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Annealing behaviour of aligned PtNi nanowire electrodes for 

PEMFCs 
 

Shangfeng Du,* Peter Mardle 
School of Chemical Engineering, University of Birmingham, Birmingham B15 2TT, 

UK; E-mail: s.du@bham.ac.uk 
 
 
 
In our previous work, we demonstrated an aligned Pt nanowire electrode by in-situ growing Pt 
nanowires onto gas diffusion layer (GDLs) in aqueous layer at room temperature [1,2]. The 
extremely thin catalyst layer with aligned nanostructures significantly reduced the mass 
transfer overpotential and brought a higher catalyst utilisation ratio thus a better PEMFC 
performance over conventional Pt/C nanoparticles [3,4].  
 
In this work, we demonstrate an effort for the preparation of PtNi hybrid catalyst nanowires for 
aligned nanowire electrodes. Ni is deposited onto Pt nanowire surface by a wet chemical 
method followed by an annealing process in hydrogen gas to explore the possibility to prepare 
PtNi alloy nanostructures. The annealing temperature and duration are studied based on the 
half cell electrochemical analysis and in-situ test in hydrogen/air proton exchange membrane 
fuel cells (PEMFCs). The results demonstrate that aligned Pt nanowire nanostructures can 
keep their morphology at 250oC in annealing, but a higher annealing temperature of 350oC 
results in a severe sintering of the nanowires to form large aggregates. Ni deposition can 
effectively increase the specific activities and slightly improve the mass activities of Pt 
nanowires. Furthermore, Ni can somewhat prohibit the sintering of Pt nanowires at high 
annealing temperature. However, the test in fuel cells indicates a big difference to half-cell 
analysis and a lower power performance is observed to aligned PtNi over Pt nanowire 
electrodes. While this demonstrates the big challenge in transferring the excellent catalysts to 
fuel cell electrodes, there is still more effort required in the development of novel fuel cell 
electrodes rather than former focus only on materials themselves. 
 
References: 
1. YX Lu, et al. One-dimensional nanostructured electrocatalysts for polymer electrolyte 

membrane fuel cells-a review. Applied Catalysis B: Environmental 2016, 199, 292-314. 
2. SF Du. A facile route for polymer electrolyte membrane fuel cell electrodes with in situ 

grown Pt nanowires. Journal of Power Sources 2010, 195:289-292. 
3. SF Du, et al. Plasma nitriding induced growth of Pt-nanowire arrays as high performance 

electrocatalysts for fuel cells. Scientific Reports 2014, 4: 6439. 
4. YX Lu, et al. Temperature-controlled growth of single-crystal Pt nanowire arrays for high 

performance catalyst electrodes in polymer electrolyte fuel cells. Applied Catalysis B: 
Environmental 2015, 164, 389-395. 
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Molecular probe and gas sorption analysis of the active site in Fe-
N/C fuel cell catalysts. 

 
Dr. Daniel Malko, Dr. Paul Boldrin, Prof. Nigel Brandon, Prof. Anthony 

Kucernak. 
1Imperial College London, SW7 2AY, London, UK 

 
Presenting author: daniel.malko12@imperial.ac.uk 

 
 Expensive Pt based catalysts at the cathode of polymer electrolyte fuel cells (PEMFCs) are 
still a major cost factor. Although important progress has been made in order to decrease 
the loading, further cost reductions are necessary [1]. Heat treated iron, nitrogen and carbon 
containing materials (Fe-N/C) have emerged as promising and sustainable alternatives for 
the oxygen reduction reaction (ORR) [2,3]. Although progress in the development and 
understanding of Fe-N/C materials has been made, the activity is still too low. Further insight 
into the active site is necessary for improvements.  
 

Utilizing the complex and rich electrochemistry of 
nitrite and conducting a set of experiments, we found 
that typical Fe-N/C materials contain 2 fundamentally 
distinct types of active sites under acidic conditions. 
These 2 types interact and  are poisoned by the 
nitrite molecule differently. We recently developed a 
method to quantify the number of active sites within 
the material based on this molecular probe [4].  
To gain a deeper understanding of the active site, we 
extend these studies to utilize gaseous molecular 
species which interact with the active site. We probe 
the active site via gas sorption analysis and correlate 
the 
results 
with 

electrochemical activity measurements and 
other characterization techniques such as 
Mößbauer spectroscopy. This yields further 
important insight into the nature and behavior of 
the active site within this promising material. 
Implications for the stability of the catalyst are 
discussed. 
 
 
 
 References  
1. H. A. Gasteiger et al., Applied Catalysis B: 
Environmental, 2005, 56, 9–35.  
2. M. Lefèvre, E. Proietti, F. Jaouen, and J.-P. 
Dodelet, Science, 2009, 324, 71–74.  
3. F. Jaouen, et al., Energy Environ. Sci., 2010, 4, 114–130.  
4. D. Malko, A. R. Kucernak and T. Lopes, Nat. Commun., 2016, 7, 13285 
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Three-dimensional lattice-Boltzmann model for liquid water 
transport and oxygen diffusion in cathode of polymer electrolyte 

membrane fuel cell with electrochemical reaction 
 

Duo Zhang, Qiong Cai, Sai Gu 
Department of chemical and process engineering, Faculty of Engineering and 
Physical Sciences, University of Surrey, Guildford, GU2 7XH, United Kingdom 

University of Surrey 
duo.zhang@surrey.ac.uk 

 
 

 
 
Polymer electrolyte membrane (PEM) fuel cells have higher efficiency and energy density 
and are capable of rapidly adjusting to power demands. Effective water management is one 
of the key issues for increasing the efficiency of PEMFC. In the current study, a three-
dimensional (3D) lattice Boltzmann model is developed to simulate the water transport and 
oxygen diffusion in the gas diffusion layer(GDL) of PEM fuel cells with electrochemical 
reaction on the catalyst layer taken into account. In this paper, we demonstrate that this 
model is able to predict the liquid and gas flow fields within the 3D GDL structure and how 
they change with time. With the two-phase flow and electrochemical reaction coupled in the 
model, concentration of oxygen through the GDL and current density distribution can also be 
predicted. The model is then used to investigate the effect of microporous layer on the cell 
performance in 2D to reduce the computational cost. The results clearly show that the liquid 
water content can be reduced with the existence of microporous layer and thus the current 
density can be increased. 
 
Keywords: Polymer electrolyte membrane(PEM) fuel cells, Lattice Boltzmann method, Two-
phase flow, oxygen diffusion, electrochemical reaction 
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High mass-transport, low Pt loading fuel cell electrodes 
 

K. F. Fahy1, M. Laitz1,2 & A. R. J. Kucernak1 
1 Imperial College London, Department of Chemistry 

2 Massachusetts Institute of Technology, Department of Chemistry 
k.fahy@imperial.ac.uk 

 
The loading of Pt-group metals (PGMs) in PEMFCs has been lowered considerably 
since the first uses of PEMFCs in the 1960s, by up to two orders of magnitude. The 
PGM loading still needs to be reduced to a level comparable to that in current model 
catalytic converters required for IC engine cars in most modern industrial states [1]. 
The U.S. Department of Energy has set a target for PGM loading in PEMFCs of 125 
μg kW-1 and a total PGM loading of at 125 μgPt cm-2 to be reached by 2020 [2]. 
Previous approaches to lower Pt loadings to this level have involved sputtering, 
electrodeposition, ion-beam techniques and electro-spray techniques [3]. 
Here we report a novel method of filter-deposition of highly efficient and high power 
density Pt/C catalyst-coated membrane (CCM) layers using commercially available 
catalysts. Previous efforts in our research group have demonstrated that using this 
electrode deposition method in combination with the floating electrode technique 
allows kinetic measurements of hydrogen oxidation and oxygen reduction across the 
full fuel cell potential window without a mass-transport limitation [4]. We show that 
using a modified form of this filter-deposition method we can fabricate low-loading 
electrodes with high Pt utilization compared to commercial CCMs and other literature 
reports.  
Electrodes were deposited with loadings between 20 μgPt cm-2 and 100 μgPt cm-2 by 
filtration of catalyst inks (60 wt.% Pt/C) through a track-etched polycarbonate (PCTE) 
membrane, hot-pressing to a Nafion membrane, dissolution of the PCTE membrane 
in alkaline solution and finally re-acidification of the Nafion membrane in 1 M H2SO4. 
A new method of electrode break-in was developed which allowed increases in mass 
activity of up to three times compared to the more commonly used DoE method. 
PEMFC single cell tests showed that the lowest loading electrodes had performance 
exceeding that of DoE targets with 82 μgPt kW-1 with a total loading of 20 μgPt cm-2. 
Increasing the total electrode loading to 100 μgPt cm-2 gave a catalyst to power ratio 
of 128 μg kW-1, almost matching the DoE requirement without the need for high 
performance alloy catalysts.  
This method of CCM manufacture seems very promising at creating thin, evenly-
distributed, high-performance catalyst layers in a simple and reproducible manner and 
has potential to gain even more performance with optimised catalysts and 
ionomer/carbon ratios. 
References 
[1] A. Kongkanand, N. P. Subramanian, Y. Yu, Z. Liu, H. Igarashi, and D. A. Muller, “Achieving High-Power 

PEM Fuel Cell Performance with an Ultralow- Pt-Content Core−Shell Catalyst,” ACS Catal., vol. 6, pp. 
1578–1583, 2016. 

[2] US DoE, “Multi-Year Research, Development, and Demonstration Plan” Fuel Cell Technologies Office, 
Washington DC, 2013. 

[3] B. N. Popov, “Development of Ultra-low Doped-Pt Cathode Catalysts for PEM Fuel Cells (PHASE II),” in 
2015 DOE Hydrogen and Fuel Cells Program Review Development, 2015. 

[4] C. M. Zalitis et al., “Electrocatalytic performance of fuel cell reactions at low catalyst loading and high 
mass transport,” Phys. Chem. Chem. Phys., vol. 15, no. 12, p. 4329, 2013. 
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Mapping of spontaneous potential oscillations within a PEMFC 
exposed to CO/H2 using localised reference electrodes 

 
Fabiola Valdes-Lopez1, Luis Castanheira2, Tom Mason1, Daniel J.L. Brett1, Paul 

Shearing1, Gareth Hinds2 
1Electrochemical Innovation Lab, University College London, Torrington Place, 

London, WC1E 7JE, 2National Physical Laboratory, Teddington, Middlesex,  
TW11 0LW, fabiola.valdes.13@ucl.ac.uk 

 
 
Polymer electrolyte membrane fuel cells (PEMFC) have received much attention due to their 
high power density, good start-stop capabilities and the low weight and volume compared with 
other fuel cells. However, different challenges have to be addressed for a major commercial 
outreach. This work is concentrated in carbon monoxide (CO) poisoning, which affects 
severely their performance and durability by just ppm levels in the hydrogen entering the 
anode. The CO inhibits the adsorption of hydrogen in the catalyst, avoiding its oxidation. The 
development of more accurate measurement techniques has contributed to a better 
understanding of the mechanisms involved in the process. 
The CO poisoning was experimentally studied in a PEMFC through localised reference 
electrodes that present several advantages compared to previous studies. First, their 
integration to the system did not imply the alteration of the configuration of the cell as with 
segmented cells. Moreover, through this method it was possible to obtain accurate values of 
the anodic overpotentials. Compared to the conventional RE, phenomena that were before 
neglected, such as ohmic drop, potential distribution and electrode edge effects, were 
considered this time. 
The anode overpotential was analysed along with polarization curves, EIS studies and the 
concentration of the products at the outlet of the anode. The obtained information provided 
fundamental understanding about the CO poisoning mechanisms that take place, and 
contributed to build a spatial distribution map of the contamination. The natural regeneration 
of the cell was studied more in detail. During this stage, cell voltage oscillations are observed 
over time. These correspond to the absorption of CO in the catalyst, and its oxidation into 
carbon dioxide (CO2). The distribution of the poisoning over time provides tools to develop 
effective mitigation strategies than enhances the reliability of the cells. 
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Hybrid Modelling of PEM Fuel Cells for Dynamic Reliability Analysis 
 

Andrey Vasilyev1, John Andrews1, Lisa Jackson2, Sarah Dunnett2 

 
1Faculty of Engineering, the University of Nottingham, NG7 2RD, UK 

2Department of Aeronautical and Automotive Engineering, Loughborough University, 
LE11 3TU, UK, andrey.vasilyev@nottingham.ac.uk 

 
 
The current generation of polymer electrolyte membrane fuel cells (PEMFCs) faces a number 
of issues that prevent them from large-scale market adoption. These issues include high costs, 
absence of hydrogen fuelling infrastructure and reliability concerns. 
This research project is focused on the modelling methods for PEMFCs that would reveal the 
potential configuration improvements and hardware optimizations for the improved reliability 
of the system. 
Performance of a PEM fuel cell depends on multiple physical phenomena such as fluid, 
thermal, and electrochemical dynamics, all of which occur at the same time to generate 
electrical power. Because of the complex interdependencies of the processes within a fuel 
cell, reliability analysis using conventional techniques such as fault trees may not be sufficient. 
Therefore, during this project a novel model for dynamic reliability analysis of a PEM fuel cell 
system was developed in order to extend the classical reliability estimation techniques. This 
is achieved through the combination of physical and stochastic sub-models with shared 
variables. The physical model consist of deterministic calculations of the system state 
described by variables such as temperature, pressure, mass flow rates and voltage output. 
Additionally, estimated component degradation rates are also taken into account. 
The non-deterministic sub-model, on the other hand, is implemented with stochastic Petri nets 
which represent different events that can occur at random times during fuel cell lifetime, such 
as pump or valve failures. 
Numerical simulations are performed using data collected from literature as well as 
experimental results. Due to the random nature of the overall model, performing multiple 
simulations makes it possible to gather statistical information about the most probable lifetime 
scenarios of the system with given starting operational parameters. The analysis of this 
statistics provides the means to identify the parameters that can be adjusted in order to 
improve the overall lifetime performance of the PEMFCs. 
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Gas and Water Transport in a Proton Exchange Membrane Fuel Cell 
with Porous Metal Foam Flow Fields 

 
Ashley Fly1, Rui Chen1, Kyoungyoun Kim2, Chang-Soo Kim3 

1 Department of Aeronautical and Automotive Engineering, Loughborough 
University, United Kingdom 

2Department of Mechanical Engineering, Hanbat National University, Daejeon, South 
Korea 

3Korea Institute of Energy Research, Daejeon, South Korea, A.Fly@lboro.ac.uk 
 
The flow field in a Proton Exchange Membrane Fuel Cell (PEMFC) is responsible for providing 
uniform reactant distribution, product removal and humidity management.  This must be 
accomplished whilst also exhibiting high electrical conductivity, high corrosion resistance, low 
pressure drop and good mechanical strength.  Serpentine channels, pressed or machined into 
the bi-polar plate, are the most common flow field used in PEMFCs. However, the presence 
of land and channels mean that reactant distribution and contact pressure is not uniform, 
leading to water accumulation under the land area at high current densities [1].  An alternative 
is to use porous metallic foam as a flow distributer.  The uniform high porosity removes the 
need for separate land and channels, increasing the fluid interface with the gas diffusion layer.  
Previous works have demonstrated improved performance when using porous metal foam 
flow fields, especially at high current densities [2, 3].  However, the flow distribution and two 
phase water transport behaviour inside the porous flow field is not well understood.        
In this work, experimental and numerical studies are conducted to compare reactant flow 
distribution and water transport in porous foam flow fields to conventional serpentine designs. 
Different foam flow field designs are evaluated through ex-situ optical flow analysis and 
pressure drop tests. Permeability tests are conducted on six different Nickel foams, at different 
compression levels, drawing comparisons to equivalent permeability of serpentine flow fields. 
Two phase flow behaviour through water injection is evaluated experimentally through optical 
tests and numerically through computational simulations.  Finally a ‘hybrid’ porous foam flow 
field is introduced, exhibiting advantages of both porous foam and serpentine flow fields. 
 

 
[1] Meyer et al. (2016), Electrochimica Acta, 211, 478-487   
[2] Kumar, Reddy (2004), Journal Power Sources, 129, 62-67 
[3] Tseng et al (2012), Energy conversion and management, 62, 14-21 

 
 

  
Figure 1 - Optical flow distribution in foam flow field Figure 2 - Two phase simulation of water droplet in foam 

structure 
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Halloysite-Derived N-Doped Carbonaceous Materials as Efficient 
Metal-Free Oxygen Reduction Electrocatalysts in Anion Exchange 
Membrane Fuel Cells 

Yaxiang Lu,1 Lianqin Wang,2 Kathrin Preuss3, Maria-Magdalena Titirici3, John 
Varcoe,2 Qiong Cai1* 

1 Department of Chemical and Process Engineering, University of Surrey, Guildford 
GU2 7XH, UK 

2 Department of Chemistry, University of Surrey, Guildford GU2 7XH, UK 
3 School of Engineering and Materials Science, Queen Mary University of London, 

London E1 4NS, UK, xuekun.lu@ucl.ac.uk 

Corresponding and Presenting Author: Qiong Cai: E-mail: q.cai@surrey.ac.uk 

 

The oxygen reduction reaction (ORR) is a key electrochemical reaction that enables the 
conversion of oxygen and hydrogen to water in polymer electrolyte fuel cells (PEFCs). 
Developing the low-cost, highly active carbonaceous materials for oxygen reduction reaction 
(ORR) catalysts has been a high-priority research direction for durable fuel cells.  Although 
numerous carbonaceous materials have been developed and their ORR activities tested with 
ex situ electrochemical measurements (e.g. rotating disk hydrodynamic voltammetry), the 
evaluation of performances in actual fuel cells is less widespread.  
In this paper, two novel N-doped carbonaceous materials with flaky and rod-like morphology 
using the natural halloysite as template are obtained from urea nitrogen source as well as 
glucose (denoted as GU) and furfural (denoted as FU) carbon precursors, respectively, which 
can be directly applied as metal-free electrocatalysts for ORR in alkaline electrolyte. The 
electrocatalytic activity, durability and methanol tolerant capability of the N-doped carbon 
catalysts in the oxygen reduction reaction (ORR) were studied. Importantly, compared with a 
benchmark Pt/C (20wt%) catalyst, the as-prepared carbon catalysts demonstrate higher 
retention in diffusion limiting current density (after 3000 cycles) and enhanced methanol 
tolerances with only 50-60mV negative shift in half-wave potentials. In addition, 
electrocatalytic activity, durability and methanol tolerant capability of the two N-doped carbon 
catalysts are systematically evaluated, and the underneath reasons of the outperformance of 
rod-like catalysts over the flaky are revealed. At last, the produced carbonaceous catalysts 
are used as cathodes in the single cell H2/O2 anion exchange membrane fuel cell (AEMFC) 
testing. The rod-like achieved a peak power density as high as 703 mW cm-2 (vs. 1106 mW 
cm-2 with a Pt/C benchmark cathode catalyst). 
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Investigations on Quaternary Scandia Stabilised Zirconia Based 
Systems for SOFCs Electrolyte Application 

Shuoshuo Zhang, Cristian Savaniu and John T. S. Irvine 
University of St Andrews, sz26@st-andrews.ac.uk 

 
 

Current state-of-the-art SOFC electrolyte material is based on 8 mol % yttria stabilised 
zirconia (8YSZ) which operates very well at temperatures in excess of 850 °C in an 
electrolyte supported cell configuration. As it will be very desirable to reduce ohmic 
loss when operating the cells at high temperatures, either a thinner electrolyte layer 
supported on porous electrodes or electrolyte materials with higher conductivity must 
be used for cell assembly. Scandia-stabilised zirconia (SSZ) offers much higher ionic 
conductivity than YSZ without leading to electronic leakage, but there are questions 
about cost and long term stability of the material. The addition of yttria into the (Sc2O3)–
(ZrO2) system is one approach that has been used in order to stabilise the cubic fluorite 
structure, although this is often accompanied by a decrease in conductivity. New and 
various systems (e.g. Ce, Yb doping) have been investigated and high ionic 
conductivities along with some reduction in Sc content have been attained. In this 
study, MgO and In2O3 are introduced as co-dopants in the zirconia system, along with 
Sc2O3. Structural and electrochemical properties have been investigated for two 
quaternary systems based on the generic formula (Sc2O3)11-x-y(MgO)x(In2O3)y(ZrO2)89 
and the results will be presented here. This strategy might help with reducing the 
scandia content without drastically affecting the conductivity. Along with an effect in 
conductivity, MgO is also found to be a good sintering aid in the system. 
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Durability Testing of Impregnated La0.20Sr0.25Ca0.45TiO3 
Anodes for the HEXIS Solid Oxide Fuel Cell  

R. Price a, U. Weissen b, A. Mai b and J. T. S. Irvine a 
a School of Chemistry, University of St Andrews, St Andrews, Fife, KY16 9ST, UK 

b HEXIS AG, Zum Park 5, CH-8404 Winterthur, Switzerland, rp63@st-andrews.ac.uk 
 

The current state-of-the-art anode material for Solid Oxide Fuel Cells (SOFC) is the 
Ni-based cermet, e.g. Ni-YSZ or Ni-CGO. This anode material has been widely 
employed by SOFC manufacturers to date and has allowed very low voltage 
degradation rates, e.g. 0.2 % kh-1, to be achieved 1. Unfortunately, though, this 
material exhibits some undesirable properties which should be eliminated to ensure 
the long-term stability of this material during harsher operating conditions. For 
example, the Ni-based cermet exhibits redox instability, reduction in catalytic activity 
due to agglomeration of Ni particles, as well as coking and sulphur intolerance, in the 
presence of unprocessed natural gas fuel feeds 2. 
A novel perovskite, mixed ionic and electronic conductor material which has the 
potential to replace the Ni-based cermet is the A-site deficient perovskite: 
La0.20Sr0.25Ca0.45TiO3 (LSCTA-). This material (impregnated with Ni and 
Ce0.80Gd0.20O1.90) has already been successfully employed as a SOFC anode 
‘backbone’ material on the 1 kW industrial stack scale at HEXIS AG, Switzerland 3. 
Due to the promising performance of this material at stack level, recent research has 
focussed on development of the next generation of this impregnated LSCTA- anode, 
in order to improve its durability and resistance to carbon-containing fuel sources and 
poisons, such as H2S. A brief summary of the ceramic processing techniques used to 
re-engineer the LSCTA- anode ‘backbone’ microstructure will be given before data on 
short-term testing of a variety of impregnated catalyst systems are presented 4,5. 
Electrochemical data and constant current measurements from durability testing (up 
to 3000 hours) on the most promising catalyst systems, carried out at HEXIS AG, will 
be presented as well as initial results from testing in syngas (H2 + CO) containing H2S. 
Finally, a brief update will be provided on the status of the five HEXIS Galileo 1000 N 
micro-combined heat and power (µ-CHP) units which have been installed around the 
University of St Andrews campus, as part of the ENEFIELD project. 
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Performance. ECS Trans. 68, 1499–1508 (2015). 
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Solid Oxide Fuel Cells. ECS Trans. 78, 1385–1395 (2017). 
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Mixed ionic and electronic conducting materials are being investigated by many 
research groups with the aim of bringing the operating temperature of SOFCs down 
to the intermediate range (600-800 °C). In this regard, layered oxide materials like 
Ruddlesden-Popper phases (R-P phases) have shown promise. With this in mind, 
three new compositions of n = 3 Ruddlesden-Popper phase (L3N4), La3PrNi3O10±d 
(L3P1N3), La2Pr2Ni3O10±d (L2P2N3), and LaPr3Ni3O10±d (L3P1N3) were synthesised 
by the citrate sol-gel method. Materials characterisation was achieved by X-ray 
powder diffraction and phase identification and purity analysis were obtained by 
Rietveld refinement of the crystallographic data obtained. 
Here we present and compare the electrochemical performance of these three 
compositions as cathodes in symmetrical cell configurations. The LSGM powder 
pressed into pellets was used as the electrolyte and Pt mesh was used as the current 
collector. The materials, L1P3N3, L2P2N3 and L3P1N3 present ASR of ~0.43 Ωcm2, 
~0.65 Ωcm2 and ~0.77 Ωcm2 at 800 ˚C respectively. Microstructure studies by SEM 
before and after measurement were carried out and it revealed that the contact 
between electrolyte and cathode is minimal and the particle and pore size distributions 
of the electrode could be improved to have better performance. High-temperature 
electrical conductivity data were collected with the van der Pauw technique and all the 
three compositions showed conductivity of >400 S/cm in the temperature range of 
interest, 600-800 ˚C. 
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Nickel-yttria-stabilised-zirconia (YSZ) has been most widely-employed anode material 
for solid oxide fuel cells (SOFC) due to its catalytic activity for hydrogen oxidation and 
methane reforming. In such porous composite electrode, the electrochemical reaction 
takes place at the triple phase boundary (TPB). Many attempts have been made to 
incorporate nano-particles into the anode in order to maximise the TPB length and 
therefore the electrochemical performance. In this study, nano-particles of nickel and 
YSZ made by a continuous hydrothermal flow synthesis system (CHFS) were used to 
fabricate Nickel-YSZ cermet anode. From the nano-particle suspension to dry powder 
with loose agglomerates, the fabrication route includes freeze-drying, calcination and 
ball milling. Differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) 
and dilatometry were performed on the composite powder to investigate its behaviour 
under high temperature processing. BET surface areas of the powder was found to be 
188.7 ± 1.1 m2 g-1 after drying and 51 ± 0.2 m2 g-1 after calcination and ball-milling. 
The high surface area was, to some extent, preserved after the high temperature 
processing of the powder. Microstructure images of the Ni-YSZ cermet electrode after 
reduction show the presence of nano-sized pores with 100 – 500 nm in diameter. The 
nickel and YSZ phase were also found to be 10 – 100 nm in size. The fine structure of 
the porous composite leads to a very high in-plane conductivity of 1387 S cm-1 at room 
temperature. Incorporating nano-scale features into a nickel-YSZ cermet anode by 
using nano-powder mixed in CHFS is therefore a feasible and promising approach to 
fabricate better SOFC anode.   
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Quantification of the degradation of Ni-YSZ anodes upon redox 
cycling 

B. Song, E. Ruiz-Trejo, A. Bertei, N.P. Brandon 

Imperial College, LONDON, b.song15@imperial.ac.uk 
 

Ni-YSZ anodes for Solid Oxide Fuel Cells are vulnerable to microstructural damage 
during redox cycling leading to a decrease in the electrochemical performance. The 
study of this presentation quantifies the microstructural changes as a function of redox 
cycles at 800 °C and associates it to the deterioration of the mechanical properties 
and polarisation resistance. A physically-based model is used to estimate the triple-
phase boundary (TPB) length from impedance spectra, and satisfactorily matches the 
TPB length quantified by FIB-SEM tomography: within 20 redox cycles, the TPB 
density decreases from 4.63 µm-2 to 1.06 µm-2. Although the polarisation resistance 
increases by an order of magnitude after 20 cycles, after each re-reduction the 
electrode polarisation improves consistently due to the transient generation of Ni 
nanoparticles around the TPBs. Nonetheless, the long-term degradation overshadows 
this transient improvement due to the nickel agglomeration. In addition, FIB-SEM 
tomography reveals fractures along YSZ grain boundaries, Ni-YSZ detachment and 
increased porosity in the composite that lead to irreversible mechanical damage: the 
elastic modulus diminishes from 36.4 GPa to 20.2 GPa and the hardness from 0.40 
GPa to 0.15 GPa. These results suggest that microstructural, mechanical and 
electrochemical properties are strongly interdependent in determining the degradation 
caused by redox cycling. 
Keywords: 
Anode degradation; Tomography; Electrochemical impedance spectroscopy; 
nanoindentation 
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We present a single-step-co-sintering manufacture process of a planar single chamber solid 
oxide fuel cell with porous multilayer structures consisting of NiO/CGO, CGO and CGO-LSCF 
as anode, electrolyte and cathode respectively. These were tape-casted with 20 µm thickness 
and stacked into layers of anode, electrolyte and cathode (10:2:2) by hot-pressing. Pressure 
of 2 MPa, with the temperature at 60 ˚C for 5 minutes, was deemed optimal for sintering study. 
Subsequently, hot pressed layers were cut into 40x40 mm cells and co-sintered up to 1200°C 
via different sintering profiles. The best result was obtained with heating rate of 1 ˚C min-1 to 
500 ˚C, 2 ˚C min-1 to 900 ˚C and 1 ˚C min-1 to 1200˚C with 1 hour dwelling; the cooling rate 
was 3 ˚C min-1. Hence anode-supported SC-SOFCs were fabricated via a single co-sintering 
process, albeit with curvature formation at edges.  Performance was investigated in methane-
oxygen mixtures at a temperature of 600 ˚C. Maximum open circuit voltage (OCV) and power 
density of the cell were obtained as 0.69V and 2.83 mW cm-2, respectively, at a fuel-oxygen 
ratio of 1. Subsequently, anode thickness was increased to 800µm and electrolyte thickness 
was reduced 20 µm (thickness ratio of cell 40:1:2) to obtain curvature-free anode-supported 
SOFCs with the help of a porous alumina cover plate (5x5 cm 7.31 gr). The highest power 
density and OCV obtained from this cell was 30.69 mWcm-2 and 0.71 V, respectively, at the 
same mix ratio. 
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Solid oxide fuel cell (SOFC) stacks require the inlet air to be pre-heated prior to entry into the 
fuel cell and produce exhaust gas containing a high level of thermal energy which can be 
recovered and transferred elsewhere within the system. The Cathode Air Preheater (CAPH) 
functions as a heat exchanger, recovering heat from the exhaust gas to heat air before it 
enters the fuel cell. The latest generation of the CAPH design uses an advanced alloy 
containing Cr to provide improved oxidation resistance under isothermal and cyclic 
conditions and provide good high temperature strength. However, reactive evaporation of 
Cr-species from high-Cr steels is a technical challenge for SOFC systems and other devices 
operating in high-temperature (>600 °C) oxidising environments. The vaporisation of Cr-rich 
volatile species from stainless steel materials is a major source of degradation that limits the 
lifetime of SOFC systems with metallic CAPH.  For a more systematic approach, it is crucial 
to measure the oxidation rate and quantify the amount of evaporated Cr-species of coated 
and uncoated stainless steel materials. This study compares the oxidation performance of 
the aluminium containing Aluchrom 318 alloy and the nickel based Inconel 625 alloy at high 
temperature. Furthermore, the oxidation behaviour of uncoated stainless steel 309 is also 
compared with PVD aluminised version of same material. The materials have been 
researched with respect to oxidation rate and Cr evaporation. High temperature oxidation 
measurements have been implemented both isothermal and discontinuously in tubular 
furnaces at 850 °C, with 6 L/min airflow and 3 vol% H2O to simulate the cathode atmosphere 
in SOFC. In addition to the oxidation test, the Cr evaporation tests have been performed by 
applying a developed denuder technique, which allows time-resolved and accurate 
quantification of Cr evaporation from alloys at high temperature. The chromium evaporation 
of uncoated SS309 was dramatically decreased by aluminising. The experiments showed 
that Cr retention of the aluminised surface of SS309 is comparable to that of alumina-
forming steel, AluChrom 318, over 168 hours. Chemical analysis of the formed oxide scales 
are subsequently studied by XRD and SEM/EDX. XRD analysis reveals that α-Al2O3 layer is 
formed for the Aluchrom 318 and the aluminised SS309. SEM results indicate that the 
surface of AluChrom 318 and aluminised SS309 appeared to be covered with alumina layer 
on top. However, a large amount of spallation of Al2O3 scale was observed on the surface of 
aluminised SS309, leading to the exposure of the Cr-rich oxide layer.  
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In this work, gadolinium-doped ceria (GDC) nano sized particles (10-30 nm) were synthesized 
through a simple and efficient metal-carboxylate co-precipitation method using, for the first 
time, ammonium tartrate as an environmentally friendly, cheap, and novel precursor. The 
synthesized GDC was characterized using field emission scanning electron microscopy 
(FESEM), scanning transmission electron microscope (STEM), ,thermogravimetric (TGA– 
DTA) analysis, Raman spectroscopy, energy dispersive using X-Ray (EDX), X-ray diffraction 
(XRD), and Fourier transform infrared spectroscopy (FT-IR). 
 
INTRODUCTION 
Solid oxide fuel cells (SOFCs) have proven to be promising power generation devices because 
of their higher conversion efficiency, environmental friendlier operation, and fuel flexibility [1]. 
Among all the oxygen ion conductors, yttria stabilized zirconia (YSZ) is the most commonly 
used solid electrolyte material for the SOFCs [2]. However, this material requires a high 
operation temperature, leading to several technological problems [3]. As an alternative, 
gadolinium doped ceria (GDC) has received much attention as an attractive electrolyte 
suitable for low- and intermediate- temperature SOFCs operating at 500–700 °C [1]. So far, 
various methods have been used to prepare nano-sized gadolinium doped ceria, such as the 
sol–gel [4], microwave-combustion, microemulsion, hydrothermal and mechanochemical [3]. 
Due to the hazardous waste associated with synthesizing high demanding products such as 
nanocomposites, “green synthesis” has recently seen extensive consideration [5,6]. In this 
study we report for the first time the use of ammonium tartrate as an environmentally friendly, 
cheap, and efficient precursor for synthesizing nanocrystalline GDC powder through a simple 
and single step metal carboxylate co-precipitation method. 
 
EXPERIMENTAL METHOD 
Cerium (III) nitrate (Ce(NO3)3·6H2O, Sigma-Aldrich), gadolinium (III) nitrate (Gd(NO3)3·6H2O, 
Sigma-Aldrich) and ammonium tartrate dibasic ((NH4)2C4H4O6 Sigma-Aldrich) were used as 
starting materials without further purification. A mixed solution of cerium nitrate (0.184 mol L−1) 
and gadolinium nitrate (0.177 mol L−1) was prepared by dissolving the given amount of their 
powders into distilled water. The mixture was then added dropwise to an aqueous ammonium 
tartrate solution (0.434 mol L−1) under vigorous stirring (300rpm), at room temperature. The 
stirring was continued for 4 h and then the precipitate was dried overnight in a vacuum oven 
at 50 °C. The gadolinium-doped ceria (GDC) nanocrystalline powders were prepared by 
calcination of the as prepared dried precipitate at 400-600 °C (2-6 h). Fig.1 represents a 
schematic diagram of the synthesis method of this study. 
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Fig. 1. Schematic illustration of the synthesis method. 
 
RESULTS AND DISCUSSION 
The thermal behavior of the precipitate before calcination was studied by DSC from room 
temperature up to 900 °C in flowing air/nitrogen (100mLmin−1), indicating 380 °C as the end 
of the thermal decomposition process. Structural characterization was carried out by XRD and 
the crystallite size values were calculated to be lower than 20 nm, using Scherrer equation. 
This result was in good agreement with the microstructural observations carried by FESEM 
and STEM, also indicating a uniform size distribution of the produced nano particles, which 
showed to be in the range of 10-30 nm. To reach a more comprehensive understanding over 
the final composition of the GDC powder EDX, FTIR, and Raman analysis were also 
conducted.  
 
CONCLUSION 
We have proposed a new simple, efficient, and environmentally friendly method for 
synthesizing nanocrystalline powder of GDC. The results of this study could be helpful to 
understand better the influence of the basic processing variables on the particle size and the 
other physiochemical properties of GDC nanocomposite powders produced by the metal 
carboxylate co-precipitation method.  
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Anion-exchange membrane fuel cells (AEMFCs) still need further development of the polymer 
electrolyte with regard to stability, ion-conductivity, and water up-take [1]. It is also important 
to increase the understanding of the electrode processes and limitations in the alkaline 
membrane system. The electrodes kinetics on Pt/C catalysts is different compared to PEMFC 
as water is consumed at the cathode and produced at the anode in AEMFC. Previous studies 
[1, 2] indicate that both electrodes have performance limitations but that the anode kinetics is 
slower than that of the cathode in AEMFC. However, it seems that different limitations are 
predominant in different regions of the polarization curve. In addition, the presence of water is 
very critical for the performance of AEMFC. Better understanding on the fluxes of water in the 
membrane is essential to be able to design systems in which imbalances between anode and 
cathode concerning dry out and flooding are managed [3].  
 
Here results on single cells using Pt/C catalyst (Tanaka) and Tokuyama membrane and 
ionomer are presented. Performance limitations are investigated by varying electrode loading 
(thickness), relative humidity and gas composition. The evaluation is based on I-V curves, 
CVs, and EIS measurements as well as humidity sampling before and after each electrode. 
The data is also evaluated using a physic-based model. 
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The oxygen reduction reaction (ORR) is a key electrochemical reaction that enables the 
conversion of oxygen and hydrogen to water in polymer electrolyte fuel cells (PEFCs). 
Developing the low-cost, highly active carbonaceous materials for oxygen reduction reaction 
(ORR) catalysts has been a high-priority research direction for durable fuel cells.  Although 
numerous carbonaceous materials have been developed and their ORR activities tested with 
ex situ electrochemical measurements (e.g. rotating disk hydrodynamic voltammetry), the 
evaluation of performances in actual fuel cells is less widespread.  
In this paper, two novel N-doped carbonaceous materials with flaky and rod-like morphology 
using the natural halloysite as template are obtained from urea nitrogen source as well as 
glucose (denoted as GU) and furfural (denoted as FU) carbon precursors, respectively, which 
can be directly applied as metal-free electrocatalysts for ORR in alkaline electrolyte. The 
electrocatalytic activity, durability and methanol tolerant capability of the N-doped carbon 
catalysts in the oxygen reduction reaction (ORR) were studied. Importantly, compared with a 
benchmark Pt/C (20wt%) catalyst, the as-prepared carbon catalysts demonstrate higher 
retention in diffusion limiting current density (after 3000 cycles) and enhanced methanol 
tolerances with only 50-60mV negative shift in half-wave potentials. In addition, 
electrocatalytic activity, durability and methanol tolerant capability of the two N-doped carbon 
catalysts are systematically evaluated, and the underneath reasons of the outperformance of 
rod-like catalysts over the flaky are revealed. At last, the produced carbonaceous catalysts 
are used as cathodes in the single cell H2/O2 anion exchange membrane fuel cell (AEMFC) 
testing. The rod-like achieved a peak power density as high as 703 mW cm-2 (vs. 1106 mW 
cm-2 with a Pt/C benchmark cathode catalyst). 
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An important aspect to enhance the introduction of the fuel cells systems in the market, 
is to decrease the price of the manufacturing cost and have a flexible way to extend 
their use in different applications. The possibility to use the PCB manufacturing to 
develop fuel cells stacks with long lifetime which can help to obtain a low-cost method 
for their production giving the possibility to power up many different electronic devices. 
Using this manufacturing method is easy to control the size and adjust the power 
requirements for different electronic devices as electrochromic devices, smartphone 
chargers, electric vehicles, etc. In this work we design and develop a mini and micro 
stack DMFC open cathode PCB cell for small applications, using low cost materials 
and an easy method for their assembly. For the micro-DMFC the setup is a completely 
passive device where is possible to inject the methanol solution for low power devices. 
One of the possible application of this micro fuel cells is to power up different sensing 
devices, one example is a cancer sensing included in the Symbiotic 2020 project. By 
the other hand, the knowledge obtained to prepare this type of cells can be easily 
exported to H2 systems or other type of fuels. 
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Figure	3.	Mini	and	Micro	methanol	open	cathode	fuel	cells	designs	manufactured	left	hand	side.	Right	hand	side,	upper	part	
DMFC	polarization	curve	and	in	the	bottom	H2	configuration	of	the	mini	PCB	cell.	
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Effect of substrate ohmic losses on photo-electrode performance 
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Photo-electrochemical water splitting offers an attractive solution to the production of 
large amounts of hydrogen from a sustainable energy source: the sun. In order for 
photo-electrochemical devices for water splitting to ever become a commercial 
reality, we need to develop methodology for scaling up the performance of laboratory 
systems and materials. 
The use of transparent conductive oxides for photo-anodes is ubiquitous and to date, 
there has been little investigation in to the effect of the substrate performance as 
electrodes are scaled up to commercially viable areas. 
Therefore, we have developed an accurate model that captures the generic 
behaviour of photo-electrodes, demonstrating the need to account for the lateral 
ohmic losses within the substrate at scale. Using example data for Fe2O3 as the 
photo-absorber and F-SnO2 as the transparent conductive oxide substrate, it is 
demonstrated that the ohmic loss can be minimised through operation at a particular 
potential. Intensification of the process through solar concentration is quickly 
substantially limited by the substrate conductivity. 
Various strategies for scaling up photo-electrodes are proposed, including a hybrid 
substrate approach where thin lines of a highly conductive material are deposited on 
FTO and by operation at the potential which minimises ohmic losses in the substrate. 
In conclusion, this work demonstrates the ability of mathematical modelling to 
quantify a significant issue, if solar fuel technology is ever to see the light of day. 
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To allow for successful deployment and operation of photo-electrochemical (PEC) 
hydrogen production cells in real systems, operational parameters such as 
temperature must be considered. When scaling-up, temperature variation would affect 
the operation of PEC cells in a number of competing ways, particularly the 
performance and stability of certain components such as that of the semiconductor 
and membrane. Some of the changes anticipated with a change in temperature by the 
semiconductor are that of the band-gap as proposed by Varshni1, the carrier densities, 
the mobility of charge carriers and mass transport.  
Much interest and importance has been directed towards understanding and 
accounting for the effect of temperature in the photovoltaic industry. However, that has 
not been the case with the PEC industry as there are only few studies in the literature 
directed towards understanding the effect of temperature which represents an even 
more complex issue to its operation.  
This talk will focus on explaining the relevant theory on the effect of temperature on 
such systems as well as present experimental results on the performance of 3 different 
commonly used oxide semiconductors subjected to a range of temperature values. 
The experiments were conducted by designing and assembling a setup that allows for 
a temperature controlled system and perform the necessary measurements to analyse 
and explain the performance of the semiconductor in a PEC hydrogen production cell. 
 
 
 
  

                                                
1 Varshni, Y.P., 1967. Temperature dependence of the energy gap in semiconductors. Physica, 34(1), pp.149–154. 
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In the near-to-medium future, hydrogen production will continue to rely on the 
reforming of widely available and relatively low-cost fossil resources. The current large 
cost discrepancy between renewable and fossil-based hydrogen production suggests 
that if hydrogen is to fulfil an expanded role in a future energy economy, cost-effective 
low-CO2 bridging technologies that take advantage of cheap and abundant fossil 
feedstocks will be required. This will allow the necessary time for the required 
infrastructure and end-use applications to sustain a large penetration of hydrogen into 
the energy economy to be developed. The development of CCS at-scale is the only 
method widely considered to be available to substantially mitigate CO2 emissions from 
this sector, which so far has failed to meet ambitious expectations, and continued 
delays of demonstration projects are causing considerable uncertainty about the role 
CCS can play in carbon mitigation. 

 
The challenge in creating a cost effective, low-CO2 hydrogen production 

process from methane has historically been the practical recovery of the carbon by-
product generated by pyrolysis. Existing technology dissociates CH4, depositing the 
carbon molecule on active solid catalyst sites, reducing catalytic activity and blocking 
reactors. The deposited carbon requires burning for removal, thus creating large 
amounts of volatile carbon oxides. Reactors employing molten metals or plasma 
reactor systems have been proposed to facilitate the effective carbon separation and 
heat transfer; however, the reaction kinetics have been dominated by relatively slow 
gas phase chemistry and poor product selectivity. 

 
The use of a catalytic molten metal or alloy allows for smaller reactors and 

operation at lower temperatures, reducing the overall cost of methane pyrolysis. Liquid 
metal catalysts have been used in other applications, including dehydrogenation 
reactions, hydrogen transfer reactions and waste pyrolysis processes. This 
communication proposes liquid phase catalysts below 1000 °C through which gaseous 
methane is bubbled and solid carbon forms. The insoluble, relatively low density 
carbon can be readily removed in a continuous process in a manner similar to a 
floatation cell commonly utilized for slag removal. The progress in identifying systems 
which overcome the large activation energy for methane C-H bond cleavage and a 
techno-economic assessment of costs of production for low CO2 hydrogen from 
natural gas are presented. 
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Chemical looping is an alternative process for hydrogen and syngas production. In 
chemical looping an oxygen carrier is cycled between reductive and oxidative streams 
separated by space or time [1]. As compared to conventional methods for hydrogen 
and syngas production, this allows increased conversions because of elimination of 
side reactions. Additionally, because the direct contact is avoided, the risk of fire, 
explosion and the need for separation steps are minimized. However, some of the key 
limitations of materials currently used in chemical looping include poor activation 
towards reactants, insufficient oxygen capacity and long-term durability due to 
nanoparticle sintering and coke deposition in hydrocarbon environment. Thus, new 
oxygen carriers should be designed and tested for chemical looping process. One 
method proven to enhance nanoparticle activity, minimize coke deposition and 
nanoparticle sintering is redox exsolution [2]. In this method, metal particles are 
allowed to emerge from a metal oxide support.  

Here we design and test new materials for chemical looping for syngas and 
hydrogen production using methane as the reductive stream. We choose as supports 
alumina and perovskite oxides and we exsolve nickel and iron metal particles from 
them. We selected nickel because of its ability to activate methane whereas iron has 
been reported to promote selectivity towards synthesis gas [3]. We adjust the 
composition of these systems in order to maximize methane activation, oxygen 
capacity, product selectivity while minimizing coke deposition and particle 
agglomeration. We investigate these properties by using temperature programmed 
methods (TPR/TPO/TPSR) in a microreactor. We compare our systems to 
conventionally used oxygen carrier materials such as nickel infiltrated on alumina and 
La0.6Sr0.4FeO3 (LSF). We also investigate the structure and composition of our 
designed systems before and after testing by powder x-ray diffraction, scanning 
electron microscopy and x-ray photoelectron spectroscopy. 
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Cu-ZnO based catalysts are the benchmark materials for the low-temperature WGS reaction. However, 
they only work under very low space velocities which imposes big reactor volumes. In this study, we 
have developed a series of Cu-ZnO catalysts using different reference supports, able to work at 
relatively high space velocities with outstanding activity and stability. 
 
1. Scope  
Hydrogen powered fuel cells are meant to play a pivotal role in the new global energy paradigm which 
pursues a shift towards low-carbon technologies. Hydrogen is typically produced from reforming 
reactions with the unavoidable generation of carbon monoxide, which is a harmful gas for the anode 
of the polymer electrolyte membrane fuel cells (PEM-FC). Therefore, the production of hydrogen pure 
enough to feed a PEM-FC involves a series of fuel processing reactions including hydrocarbon or 
biomass reforming, water-gas shift (WGS) reaction, preferential CO-oxidation and/or methanation. 
Among these processes the WGS is the most crucial unit for H2 clean up since it faces the highest 
amount of CO. The commercial catalysts for the water-gas shift reaction at low temperatures are 
mixtures of Cu and ZnO supported on alumina [1-3]. This formulation has remained almost 
unchangeable in the past decades. Indeed, despite its drawbacks copper-based catalysts provide 
better activity/cost balance than noble metal-based systems such as Pt and Au, which have been 
intensively applied in this reaction [3].  
The copper-based catalyst is an excellent formulation for static applications, but the implementation of 
the WGS units in fuel processors for portable applications imposes a limit in the reactor volume. This 
is the “Achiles heel” of the Cu-ZnO/Al2O3 catalysts, which typically operates at very low space 
velocities (e.g. 2000-4000 h-1) thus making necessary big reactor volumes [2]. In response to this 
need, this work aims to develop high performance Cu-ZnO catalysts able to operate at medium-high 
space velocities in order to overcome the volume restrictions that limit the application of these cost-
effective materials in portable devices. Also, given the well documented importance of the support in 
the shift reaction, four reference supports have been selected in this work to determine their effect on 
the WGS activity when working beyond the typical low space velocity range.  
 
2. Results and discussion  
Figure 1 shows the catalytic screening in the WGS reaction of the prepared catalysts in a model 
WGS mixture at 9000 h-1 (more than four times the space velocity in industrial stationary applications 
~2000 h-1). The plot clearly reveals the effect of the support in the catalytic activity. While the catalysts 
supported on SiO2 and ZSM-5 zeolite are not able to fully abate CO, the solids supported on Al2O3 
and CeO2-Al2O3 reach full conversion at 300 and 225 °C respectively. This is an excellent result 
especially when compared with the commercial catalyst’s activity (adapted from ref [4]) and tested at 
much lower space velocity. Indeed, the harsh residence time utilised in the catalytic tests highlights 
the importance of the achieved results. Even more remarkable is the extraordinary CO conversion 
levels reached by the Cu-ZnO/CeO2-Al2O3 sample, with total CO conversion at rather low 
temperature.  
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For a practical application in hydrogen clean-up goals, the most active catalysts were tested under a 
realistic WGS mixture (including CO2 and H2). The results (Figure 2) reveal that despite the expected 
shift of the conversion curve towards higher temperature (as a direct consequence of Le Chatelier 
principle) the Cu- ZnO/CeO2-Al2O3 catalyst presents elevated CO conversion levels and showing 
much better conversion than the Cu-ZnO/Al2O3 sample. 

 

 
Figure 4. Catalytic activity in a model WGS 

mixture (4.5% CO, 30% H2O in He at 9000 h-1). 
Figure 2. Catalytic activity in a post-reforming 

WGS mixture 
(25%H2O+8%CO+37%H2+8%CO2 at 9000 h-

1). 
Furthermore, this catalyst displayed great stability showing just small activity depletion (from 38% to 
31% CO conversion) after working for more than 160 hours of continuous operation under realistic 
conditions (Figure 3). In addition, when portable applications are targeted, the catalysts in the WGS 
unit must withstand eventual star-up/shutdowns situations. This kind of stability experiments are the 
most demanding tests for a WGS catalyst since during the cooling down, liquid water may condensate 
on the pores of the catalysts causing severe deactivation. However, as pictured in Figure 3, our Cu-
Zn/CeO2-Al2O3 catalyst is rather robust towards start/stop cycles. The first contact with liquid water 
dropped the CO conversion to 24% but after 4 cycles the conversion was stabilised at 20% (it should 
be mentioned that the cycles were conducted right after the long term stability test). The later, 
emphasises the suitability of this catalyst for direct application in integrated reforming-WGS fuel 
processors. Indeed, as stated by Farrauto et al. the commercial CuZn WGS catalyst suffers for 
irreversible loss of activity upon exposure to liquid water during start-up and shut-down cycles and 
cannot be regenerated [5]. 
3. Conclusions  

Our work demonstrates that carefully designed Cu 
based catalysts are able to work successfully at 
relatively high spaces velocities in close to real 
conditions for portable applications in the WGS 
reaction. Yet more, the excellent catalytic behaviour 
displayed by our Cu- ZnO/CeO2-Al2O3 catalyst is 
reinforced by its high stability and tolerance to 
start/stop situations. Therefore, the design strategy 
presented herein opens new avenues for research in 
cost-effective and highly performing catalysts for the 
hydrogen economy. 
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The majority of UK wastewater treatment plants (WWTPs) carry out anaerobic 
digestion of sludge in order to recuperate energy used in the treatment process. The 
anaerobic digestate generated is separated into a solid (cake) and liquid (liquor) 
fraction. The liquor, which is recycled back into the treatment process, contains 15-
20% of a WWTP’s nitrogen load, held predominantly in ammonium form. Ammonium 
is problematic because the affiliated energy required for biological treatment and 
conversion to N2 gas is extensive. Furthermore, N2O is formed as a by-product and is 
an extremely potent GHG with a global warming potential 298 times that of CO2. This 
research proposes, instead, the diversion of digestate liquor and recovery of ammonia 
for hydrogen production via steam reforming of on-site bio-methane and the cracking 
of recovered digestate ammonia.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Simplified block diagram of combined NH3 recovery and H2 production 
Aspen Plus model 

Aspen Plus has been used to carry out a full chemical process model of combined 
NH3 recovery and H2 production. The ammonia recovery generates a water-ammonia 
mixture, allowing for both steam biomethane reforming and ammonia decomposition 
downstream. The ammonia decomposition occurring in the primary reformer releases 
the liquor’s nitrogen in its desired form of N2 gas. Simulations show the decomposition 
of ammonia increases H2 yields by >5%. For an assessed WWTP, treating 100,000 
m3 of sewage a day, the proposed use of hydrogen in fuel-cells is predicted to reduce 
the external electrical consumption by up to 63%. Furthermore, the diversion of 
ammonia from the treatment process has also shown to reduce plant GHG emissions 
by the equivalent of up to 500 kg CO2 each day. Thus, the introduction of this novel 
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form of H2 production has the potential to significantly improve the sustainability of 
wastewater treatment.  
Acknowledgments: 
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Biogas is considered a promising renewable energy source that could respond to the 
vital societal need for an increase in the sustainability of energy production which is required 
to combat climate change. With minor purification, biogas can be used for the generation of 
electricity and heating but suffers from increased emissions and a low heating value due to 
its high CO2 content. Biogas upgrading is a process which removes CO2, generating a CH4-
rich biogas as a natural gas substitute for a wide range of applications. However, separating 
CO2 from biogas is an energy intensive and costly process. Catalytic reforming of biogas 
without prior CO2 separation (also called dry reforming of methane) represents an effective 
and sustainable route to produce value-added fuels and chemicals (e.g. hydrogen). 
However, one of the major challenges in the conventional catalytic biogas reforming process 
is the high energy cost as elevated process temperatures (>700 oC) are required to obtain 
reasonable conversions of biogas and yields of syngas in this highly endothermic reaction. In 
addition, rapid deactivation of reforming catalysts due to carbon deposition on the catalyst 
surface limits the use of this process on a commercial scale.  

The combination of cold plasma and heterogeneous catalysis offers an attractive 
alternative solution to the thermal catalytic route for the conversion of CH4 and CO2 into 
value-added fuels and chemicals at atmospheric pressure and low temperatures [1-6]. 
Plasma-catalytic processes have great potential to generate synergistic effect, and to reduce 
the activation barrier of catalysts, enhance the conversion of reactants and improve 
selectivity towards the desired products, as well as the energy efficiency of the process [1, 
3]. In this talk, we will report our recent progress on plasma-catalytic reforming of biogas for 
the synthesis of hydrogen over a range of supported metal catalysts at low temperatures 
using a cold plasma reactor [4-5]. We will also report a very unique plasma synthesis 
process for the direct, one-step activation of biogas into value-added liquid fuels and 
chemicals with high selectivity at room temperature and atmospheric pressure [6]. 
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Introduction 
The water gas shift reaction can be performed in a chemical looping reactor to 
produce separate water/hydrogen and carbon monoxide/carbon dioxide 
streams.  Chemical looping involves the cyclic reduction and then oxidation of an 
oxygen carrier to split a redox reaction into its constituent parts, either temporally, 
(as in this work) or spatially.  This can reduce the need for separation compared to a 
conventional reactor operating on mixed feeds.  However the oxygen carrier stability 
can be problematic and alternative materials to iron oxide are required. 
Objective 
The objective of this work was to investigate the stability and activity, over a large 
number of cycles (>1000), of non-stoichiometric oxides and furthermore to 
understand the thermodynamic advantages and constraints of operation with non-
stoichiometric materials.  Results were to be compared with a conventional water 
gas shift reference system. 
Experimental 
A fixed bed, integral reactor with non-stoichiometric oxide (La0.6Sr0.4FeO3 or LSF641) 
was employed for the chemical looping water gas shift production of 
hydrogen.  Water was fed at 5 mol%, carbon monoxide was also fed at 5 mol%, both 
in an inert carrier.  The temperature of operation was in the region of 800ºC.  The 
system was operated at 1 atm.  Inlet and outlet gases were analysed using mass 
spectrometry and dew point hygrometry in order to accurately determine conversion 
and close hydrogen, carbon and oxygen material balances. 
Results 
High conversions of water to hydrogen were obtained with the LSF641.  Furthermore 
the LSF641 showed excellent stability over more than 1000 cycles.  This conversion 
will be interpreted in light of an understanding of the thermodynamics of non-
stoichiometric materials. 
Conclusion 
A non-stoichiometric oxide, LSF641, has been shown to have both excellent activity 
and stability for hydrogen production through a chemical looping water gas shift 
reaction. 
 
Keywords: Chemical Looping, Hydrogen Production 
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This paper focuses on a copper-chlorine (Cu-Cl) hydrogen production cycle, and descibes 
the models how to calculate thermodynamic and transport properties. Unfortunately for many 
components in CuCl cycle the thermochemical functions of state have never been measured. 
This is the reason that we have tried to calculate some very important thermophysical 
properties like specidic heats, viscosity and thermal conductivity. This paper discusses the 
mathematical model for computing the transport properties for pure substances and their 
mixtures such as CuCl, HCl, Cu2OCl2  important in CuCl hydrogen production in their solid 
phase with an aid of statistical thermodynamics. Thermophysical properties of fluids and solids 
in the processes will be calculated by the Chung–Lee–Starling model (CLS). Equations for the 
viscosity and the thermal conductivity are developed based on kinetic gas theories and 
correlated with the experimental data. The low-pressure transport properties are extended to 
fluids at high densities by introducing empirically correlated, density-dependent functions. 
These correlations use an acentric factor ω, dimensionless reduced dipole moment μ andan 
empirically determined association parameter to characterize molecular structure effects of 
polyatomic molecules κ, the polar effect and the hydrogen bonding effect.  

The developed mathematical model takes into account vibrations of atoms in molecules 
and  intermolelecular forces. This mathematical model can be used for the calculation of 
thermodynamic properties of polyatomic crystalson the basis  of the Einstein and Debye 
equations. We developed the model in the low temperature and high temperature region. 
Analytical data are compared with some experimental results and show good agreement. 
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Transition metal dichalcogenides (TMDs), and in particular molybdenum disulfide 
(MoS2), have been found to be earth-abundant candidates to replace platinum group 
metal catalysts for the hydrogen evolution reaction (HER) in PEM Electrolyzers. As 
only the Mo-edge sites are catalytically active,1 strategies to obtain edge-abundant 
MoS2 nanostructures are in high demand.2–5 Recent studies reported a one-step, 
substrate insensitive electrodeposition method to obtain amorphous MoSx thin films 
with tunable stoichiometry from a (NH4)2MoS4 aqueous solution.6 While initial 
investigations have focused on the elucidation of the MoSx electrodeposition 
mechanism and stoichiometry, critical aspects in catalysts benchmarking such as 
durability and long-term stability remain unexplored.  Several reports not only have 
confirmed the influence of pH in the inherent electrochemical activity of TMDs7 but 
also its effect in the long-term stability under operating conditions.8 Herein we present 
a comprehensive study of MoSx thin films deposited on Au substrates for the HER 
across the 0-10 pH range. Plotting of the MoSx redox peak potentials and peak heights 
vs. operating pH demonstrates a correlation between the inherent MoSx redox 
mechanisms and the final HER activity. Accelerated durability tests on several voltage 
windows monitored with ex-situ X-ray photoelectron and Raman spectroscopies 
inform of the electrochemically induced morphology and stoichiometry changes in the 
MoSx films: enhanced HER activities (-300 mV shift in HER onset potential) or 
detrimental performances (+350 mV shift in HER onset potential) are reported. Finally, 
stability tests (3000 cyclic voltammograms, maximum current density output= 10mA 
cm-2) benchmark the optimum pH operation range for the prepared MoSx films.  
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The need for energy storage to balance intermittent and inflexible electricity supply 
with demand is driving interest in conversion of renewable electricity via electrolysis 
into a storable gas. But, high capital cost and uncertainty regarding future cost and 
performance improvements are barriers to investment in water electrolysis. Expert 
elicitations can support decision-making when data are sparse and their future 
development uncertain. Therefore, this study presents expert views on future capital 
cost, lifetime and efficiency for three electrolysis technologies: alkaline (AEC), proton 
exchange membrane (PEMEC) and solid oxide electrolysis cell (SOEC). Experts 
estimate that increased R&D funding can reduce capital costs by 0-24%, while 
production scale-up alone has an impact of 17-30%. System lifetimes may converge 
at around 60,000-90,000 hours and efficiency improvements will be negligible. In 
addition to innovations on the cell-level, experts highlight improved production 
methods to automate manufacturing and produce higher quality components. 
Research into SOECs with lower electrode polarisation resistance or zero-gap AECs 
could undermine the projected dominance of PEMEC systems. This study thereby 
reduces barriers to investment in water electrolysis and shows how expert elicitations 
can help guide near-term investment, policy and research efforts to support the 
development of electrolysis for low-carbon energy systems.   
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Alternative technologies in combination with thermal power plant allow production 
of heat, electricity and hydrogen using renewable energy sources as well as coal as a 
very important energy source in the Savinja-Šalek region, Slovenia. The technologies 
aim, inter  alia, to reduce greenhouse gas emissions, increase  the use of renewable 
energy sources and take a step forward to the production of hydrogen as an alternative 
energy source in numerous applications. In view of the estimated demand for heat, 
electricity and hydrogen in the Savinja-Šalek region, Slovenia, the technologies to 
meet such demand are proposed in this articele from a technical perspective. New 
technological developments must also be assessed from other perspectives, crucial 
for the environment and people living in this area. These are social and environmental 
aspects, which will also be considered below. 

An energy and economic analysis of the operation of the Thermal Power 
Plant(TPP), (600 MW), will be done. The TPP  is operating in a variable operating 
regime, which causes certain problems in the system and reduces the overall 
efficiency. The possibility of stationary operation of the power plant will be analyzed, 
the surplus of produced electricity will be used for the hydrogen production. The 
process is based on the  Clausius-Rankine cycle with dual superheating using water 
or steam as the working media. In principle, the model of the Clausius-Rankine cycle 
would be used as now existing in Unit 6 of the Šoštanj Thermal Power Plant. Electricity 
and heat would be generated with coal as well as renewables, and hydrogen would 
be the fourth product. The idea is to generate in the above mentioned facility as much 
hydrogen, heat,cold and electricity as needed by the Savinja-Šalek region in industry, 
transport, etc. Thus, the power plant could operate optimally, constantly at 100 % of 
power, which would allow simultaneous production of electricity, heat and hydrogen. 
Hydrogen could be used for sale on the market or for the electricity production, where 
there would be increased electricity demand in Slovenia. Hydrogen could be produced 
via electrolysis and thermochemical process. In our case we have used for hydogen 
production two cases: 

a. Production of hydrogen only with the electrolysis 
b. Production of hydrogen with combination of electrolysis and CuCl 

thermochemical cycle. 
Additional electricity and heat from hydrogen would be produced by fuel cells. First, 
the process that would enable the generation of heat and power as well as hydrogen 
will be roughly presented. New products and additional hydrogen production would 
allow the operation of the TPP Plant at its full power output all the time, i.e. its optimal 
capacity. 
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This work focuses on the production of hydrogen by autothermal reforming of bio-oil. 
The results are divided into thermodynamic equilibrium analysis, process design and 
simulation and finally experimental studies on select bio-oil model compounds and bio-
oil surrogate. The thermodynamic equilibrium analysis is part of already published 
work. 

Process design and simulation was performed using Aspen plus software and 
involved the production of syngas and eventual upgrading to hydrogen using fresh 
palm empty fruit bunch (PEFB biomass) as feedstock for a hydrogen production. The 
overall process consisted of four main stages: biomass pre-processing, biomass 
pyrolysis, bio-oil autothermal reforming (ATR) and hydrogen purification. Sensitivity 
analysis was performed to determine the influence of amount of steam and oxygen on 
the hydrogen yield, syngas gas composition and hydrogen efficiency. Using pinch 
analysis methodology, heat integration was achieved for a process design that 
included combined heat power (CHP) generation and the overall process efficiency 
was calculated. The sensitivity of the overall process efficiency to pressure, pyrolysis 
product distribution, plant size and integration of an air separation unit (ASU) was also 
determined. 

Bench scale ATR experiments were performed in a fixed bed reactor using a 
variety of bio-oil model compounds and catalysts. The aim was to investigate the 
feasibility and accompanying challenges associated with using different bio-
feedstocks for H2 production in an ATR process. Influence of factors such as feed 
composition, catalyst metal type (base or noble) and process parameters such S/C 
ratio, air flow and temperature were all examined. The experiments performed are 
presented in three main parts. The first part covers ATR of acetic acid using two Ni 
based catalysts. The performance of both catalysts was evaluated based on feed 
conversion, product distribution, H2 yield, sensitivity to steam and feed flow and 
resistance to coke formation. The second series of experiments were performed in 
order to determine the influence of using different chemical compounds (acetic acid, 
2-butanone, furfural and cresol) and their mixture as feedstock in the ATR process 
using a prepared Rh catalyst.  Finally, a more complex chemical mixture (bio-oil 
surrogate) was used as feedstock for H2 production and tested on two prepared Rh 
based catalysts. The performance of both catalysts was discussed in terms of feed 
conversion, product selectivity, coke formation and catalyst deactivation.  
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Explosion venting of low strength enclosures and buildings is one of the most common 
methods to relive pressure. Unburnt gases vented out form a cloud near the vent. This 
cloud is ignited when the internal flame reaches the vent, and results in external 
explosion. Blast waves produced from the external explosion are a safety concern for 
the equipment and people around the enclosure. There are various modelling 
approaches available for the internal overpressure but the external cloud explosion is 
often overlooked. Even for the few modelling approaches for the external cloud, 
simplistic models are used which are not sufficient to capture the rich physics of flame-
vortex interaction of this external cloud. An accurate prediction of this explosion 
overpressure is essential to assess the safety of the equipment and people in the 
nearby vicinity.  
The present study attempts to gain physical insight into the external cloud explosion, 
formulate a mathematical model to predict the overpressure generated and establish 
a correlation between this and the overpressure within the enclosure. Previous 
experimental studies have found that the radius of the aforementioned external cloud 
is dependent on the vent size [1, 2]. Two regimes of cloud formation were observed – 
long cigar-shaped cloud and mushroom-shaped spherical cloud. The cloud formation 
was found to be also affected by the fuel reactivity and the rate at which the flame 
expands inside the enclosure and pushes gases out from the vent. General approach 
used in previous studies [3] was to assume a spherical shape for the cloud. Pressure 
generated by expansion of burnt products is being accounted using the acoustic 
source theory assuming the cloud was a sphere ignited at the edge. It was observed 
that with gases having high flame speed, the cloud behaved as an impulsively started 
vortex and significant amount of vorticity was present as evident from the roll-up of the 
jet head [4].  This roll-up has the effect of shifting the source of ignition closer to the 
centre of the cloud. According to the acoustic source theory, the pressure generated 
by a cloud with central ignition would be twice the magnitude of that generated by an 
edge-ignited cloud. The objective of the present study is to classify regimes of cloud 
formation based on the available experimental data and on this basis to propose model 
equations which can be used to predict the pressure generated by this external cloud 
and subsequently the overpressure inside the enclosure.  
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Widespread deployment and use of hydrogen in the transportation sector for both IC 
engines and fuel cell technologies can occur only if hydrogen safety issues have been 
addressed of hydrogen storage, transport and infrastructure.  
This paper analyses the consequences of an accidental hydrogen release that may 
occur in a hydrogen refuelling station. The re-fuelling station under consideration 
comply with the ISO/TS 20100:2008 for technical requirement, according to the 
Directive 2014/94/UE. The investigated scenarios are caused by a hose break during 
car and bus refuelling, at 70 and 35 MPa, respectively. The hose break event is 
assumed due to a person who drives away while connected to the dispenser. Both 
mitigated and non-mitigated conditions are considered. In the mitigated case a shut 
off valve is assumed to be activated 5 s after the start of release. In the non-mitigated 
case it is assumed that the shut off valve is not activated so that the release is 
continuously fed from the buffer tank located before the dispenser. 
To model the hydrogen release, a CFD code (Flacs by GexCon) was used to calculate 
the dispersion and mixing of hydrogen within the station. The hydrogen dispersion 
results were then used to calculate the corresponding pressure loads from hydrogen-
air deflagrations in the station, or the resulting jet lengths and heat fluxes. 
It was found that overpressures created from hydrogen deflagration do not cause any 
effect to buildings, equipment’s and people in the station.  
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A deeper understanding of cryogenic jet fires and radiative heat transfer role is 
necessary to develop reliable predictive tools for hydrogen safety engineering. This 
work addresses the development and validation of Computational Fluid Dynamics 
(CFD) approach to simulate thermal hazards from cryogenic hydrogen jet fires. 
Simulation results are compared against a series of tests carried out by Sandia 
National Laboratories (USA), in which radiative heat flux at five different locations and 
flame length were measured. Hydrogen was released from storage with pressure up 
to 5 bar abs and temperature in the range 48-82 K. The release source is modelled 
using the original Ulster’s notional nozzle theory. The problem is considered as steady-
state. The performances of three different turbulence models are compared. The 
realizable κ-ε model provides the best reproduction of experimental flame length and 
radiative heat flux. Therefore, it is employed in the CFD model along with Eddy 
Dissipation Concept (EDC) model of combustion (Magnussen, 1981). Radiative heat 
transfer is simulated through the Discrete Ordinates (DO) model (Murthy and Mathur, 
1998). A parametric study has been conducted to assess the effect of a set of both 
numerical and physical parameters on the simulated thermal radiation. Simulations 
shown great sensitivity to DO model discretisation, indicating 10x10 as minimum 
number of angular divisions to provide convergence. Experimental parameters such 
as humidity and exhaust system volumetric flow rate were found to strongly affect 
simulation results, highlighting the importance of accurate and detailed publication of 
experimental data to be used for validation of numerical models and tools. The ultimate 
version of the CFD model correctly simulates the flame length and the radiative heat 
flux from cryogenic hydrogen jet fire at different locations for a series of tests. It is 
concluded that the model can be used as a contemporary tool for hydrogen safety 
engineering. 
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Hydrogen gas handling and storage units typically deal with either pressurising 

or depressurising the gas. These equipment are generally housed in container like 
enclosures. The standard shipping ISO containers are also being considered for 
housing standalone portable power generation units using the latest fuel cell 
technologies. From process safety point of view, knowing the hazards associated with 
these kind of container applications is of crucial importance for the overall design and 
operations of hydrogen installations.   

Venting the gas during the accidental explosion in an enclosure is one of the 
mitigation techniques to reduce the generated overpressures inside the enclosure and 
retain the structural integrity of the process equipment inside.  The main design 
parameters are vent size and the location of the vents. Within the HYSEA project 
“Improving Hydrogen Safety for Energy Applications through pre-normative research 
on vented deflagrations”, funded by the Fuel Cells and Hydrogen 2 Joint Undertaking 
(FCH 2 JU) under the Horizon 2020 Framework Programme for Research and 
Innovation, the standard 20ft ISO containers are studied both experimentally and 
numerically with model obstacles to ascertain the peak overpressures generated in 
case of an accidental fast deflagrations. The container walls are not rigid.  They 
contribute to the pressure waves through both acoustic and structural resonance 
responses. Measurements were conducted for the maximum container wall 
deflections of the enclosures to examine its structural integrity and structural 
resonance response, which in turn affects the overpressures within the container. In 
order to capture these effects in numerical simulations, it is necessary to take into 
account fluid structure interactions (FSI) through coupled Computational Fluid 
Dynamics (CFD) and Finite element analysis (FE) analysis.   

As part of the HYSEA project, numerical simulations have been conducted to 
aid our understanding of the combination of various factors contributing to the 
generation of overpressures using HYFOAM, an in-house solver for hydrogen safety 
applications developed within the frame of open source CFD code OpenFOAM. The 
CFD solver solves the compressible Navier-stokes equations along with the coupled 
equations for fluid structure interaction. The turbulent flame deflagrations are modelled 
using the flame wrinkling model based on flame area enlargement due to turbulence 
interaction [1]. Modifications have also been introduced to the governing equations to 
include the dominant flame instabilities present during the vented deflagration process 
[2]. For lean hydrogen mixtures, the Lewis number effects are important hence suitable 
modelling improvements are added to the combustion model. The numerical results 
are firstly validated against the recent experiments conducted in the HySEA project. 
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Numerical predictions are then performed to study the dominant factors affecting the 
overpressures with in the ISO containers during hydrogen explosions.  

  
Keywords: Hydrogen, Vented deflagration, Large Eddy Simulation, Flame wrinkling model. 
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Type IV tanks are typically accepted as onboard compressed gaseous hydrogen (CGH2) 
storage due to their exceptional weight and strength characteristics. Though these composite 
overwrapped pressure vessels (COPV) have good mechanical performance, their polymer 
components degrade under thermal load and have a high failure risk under accidental fire 
exposure. Fire resistance rating (FRR) of COPVs (i.e. time from start of fire exposure until 
catastrophic rupture) with composite jackets is currently unacceptably low. Pressure relief 
device (PRD) installed on a COPV not only helps to quickly evacuate gas from a storage due 
to its current “big” orifices, but also may form dangerous jet fires [1], [2] and destroy buildings 
(if release occurs in a confine space) [3]. Even though, there are catastrophic accidents 
associated with gas tanks happening, that involve gas storage vessels explosions due to 
failures of PRD to operate (release a flammable gas) [4]–[8]. Such accidents bring very 
destructive and harmful (even lethal) effects because of phenomena occurring after rupture of 
a high-pressure vessel, such as overpressures from blast waves [9], [10] and thermal effects 
from fireballs [11]–[13]. The recent experimental fire tests in USA [14] and Germany [15], [16] 
with hydrogen tanks without PRD demonstrated their quite short FRRs: 6.5, 8-10 and 12 min 
accordingly; the FRR of Type IV tank increased (16 min) with lower heat release rate of a fire 
[17]. The studied economic effect from the current state-of-the-art of hydrogen storage safety 
(including current FRRs of pressure vessels) demonstrated the cost of an accident that 
involves rupture of a hydrogen storage tank is as large as £3.38M [18]. 

Thermal response of COPV to a fire was studied by different authors [19]–[23]. Experimental 
study [24] highlighted the importance of understanding of a failure mechanism as “identifying 
the main failure mechanism is key to optimising the fire protection means implemented in Type 
IV pressure vessels”. The authors reviewed the existing numerical models and implemented 
failure criterions [16], [25]– [30]. For instance, the model [25] realised the heat flux input to the 
tank taken from 3D CFD solution and implemented the failure criterion based on the grown 
internal tank pressure due to temperature increase until the pressure becomes equal to the 
experimental rupture pressure. Another model [30] also assumed the applied heat flux on 2D 
composite tank and the failure mechanism of it was based on the failure of one of hoop layers. 

The current study presents the validated 3D numerical model of conjugate heat transfer to 
compressed gas vessel from a fire including the failure mechanism for such a vessel. The 
failure criterion of the model can be applied to any Type IV composite pressure vessel. It is 
based on two dynamic physical processes occurring inside the tank and its structural wall: 
changing load-bearing fraction of the tank wall and advancement of the thermal decomposition 
front inside of it due to a fire. The composite wall thickness fraction that bears the inside tank 
pressure depends on type of composite (in current case – carbon fibre reinforced polymer) 
and its safety factor, i.e. wall thickness to withstand the regulated burst pressure. The said 
fraction alters (increases, if no blowdown happens through PRD) as the compressed gas 
pressure grows inside a tank due to the heat from outside thermal aggression. Another 
process, i.e. propagation of decomposition front, in contrast, decreases the virgin fraction of 
the tank wall and leads to the tank failure (rupture), when the front destroys the load-bearing 
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thickness fraction of the composite wall by decomposing the binder component and letting 
remained reinforcement (fibres) to break under an enormous stress. 

The model also accounts for such physical phenomena as methane-air premixed combustion 
as used in the experimental bonfire burner, growth of temperature and pressure in the testing 
facility; heat losses through the facility walls; convective and radiative heat transfer to the tank 
from the fire; radiative heat exchange between the tank, the facility walls and gas inside the 
facility, and heat transfer from tank wall to the compressed gas contained in the tank (real gas 
equation of state). 
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The talk addresses the question of whether it is possible for a laminar flame to 
accelerate entirely with laminar flame propagation to a detonation in a circular cross 
section tube closed at one end. The essential requirement is that the unburned gas 
ahead of the flame are able to generate a shock wave strong enough to cause an 
autoignition, followed by a detonation. The mixture chosen for the study is highly 
reactive stoichiometric H2/O2. 
A deflagration/detonation transition would be favoured by: 

i. A high laminar burning velocity. 
ii. A high ratio of flame front area to cross sectional flow area. 
iii. A low value of ignition delay time. 
iv. Autoignition in a regime that favours detonation. 
v. A pressure/temperature regime that favours the above. 

The detailed study is described and the results expose the limitations in the available 
data, but tends to show that the laminar transition to detonation of stoichiometric H2/O2 
mixture is marginal and may happen but only in micro-tubes 0.5:1.35 mm diameter 
with an initial temperature of 375 K. Moreover, at room temperature, laminar 
autoignition could not eventually drive a detonation. 
--------------------------------------------------------------------------------------------------- 
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Hydrogen powered vehicles having gaseous hydrogen stored in tanks at 700 MPa 
pressure are already on roads. With more than 15,000 accidental car fires in UK 
annually the rupture of hydrogen high-pressure tank in a fire is a realistic accident 
scenario due to: 1) low thermal resistance of modern composite tanks (6-12 
minutes), and 2) obscure statistics on failure rate of their TPRD (thermally activated 
pressure relief devices). The aim of this work is to develop and validate a CFD model 
to assess hazards created by blast wave and fireball from tank rupture in a car fire. 
The novel approach, which is realised in the developed CFD model, accounts 
contribution of hydrogen combustion to the blast wave overpressure and impulse 
using real gas equation of state.  
The model has been validated against experiment with a stand-alone high-pressure 
tank (pressure 35MPa, volume 72.4l). The CFD model included real gas equation of 
state (Redlich–Kwong), the laminar finite rate sub-model for combustion with 37 
chemical reactions, the realizable k-epsilon sub-model for turbulence, and discrete 
ordinates (DO) model for simulation of radiation. The CFD model reproduced 
experimentally measured blast wave pressure transients at different distances and 
confirmed contribution of hydrogen combustion to the blast wave strength. 
The research has been focused on hazards assessment for hydrogen powered 
vehicle fire accident in a tunnel, as a credible worst-case scenario. Information on 
blast wave propagation along the tunnel length has been obtained, as well as 
radiation hazards, which will be used by health and safety authorities to feed 
development of relevant regulations and standards, and by fire and rescue services 
to develop intervention strategies and operations. 
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A comparison is presented of pressure effects arising from both ignited and unignited 
hydrogen releases from onboard storage tanks through a thermally activated pressure 
relief device (TPRD) inside a typical garage with single vent. Overpressure for 
unignited release in a garage with minimum ventilation was presented in previous work 
[1]. This initial work demonstrated that high flow rates of unignited hydrogen through 
a TPRD in ventilated enclosures with low air change per hour can generate 
overpressures above the limit of 10-15 kPa, which a typical civil structure like a garage 
could withstand. This is due to the pressure peaking phenomenon.  Both numerical 
and phenomenological models were developed for an unignited release, and this has 
been recently validated experimentally [2]. However, it could be expected that the 
majority of unexpected releases through a TPRD may be ignited; leading to even 
greater overpressures and to date, whilst there has been some work on fires in 
enclosures, the pressure peaking phenomenon for an ignited release has yet to be 
studied or compared with that for an equivalent unignited release. 
Therefore, both ignited and unignited releases have been numerically simulated and 
compared using computational fluid dynamics (CFD) to examine overpressure in real 
scale garage. The scenario considered involves a high mass flow rate release from an 
onboard hydrogen storage tank at 700 bars, through a 3.34 mm diameter orifice, 
representing the TPRD in a small garage with a single vent equivalent in area to small 
window. It is shown that whilst this vent size, garage volume, and TPRD configuration 
may be considered “safe” from overpressures in the event of an unignited release, the 
overpressure resulting from an ignited release is two orders of magnitude greater and 
would destroy the structure. This initial study highlights a safety concern that requires 
further investigation. Whilst further work is ongoing, the results clearly indicate the 
presence of a highly dangerous situation which should be accounted for in regulations, 
codes and standards. The hazard relates to the volume of hydrogen released in a 
given timeframe, thus the application of this work extends beyond TPRDs and is 
relevant where there is a rapid, ignited release of hydrogen in an enclosure with limited 
ventilation. 
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The European Regulations on type-approval of hydrogen vehicles require TPRD to be 
installed on hydrogen onboard tanks to release its content in a fire event and therefore to 
prevent the catastrophic tank rupture. The aim of this study is to propose a tool for the safety 
design of a system TPRD-storage tank. Tank and hydrogen parameters, external heat flux 
due to the fire and TPRD diameter and its initiating time are introduced as input parameters 
of the model. Energy conservation equation and real gas equation of state are employed to 
predict the dynamic behaver of the inside gas. Under-expanded jet theory is used to consider 
the gas behaviour after exit. 1D unsteady heat transfer equation is applied to reflect the 
conduction within the wall. To consider the decomposition of the wall material due to high heat 
flux, enthalpy change phenomenon is utilized. The convective heat transfer is modelled 
through the dimensionless Nusselt number correlations. The model is validated against 
experiments for the non-adiabatic blowdown and tank failure in a fire. The model is confirmed 
to be time efficient and satisfactorily predict the dynamic pressure and temperature of the gas, 
temperature profile within the tank wall, time to rupture of the tank and the blowdown time.  
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Incorporating renewable energy generation into our energy mix is vital for reducing: our 
reliance on fossil fuels; and CO2 emissions. The intermittent and fluctuating nature of 
renewables requires a lowcost energy storage solution(s) that is based on abundant and 
affordable elements and materials. Hydrogen-based technologies could offer a clean and 
effective solution; storing hydrogen must be done in a compact, safe, and reversible system, 
metal hydrides potentially offer this at room temperature.   
Titanium iron (TiFe) reversibly and fully absorbs and desorbs hydrogen at room temperature 
and below 10 bar. It is attractive for stationary hydrogen storage material due to its low 
temperature and pressure operation, low raw material cost, and moderate storage capacity1. 
A difficult and inconsistent activation process (i.e. for initial absorption of hydrogen) hampers 
its practical deployment, arising from the formation of a surface oxide. Partial substitution of 
Ti and/or Fe by other transition metals can improve hydrogenation characteristics including 
easing the activation process. Alternatively, microstructural modifications from various 
methods such as ball-milling2 or high-pressure torsion3 may also be used to improve the 
hydrogen storage characteristics of the alloy.   
In this work, we studied the effects of composition, microstructure, and crystal structure on 
hydrogen sorption characteristics of TiFe by partial substitution of Ni. The alloy compositions 
studied were TiFeNix and TiFe(1-x)Nix (x = 0.05, 0.1, 0.2, 0.4).   
Each alloy ingot was prepared by arc-melting in an Ar atmosphere and was subsequently 
crushed and sieved for XRD characterisation and sorption measurements. SEM revealed 
these alloys consisted of multiple phases including a TiFe matrix rich in Ni, a Fe-rich phase, 
and a Ti-rich phase. Changing the Ni content altered the volume fraction of phases, as well as 
the size and stoichiometry of each phase. Additionally, heat treatment of these alloys was 
shown to decrease the amount of the hydrogen absorbing TiFe matrix phase. The 
crystallographic structures of TiFe(1-x)Nix were determined by powder XRD as mostly single 
phase (BCC) while TiFeNix alloys contained a small amount of a C14 secondary phase. With 
increases in x, the lattice parameters of TiFeNix and TiFe(1-x)Nix also increase. Activation was 
achieved more easily with the Ni-substituted alloys compared to the binary TiFe alloys, in that 
fewer activation cycles were required. Plateau pressure was lowered with increasing amounts 
of Ni. Some alloy compositions absorbed less hydrogen compared to the binary TiFe alloy 
despite having larger volume fractions of the TiFe matrix phase.  
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Hydrogen storage is one of the biggest challenges standing in the way of making hydrogen 
fuels a key alternative to carbon fuels and hydrogen cars our everyday reality. Current most 
common technology of storing hydrogen in high pressure vessels suffers from many 
shortcomings related to high pressure safety issues and demanding mechanical requirements 
resulting in high vessel prices. Moreover, even systems with tanks operating under pressure 
of 70 MPa do not satisfy system volumetric capacity targets set out by US Department of 
Energy (DOE) for on-board hydrogen storage.  

In recent years, microporous materials have drawn attention of many researchers as a 
potential alternative to pressurised hydrogen storage. They are capable of storing gas with 
increased capacity due to gas densification within material’s pores. Combining advantages of 
microporous materials with well-developed high pressure storage technology offers a promise 
of obtaining a system fulfilling DOE requirements; a safe and cost attractive solution for 
hydrogen storage.  

Polymer of Intrinsic Microporosity (PIM-1) has been investigated in recent years in terms of 
its capability of storing hydrogen. Pore size distribution of PIM-1 is optimal for hydrogen 
molecules’ adsorption on the surface of the pores. Additionally, it is relatively easy in 
production, has high surface area, and its solubility enables development of films which can 
be applied as high pressure tanks’ liners to increase system’s hydrogen storage capacity. In 
order to further enhance storage properties, PIM-1 can be ‘doped’ with non-soluble additives 
with very high surface areas. However, additives inclusion decreases mechanical properties 
of the composite and it is necessary to perform detailed mechanical characterisation to find 
optimal combination of a sufficient mechanical strength and a filler content. The aim of this 
study was analysis of PIM-1 films with different additives and their content in order to find an 
optimal composite liner to explore potential improvement of existing hydrogen storage 
solutions. Composites containing porous aromatic framework PAF-1, activated carbon AX-21 
and metal-organic framework MIL-101 were investigated and compared in terms of their 
tensile properties, films’ mechanical behaviour and a maximum filler content. Additionally, 
scanning electron microscopy imaging was performed to analyse structural properties of 
investigated films. Preliminary results have shown that the composites are capable of acting 
as elastic liners inside high pressure hydrogen storage tanks and have a potential of 
increasing volumetric capacity of the system to fulfil DOE targets and take us one step closer 
to making hydrogen cars our everyday reality. 
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Solid-state hydrogen storage promises to significantly improve upon the conventional 
forms of storage technologies such as liquid or compressed gas. In recent years a 
remarkable research effort has been devoted to the development of adsorbents with very 
high surface areas, such as metal-organic frameworks (MOFs), covalent organic 
frameworks (COFs) and amorphous organic polymers.1 A frequent drawback of these 
materials is that they exist in powder or particulate forms, which limits their processability 
and mechanical properties. In this context, materials combining solution-based 
processability, good mechanical strength and flexibility, and high hydrogen uptake 
capacity are highly desirable. 
 
We have investigated the creation of a composite system that uses a Polymer of Intrinsic 
Microporosity (PIM-1) as a supporting matrix for high surface area adsorbents. PIM-1 is a 
microporous material itself (albeit with a relatively limited surface area of ~750 m2 g-1), and 
possesses the ability to form robust, flexible films and membranes by simple solvent 
casting procedures.2 We have studied membranes made of PIM-1 to which various 
amounts of a high-surface area porous aromatic framework (PAF-1) were added. The 
combination of high-surface area additive with the polymeric nature of PIM-1 enabled the 
formation of composite materials possessing significantly enhanced hydrogen adsorption 
properties while maintaining the advantageous mechanical properties and processability 
of the polymer matrix. High-pressure adsorption measurements confirmed the viability of 
this approach to generate composite materials which are able to store hydrogen under 
useful conditions (up to 6.7 wt% at 77 K).3 We also investigated the long-term stability of 
PIM-1 for hydrogen storage purposes, shedding light on its potential for realistic 
applications. 
 
The presented results provide a significant basis towards the development of new 
composite materials for hydrogen storage. Furthermore, the large number of potential 
materials combinations provides a strong incentive to further investigate and design such 
composites in the broader context of gas storage and separation. 
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Figure 1: a) Chemical structure of PIM-1, b) A structural model2b of PIM-1 showing its 
contorted nature leading to enhanced microporosity, and c) A transparent, solvent-cast, 5-
cm diameter membrane made of PIM-1 over the logo of the University of Bath. 
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Hydrogen storage represents one of the largest hurdles to the realisation of a hydrogen 
economy, with high pressure tanks (up to 700 bar) being used in the first generation of fuel 
cell vehicles. Ammonia, synthesised and transported on the hundred-megatonne scale each 
year, is a promising potential solution with attractive properties such as being liquid at 
moderate pressures (10 bar at room temperature, like LPG), having 17.8 wt % hydrogen and 
above 0.1 kg hydrogen per litre density.  
One major issue stymying the use of ammonia as a fuel, however, is the slow kinetics 
associated with its decomposition. At the moment, the state-of-the-art catalyst is alkali-metal-
promoted-ruthenium, which is very expensive. We have shown that the use of light metal 
amides/imides can decompose ammonia as effectively as or better than ruthenium at a 
fraction of the cost.i,2 The mechanisms of these reactions, especially their interaction with 
transition metal catalysts is still a cause for debate within the literature, however. 

In this presentation, I will show our latest results with light metal amides/imides–transition 
metal mixtures. These reveal that some transition metals have a beneficial effect, but others 
do not (see Figure 1 for an example of ammonia decomposition performances). Possible 
explanations will be discussed from in-situ and ex-situ experiments we have conducted and 
the implications for use of ammonia as a hydrogen/energy store will be elucidated. 

 
Figure 1: Ammonia decomposition sigmoids for an empty reactor (stainless steel), 
lithium amide and a lithium amide/manganese metal mixture. 
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Metallic conductivity and high temperature superconductivity are predicted to manifest 
in solid hydrogen at sufficiently high pressures. However, experimental limitations 
resulting from the combination of GPa pressures and microscopic sample sizes have 
prevented robust and reproducible experimental measurements on the properties of 
these solid hydrogen phases. Molecular confinement in optimally sized nanopores 
can dramatically affect the phase diagram of pure substances, resulting in anomalous 
phase behavior.  
 
Accordingly, we confined hydrogen in a nanoporous carbon solid to produce molecular 
hydrogen with a density greater than that of solid hydrogen at its triple point. Moreover, 
we measured the magnetic and electrical properties of the dense hydrogen phase in-
situ and demonstrated that the confined dense hydrogen switches to a paramagnetic 
state with a reduction in resistivity with increasing high density H2 content. These 
results indicate that hydrogen densification by confinement could present a route to 
the formation of metallic hydrogen at significantly lower, more experimentally 
accessible pressures, and hints at the possibility of using hydrogen for storage of 
electrical as well as chemical energy. 
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Hydrogen (H2) is considered as a renewable energy carrier as it is abundant, relatively easy 
to produce and emits only water upon oxidation. A major technical obstacle to the widespread 
use of H2 as a fuel is the lack of a safe and efficient system for on-board storage due to its 
extremely low volumetric density at standard conditions. Conventionally, H2 can be stored in 
vehicles as either a gas in high-pressure tanks or as liquefied H2 in cryogenic tanks. However, 
both techniques are energy intensive and pose serious safety issues. An attractive solution is 
a system based on the reversible adsorption of H2 on the internal surface of a microporous 
material to achieve high hydrogen storage density at reasonable pressures and temperatures. 
The US Department of Energy (DoE) has recently set a 2025 hydrogen storage system target 
of 55 g H2 per kg (5.5 wt. %) for on-board hydrogen storage for light-duty fuel cell vehicles1. 
For this purpose, many materials were explored including porous carbons, zeolites, metal-
organic frameworks (MOFs) and covalent organic frameworks (COFs). However, these 
materials are in a powder or particulate form that limits their processability for a range of 
applications. One alternative material is the polymer of intrinsic microporosity PIM-1. This 
possesses relatively high surface area and microporosity because of its rigid ladder-like 
polymer backbone that prevents efficient chain packing2. PIM-1 can be processed into robust 
free-standing films using solvent-based techniques, and this offers great potential for it to be 
incorporated as liners inside high-pressure storage tanks to enhance their storage 
performance3.  
To further improve the performance of PIM-1, we have fabricated a series of composite 
membranes with PIM-1 and selected porous fillers by casting-solvent evaporation of PIM-
1/fillers at room temperature, and employed a range of characterisation techniques to interpret 
their structures and relate them to their hydrogen storage properties. The selected porous 
fillers with extra-high surface area are the polyaromatic framework PAF-14, the metal-organic 
framework MIL-101 and activated carbon (AC). The composite membranes have 
demonstrated stable and processable capabilities and enhanced hydrogen storage properties. 
It is demonstrated that the surface area and porosity of the composite membranes play a key 
role in their hydrogen storage properties. The effects of fillers on porosity, hydrogen storage 
properties and structure have been investigated. These studies provide guidelines for future 
research directions in terms of the design of polymer-based porous composites in the broader 
context of gas storage and separation. 
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Figure 1. (a, c, e, g) Photos of pure PIM-1, PIM-1/PAF-1, PIM-1/AC and PIM-1/MIL101 films; (b, d, f, h) SEM images of pure PIM-1 film, PIM-
1/PAF-1, PIM-1/AC and PIM-1/MIL101 films; (i) BET surface area of PIM-1 composite films as a function of the weight fraction of the fillers; 
(j) H2 uptake at 0.1 MPa and 77 K for PIM-1 composite films as a function of BET surface area. 
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In high temperature SOFCs, the performance of the cell can be altered by the variation in the 
temperature distribution throughout the cell. Usually, for monitoring/measurement of 
temperature distribution; few techniques are employed such as, simulation processes and 
conventional thermocouples.  In simulation, certain operating conditions can be simplified or 
even neglected, whereas conventional thermocouples are used mostly at inlet/outlet of the 
gas channel at few points. The author’s group has developed a temperature sensor ‘multi-
sensor array’; it can be deposit as a thin film at electrode surface or can be used as wired 
array/grid structure depending on the cell structure, reading out the true temperature of the 
SOFC. Multi-sensor array require less number of thermoelements, e.g. for {N} sensing points, 
{N+1} thermoelements are used compared to commercial thermocouple that use {2N} number 
of thermoelements to measure {N}  number of points. Multi-sensor array is already tested on 
SOFCs; such as commercially available electrolyte-supported cell (50 mm x 50 mm, Nextcell-
5), under different temperatures and fuel flow rates. Conventional thermocouples are used for 
validation purpose. Anode-supported flat tabular cell (42 mm x 183 mm) is assembled in 
manifold for prevention from gas leakage according to manufacturer requirement. Multi-sensor 
array is directly attached to the cathode. The cell is reduced under 3% humidified H2 (100 
ml/min) at 650º C, while it is operated under 3% humidified H2 (150 ml/min) at 750º C and the 
results are analysed.  
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The design of a fuel cell (FC) stack is subject to the nominal operating power of the 
stack and the voltage requirements of a specific FC application. From FC efficiency 
point of view, it is required to operate the stack at a desired operational efficiency, 50% 
for example. Therefore, the stack design plays a key role in verifying the desired 
efficiency by determining two important design parameters, which are the fuel cell area 
and the number of cells. This study presents a straightforward design approach to size 
the FC stack so that the nominal operating power of the FC is ensured at the desired 
efficiency. The design approach is based on design charts comprising of FC power 
curves as a function of FC area and cell number, whereby all the power curves are 
derived corresponding to the desired FC efficiency. Furthermore, the electrical 
properties of the stack can be determined, which are useful in selecting the required 
DC-DC converters. Usually, the selection of the operating efficiency is within a narrow 
efficiency range. Therefore, two or three design charts may be needed to cover that 
range. The design charts can be extended for other types of FCs and electrolysers.  
 
 
 
  



 
 

65 

Thermodynamic Feasibility for Civil Aircraft Fuel Cell APU 
Alex Thirkell (1), Prof. Rui Chen (2), Ian Harrington (3) 

 
1, 2: Department of Aeronautical and Automotive Engineering, Loughborough 

University; 3: BAE Systems (Operations) Limited. 
1: a.thirkell@lboro.ac.uk ; 2: r.chen@lboro.ac.uk; 3: 

ian.harrington@baesystems.com 
 
Part of the PhD study into ‘Fuel cells for use on aircraft’ 

 
Introduction 

Electrification of aircraft is on track to be a future key design principal due to the 
increasing pressure on the aviation industry to significantly reduce harmful emissions 
by 2050 and the increased use of electrical equipment. This has led to an increased 
focus on the research and development of alternative power sources for aircraft, 
including fuel cells. These alternative power sources could either be used to provide 
propulsive power or as an Auxiliary Power Unit (APU). 
It has previously been suggested that the replacement of the traditional gas turbine 
based APUs with fuel cell based examples would provide several advantages. These 
include: reduced airport noise, improved local air quality at airports and potentially 
large fuel savings for aircraft operators. An important, unanswered question is how the 
change in APU technology will affect the thermodynamic systems on the aircraft. 
There is also the possibility of new, innovative cooling methods which utilise cryogenic 
liquid hydrogen storage. 
Methodology 
A baseline system was modelled around a 90kVA APU typical of a Boeing 737 size 
aircraft. This model was used to quantify the following parameters: 

• Airport noise pollution during ground operations, 
• Contribution to local air pollution during ground operations, 
• Proportion of heat load transferred to other aircraft systems, such as fuel 

storage. 

The fuel cell sizing model shown in (Thirkell et al. 2017) was used to define an 
appropriate fuel cell to replace the APU used in the baseline system. The same 
parameters were quantified so that comparisons can be made. Particular interest was 
paid to the thermodynamic properties of liquid hydrogen storage required for the fuel 
cell system. 
Expected results 
It is expected that the implementation of a fuel cell based APU will significantly reduce 
the local noise and air pollution levels, leading to improved working conditions of 
airport ground workers. 
It is also expected that the heat load produced by the fuel cell system will be 
significantly lower than that of a traditional APU. The liquid hydrogen storage system 
is also anticipated to provide a key role as a heat sink for the fuel cell APU. 
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Redox flow batteries are promising candidates to facilitate the integration of renewables 
sources into the energy mix. This is associated to their durability, efficiency and fast response. 
However, deployment of existing redox flow batteries is hindered by the relatively high cost of 
the (typically vanadium-based) electrolyte. Manganese is an abundant and inexpensive 
element that is widely used in disposable alkaline batteries. However, it has hitherto been little 
explored for redox flow batteries due to the instability of Mn(III) leading to precipitation of MnO2 
via a disproportionation reaction. By combining the facile hydrogen negative electrode reaction 
and electrolyte formulations that suppress Mn(III) disproportionation, it is possible to construct 
a hydrogen/manganese hybrid redox flow battery with high round trip energy efficiency (82% 
at 100 mA cm-2), and high power and energy density (1410 mW cm-2, 33 Wh L-1), at an 
estimated 70% cost reduction compared to vanadium redox flow batteries. 

 

 

 

 

 

 

 

 

 

 

Fig 1. A) Mn(III) stability over time user ICP B) Battery galvanostatic charge and discharge 
and different current density.. 
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Hydrogen fuel cells are sensitive to a number of impurities, such as CO, NH3 and H2S, 
that can be found in dispensed fuel at multiple points. These impurity gases in the 
anode feed act as a poison to platinum electrodes in proton exchange membrane 
(PEM) fuel cells. For example, PEM fuel cell operating on a simulating anode feed 
stream consisting of H2S contaminated fuel at 2 ppm for 4 hours could result in 60% 
loss of the cell performance at low Pt loading. Effective hydrogen purification methods 
along with testing of the quality of hydrogen fuel are therefore required to prevent 
degradation and extend lifetime of the fuel cell. Here we report on the results of 
comprehensive studies on hydrogen separation using selective membranes and 
hydrogen impurity monitoring using low-power MEMS gas sensors. We also propose 
a novel temperature modulation technique for the fast identification of gas impurities 
at sub ppm levels in a reducing environment without a need of reference gas or 
baseline signal. Our developed purification system and gas sensors along with the 
real-time impurity monitoring method have been tested in a harsh environment using 
fully-automated custom test rig and show excellent performance, this could lead to a 
new generation of low-cost chip analytical instruments. The developed sensors have 
been integrated into a portable multi-gas sensing module for future exploration within 
the fuel cell systems.  
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Hydrogen must be compressed to very high pressures to store significant quantities 
of energy for diurnal / seasonal storage and vehicle refuelling applications, and 
compression costs are often ignored or poorly quantified in hydrogen techno-economic 
analyses.  Mechanical compressors are the incumbent compression technology, 
based on existing designs from the natural gas industry, but suffer from high costs and 
poor reliability.  Alternative compression technologies are being developed, including 
ionic, electrochemical and hydride compressors, but are still at relatively early stages 
of development and/or commercialisation. 
 
Some hydrogen appliances, including fuel cells and catalytic boilers, require very high 
hydrogen purity levels to avoid catalyst poisoning, whilst combustion-based devices 
do not require ultra-pure hydrogen.  High-purity hydrogen is naturally produced by 
electrolysis, but other hydrogen production and delivery pathways do not always 
supply hydrogen at the purity required for catalyst-based appliances.  Hydrogen 
purification requirements and costs are not well understood from a system perspective 
and are also generally not well-represented in techno-economic analyses of hydrogen 
energy systems. 
 
This paper surveys the current state-of-the-art and future prospects of hydrogen 
compression and purification technologies and the challenges of integrating them into 
the energy system.  We calculate energy requirements and costs for compression and 
purification technologies and investigate their effect on the cost of hydrogen. 
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Summary:  A solution has been developed for the problem of simulating and optimizing the 
logistics of a micro grid system combining renewable energy production with the generation 
of hydrogen by PEM electrolysers. This approach is then illustrated using a combination of 
applications including PEM fuel cells, catalytic boilers and hydrogen refuelling station. These 
are being deployed in the Orkney Islands with the Surf ‘n’ Turf and BIG HIT projects. The 
model has been developed under the objective of optimizing the distribution of the generated 
hydrogen by the excess of wind and tidal energy to maximize its consumption in these 
applications, as well as of performing an analytic evaluation of the advantages of this system 
in opposition to conventional solutions. A sensitivity analysis has been carried out to determine 
the optimum operating parameters. 

Keywords: Micro grids, PEM Electrolysis, Applications, Simulation, Optimization, Orkney 
Islands, Python 

Introduction: The BIG HIT project (Building Innovative 
Green Hydrogen Systems in an Isolated Territory: a Pilot for 
Europe [1]) constitutes the first large scale pilot project for the 
integration of power generation by wind and tidal 
technologies, hydrogen generation, and its use for mobility, 
thermal power and electric power applications. More 
specifically, the project consists on the installation of several 
Polymeric Membrane Electrolyte (PEM) electrolysers for the 
exploitation of the existent curtailment energy in the Orkney 
Islands, and its later use for the supply of different 
applications that use hydrogen as its power source, as 
shown in Figure 1. Due to the different nature and needs of 
these technologies, it is necessary to perform a simulation of 
the energy generation, consumption and transportation 
processes, in order to determine the parameters that will constitute the optimum business 
model. 

Requirements: BIG HIT has determined the size of the hydrogen generation, demand and 
storage, but an optimization model was needed for the fuel distribution to determine the best 
supply routes between generation and demand locations. There were many factors to 
consider, including the high variability of the renewable generation and limitation imposed by 
the local ferry timetables on truck movements between the islands. 

Description of Work 
and Main Results: 
The model uses a 
decision tree to 
consider the variables 
taken into account of 
the system, in 
combination with the 
analytic equations that 
define the efficiency of 
the equipment 
considered and 
historical data on 

Location 
Hydrogen 

deficit / 
demand (kg) 

Deficit 
over 
local 

demand 
(%) 

EDAY 45  1125 4,29 % 

SHAPINSAY 73  1042 7,01 % 

MAINLAND HARBOUR 0  10287 0,00 % 

HRS 26  555 4,68 % 

TOTAL ORKNEY ISLANDS 144  13009 1,10 % 



 
 

71 

climate conditions, which makes it possible to estimate the energy potential of the region with 
high accuracy. The model takes into account all this information and processes it in two 
different time horizons: first in an hourly rate, in which the values of the hydrogen storage are 
updated depending on the demand and supply, as well as the position of the delivery trucks, 
and later in a daily basis in which it is decided whether a delivery has to be made at the next 
day or not. 
The obtained results will help improve the future deployment and operation of the renewable 
energy grid depicted in this document. At the same time, the model will also be used to 
determine the best potential business model in the location, 
and will help the development of similar facilities in the future. 

Acknowledgements. The BIG HIT project receives funding from the Fuel Cells and Hydrogen 
2 Joint Undertaking under grant agreement nº 700092. This Joint Technology Initiative is 
supported by the European Union, under the research and innovation program Horizon 2020. 

References 
1. J. Simón, “BIG HIT Project website,” 01-May-2016. [Online]. Available: 

http://www.fch.europa.eu/project/building-innovative-green-hydrogen-systems-
isolated-territory-pilot-europe  

2. M. Kim and J. Kim, “An integrated decision support model for design and operation of 
a wind-based hydrogen supply system,” Int. J. Hydrog. Energy, vol. 42, no. 7, pp. 3899–
3915, Feb. 2017. 

  

Table	1.	H2	deficit	 over	 total	 demand	depending	on	
the	location	for	the	estimated	period	(6	months)	



 
 

72 

Ocean Energy Storage Solutions: an EMEC-IDCORE EngD 
Project 

 
James Ferguson 

EMEC Energy Systems Development Officer, james.ferguson@emec.org.uk 
 

EMEC is a world leading tidal and wave energy test facility. Due to the number of clients 
planning to install their devices at the Fall of Warness tidal test site, off the island of Eday, 
there is a risk that EMEC will exceed its export capacity. In order to manage this risk, EMEC 
installed an electrolyser to produce hydrogen with excess electricity; a world first of producing 
hydrogen from tidal energy was achieved on the 25th of August. The electrolyser can also be 
powered from a community owned wind turbine and the grid. The hydrogen is destined for use 
in a number of projects in Orkney, such as the Surf ‘N’ Turf project, which officially opened on 
the 27th of September.  
In order to maximise the electrical generation and potential of the hydrogen plant, EMEC has 
recruited an IDCORE student to carry out EngD research into energy systems in areas of a 
constrained grid with high renewable energy resource. The project started in June and the first 
few months were spent identifying what would add value to EMEC whilst meeting academic 
requirements of substance and novelty. The scope of the proposed work follows. 
The aim of this EMEC-IDCORE project is to produce a dynamic techno-economic model of 
EMEC’s hydrogen plant. This model will allow EMEC, and any other users in similar situations, 
to identify the most profitable and informed operating and expansion strategies for their energy 
systems. The model will have three main sections. 
The first section will look at the three electrical inputs to the hydrogen plant, and will consider 
the fact that each of them have two rates: constrained and unconstrained for the tidal site and 
wind turbine and the day and night rates for the grid electricity. 
The second section will look at hydrogen production, compression and transport. It will model 
the electricity demand and performance of each component in the plant, with a focus on the 
electrolyser. 
The final section of the model will deal with the selling price and quantity of hydrogen as well 
as the other outputs of the electrolyser: oxygen and heat. This considers both the markets on 
Eday and those on Kirkwall (on the Orkney Mainland). 
The model will have three main uses that will allow EMEC, or any other users in similar 
situations, to identify the most profitable and informed operation and expansion strategy. 

The first use will be to identify if the user, using a given operating strategy and hydrogen 
demand, makes a profit or loss. For example, choosing an operating strategy (i.e. when to 
produce hydrogen) will fix the cost and quantity of hydrogen produced, which in turn will fix 
the sale price and quantity required to make a profit. Alternatively, given a fixed sale price, 
quantity and desired profit, the user can work back through the model to see if the system can 
produce a hydrogen at a cost and quantity to meet these demands. 

The second main use will be plant synthesis. This tests how the introduction of new plant 
effects the operation and economics. Examples include additional electrolysis capacity, a 
battery and a smart switch for the electrical inputs. 
The third use will be plant optimisation. This could find the optimum operation strategy for the 
compressor or, if applicable, a battery.  
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In the United Kingdom city buses are the most common form of public transport within urban 
areas. Most buses are powered using diesel fuel, the combustion of which contributes to 
climate change and the deterioration of air quality in town centres.  Hydrogen fuel cell powered 
buses can help mitigate this. Pilot projects are considered an effective way to introduce this 
technology, as they allow supply chains to mature and develop the technical expertise needed 
to run hydrogen bus fleets. Moreover their widespread introduction is costly and requires 
funding from public, private or a combination of both sources. At present little is known about 
bus user’ preferences for emissions reduction to economically justify the widespread 
introduction or expansion of existing pilot projects. Using the Aberdeen Hydrogen Bus Project 
– Europe’s largest hydrogen bus fleet – as a case study, we try to address this knowledge 
gap. We use a Discrete Choice Experiment (DCE) – an econometric tool commonly used to 
elicit non-market valuations for goods and services – to determine what characteristics of the 
bus service people value and derive a probabilistic model that estimates what type of bus 
service users prefer. Furthermore, we explore if the introduction of the hydrogen buses has 
caused a difference in user preferences between people who regularly use these and those 
who still use diesel buses. Results from a random parameter logit model (Mixed Logit) show 
positive and statistically significant marginal rates of substitution for emission reductions in 
terms of monetary payments and other aspects related to the bus service (for example 
reduction in frequency). We also find evidence that experience using hydrogen buses results 
in a higher sensitivity for emissions reduction. Results suggest hydrogen bus fleets can be 
partly funded by the user, either through increased fares or deviating resources from certain 
characteristics of the bus service that consumers are willing to forego in exchange for a less 
emitting bus. We propose a number of recommendations that incorporate bus user 
preferences to the development of policies to introduce/expand existing hydrogen fleets. We 
conclude that the use of pilot hydrogen bus fleets can be a cost-efficient stepping stone to 
their widespread introduction, as increased exposure to hydrogen buses results in higher 
valuations for emission reduction amongst bus users and higher acceptance of this 
technology. 
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This paper presents the main findings of the H2FC SUPERGEN “Green Hydrogen” project. 
The project conceptualised the alternatives for developing a green hydrogen standard. This 
paper reviews and compares several standardisation initiatives. Their main differences relate 
to policy objectives (e.g. rise the use of renewable hydrogen, mitigate climate change or 
reducing air quality pollution); the boundaries of the carbon accounting system (point of 
production, point of use, well to wheel); carbon intensity thresholds (typically reduction 
compared with a counterfactual); and the accepted qualifying production processes (e.g. 
electrolysis, reformation, etc.).  
The implementation of a green hydrogen standard is closely related to the successful 
development of a green hydrogen guarantee of origin tracking mechanism. The key 
characteristics of guarantee of origin schemes for other energy vectors are introduced in this 
paper and their main challenges discussed. Some of these include double sale, double 
counting and double disclosing due to error or fraud, and the difficulties to clear guarantee of 
origin among interconnected energy systems (e.g. power-to-gas, gas-to-gas, gas-to-power). 
This paper introduces the carbon accounting approaches and the trade-offs between accuracy 
and costs for some selected green hydrogen pathways. 
The lack of harmonised guarantee of origin system complicates international trade. 
Furthermore, the existence of national registries in each country, the need for an international 
coordination body, and the fees for participating in the European market increases 
transactional costs. This paper highlights the potential role of blockchain technology and 
smart-contracts to reduce these costs and enabling the participation of smaller players 
operating in distributed hydrogen energy systems. 
This project reviewed UK policy instruments and highlighted the absence of hydrogen from 
these. This discrimination damages the prospects of green hydrogen and fuel cell 
technologies. The research also enumerated long-term goals that other countries have, 
regarding the hydrogen economy (e.g. uptake and production of fuel cell vehicles, deployment 
of hydrogen refuelling stations, sales of fuel cell heating systems, etc.).  
Much work is still pendent to characterise national and international green hydrogen 
standards. Conceptualising green hydrogen is a pre-requisite to define a green hydrogen 
guarantee of origin scheme, and this is essential to develop a green hydrogen standard. Policy 
makers must include green hydrogen in energy policy and policy instruments to avoid a 
discrimination that slows down investment in technologies that support climate change and air 
quality policy targets.   
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Power-to-Gas is the process of converting electricity into hydrogen gas by rapid 
response electrolysis and subsequent injection into the gas network for heating and 
transportation. Power-to-Gas provides a potential solution by using renewable energy 
from the decarbonised electricity and making use of existing gas infrastructure. 
Through the energy vector of hydrogen, rather than electricity, both the gas and 
electricity network infrastructure can be better used to help increase the renewable 
penetration and also facilitate a transition from natural gas to a ‘greener’ mixed gas. 
Many issues surrounding renewable Power-to-Gas are currently uncertain and require 
analysis. To reduce the cost of Power-to-Gas, a widely accepted approach is to use 
excess or otherwise-wasted renewable electricity. Excess electricity can be the result 
of the limited network transfer capacity f demand and/or the mismatch between 
demand and renewable intermittency. While the excess electricity is at low cost for 
Power-to-Gas, it is not consistently available. In fact, its availability could be much less 
than intermittent renewable source itself, since excess only occur when renewable 
output is high. Given that the variation of renewables could significantly impact the 
performance of Power-to-Gas system, the modelling of Power-to-Gas with renewables 
at high temporal and spatial resolutions across multiple years is essential to capture 
the accurate availability of Power-to-Gas, and therefore study the potential value and 
optimise its size. One of the challenges to understand such impact is the lack of 
available tools which can study Power-to-Gas at high temporal and spatial resolutions 
and also across multiple years 
Using a high-resolution model of the GB integrated power and gas system and 15 
years of simulated wind and PV generation data, this study identified the location and 
availability of excess electricity across the lifetime of Power-to-Gas systems, and so 
enable the comparison of levelised cost of electricity (LCOE) between Power-to-Gas 
and other alternatives of low-carbon approaches in future energy system. The 
preliminary analysis shows that while power-to-gas availability increases with greater 
installed capacity of renewable generation, it shows significant regional imbalance and 
daily, seasonal and interannual variation, which limits the overall capacity factor and 
could cause significant stress on the value of Power-to-Gas systems. 
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BaxCe0.5Zr0.3Y0.2-yNiyO3-δ (0<x≤1, 0<y<0.2) perovskites with different Ni doping ratio or 
with A-site deficiency were synthesized successfully by conventional solid state method. 
In order to obtain Ni particles as electrocatalysts, in situ producing method was used by 
directly reducing the perovskites under 5% H2/Ar atmosphere at 600-900 oC. Scanning 
electron microscopy (SEM) images showed that large number of Ni particles were 
exsoluted from the host material, and the size of Ni nanoparticles can be controlled by 
adjusting the reducing temperature, from 20 nm to 80 nm. Combined with other 
characterization method, such as differential thermal analysis (DTA), thermogravimetry 
(TGA) and energy dispersive X-Ray spectroscopy (EDX), Ni exsolution process was fully 
studied. 
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Polymer electrolyte fuel cell (PEFC) fuelled with hydrogen is one of the most promising energy 
conversion technologies for a broad range of applications [1]. However, many technological 
hurdles have still to be overcome before reaching widespread commercial adoption. One of 
the long-standing challenges to ensuring efficient and reliable PEFC performance is achieving 
a delicate water balance within the cell [2]. The objective of this work is to investigate the 
dynamic water build-up in different serpentine flow field designs of PEFCs during start-up 
stage, which would help to gain an in-depth understanding of the water breakthrough and 
removal mechanism. Furthermore, the result will contribute to the optimized design of cells 
that can better withstand flooding. 
 
In this work, Neutron radiography was utilised as the non-invasive technique to evaluate liquid 
water build-up, distribution and movement [3, 4] across the channels of the single, double and 
quadruple serpentine flow fields. It was found that the water build-up comprises three stages 
in all of the three designs: First stage (before 19minutes) with the progressive water 
accumulation around the channel switchbacks and then moves towards the centre of the 
channel, which is mainly caused by the flow recirculation, stagnation, and pressure drop at 
locations of sudden momentum reversal; a second stage (between 19 to 20 minutes) with 
sharp decrease of liquid water across the channels; a third stage (after 20 minutes) 
approaching the final state where the stable water distribution was attained. 
 
Back diffusion transport effect was also clearly observed in the form of water patterns in anode 
flow fields. The results of this study can be used to guide the continued improvement of the 
dynamic performance of PEFC in automotive applications. 
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Electronic and electrochemical properties of Pt nanoparticles supported on Carbon 
(Pt/C) and Boron Carbide-Graphite composite (Pt/BC) are compared over a wide 
potential range. Analysis of the X-Ray Absorption Fine Spectra (XANES) showed that 
Pt nanoparticles on BC are more positively charged than equivalent Pt nanoparticles 
on C below ~0.8 V vs RHE. This could be correlated with a stronger surface charge 
as probed by CO displacement at intermediate potentials (i.e., between 0.2 and 0.6 V 
vs RHE) indicating stronger anion adsorption on Pt/BC at intermediate potentials. 
Simultaneously, floating electrode measurements have shown an increase of surface 
specific hydrogen evolution current densities at low potentials, which is attributed to a 
more facile Tafel step (i.e., the chemi-sorption of hydrogen). Interestingly, HOR activity 
remained higher at potentials above ptzc for Pt/BC as well despite stronger anion 
adsorption, which might suggest an intricate balance between the energetics of 
reaction intermediates and spectator species blocking the surface. Finally, Pt/C is 
found to be more prone to oxidation at potentials above 0.8 V vs RHE than Pt/BC. This 
has been confirmed by XANES showing a stronger increase of d-band vacancies in 
the oxide region as well as floating electrode HOR measurements revealing a stronger 
decline of HOR currents on Pt/C at high potentials. 
Our results indicate that electronic metal-support interactions (EMSI) influence a range 
of electrochemical characteristics across a wide potential range and underline the 
need of a differentiated approach and understanding to rationally exploit EMSI for 
more active and durable electrocatalysts. 
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Chemical looping is an alternative process for hydrogen and syngas production. 
In chemical looping an oxygen carrier is cycled between reductive and oxidative 
streams separated by space or time [1]. As compared to conventional methods for 
hydrogen and syngas production, this allows increased conversions because of 
elimination of side reactions. Additionally, because the direct contact is avoided, the 
risk of fire, explosion and the need for separation steps are minimized. However, some 
of the key limitations of materials currently used in chemical looping include poor 
activation towards reactants, insufficient oxygen capacity and long-term durability due 
to nanoparticle sintering and coke deposition in hydrocarbon environment. Thus, new 
oxygen carriers should be designed and tested for chemical looping process. One 
method proven to enhance nanoparticle activity, minimize coke deposition and 
nanoparticle sintering is redox exsolution [2]. In this method, metal particles are 
allowed to emerge from a metal oxide support.  

Here we design and test new materials for chemical looping for syngas and 
hydrogen production using methane as the reductive stream. We choose as supports 
alumina and perovskite oxides and we exsolve nickel and iron metal particles from 
them. We selected nickel because of its ability to activate methane whereas iron has 
been reported to promote selectivity towards synthesis gas [3]. We adjust the 
composition of these systems in order to maximize methane activation, oxygen 
capacity, product selectivity while minimizing coke deposition and particle 
agglomeration. We investigate these properties by using temperature programmed 
methods (TPR/TPO/TPSR) in a microreactor. We compare our systems to 
conventionally used oxygen carrier materials such as nickel infiltrated on alumina and 
La0.6Sr0.4FeO3 (LSF). We also investigate the structure and composition of our 
designed systems before and after testing by powder x-ray diffraction, scanning 
electron microscopy and x-ray photoelectron spectroscopy. 
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During the reaction in Proton Exchange Membrane Fuel Cells (PEMFCs), the 
electrode surface, oxygen, water and other species closely interact with surface sites 
of the electrode material and their properties are strongly interrelated. Due to the 
poisoning of active sites by nonreactive oxygenated species and the sluggish ORR 
kinetics on the Pt catalysts, PEMFCs has been impeded by poor stability, 
overpotential, poor durability and high costs of the Pt-electrocatalysts,. Although 
exciting results have been come out towards to enhancing ORR kinetics by application 
of Pt alloy catalysts, the instability of surface structures during electrochemical redox 
process was also identified for structural alloy catalysts [1]. Ionic liquids (ILs) are 
organic salts with a melting temperature less than 373 K. The relatively high ionic 
conductivity, wide electrochemical windows and thermal stability endow ionic liquids a 
high potential to enhance the electrode performance in PEMFCs [2].  
 
In PEMFC electrodes, the catalyst surface can be modified with an atomic ionic liquid 
layer. The protic Ionic liquids can form a thin super hydrophobic on catalyst surface to 
hinder the surface oxidation of Pt, while the excellent oxygen solubility facilities 
efficient oxygen transfer path for oxygen to diffuse to the active sites on catalyst 
surface to complete the fuel cell reaction, thus leading to an improved stability of Pt/C 
catalyst and catalytic activity towards oxygen reduction reaction (ORR) [2,3]. 
 
In this project, we study the coating of superhydrophoic protic ionic liquids on Pt-based 
nanoparticles and nanowires catalysts which has been developed in our group [4,5]. 
The humidity content and coating layer thickness of ionic liquids are investigated. Ex-
situ rotating disk electrode (RDE) analysis and in-situ fuel cell test are employed to 
understand their influences on catalyst performance. The experimental results show 
that the coating of ionic liquid improves both catalytic activities and stability of both 
catalysts, but the behavior is different between nanoparticles and nanowires. 
Considering the characterization results, the mechanisms are also explored.  
 
References: 

1. Minhua Shao, Qiaowan Chang, Jean-Pol Dodelet, Regis Chenitz. Recent 
Advances in Electrocatalysts for Oxygen Reduction Reaction[J]. Chem. 
Rev., 2016, 116 (6), 3594-3657. 

2. Joshua Snyder, Takeshi Fujita, Mingwei Chen and Jonah Erlebacher. Oxygen 
reduction in nanoporous metal-ionic liquid composite electrocatalysts[J]. Nature 
Materials, 2010, 9, 904-907 

3. Gui-Rong Zhang, Macarena Munoz, and Bastian J. M. Etzold. Accelerating 



 
 

83 

Oxygen-Reduction Catalysts through Preventing Poisoning with Non-Reactive 
Species by Using Hydrophobic Ionic Liquids[J]. Angew. Chem. Int. Ed., 2016, 
55(6), 2257-2261. 

4. Shangfeng Du, Kaijie Lin, Sairam K. Malladi, Yaxiang Lu, Shuhui Sun, Qiang 
Xu, Robert Steinberger-Wilckens, Hanshan Dong. Plasma nitriding induced 
growth of Pt-nanowire arrays as high performance electrocatalysts for fuel 
cells[J]. Scienticfic Reports, 2014, 4, 6439. 

5. Yaxiang Lu, Shangfeng Du, Robert Steinberger-Wilckens. One-dimensional 
nanostructured electrocatalysts for polymer electrolyte membrane fuel cells-a 
review[J]. Applied catalysis B: Environmental, 2016, 199, 292-314. 

  



 
 

84 

Stress and strain in different parts of flat tubular SOFCs in 
simulation and experiment 

 
Dr. Harald Schlegl and Dr. Richard Dawson 
Engineering Department, Lancaster University 

 
Durability and reliability of anode supported SOFC stacks have proven unsatisfactory 
in large scale trials, showing rapid failure, thermal cycling intolerance and step change 
in electrochemical performance most likely related to mechanical issues. Monitoring 
and understanding the mechanical conditions in the stack especially during 
temperature changes can lead to improvements of the design and of the operating 
regime targeting maximum durability. Within this project modelling and simulation of 
thermal stresses within the different parts of the cells and the stack and the validation 
of these models play a key role. 
 
The modelling and simulation of stress and strain have been carried out using the FEA 
software ABAQUSTM.  Simulation of heating of a Ni/YSZ SOFC anode from room 
temperature to 800°C using material and geometry data from our Korean project 
partners resulted in around 0.93% strain. These results were confirmed by strain 
studies performed with a video gauging system observing the SOFC material during 
the heat up phase in a custom made lab furnace with quartz and borosilicate windows 
for optical access. Simulation also shows the effect of the assembly of the single cell 
inside manifolds for gas supply, leading to stress peaks especially in the electrolyte. 
The stress distribution in the different layers of the SOFC and in the parts of the 
assembly was calculated and displayed. The results of the strain simulation during 
heat up, sealing, anode reduction and SOFC operation  were compared to strain 
measured with a 3D video camera system during an experiment. 
 
The work described in this paper is part of a project with the title “Novel diagnostic 
tools and techniques for monitoring and control of SOFC stacks – understanding 
mechanical and structural change” and is a collaboration with Loughborough 
University and Imperial College (lead institution) in the UK and the POSTECH institute 
of new and renewable energy, the Korea Institute of Energy Research (KIER) and 
Hankook Oil in Korea. 
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An attractive and promising way to utilize carbonaceous sources for electricity generation is 
hybrid direct carbon fuel cells (HDCFs), wherein solid carbon with carbonate salts upon solid 
oxide fuel cells act as extended anode. This work evaluates positive or negative catalytic 
effects of various metal or metal additives on HDFC performance, as well as without additives 
for comparison. The additives, graphite and carbonate (62 mol% Li2O3-38 mol% K2CO3) are 
mixed with 0.1, 0.2, 0.5:1:1 weight ratios. These additives contain Fe3O4, Fe2O3, Sn, SnO2, 
MnO2, Co2O3, CeO2, Nd2O3, Pr6O11, Ag, GDC, TiO2, La2O3, and MgO. The electrochemical 
results reveal Fe3O4, Sn, SnO2 and MnO2 have catalytic activity in carbon conversion and the 
1:1 carbon-carbonate mixture with 20 wt% additives are optimum. Based on prior and post 
XRD characterization, TG analysis and GC measurement, different catalytic mechanisms are 
proposed. 
 
  



 
 

86 

New platform for external wire attachment to a thin film temperature 
sensor on a SOFC cathode 

 
Erdogan Guk, Vijay Venkatesan, Yunus Sayan, Manoj Ranaweera, Jung-Sik 

Kim* 
 

Department of Aeronautical and Automotive Engineering, Loughborough University 
Epinal Way, Loughborough, LE11 3TU, United Kingdom 
Tel.: +44 (0)1509 227 219 / Fax: +44 (0)1509 227 275 

j.kim@lboro.ac.uk 
 
 
 Temperature fluctuation induces a thermal stress which is considered as a fundamental issue 
that leads performance degradation in SOFC (solid oxide fuel cell) systems. Therefore thermal 
management of SOFC is a significantly important factor to be concerned for minimising 
performance losses and maximising the cell lifetime. Thin film sensor technology is proposed 
as a great candidate to measure the cell temperature during operation due to its negligible 
mass and minimal disturbance to normal operation. However, the main challenge in the 
application of thin film sensor in SOFC system is in incorporating the external wire attachments 
to complete the electrical circuit. This is because of the high sensitivity of SOFC materials to 
any destructive/interfering operation, limited available space and harsh operating conditions. 
In this paper, a new concept of packaging for external wire attachments to the thin film sensor 
will be identified to enable the integration of the sensor in the SOFC system. This testing unit 
comprises SOFC elements (50×50mm NextCell, Fuelcellmaterial), a fuel processing holes and 
channels (designed manifold machined by Precision Ceramic), and a thermal control system 
(sensor) and providing electrical and fluidic connections as well as for mechanical support 
(developed by the author research group). It has been observed that the suggested method 
of the external wire attachment was successfully maintaining the required electrical 
connections throughout the experiments afterwards, even under SOFC’s operation conditions 
at temperature ranged from 700 ˚C to 800 °C, hence, the proposed method is ready for further 
applications within SOFC systems. 
 
 
 Key words: wire attachment, thin film sensor, SOFC, current collection, temperature 
measurement 
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Polymer electrolyte membranes used in fuel cells and electrolysers are limited to operating 
temperatures below about 120 ºC as they must be fully hydrated to facilitate proton transport.  
Some protic ionic liquids (PILs) have been shown to have good conductivities.1  Therefore, a 
polymer membrane doped with a suitable PIL could be used to increase the operating 
temperatures of PEM fuel cells and electrolysers, and confer the thermodynamic benefits of 
higher-temperature systems.   
In this work, Nafion® 117 was neutralised to remove sulfonic acid groups, according to a 
method presented by Di Noto,2 and doped with [dema][TfO] (Figure 5) by immersion in the PIL 
for 48 hours at 80 ºC.  The resulting composite membrane was characterised using TGA and 
ATR-FTIR, the PIL uptake and through-plane proton conductivity were determined using 
gravimetry and 2-probe alternating current electrochemical impedance spectroscopy (AC 
EIS).     
The in-plane proton conductivity of the unhumidified composite membrane was determined by 
4-probe AC EIS using a Scribner 850e Fuel Cell Test System between room temperature and 
120 °C.  The proton conductivities of an unhumidified PBI-phosphoric Acid (85%) membrane 
and an ‘activated’ (acidified) Nafion® 117 membrane at 0, 50 and 100 % relative humidity, 
were tested over the same temperature range for comparison.        
The [dema][TfO] mass uptake in the composite membrane was 23.59 wt%.  The anhydrous 
conductivity of the composite membrane was 0.37 ± 0.02 mS cm-1 as determined by 2-probe 
AC EIS.  The composite membrane remained thermally stable until 250 ºC after which, a 93 
% wt. mass loss was observed in three events until 503 ºC was reached.  The effects of 
increased operating temperature on proton conductivity using a Nafion® 117-[dema][TfO] 
membrane will be discussed.          

 
Figure 5 – [dema][TfO], a protic ionic liquid used in this study.   
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 Up to 7% of the world’s electricity consumption is connected to treatment of contaminated 
liquid effluents. Undissolved contaminants can largely be removed by physical means. But up 
to date the dissolved organic matter still poses a big problem all over the world and their 
elimination costs industries around $90 billion every year. Conventional ways include the use 
of harsh chemicals which lead to additional post processing, or unfavourable process 
conditions that increase the operating costs dramatically.[1]  
This clearly states the need for alternative cost-effective routes to tackle the current problem. 
One can be the use of abiotic fuel cells. The idea is to use the contaminated waste waters as 
the fuel on the anodic side. Here the organic molecules are oxidised and the COD (chemical 
oxygen demand) is reduced partially. The according oxygen reduction on the cathode is 
provided by a novel noble metal free, poison-resistant catalyst.[2]  
The work presented in the poster will demonstrate the COD removal of both simulated as well 
as real industrial waste waters by means of this new abiotic fuel cell setup. In parallel the effect 
of treatment is examined by chromatography. Investigations also include screening of different 
anode catalysts for the application. The possible degradation of FC material or catalysts is 
studied (XRF examinations). Long-term operational performance of the cells is tested for the 
possible application on-site of industrial waste water producers. 

 
 References:  
[1] United States Environmental Protection Agency, Local Government Climate and Energy 
Strategy Series (2008).  
[2]Malko et al, Journal of Materials Chemistry A 4, 142-152 (2016) 
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Global warming is an important issue and has received considerable attention world-
wide among both scientific and politic communities. Electrification – a shift towards 
sustainable e-mobility – offers the potential of using electric energy generated from 
clean renewable sources. It is an essential part of national interests to achieve an 
energy union but also to attain the benefits of reduced oil imports and transport CO2 
emissions as well as stimulate innovation and jobs. 
Hydrogen fuel cells use the chemical energy of hydrogen or another fuel to cleanly 
and efficiently produce electricity, with water, and heat being the only products. Fuel 
cells are unique in terms of the variety of their potential applications; they can provide 
power for systems as large as a utility power station and as small as a laptop computer.  
Batteries are electrochemical cells storing electric energy. Battery systems are 
typically configured in one of two ways: a power configuration or an energy 
configuration, depending on their intended application. In a power configuration, the 
batteries are used to release a large amount of power in a relatively short period of 
time, which requires a high inverter-to-battery ratio. In an energy configuration, the 
batteries are used to release a steady amount of power for an extended amount of 
time. This application has a low inverter-to-battery ratio. 
Supercapacitors are electronic devices which are used to store large amounts of 
electrical charge. Comparing with batteries, they have specific power 5 to 10 times 
greater, and significantly faster charge and discharge times than batteries. It is 
possible to achieve high charge and discharge currents due to their low internal 
resistance. Batteries usually take up to several hours to reach a fully charged state – 
a good example is a cell phone battery, while supercapacitors can be brought to the 
same charge state in less than two minutes. This property is especially important in 
applications that require quick bursts of energy to be released from the storage device. 
For these energy supply systems, the current power electronics are designed to 
provide a safe, reliable and efficient connection between the energy source and power 
output. These high accuracy demands lead to the power electronics of large volume, 
heavy weight and often low energy efficiency.  
This research project aims to develop a fuel cell, battery and supercapacitor hybrid 
propulsion system based on their specific requirements and investigate a new dynamic 
control strategy according to characteristics of various power sources and electric 
motors. In the research work, the LTpowerplay circuit simulator modelling and 
experimental hybrid propulsion system for motor test will be employed. The fuel cell, 
battery and supercapacitor hybrid propulsion simulation model in Matlab is currently 
under investigation for the control. In the meantime, the whole power electronic circuit 
is under construction for experimental evaluation.  
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The application of PEM fuel cell on propulsion system draws an increasing attention 
in recent years for it provides a good solution for the vehicle propulsion transformation. 
PEM fuel cell-based hybridization is a promising topic as a good tradeoff for the bunch 
of unsolved obstacles of fuel cell practical application such as the slow dynamic 
response with respect to load changes; also makes up the defects of battery electric 
vehicle such as the limited battery capacity, long charging time and lower energy 
density. However, large space of improvement exists in this configuration, such as the 
energy management control strategy of the drivetrain, and the fuel cell system balance 
for higher energy utilization efficiency. The efficiency of a PEM fuel cell system is 
affected by many factors such as the operating conditions, power generated and 
derived energy consumption. Dead-ended anode (DEA) mode has become a common 
widely applied technology for fueling subsystem in vehicle application for it helps to 
simplify system complexity, reduce fuel waste and improve the fuel cell efficiency. 
Nitrogen and water accumulation and the consequently caused anode starvation 
phenomenon potentially occur in DEA operation mode. For addressing these issues a 
hydrogen recirculation pump is utilized for the sake of improving the stack efficiency, 
which however, would generate derived energy consumption at the mean time. This 
project is aiming at developing an efficient battery/fuel cell hybrid propulsion system 
for automotive application. The methodology employed in this project includes 
modelling with combination of experiments. Currently a high-level hybrid drivetrain 
model based on hydrogen and electric energy consumption under variable driving 
cycles has been developed in MATLAB/Simulink environment, which would be 
employed for investigating the drivetrain performance combining with the purposed 
control strategy. For achieving this target, an anode purging strategy for PEM fuel cell 
operating under DEA mode would be proposed, aiming to achieve high system 
efficiency by investigating the tradeoff between the stack efficiency improvement 
caused by purging and the derived energy consumption generated by the recirculation 
pump. A fuel cell system model implemented with a prompted anode purging strategy 
will be presented and implemented into the hybrid system, working to deliver the power 
requirement, maintain the battery SoC and also ensure the safe and durable operation. 
Based on that, an energy management scheme will be developed using fuzzy logic to 
control the two energy sources. Ideally, the hydrogen utilization efficiency for the 
powertrain system would be significantly enhanced with the purposed purging strategy 
in combination with the energy management control. 
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 This work describes the development of a model and optimisation method to schedule a 
domestic fuel cell CHP device in order to maintain the internal temperature of a dwelling within 
defined limits, whilst minimising the cost of operation of the system. The work is carried out as 
there is an increasing need to find solutions for reducing greenhouse gas emissions from the 
heating sector. Hydrogen is amongst the contending methods for reducing GHG emissions in 
heating, with projects such as the Leeds City Gate scheme proposing the conversion of 
citywide gas networks to hydrogen. This leads to the possibility of using hydrogen powered 
fuel cells to produce both heat and power for domestic properties, increasing the efficiency of 
the fuel use. With increased penetration of generation such as solar photovoltaic onto low 
voltage networks, it is increasingly important to be able to actively control generation and 
demand on the network. The increased use of variable electricity tariffs seeks to influence 
consumer behaviour, whilst offering consumers the ability to reduce costs. Scheduling the 
output of a fuel CHP device to take advantage of electricity price variations, whilst maintaining 
domestic dwelling temperatures can offer advantages to both the consumer and network as a 
whole.  
 
Research carried out by the University of South Wales (USW) as part of the Flexible 
Integrated Energy Systems project (FLEXIS) is investigating the optimal scheduling of 
a domestic fuel cell CHP. A model has been developed consisting of a building thermal 
model, fuel cell, auxiliary boiler, and battery. The model uses predicted temperature, 
insolation, and building activity/hot water usage to optimally schedule the operation of 
the fuel cell and battery over a 24 hour period with one minute resolution. A mixed 
integer linear optimisation model has been developed, which accounts for fuel cell 
minimum turndown ratio, fuel cell ramp rate limit, start up/shut down costs, and battery 
charging/discharging efficiency. An online optimisation method is used, where the 
optimal solution for the current time step is retained, and the optimisation routine then 
moves on to the next time step. The results show that it is possible to control the fuel 
cell to reduce costs whilst maintain the building temperature within limits. Figure 1 a) 
shows a schematic of the gas, electricity and heat flows used in the model, whilst 
Figure 1 b) shows the fuel cell power, boiler output and building temperature. 
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 Figure 1: a) Schematic of gas, electricity and heat flows in model. b) Fuel cell power, boiler 
thermal power, and internal building temperature over 24 hours. 
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Polymer Electrolyte Membrane Fuel Cells (PEMFC) offer clean energy generation for a range 
of applications, including the stationary and automotive sectors. However, to accelerate large 
scale commercialization further development work is required that will benefit from improved 
understanding of the processes occurring within operational fuel cells and optimizing the cell 
designing. In addition to current and voltage, the cell compression is one of the key parameters 
to be considered in deciding the optimal design of the fuel cell systems. The gap that forms 
between the edge of the gas diffusion layer (GDL) and the gasket or bipolar plate is referred 
to as the secondary flow field (SFF) and has an important consequences for reactant 
distribution. Compression of the membrane electrode assembly (MEA) was investigated for 
various cell compression levels using X-ray computed tomography (XCT) imaging [1]–[3]. This 
poster discusses the imaging and computational modelling used to understand the effect of 
compression on and lateral deformation of the GDL into the SFF, as illustrated in Figure 1.  

 
Figure 1- Schematic showing how compression of the GDL leads to intrusion into the primary and 

secondary flow channels.  
[1] Q. Meyer, N. Mansor, F. Iacoviello, P. L. Cullen, R. Jervis, D. Finegan, C. Tan, J. Bailey, P. R. Shearing, 
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study,” Electrochim. Acta, vol. 211, pp. 478–487, 2016. 
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Recent research has found that the configuration of a Pr2NiO4+δ air electrode with a gadolinium 
doped ceria interlayer provided promising electrochemical performance when operating under 
solid oxide electrolysis cell (SOEC) mode (Tiphaine Ogier, Fabrice Mauvy, Jean-Marc Bassat, 
Jerome Laurencin, Julie Mougin, Jean-Claude Grenier, 2015). However, several papers have 
reported that the praseodymium cations, initially originating from Pr2NiO4+δ, tend to diffuse into 
the ceria lattice and form a solid solution of cerium, gadolinium and praseodymium oxide 
(PCGO) [2, 3]. This can be demonstrated by the presence of a NiO secondary phase and the 
change of the ceria lattice parameters (M. A. Laguna-Bercero, H. Monz´on, A. Larrea, V. M. 
Orera, 2016). It is interesting to identify the composition of the resulting PCGO for three 
reasons. First of all, PCGO is a mixed ionic and electronic conductor and it might be an ideal 
material as an interlayer between the air electrode and the electrolyte [2, 3]. Secondly, some 
literature suggests that double doped ceria with praseodymium and gadolinium tends to 
increase the ionic conductivity of the material compared to the single doped ceria, such as the 
ones with just praseodymium and gadolinium [4, 5]. This might provide one solution to 
mitigate/ eliminate the occurrence of delamination at the interface between the SOEC air 
electrode and the electrolyte. Thirdly, it is believed that the use of PCGO, instead of gadolinium 
doped ceria, in the air electrode configuration might prevent further praseodymium diffusion 
from the Pr2NiO4+δ.  
 
From the preliminary experimental results of the mixtures of Pr2NiO4+δ and gadolinium doped 
ceria which were heat treated under various sintering conditions, it was found that two types 
of PCGO with different lattice parameters were formed. It was expected that one PCGO to be 
gadolinium rich and the other to be praseodymium rich, based on the resulting lattice 
parameters. Several attempts were made to identify the composition of the resulting ceria 
phases. Physical/ chemical properties of the identified PCGO such as electrical conductivity, 
ionic conductivity and its reactivity with Pr2NiO4+δ were also of interest in order to evaluate its 
competence to form a composite SOEC air electrode with Pr2NiO4+δ or other types of 
praseodymium nickelates.  
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 There is growing interest in the role of bioenergy in hydrogen production, as a method to 
reduce environmental impact, reduce dependence on fossil fuels, and to meet hydrogen 
demand within future biorefineries. One proposed pathway involves pyrolysis of biomass 
feedstocks to produce bio-oil, which is subsequently converted to hydrogen via steam 
reforming. Bio-oil is an energy-dense liquid, but it has limited potential for upgrading, due to 
its challenging properties and complex composition. Steam reforming is one way to recover 
energy and value from bio-oil, at the same time as producing low carbon hydrogen.  
A large body of research has investigated the steam reforming of bio-oil or its constituent 
compounds. Demonstrations at lab scale have been partnered with thermodynamic studies 
and the development of novel steam reforming catalysts. However, there is limited 
understanding of the whole process aspects of bio-oil steam reforming.  
To explore the opportunities for bio-oil steam reforming, a medium-scale steam reforming plant 
has been modelled using the process simulation package Aspen Plus. A range of feedstocks 
have been considered, including the conventional feedstock methane, and acetic acid, which 
is a commonly used model compound for bio-oil. A bio-oil surrogate mixture has also been 
applied, containing a mixture of compounds which are more representative of the composition 
of real bio-oil.  
 
The process model has been used to evaluate key process performance 
characteristics, such as efficiency, yield and CO2 emissions. Process optimisation has 
been considered through variation of pressure, temperature and steam-to-carbon 
(S/C) ratio. It is estimated that bio-oil from around ten decentralised pyrolysis plants 
could generate around 10,000 Nm3/h of hydrogen in a centralised reforming facility. 
Thermal efficiencies for the bio-oil feedstock are comparable to an equivalent methane 
process. Through heat integration, process thermal efficiencies over 60% can be 
achieved. If the excess heat could be exported to another user, the efficiency is 
increased to nearly 90%. 
 
 If linked with Carbon Capture and Storage (CCS) capabilities, the bio-oil steam 
reforming process becomes a form of Bioenergy with Carbon Capture and Storage 
(BECCS). Through sequestering CO2 derived from bioenergy feedstocks, the process 
would offer a negative source of emissions in large-scale hydrogen production. As a 
step towards understanding the potential for CCS within bio-oil steam reforming, the 
quantities of biogenic and fossil-based CO2 emissions have been evaluated. The total 
direct CO2 emissions from the process are widely variable with pressure, temperature 
and S/C ratio, but can be minimised by operating at the thermodynamic optimum point. 
Across the range of conditions studied, at least 50% of the emissions are biogenic, so 
that capture of the CO2 emissions would ensure a net negative CO2 balance within 
the process. 
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Understanding gas evolution and two-phase flow behavior in the flow channels of 
Polymer Electrolyte Membrane Water Electrolysers (PEMWE) is critical for design and 
performance optimization at high current densities. This study investigates the gas-
bubble dynamics and two-phase flow behavior in the anode flow field of a PEMWE 
using simultaneous polarization curve measurement and high-speed imaging 
technique. Two types of anode flow field designs namely the single serpentine flow 
field (SSFF) and parallel flow fields (PFF) were tested to examine the effect of flow 
field design on two-phase flow behavior and performance. The effects of various 
operating parameters including flow circulation at anode and cathode, water flow rate, 
cell orientation, and cell operating temperature on the cell performance were also 
investigated. The results show that the PFF design yielded a higher cell performance 
than the SSFF design at identical operating conditions. Optical visualization results 
shows that there exist a strong relationship between the channel path length and the 
length of gas slugs and therefore, the flow regime of operation. Longer channel path 
length in the SSFF results in annular flow regime at high current density which 
degrades cell performance. Also, increase in inlet water flow rate delayed bubbly-to-
slug transition and led to shorter slugs and the effect of flow rate on performance 
depends strongly on operating temperature in both flow patterns. Results indicate that 
long channel length promotes gas accumulation and channel-blocking which degrades 
performance in PEMWE. 
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With regards to the foreseen “Hydrogen Economy” the production of hydrogen using 
electrolysers is attracting increasing research interest. PEM technology is of particular 
significance here, due to its advantages over alkaline electrolysers, the synergetic 
effects related to the rapid development of PEM fuel cells and the possibility of using 
PEM electrolysers as energy storage technology in combination with renewable 
energies. 
However, there is still a lack of understanding of the three-phase systems within the 
membrane and the current collectors and the related mass transport effects in PEM 
electrolysers. These issues are essential to the electrochemical performance and the 
hydrogen production of electrolysers, which is still low at high costs compared to the 
alkaline process. 
This abstract is meant to outline the design of an electrolyser and the use of different 
in-situ analytic methods to investigate the above mentioned problems. Neutron 
imaging will be used to analyse the water content of the porous layers and 
subsequently develop a better understanding of the mass transport phenomena 
including the electro-osmotic drag. To investigate the link between processes in the 
porous layers and the overall efficiency X-ray radiography will be carried out, 
observing the nucleation of hydrogen bubbles on the channel side of the cathodic 
porous layer. Besides, optical analysation of the bubble development and removal on 
the product side is supposed to show different flow regimes and inhibitions. Finally, 
electrical impedance spectroscopy and current mapping will be used to gain insight 
into the mass transfer inhibitions and electrical performance of the electrolyser. 
Overall, the combination of all these techniques is supposed to give a unified picture 
of mass transfer limitation on a microscopic and macroscopic level and link these 
effects to the electrochemical performance of the process.  
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 Different types of energy storage technologies are being developed worldwide to help balance 
the output from renewable energy, which could help with increasing renewable energy 
capacity without sacrificing stable energy to meet demand. Additionally, energy storage can 
help remote areas with high capacity of renewable energy resources to have constant energy 
supply without being connected to the main grid.  
Levenmouth Community Energy Project (LCEP) in Methil, Fife, is a demonstration project set 
up by Bright Green Hydrogen to explore hydrogen’s potential as an energy storage solution. 
LCEP is an eight building microgrid powered by renewables, and storing its excess energy as 
hydrogen to secure energy supply and power vehicles. The project consists of a 750 kW wind 
turbine, 160 kW of solar photovoltaics, 250 kW PEM electrolyser, 50 kg hydrogen storage and 
100 kW fuel cells. For the vehicles there are two “all-in-one” hydrogen refuellers containing 60 
kW electrolysers. The two electrolysers use different chemistrys to produce hydrogen. One is 
alkaline and one is PEM, which will allow a comparison between the two technologies.  
The PhD research project is in its first year and focuses on using the data collected from LCEP 
to build a techno-economic model which can be used to explore electrolytic hydrogen’s 
potential depending on areas and requirements. Data and learnings from LCEP can be 
analysed for future similar setups. For example, Graph 1 shows the electricity generation from 
wind, ground solar and roof solar onsite compared to electrical demand in August 2017. This 
can be compared to the hydrogen stored onsite to see if the microgrid still requires the backup 
main grid supply, and if so, when it is needed. Weather data for Levenmouth is collected, 
which means we understand its performance based on its location and can therefore explore 
what locations would benefit from a hydrogen system.  
The results that can be presented at the conference is a plan of what we are going to 
investigate further, some technical and economic aspects we are including in the model and 
some interesting conclusions so far from the collected data from LCEP. 

 
 Graph 1. LCEP electricity generation and electricity demand in August 2017. 
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