A. van Wijk: Exploring the Profit
Potential of Energy Storage in a Car Park Using Electrolysis, Hydrogen Storage and
Fuel Cell Electric Vehicles

years. The results for different load profiles show that higher electricity consumption
leads to higher profits, as the power production potential rises. Because the mixed load
profile matches better with VRE output than the residential load profile, the arbitrage
potential is lower, which is in line with the results from [6]. The impact of the bid ladder
price level on net profit is the highest of the six energy market inputs. Because the bid
ladder directly determines the electricity prices, the gross profit per MWh increases by
25 €/MWh if the bid ladder shifts upward by the same value.
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Figure 2. Sensitivity of CPPP profitability to energy market conditions
4 Discussion

The CPPP energy storage business model has been found to be profitable for a power
system that is dominated by wind and solar power, as energy storage is highly valuable
in such a system. CPPP profitability will depend for an important part on electricity prices
at times of low VRE output. These prices will depend on the scarcity and operating costs
of back-up power generation capacity and flexible load, but also on the degree to which
providers of back-up capacity recover capital costs through energy sales at shortage
hours.

The profitability of the CPPP business model may be enhanced by the inclusion of more
services, such as the sale of hydrogen to FCEV drivers, and by the sale of the oxygen
produced in the electrolysis process. Moreover, the CPPP reduces back-up power
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investment costs and causes lower local air pollution and noise (although it may prove
difficult for the car park operator to capitalise on these benefits).

Valuable extensions of this work include the evaluation of the impact of electricity sale
by the CPPP operator on the electricity market prices, and of the impact of limited
availability of FCEVs (i.e., taking into account driving patterns).

5 Conclusion

This study provides preliminary results of an optimisation study in which the profit
potential of a Car Park as Power Plant energy storage business model has been explored.
Based on these results, we can conclude that the CPPP business model has the potential
to be profitable in power systems with a high share of wind and solar power, but that the
level of profitability highly depends on the electricity prices during VRE shortage hours.

Notes

1 The minimum bid ladder prices (and thus electricity prices) are 34.9, 59.9 and 84.9 €/MWh,
respectively. The maximum bid ladder prices are 210.5, 235.5 and 260.5 €/ MWh, respectively.

2 Because the break-even value depends on the arbitrage potential provided by the generation and
load patterns, it varies between scenarios.
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1 Introduction

In the last decades, the domain of energy has undergone a huge revolution. Indeed, the
current energy crisis has many aspects among them are the high cost of fuel, the depletion
of fuel reserve and the pollution. Traditionally the focus of energy studies, concerns
mainly the economical dimension. Nonetheless, the dangerous level of pollution has shed
light on the environmental impact of the crisis. On the other hand, a simple anatomy of
any energy supply strategy lead to two fundamental parts. Energy source and energy
storage. Huge efforts have been concentrated to find green sources of energy. To put it
another way, finding renewable and sustainable sources such as solar energy [1-2]. Other
works concern energy recovery [3-4] and energy storage such as batteries and super-
capacitors. Fuel cell [5-7] can be seen as green energy storage system since it is pollution
free device. Green-Green energy system can be constructed by coupling renewable
energy source and fuel cell. In the light of green-green concept, several studies have been
proposed to investigate the coupling of fuel cell with renewable resources especially solar
energy systems. Several solar-fuel cell coupling strategies have been devoted for vehicles
[8-9] applications. Other studies concerns coupling solar-fuel cell with other renewable
resources such as wind energy system. For instance, in [10] the authors propose a
management approach for multi energy sources applications and present wind-solar-fuel
cell coupling. In [11], an economical study on using biomass gasifier with solar-fuel cell
coupled system is shown. Other works examine case study for specific regions such as in
[12] where the authors apply an optimization algorithm on the case of El Paso city. A
thermodynamic approach is discussed in [13], the authors perform a case study on the
city of Toronto. In spite of the fact that the majority of solar-fuel cell coupling studies
concern photovoltaic solar systems some works are dedicated to present coupling fuel
cell with other types of solar systems such as thermal solar system. In [14] a system
coupling fuel cell and solar chimney is investigated. Ramadan et al [15] present a model
coupling parabolic trough and fuel cell as well as the sizing procedure. The present paper
call into question, comparison between two different approaches of coupling solar energy
and fuel cell: Photovoltaic-Fuel cell and Thermal Solar-Fuel cell. The aim is to identify
the better coupling approach for an imposed criterion. The remaining of the paper is
organized as follows:

Section two is devoted to present the general procedure of coupling. Modeling of PV, TS,
Electrolyzer and FC are presented in section three. Results are discussed in section four
and concluding remarks are presented in the last section.

2 Procedure of Optimization

Coupling solar energy and Fuel cell is performed indirectly through electrolyzer. Indeed,
Fuel cell is supplied by hydrogen to provide electricity. That is why it is unescapable to
find a source of hydrogen in order to use fuel cell. Several techniques can be adopted to
produce hydrogen depending on the availability and the cost of the sources. One of the
most utilized techniques are electrolyzers. They allow to obtain hydrogen from water by
several technologies among them proton exchange membrane (PEM) which is considered
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in this work. Having said that, electrolyzers need electrical power to operate. A full green
energy system can be constructed by using a renewable energy source to supply
electrolyzers. When solar energy is adopted to produce hydrogen. The two main
technologies that can be utilized are photovoltaic cell and thermal solar system. The
output power delivered by each system varies depending on specific parameters. With
this in mind, the optimum solar-fuel cell coupling requires to define a calculation
procedure that converges toward the optimal design. Notwithstanding, a decision
criterion should be imposed. To this end several criteria could be adopted depending on
the objective of the application. In the shade of this paper three criteria are presented.
Total Energy, Minimum Threshold and Maximum Power Fixed Period. Total Energy is
the most generalized criterion since it represents the net provided energy regardless the
minimum or maximum power that may be obtained by zooming on a specific period of
time. By contrast Minimum Threshold does not compare the total energy, it identifies
globally the most secured system or in other words the design that provides a power
supply greater than a minimum limit. That said, the third criterion or Maximum Power
Fixed Period is dedicated for application where maximum power is needed for a
determined period of time regardless the total energy supplied over the year.

I Land characteristics |

I Parameters - PV I I Parameters - TS I
I Power per PV cell I I Power per Mirror I
v v
I Number of PV cells I I Number of Mirrors I
¥ v
I Volume of H, I I Volume of H, I
¥ v
I Fuel Cell Power I I Fuel Cell Power I
y
I Selection Criterion I
v v ¥

Total Maximum Power Minimum
Ener Fixed Period Threshold
|

A 4

I Optimum Design I

Figure 1. Procedure of optimization
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3 PV Array Sizing and Modeling

The scenario considered in this work, consists on sizing and modeling the PV array
system based on a preset land area. This section is divided into two parts: The first part
deals with the PV array sizing according to the effective land area, the PV module tilt
angle at the selected location, and to the system’s DC bus voltage. The second part
include the mathematical modeling aiming to calculate the PV array output power with
respect to the Direct Normal Insulation (DNI) of the selected location and the number of
PV modules.

3.1 PV array sizing

In this part, a rectangular land of 1000 m? area is considered. The location studied is
Tripoli exhibition center in Lebanon (Latitude: 34°26'13" North - Longitude: 35°49'26"
East). Solar insulation data for the selected location are taken from the Photovoltaic
Geographical Information System (PVGIS). According to these data, the optimal tilt
angle for the selected place is 0,,¢ima = 30°. This is close to the mean tilt angle
Omean = 34° calculated in Table 1. The PV module used in the array design is the
Sunmodule SW 250 mono. Its characteristics are given in the Table 2.

Table 1. Mean tilt angle of the PV module

Date Latitude | Declinatio | PV module
¢ n angle of tilt angle
the sun & 0=0¢-8
Dec. 21 34° —23° 57°
Mar. 20" 34° 0° 34°
Jun. 21% 34° +23° 11°
Sep. 23" 34° 0° 34°
Omean = 34°
Table 2. PV module characteristics
Description Rating
Rated power Prax =250 W
Open circuit voltage Voc =378V
Max. power point voltage Vyp =311V
Short circuit current I;c = 8284
Max. power point current Iyp =8.054
Dimensions 167.5 cm X95.1 cm

To avoid shading in solar array, a minimum spacing distance D between modules is
required as shown in Figures 1 and 2. The shadow distance D is found through using
simple trigonometry as follows:
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D= hxcos(y—180°) (1)

tan(a)

where, h is the height of obstruction calculated from the tilted module length x and the
PV module tilt angle 6 as shown in Figure 1, « is the solar altitude angle and y the solar
azimuth angle as shown in Figure 3.

h = xXsin(0) )

South
Figure 2. Shadow distance

Given the module length x = 167.5cm, the tilt angle 6,,mq = 30°, the solar altitude
angle considered at the end of the effective sun hours in the worst day of the year (Dec.
21%) a = 20° and the solar azimuth angle under the same conditions y = 229°, the
shadow distance D is:

__167.5sin(30°) cos(229°-180°)

D = 149cm (3)

tan(20°)

South

D
v

Figure 3. Solar azimuth angle

Based on the shadow distance D, the PV module dimensions and the optimal tilt angle,
the maximum number of PV modules that can fit in 1000 m? land area is Np, = 200
modules. The number of modules in series Npy_geries 1S the ratio of the array’s DC
voltage Vpc—_arrqy Over the module’s maximum power point voltage Vy rounded to the



178 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), HYDROGEN AND FUEL CELLS
A. Haddad, M. Khaled, M. Ramadan, H. Ramadan & M. Becherif: Investigation on the
Coupling of Fuel Cell with Photovoltaic and Parabolic Trough Solar Systems

next higher integer. To be compatible with the electrolyzer’s DC input voltage, we
consider Vpc_array = 150V. Therefore,

VDC—Array

NPV—Series -

= 5 Modules 4

Voc Rounded
Hence, the number of modules in parallel Npy _paraiier 1S:

_NPv_ — 40 Modules (5)

Npy_paraiier = N -
PV-—Series

Figure 4 shows the PV array configuration inside the 1000 m? land area.

Figure 4. PV array configuration
3.2 PV array mathematical modeling

To elaborate the mathematical modeling of the PV array, we propose to represent the
module by the equivalent electrical circuit shown in Figure 5. In fact, the PV module can
be seen as a dependent current source controlled by Direct Normal Insulation (DNI). This
notion is modeled as a photocurrent Ip;. Besides, the module is composed of 60 PN
junction cells in series which behave as Diode. The movement of current through the
emitter and base of the solar cell, the contact resistance between the metal contact and
the silicon and the resistance of the top and rear metal contacts cause a drop in the
module’s voltage. A series resistance Rg is used to represent this drop. In addition,
manufacturing defects cause some power loss that is represented with a shunt
resistance Rgy in parallel.
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Rs Ipy

DNI

Module

+

- <1> v Rsn 2

Figure 5. PV module equivalent circuit

The mathematical model of the entire array is given by the block diagram in Figure 6.
The main inputs are the DNI, the module’s temperature T, the number of series modules
in one string Npy _series: the number of parallel strings in the array Npy_parasier, 8S Well
as the module’s operating voltage Vpy, . . The latter is considered as input because it
is set by the controller so that to extract maximum power from the module. The outputs

are PV array’s voltage, current and power.

DNI ey \

Ty —— Array’s — Vpr-

Array

Npy—series — Mathematical [ Ipv-array

NPV—Parallel —

VPV—Madule —
Figure 6. Block diagram of the model

According to the circuit in Figure 5, the module’s output current is:
Ipvproaquie = Ipn = Ip = Isu
with Ipy : Module’s photocurrent given by:
DNI
Ipy = [Isc + Ki(Ty — Tref)]x 1000

I : Module’s diode current given by:

qx VPVModule +Rs IPVModule)
-1

I, = I [exp( KnTu

Model » Ppy_

Array

(6)

(7

(®)
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sy - Module’s current loss caused by its shunt resistance Rgy. It is given by:

14
Iy = Fozj )

K; : Temperature coefficient.

T,.r . Reference temperature.

I : Module’s saturation current.

Izs : Module’s reverse saturation current.

q : Quantity of electronic charge.

E, : Energy band gap for the monocrystalline Silicon used in the PV module.
n : Module’s ideality factor.

K : Boltzmann’s constant.

R : Equivalent series resistance of the module.

The total output voltage of the PV array is:

VPVATmy = Npv_series XVevisodute (10)
The total output current of the PV array is:

Ipv prray = Nev-rparatiet XIpv g guie (11)
The total output power of the PV array is:

PPVArmy = VPVArrayXIPVArray (12)
4 Electrolyzer Sizing and Modeling

To meet the load demand at night and during periods of low insulation, energy storage is
essential. Conventional battery bank concept used in small scale projects do not apply in
case of large power generation. Indeed, controlling the state of charge of a big battery
bank to protect it against overcharge/overdischarge is a challenging problem.
Furthermore, batteries’ lifetime is limited and harmfully affected with temperature
increase. Moreover, they are not environmentally friendly. For all these reasons we
propose to use hydrogen production as a storage medium. For this end, we use an
electrolyzer of 18kW rated power and 150V DC voltage. The electrolyzer is sized based
on the maximum DC power produced by the PV array and the Parabolic Trough (PT)
system in June with an additional 20% security margin. The hydrogen and oxygen
production rates 7, and 1, are:

. . XigX M
My, = 2my, = TeelisXUEXTIF o 300X —12 (13)
2 2 2F PH,
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with n.; : Number of electrolyzer’s cells.

F : Faraday’s constant.

My, : Molar mass of hydrogen.
pu, - Density of hydrogen.

nr : Faraday’s efficiency given by:

(#-%)

n, = 96.5xexp\ ' (14)
i : Electrolyzer’s current given by:

, PPVArray

g ==y (PV case) (15)
ip = 7PPTX17’5':5W€T (PT case) (16)

Nrectifier - Rectifier’s efficiency. In case of PT, the AC power is converted to DC using
a rectifier.

5 Fuel Cell Sizing and Modeling

Hydrogen and oxygen produced by the electrolyzer are used to feed the Fuel Cell system
for power generation in absence of solar radiations. The fuel cell’s output current is
function of hydrogen consumption rate as shown in the following equation:

_ZFXThHprﬂ (17)

i =
FC 3600 M,

The output voltage per cell is:

Vcell = Enernst - Vact - Vohm_Vconc (18)
with E,.,s: : Open circuit voltage.

Vet - Activation voltage loss given by:

Vaee = "5 xIn () (19)
R : Gas constant.

Ty : Fuel cell temperature.

iy : Exchange Current.

V,nm - Ohmic voltage loss given by:
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Vornm = (R4 + Ry + R¢)Xipc (20)

R, : Anode electrical resistance.

R : Cathode electrical resistance.

Ry : Membrane electrical resistance.

V.onc : Concentration voltage loss given by:

RgT i
Veone = % xln (1 - l:::_acx) (21)

imax - Limit Current.
The fuel cell’s output power is:

Pre = Ve Xipe = Neens XVeeu Xipc (22)
Neens - Number of cells.

The fuel cell is sized according to its maximum limit current density as well as to the
inverter’s input DC voltage. Based on experimental works, the maximum limit current
density j,q. of the fuel cell is 0.74/cm? and the minimum guaranteed fuel cell’s output
voltage is 0.6V /cell. According to the maximum DC power produced by the PV array
and the PT system in June with an additional 20% security margin, the fuel cell’s
maximum current is 192A4. Therefore, the cell’s area is:

192 A
Ace” = m ~ 275 sz (23)
The DC input voltage of a conventional 220V AC inverter is 48V DC. Hence, the number
of cells is:

48V
Ncells = W = 80 cells (24)
6 Parabolic Trough Sizing and Modeling

The received solar energy can be calculated as follows:

Qabsorbed = F)SUN ' F)PERFORMANC E - l:)CONFIGURAT ION (25)

where Psyny Pperrormance @0 Peonricuration TEPresent respectively parameters of sun
irradiance, parameters of performance and parameters of system configuration.

Pyuy = DNI.cos 6. 1AM (26)
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where the direct normal insulation DNI represents the portion of solar radiation that
reaches the surface of the earth. It depends generally on time period of the year and
location. IAM is the incidence angle modifier and 6 is the angle of incidence.

Prerrorvanc e = Rowshadow. Endloss. 77 ieq - 71ce (27)

where Rowshadow accounts for mutual shading. Endloss accounts for losses from ends
of the receiver tubes or Heat Collection Elements HCE. Nfiela is an efficiency that

represents losses due to mirrors’ imperfections. 7,,.. is an efficiency that represents
HCEs’ imperfections.

PconricuraTion = SFa- A (28)

where A is the area of the tube and SF, is the fraction of the solar field tracking the sun.
The angle of incidence is written:

cosf = \/cos2 6, +cos® Ssin? w (29)
where w represents the hour angle obtained from:

€0S @, = C0SJ COS ¢ COSW +Sin 5sin ¢ (30)

where @ is the latitude. IAM accounts for the additional reflection and absorption losses
due to the increase of the angle of incidence:

IAM = K (31)
cosd

K = cosé +0.000884 & + 0.00005369 H° (32)

The Rowshadow reduces the performance of the collector by reducing the amount of
radiation incident:

Lspacing cosd, (33)
cos@

Rowshadow=

where W represents the collector aperture width and Lgpqcing represents the spacing
length between troughs. Endlosses are characterized by the Endloss factor can be
determined as follows:
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f tan@

SCA

Endloss=1-

(34)

where f represents the focal length and Lg., represents the length of single collector
assembly. The output electrical power obtained from one mirror is written:

l:)mirror :Qabsorbed “Tthermal - Telectrical (35)

where 7,,,...... is the thermal efficiency of the cycle and 7
electrical efficiency.

represents the

electrical

7 Simulation Results
7.1 Comparing yearly AC power for PV and PT
The PT output power is AC while the one of PV is DC. In order to compare the two

systems, an inverter is used to convert the DC power of the PV array to an AC one. The
AC output power of the inverter is:

Prverter = PPVArmy XNinverter (36)
With 9perter - The inverter’s efficiency.

Figure 7 presents the yearly AC power variation for both PV and PT systems based on
DNI data for the studied location.
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Figure 7. Yearly AC power variation - PV/PT

Results in Figure 7 show that there is no absolute advantage of one technology on the
other. In fact, from the end of September to the end of February the PV power is greater
than the one of PT. This latter exceeds the PV from the end of February to the end of
September except few days in April and May. Hence, the choice between the two
technologies depends on the selection criterion. If the criterion is the total energy, the two
systems are nearly equivalent with a negligible advantage for the PT. If the criterion is a
minimum threshold power around 5kW, the advantage is for the PV. Finally if the
criterion is to have maximum power during the summer period, the advantage is for the
PT.

7.2 Comparing yearly hydrogen production rate for PV and PT

The DC power of PV is directly used to produce hydrogen while AC power of PT needs
to be converted to DC using a rectifier. This gives advantage for PV over PT regarding
hydrogen production. In case of PT, hydrogen production rate will be function of the
rectifier’s efficiency ngectirier- This conclusion is proved through results in Figure 8 that
compare between PV and PT hydrogen production rates.
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Figure 8. Yearly H, production rates - PV/PT
7.3 Comparing yearly Fuel Cell power for PV and PT

Since hydrogen production rate for PV is greater than the one of PT, the fuel cell output
power will be greater in case of PV. This result is shown in Figure 9.
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Figure 9. Yearly Fuel Cell output power



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 187
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), ENERGY STORAGE
A. Haddad, M. Khaled, M. Ramadan, H. Ramadan & M. Becherif: Investigation on the
Coupling of Fuel Cell with Photovoltaic and Parabolic Trough Solar Systems

Therefore, PV has advantage on PT if coupled with Fuel Cell through hydrogen storage
despite of the higher AC power of PT in summer. Energy storage in PT case might be
more efficient if thermal storage is used in place of hydrogen storage.

8 Conclusion

The present work proposes a full green renewable energy system based on the coupling
of Fuel Cell with PV or PT solar systems through hydrogen storage. The systems are
sized according to the DNI data of the studied location with 1000 m? of land area.
Mathematical models for PV array, PT system, Fuel Cell and Electrolyzer are elaborated.
Proposed models calculate the output power of each system as well as the produced
quantity of hydrogen. A comparison between the output powers of the two solar systems
based on yearly insulation data is carried-out. Results show that none of the two
technologies is absolutely the best over the entire year. The optimum choice depends on
the selection criterion which can be either the yearly total energy, or the minimum
guaranteed threshold power, or the maximum power during a fixed period. Results reveal
that both systems are nearly equivalent regarding the yearly produced energy.
Furthermore, results indicate that PV ensures a better minimum threshold power of 5kW.
However, if the criterion is to have maximum power during the summer period, the
advantage is for the PT. This is due to the fact that PT is positively affected by
temperature increase in summer while PV is negatively influenced by this increase.
Finally, when coupled with Fuel Cell the PV generates more power because there is no
need for a rectifier to produce hydrogen as in case of PT.
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Abstract Description and analysis of membrane electrode assembly and
different manufacturing processes of Proton Electron Membrane has been
made. Efforts were made to explain the types of assembly and
manufacturing methods. Finding innovative ways to fabricate PEM fuel
cell components, which affords mass production at lower operating cost, is
one of the major threats to its commercialisation. Additive manufacturing
techniques are seen as efficient and fast manufacturing methods that builds
up components layer-by-layer in three dimensions, rather than
conventional subtractive manufacturing techniques. This helps to reducing
the overall cost, manufacturing time and wastage. The major aim of this
work is to help people working with PEM fuel cells make informed
decision regarding the selection of material and the choice of process.
Choosing the right type of assembly and manufacturing method can go a
long way to reduce the cost of production and durability.

Keywords: *MEA ¢ manufacturing * PEM fuel cell « fabrication « solar
energy °.
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1 Introduction

Considering the current challenges facing the environment and meeting the required
energy target, PEM fuel cells, being a sustainable energy [1,2] are realistic solutions.
With events all around the world it is established that the need for fuel cells as an
alternative energy is at the peak. This is because continued reliance on fossil fuel will
only make the world a difficult place to live in due to high level of pollution [3-7]. Fuel
cells, when converting fuels into energy, performs at efficiencies greater than the
conventional combustion technologies [8]. They have been tested in some areas and have
performed. These areas include transportation, powering stationary equipment and in the
production of some small devices like cell phones, laptops, video recorders etc. Presently
they have been used in the production of automobiles such as cars and buses; they have
also been used in making stationary equipment like a power plant and a lot of portable
applications. They have been used in combination with other clean energy sources, an
example is solar energy[9].

Although the PEM fuel cell was invented by T. Grubb & L. Niedrach at GE in the 1960s,
many researches which led to this landmark achievement started in the 1800s. The first
demonstration of fuel cell was carried out by Sir William Grove in 1836. Presently there
are various types of researches on different types of fuels cells with approximately 90%
of them focusing on PEM fuel cells. Therefore over the years a lot of success has been
recorded towards the development of PEM fuel cells.

Fuel cell can be defined as a device that converts chemical energy into electrical energy
in a controlled reaction where temperature is kept constant. The fuel cell has often been
compared with a battery, the different being that while the reactants and electrolyte in a
battery is sealed into the battery the fuel cell is supplied with fresh reactants. These
reactants were being referred to as fuels. Examples of fuels used by fuel cells are
hydrogen, oxygen, methanol, gasoline etc. For PEM (Proton Electrolyte Membrane), the
reactants are hydrogen and oxygen.

Most researches on fuel cells now focus on Proton-electrolyte-membrane fuel cells
(PEMFC). And in majority of this work, issues about adopting the technology have
mostly been dominated by its effects on the environment and cost[10]. The PEM fuel
cell, with water as its bye-product, has very low pollution emission. It is believed that
continuous researches on materials and component will deliver the development of a
more efficient system with a reduced cost. Work done on membrane electrode assembly
and manufacturing can have a great effect on cost, performance and the shell life of the
fuel cell. Figure 1 below shows the diagram of a PEM fuel cell and figure 2 shows a



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 191
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), ENERGY STORAGE
A. Alanazi, E. Ogungbemi, A. Wilberforce, O. ljaodola, P. Vichare & A. Olabi:
State-of-the-Art Manufacturing Technologies of PEMFC Components

planar diagram of a PEM fuel cell. Detailed analysis of the entire different component
that made up the fuel cell in figure 1 is analysed in figure 2.

&Y

Cathode Side Sacking Plate

Figure 2: Planar diagram of a PEM fuel cell
2 Membrane Electrode Assembly

2.1 Types of assembly

Fundamentally there are two fabrication methods to assemble the MEA for PEMFC and
are distinguished on the basis on where the catalyst ink is deposited to make the electrode.
The first method is by deposition of the catalyst layer on a porous GDL such as carbon
paper, followed by hot pressing it with the membrane to make the membrane. This
method is commonly known as catalyst-coated substrate (CCS). In the second method,
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the catalyst layer is deposited directly onto the membrane; this method is referred to as
catalyst-coated membrane (CCM). Figure 3 illustrates the two methods.

In additional to the second method, an intermediate step has been introduced to overcome
issues of membrane swelling and wrinkling due to the direct contact with catalyst ink
throughout the fabrication process.

Substrate/ Membrane + catalyst coat

iffusion | (catalyst coated membrane S_ubstrate/
e iucion Jayer =CCM) gas diffusion layer
Substrate + anode Substrate + cathode
Catalyst coated substrate Membrane Catalyst coated substrate
CCS

| N |

5-Layer membrane electrode assembly = MEA

Figure 2: MEA’s CCM and CCS fabrication methods

This step is known as Decal Method Transfer (DMT) and it involves the lamination of
the catalyst layer onto the membrane through a temporary substrate such as Teflon film
by pressing at a high temperature 210-250°C [11]. Thanaslip [12] investigated the
performance of PEMFC at the three fabrication methods and reported that DMT type
provided the highest cell performance, followed by MEA’s made by CCM, and the lowest
performance MEA’s made by CCS. This is due to the fact that some of the Nano-
structured catalyst particles protrude in GDL pores, leading to the reduction of their
catalytic activation.

2.2 Membrane processing

The polymer electrolyte membrane is usually procured in roll form as an end product
from its manufacturer, and the only processing steps required on it is to boil it in hydrogen
peroxide, dilute sulphuric acid and water. These steps serve to clean the membrane, and
to ensure that it is protonated [13].

2.3 Diffusion layer processing
The gas diffusion layer is composed of two layers, the Macro-porous layer and the Micro-

porous layer. The Macro-porous layer is fundamentally the section where the diffusion
media has been treated with a hydrophobic agent (PTFE). Hydrophobicity is a crucial
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requirement to avoid flooding of water in the diffusion media channels. The precursor for
the diffusion media is generally either carbon cloth or carbon paper, and the macro-porous
layer is formed by applying Teflon solution onto the substrate. The microporous layer
which helps in managing the water content of the MEA [14], is a far thinner layer made
by coating the macro-porous layer that is mixed with carbon black and PTFE. Content of
PTFE in both layers is also important, as it directly change the porosity and
hydrophobicity of the diffusion media which in turn affects the reactants mass transport
to the catalyst layers [15]. The method in which this mixture is deposited is similar to
how the electrode layers are formed, thus the same processes can be used to fabricate the
micro-porous layer.

24 Catalyst ink preparation

The catalyst ink, a liquid precursor of the catalyst layer, is usually composed of the
following components as reported by Wilson [6]:

Catalyst (platinum, platinum supported)
Electrolyte/inomer (PFSA or other protonated inomers)
Solvent (deionised water, glycerol)

Additive (dispersing agents)

Wilson [16] stated that the first consideration when preparing the ink is the composition
of each component, followed by the compound’s viscosity and the surface tension.

3 State-of-the-Art Manufacturing Methods

One of the challenges of the commercialisation of PEMFC is finding new and innovative
ways to fabricate the different components that will enable mass production at reduced
operating costs [17]. Additive manufacturing (AM), better known as 3D printing is
perceived as a way to develop cost effective PEMFC. The following graph illustrates
some the AM technologies based on the form of the starting material.
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Figure 3: AM manufacturing technologies
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3.1 3D inkjet printing

Recently there has been a lot of interest with respect to the inkjet printing technology for
manufacturing the catalyst layers onto the MEA’s. Towne et al. [18] investigated the
possibility of manufacturing the GDE (Gas Diffusion Electrode) for PEMFC MEA using
off the shelf inkjet printing equipment. Although they have successfully shown the high
capabilities of the process, there were few concerns with the process. The drop size,
jetting velocity, print head speed, number of nozzles, distance between nozzles, and
platen speed cannot be manually controlled. Furthermore, the nozzles of the print heads
are in the range 10-20 pm which are very small in size. This causes to coagulation of
droplets in the print heads. Thus, to avoid these problems, the catalyst powder has to be
ground fine using high cost equipment such as ball mills etc. The catalyst powder size
must be around 100-500 nm for the ink droplets to not coagulate in the print heads. This
in turn results in an increase in the cost of the catalyst powders.

When comparing this process with conventional processes such as hand painting method.
The former process has demonstrated a better quality control, and less assembly time,
which was 30 seconds against 5 minutes.

3.2 Fused deposition modelling

Fused Deposition Modelling is an additive fabrication technology which constructs
superior rapid prototypes from 3D CAD data where in a thermo plastic material is
extruded in the form of beads layer by layer using a temperature controlled head which
is controlled by Computer Aided Manufacturing (CAM) software [19]. The thermo
plastic materials used in FDM process have good stability and durability of the
mechanical properties over time; they have high heat resistance and also produce smooth
parts with all the finest details intact.

Chen [21] used this technology to manufacture miniature fuel stacks in a planner array
form. For the fabrication of miniature fuel cell it is required to have pinpoint precision,
as the aim of this type of fuel cell is to have high power density. Alternative conventional
methods include Micro-Electro-Mechanical MEM processes and CNC machining
process. Chen Have compared the two conventional processes with FDM in the
fabrication of the flow field geometry and reported that more precision was achieved with
FDM and it required less time which was 1 hour compared to 2 hours and 20 hours for
CNC and MEM’s respectively
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Figure 4: FDM process [20]
3.3 Selective laser sintering

The objects in Laser Sintering (SLS) manufacturing process are made by printing powder
materials, most commonly plastics such as polyamide, polyethylene etc. The laser’s
energy is directed to the bed surface and thus used to build up a 3D structure in a layer-
wise routine, layer by layer. This process is particularly suited for bipolar plate
component as 316L and other stainless steels are frequently used to produce net shape
products that are 98 to 99% dense. The process needs to generate a 3D CAD model of
the object to be printed and then converted into the compatible file format for uploading
to the SLS machine. The process offers several advantages for the development of bipolar
plates in comparison to conventional method Compression Molding (CM). It offers the
ability to build complex flow fields and consumes less time and financial resources. A
number of authors [22] have investigated the fabrication of graphite composite bipolar
plate using this technology. Components made from SLS have proven to have lower
electrical conductivity, and more porous. It’s therefore required to post process the
components to improve conductivity and obtain gas impermeability which are essential
requirements for bipolar plates materials. One of the treatments that can be used to
improve conductivity of bipolar plates is liquid phenolic infiltration, which was shown
by Chen and the treatment was able to boost conductivity by 35% [23]. Another
disadvantage of the process is the roughness of the surface finish produced, which is
highly dependant on the size of powder particles. This can be enhanced by a surface re-
melting process as shown by Yesa [24].

34 Direct metal laser sintering (DMLYS)

This process works in the same manner as SLS in terms of using a laser as a way to
consolidate powder, except for using a metal powder as source of material. With DMLS,
the metal powder, and the fluxing agent, is fully melted by the scanning of a focused laser
is completed, a blade adds a new layer and repeats the process until the last metal part is
formed as illustrated in figure 6.
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Removing the polymer binder prevents the burn off and infiltration steps, and it provide
a 95% dense steel component compared to roughly 70% density with SLS. Furthermore
leftover powder can be used again, which thus decreases waste level. DMLS has different
requirements for the design of parts, as well as special positioning requirements of the

parts on the bed.
~ / Lenses
Laser ({/‘ ‘?‘_.—-—-—'_ X-Y scanning mirror

/ Laser beam

powder
supply

Powder
dispenser
platform

Powder dispenser piston:

Build platform
Build piston Copyright © 2008 CustomPartNet

Figure 5: DMLS Process [25]

4 Conclusion

Attempt has been made to discuss membrane electrode assembly and the additive
technologies used to manufacture PEM fuel cell components. The best manufacturing
method to be used is determined based on the starting material. Also finding new and
innovative ways to fabricate the different components could enable mass production at
reduced operation cost.
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Abstract This paper aims to present the experimental study of turbulent
burning velocity in premixed syngas/CH4/air lean-flames stabilized with a
nozzle-type Bunsen. The syngas evaluated, is a high hydrogen content
syngas, which is typical of Conoco-Phillips coal gasification processes.
Measurements were performed at 849 mbar (absolute) and 297+1 K. To
measure the turbulent burning velocity, we applied the angle method with
Schlieren visualization. Perforated plates were used to produce different
turbulence levels, which were measured with a hot-wire anemometer CTA
(Constant temperature anemometer). Additionally, the numerical laminar
burning velocity of methane and the syngas/CH4/air mixture were
estimated. The interaction between turbulence and flame was analyzed
based on the geometric parameters combined with laminar flame properties
and turbulence length scales. Results show that the turbulent burning
velocity and the ratio between turbulent and laminar burning velocities,
S TS L, increases with turbulence intensity u™'. The addition of syngas
generally resulted in increased turbulent and laminar burning velocity.

Keywords: « Turbulent burning velocity ¢ Hot-wire anemometer -
Schlieren » Syngas » Hydrogen -.
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1 Introduction

The vast majority of industrial combustion devices operate under turbulent conditions [1—
3]. Therefore, the comprehension of the associated phenomena and quantification of basic
parameters to model the combustion process under turbulent flow conditions are a critical
factor in the development of more efficient energy equipment and the implementation of
alternative fuels [4, 5].

In this sense, the turbulent burning velocity, S, is one of the fundamental parameters to
characterize and compare turbulent premixed flames [4, 6]. In the literature, there exist a
great amount of works focused in the measurement of this parameter by mean of different
techniques[7—11]. However, most of these investigations were carried out using fossil
fuels in atmospheric conditions; only in the recent years, alternative gas fuels such as
synthesis gas, have begun to be studied [12, 13].

Synthesis gas, or syngas, is a fuel gas mixture consisting mainly of Hz, CO and some
inerts and hydrocarbons [5]. The relevance of this alternative fuel has been discussed in
many studies [5, 14-16], which indicate that the implementation of syngas leads to:
diversifying the energy supply, improve the combustion characteristics as the laminar and
turbulent burning velocity and extends the flammability limit in lean conditions.
Moreover, carbon dioxide and other pollutant emissions are considerably reduced
compared to conventional fuels, due to the presence of hydrogen in the syngas mixture
and the use of clean up methods after the gasification process.

Additionally to the facts mentioned above, the combustion of hydrogen, which is a
component of syngas, has unique characteristics such as the high reactivity, diffusivity,
and the high concentration of free radicals such as O, H and OH in its flames. Hydrogen
combustion possesses fast laminar burning velocity and very thin flame thickness, and it
may cause undesired flame instability and hydrodynamic instability. Compared with
traditional hydrocarbon fuels, the hydrogen content in the syngas will induce different
turbulence-flame interaction in turbulent premixed flames [5].

On the other hand, the effect of operating conditions such as temperature and pressure on
St have had a special interest in combustion studies, especially to optimize and extend
the operation of this types of flames and avoid blowout, extinction, and flashback.

The effect of pressure on St has been widely studied for values higher than atmospheric.
[10, 17]. Nevertheless, the behaviour of St at sub-atmospheric pressures have been poorly
studied and according to the review made by the authors, the availability of data is null.
Moreover, taking into account that several principal cities of developing countries are
located at above sea level it is important to obtain data of St at sub-atmospheric
conditions.
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In this study, turbulent burning velocities of syngas/CHa/air flames were determined
experimentally by the angle method. The mean flame cone was determined using
Schlieren technique, whereas laminar burning velocities were obtained numerically
within equivalence ratios range (0.8-1.0). Also, we evaluated the effect of syngas addition
on the turbulent and laminar burning velocity of syngas/CHa/air mixtures at sub-
atmospheric pressure.

2 Methodology
2.1 Experimental setup

A controllable turbulent flame was generated by a nozzle-type turbulent premixed
Bunsen burner with an outlet diameter of 10 mm as shown in Figure 1. Turbulence is
generated by a perforated plate installed 42 mm upstream of the nozzle outlet. Three kinds
of plates were used to generate different turbulence conditions. The plates have 12
orifices with a diameter and blockage of 2 mm, 2.4 mm, 2.8 mm, and 88%, 83%, 77%,
respectively. A hydrogen diffusion pilot flame slit with a thickness of 0.5 mm around the
nozzle outlet was served to stabilize the turbulent flame. Additionally, a cooling water
circuit inside the burner keeps the mixtures at a constant temperature.

Turbulence parameters at nozzle outlet were measured using a constant-temperature hot-
wire anemometer (miniCTA 54T42 Dantec Dynamics) at the center of the burner outlet.
The single 1D-55P11 probe was used. Turbulent flow parameters were calculated by
assuming Taylor hypothesis and isotropic turbulence assumption. For each condition,
mixture, equivalence ratio and turbulent intensity, 2400000 data were registered at a
frequency of 40 KHz. The mean velocity and their root mean square, u’, were calculated
from the recorded data.

Several lean syngas/CHa/air flames were generated in the burner described above. The
air was supplied by an air compressor and dried using two inline water traps. Each air-to-
fuel ratio and exit velocity were ensured using rotameters that were specifically calibrated
for each component gas, similar to those used in [16, 18]. The errors in the final
composition were estimated to be lower than 2%.
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Perforated
plate

Fuel/air
Mixture
Figure 1. Schematic of the Bunsen burner.

In the present study, we evaluated the effect of syngas addition on the laminar and
turbulent burning velocity of syngas/CHa/air mixture, equivalence ratios between 0.8 and
1.0. The addition of syngas to the methane was 30% in volume; the compositions of the
fuels are shown in the Table 2. The measurements were carried out at 297 K and 849
mbar of atmospheric pressure. The experiments were conducted using a CCD camera
(Basler scA1400-30 gm, 1392 x 1040 pixels, 30 fps) and Schlieren technique were
performed to visualize the instantaneous flame front, values of St were determined with
the angle method [19] and were compared with other authors.

Table 2. Volumetric composition of syngas and syngas/CH4 mixture used in the study.
Fuel Fuel composition

Syngas | 40% H, +40% CO + 20% CO,

Mixture | 70% CH4 + 12% H, +12% CO + 6% CO>

2.2 Image processing

The images obtained were processed in order to determine the mean flame cone. The
steps of the image processing can be seen in Figure 2. The image processing for each
condition measurement consists in to define the contour of the flame in each Schlieren
image captured. We obtained 60 images in each measurement.
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Figure 2. Image processing. a) Schlieren image b) Instantaneous flame front. ¢) Overlap
of 60 flame fronts.

Once 60 flame fronts are obtained, the progress variable c(x,y) is used to determine the
mean flame cone according to the methodology described by Kobayashi et al [4] and
Wang et al [20]. The progress variable is 0 in the unburned side of the flame and takes a
value of 1 when the reactive mixture is totally burned. The change from 0 to 1 can be
considered to occur immediately in the flame front, according with Kobayashi et al [4].

The progress variable was determined for the 60 images, obtaining the mean progress
variable <c>. A contour of this is shown in Figure 3a. Following the work done by [4]
and [20], St was defined as a function of the mean flame cone using < ¢ >= 0.1 with a
tolerance of 0.01 as described in Figure 3b.

4 ¢ <c>=010+-001 ]

=y

[
oo

[
o

o
~

b)

o
() .
Mean progress variable <c>

0
Figure 3. a). Contour of mean progress varlable b) Mean flame cone profileat <c>
=0.1.

The value of St is calculated with the Equation (1), using the mean velocity and the flame
angle calculated as described above.

St = Usin (%) Q)

Where U is the mean velocity of the flow, and « is the flame angle.
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2.3 Laminar burning velocity

The laminar burning velocities, Si, which are needed for the study, were calculated for
the methane and the mixture by mean of CHEMKIN-PRO software, in particular, the
subroutines PREMIX and EQUIL were used, according to the methodology described in
previous work [18, 21]. The detailed mechanism selected for the calculations was the
USC Il [22] due to the accurate shown to predict S; for the methane and different syngas
mixtures [23].

3 Results

Figure 4 shows the numerical laminar burning velocity for CHa/air and syngas/CHa/air
mixtures. As can be seen, the values of S_ for the syngas/CHa/air mixture are higher for
all equivalence ratios considered. This behavior is generated by the content of hydrogen
in the syngas. Its high reactivity accelerates the reaction process and therefore S.
increases.

Additionally, experimental data of the laminar burning velocities for methane and syngas
were included to compare it with the numerical results obtained in the present work. The
data were obtained by Cardona et al [23] and Burbano et al [21] respectively. The
prediction shows a good agreement between numerical and experimental results for
CHoa/air mixture, and syngas/air mixtures.

100
- A Exp. (Cardona et al)
90 = Exp. (Burbano etal) =
80 |- - -Methane-Syngas _a &
-—— Methane -
— 70— -Syngas
€60 | Py
S, r 7
U)_,50 C P -
40 L i iy
30 C
20

06 07 08 09 10 11
Equivalence Ratio, ¢

Figure 4. Laminar burning velocities of CHa/air mixture and syngas/CHa/air mixture. At
849 mbar, 297 K.

It is well known that the characteristics of turbulent premixed flames quite depend on the
regimes, and the regimes are defined by laminar flame thickness, Kolmogorov



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 205
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), ENERGY STORAGE
A. Cardona Vargas, A. M. Garcia, F. E. Cano Ardila, C. E. Arrieta, H. A. Yepes & A. A.
Amell: Turbulent Burning Velocity of Mixture of Methane and a High Hydrogen
Content Syngas

microscale, and integral scale. The laminar flame thickness was calculated by §; =
Dy, /S, where, Dy, is the thermal diffusivity of the unburned mixtures, and S;, is the
laminar burning velocity of the mixtures. Figure 5 shows the turbulent premixed flames
of the present work located in the Borghi’s diagram modified by Peters [24]. It can be
seen that all the flames of the present work are located in the flamelet regime.

100 ¢
- Well-Stirred Kag = 1
r A Methane
I ® Methane-Syngas
10 gReaction sheet
st Ka=1 Corrugated
= Flamelets
! — S
1 -
- A
[ £ B
i Wrinkled
'Ilzlamina Rej, = 1 Flamelets
0.1 a:’mnennnn L1111l [ T
1 10 100 1000
1o/3,

Figure 5. Borghi’s diagram of turbulent premixed flames.

Figure 6 shows a rate between turbulent burning velocity and laminar burning velocity,
and rate of turbulence intensity and laminar burning velocity and are compared with those
of previous studies for methane by Kobayashi et al [17] and Zhang et al [25]. The increase
of turbulent burning velocity in the syngas/CHa/air mixture respect to the CHa/air mixture
is related to the content of hydrogen in the syngas.
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Figure 6. Turbulent burning velocity and comparison with previous studies.

St versus equivalence ratio is shown in Figure 7 for the CHa/air and syngas/CHa/air
mixtures studied. It is evidenced that with the increase of equivalence ratio St is
increased. Besides, it was found that for a blockage of 88%, the addition of syngas
increases turbulent burning velocity in 10.3%, 3.3%, and 4% for 0.8, 0.9 and 1.0 of
equivalence ratios, respectively.

0.9

0.8

St [m/s]

0.7 —A— Methane

L -8 - Methane-Syngas

0.6 : ' : ' : ' :
0.8 0.85 0.9 0.95 1
Equivalence ratio, ¢
Figure 7. Turbulent burning velocity vs equivalence ratio for CH./air and
syngas/CHo./air mixtures for a blockage of 88%.
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4 Conclusions

Turbulent burning velocities of CHa/air and syngas/CHa/air mixtures were measured
burning lean-flames stabilized with a nozzle-type Bunsen at sub-atmospheric conditions.
Additionally u’ was also measured using a miniCTA and laminar burning velocities were
determinates numerically using CHEMKIN-PRO.

In general for CHa/air and syngas/CHa/air mixtures, St/S. increases with the increase of
u’/Si, and the rate of the increase of St/S, for the syngas/CHa/air mixture is higher than
that CH./air mixtures, this behaviour can be attributed to the hydrogen content in the
syngas by the diffusive effect.

With the increase of S, for the syngas/CHa/air mixture, the blow off tendency is expected
to improve when compared to a flame of pure methane.

It was found that for a blockage of 88%, the addition of syngas increases turbulent
burning velocity in 10.3%, 3.3%, and 4% for 0.8, 0.9 and 1.0 of equivalence ratios,
respectively. For the other blockages the behaviour is similar to the blockage of 88%.
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