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The	trinity nexus
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Energieffektivitet:
I	europa må 2/3	av totalinnsatsen mot	
2o-målet	rettes mot	energieffektivitet.		

Sensor-instrumentering:
Eksperimentell dokumentasjon til

modellering og beregninger.
Optiske sensorer

Energilagring:
80%	av dagens energi må erstattes med	fornybar
energi – energi som må lagres i en	annen form
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What is	ENERSENSE?

What makes	ENERSENSE unique and	important for	NTNU

ü New	&	unique ideas:	We focus on the boundaries of energy
storage,	sensors	instrumentation and	energy efficiency

ü Quality:	Competence level programmes
Assistant	à Associateà Professor

ü New	alliances:	Unite	researchers from	former	HiST &	former	
NTNU

ü External funding:	We get research grants externally
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Background – June	2015

• History as	a	University College
• ENERSENSE is	a	catalyst,	uniting NTNU-groups across mamy

faculties – an	interfacultary center
• Purpose:	scientific,	societally founded and	beneficiary
Energy	Storage

Energy	Efficiency
Sensor	Systems

HØGSKOLEN
I SØR-TRØNDELAG

ENERSENSE
Ingeniørkunnskap	for	et	grønt	skifte	

Burheim	et	al.

HØGSKOLEN
I SØR-TRØNDELAG
HØGSKOLEN
I SØR-TRØNDELAG

Hva inkluderes i ENERSENSE?
3 årige ingeniørrammeplanstudier

«ENERSENSE	– ingeniør	kunnskap	 for	et	grønt	skifte»

• Byggingeniør
• Elektroingeniør
• Ingeniør fornybar energi
• Ingeniør olje- og gassteknologi
• Kjemiingeniør
• Materialteknolog
• Logistikkingeniør
• Maskiningeniør
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Trinity	inter-action	output
The	Trinity	Nexus

• Interdisciplinary projects between the three fields:
Energy	Efficiency,	Energy	Storage	and	Sensors	Instrumentation
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The	trinity nexus

• Trinity	inter-action	output	– nye	ideer	spinner	ut!
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Who	participates within ENERSENSE?
3	Faculties &	7	Departments
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IV-fakultetet:
• Odne	Burheim	(EPT)
• Tania	Bracchi (EPT)
• Kristian	Lien	(EPT)
• Bruno	G.	Pollet	(EPT)
• Magnus	Thomassen (EPT)
• Håvard Karoliussen	(EPT)
• Øivind Wilhelmsen (EPT/sintef)

• Bozena Hrynyszyn (BMT)
• Bjørn Austbø (MPT)
• Ola	Ruch (MPT)

IE-fakultetet:
• Dag	Roar	Hjelme (El.Sys.)
• Dominik	Osinski (El.sys.)
• Rolf	K.	Snilsberg (El.Sys)
• Fredrik	Dessen (Kyb.)
• Håkon Grønning (El.Sys.)
• Pål Keim (Elkraft)

NV-fakultetet:
• Sondre Schnell	(IMT)
• Frode Seland (IMT)
• Kristian	Etienne	

Einarsrud	(IMT)
• Iselin	Grav Aakre (IMT)
• Magne Hillestad (IKPT)
• Erling Rytter (IKPT)

Other	keywords:
• Young	team	- a	future team	(many	less	than	40)
• An	NTNU	strategic	project	within	engineering	science
• 14	PDF	and	PhDs	– as	of	fall	2017
• We	support	international	efforts	and	exchanges
• CANOPENER	is	an	early	achievement
• REN-BTL,	HyBIG,	PoreLab,	and	others	too
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5	granted areas...	
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Porous Media Laboratory (PoreLab) 
x Dick Bedeaux, Department of Chemistry, NTNU 
x Eirik Grude Flekkøy, Department of Physics, University of Oslo 
x Alex Hansen, Department of Physics, NTNU (Director) 
x Knut Jørgen Måløy, Department of Physics, University of Oslo 
x Ole Torsæter, Department of Petroleum Engineering and Applied Geophysics, NTNU 

 
 
 
 
 
 

  

Primary goals: To set up a national and international center of research for development of  
theories, principles, tools and methods to reduce the trial and error approach to porous media with 
relevance in biology, chemistry, geology and geophysics based on fluid mechanics, non-
equilibrium thermodynamics and statistical mechanics.   
 
Secondary goals: 1. Provide a framework for immiscible two-phase flow to replace the current 
relative permeability approach, 2. Develop models for a quantitative understanding of the patterns 
formed in unconsolidated porous media. 3. Map regimes of steady-state two-phase flow 
experimentally.  4. Elucidate relaxation properties of transients in porous media and how they can be 
scaled up. 5. Apply the thermodynamic approach to other driving forces than viscosity and 
capillarity. 6. Elucidate the role of wettability in macroscopic flow.  7. Design new electrode 
assemblies for fuel cells. Elucidate the role of buoyancy in CO2 sequestration.   

Project Summary: PoreLab brings together 6 scientists from 3 NTNU departments with 4 
scientists from the University of Oslo, and one from SINTEF–see page 12–to overcome the current 
fragmented approach to porous media research in Norwegian universities, consultancies and 
industry. 
PoreLab will bring in 10 international researchers (2 US, 1 Canadian, 3 French, 1 UK, 1 Spanish 
and 1 Greek)–see page 13–to work on specific research challenges in addition to researchers from 
the companies Cegnor, ORG Geophysical and Schlumberger.  
The team has recognized that it is now feasible to develop porous media research relevant to 
biology, chemistry, geology and geophysics, through a novel combined approach encompassing 
hydrodynamics, fluid mechanics, non-equilibrium thermodynamics and statistical mechanics, 
making use of the enhanced power of supercomputers through the Norwegian Metacenter for 
Computational Science. 
Practical problems associated with flow in porous media have often been described with trial and 
error methods because the science underlying their calculations is insufficient, or inadequate to 
describe the situations in which they must make their calculations. PoreLab aims to replace the 
current systems of calculations with more robust theories, principles, tools and methods.  
Results to be delivered will enable us to better describe two-phase flow in porous media, including 
in unconsolidated materials. We will predict regimes of steady-state two-phase flow and elucidate 
relaxation properties of transients. The role of wettability and buoyancy for such flow will be 
understood. The consequence will be that the upscaling problem is solved, having an economic 
impact in numerous fields, e.g. in biology, chemical technology, physics and geophysics. First 
applications by PoreLab will include design new electrode assemblies for fuel cells and improved 
methods for CO2 sequestration. 
PoreLab will train 26 PhDs and 19 postdocs advancing this new field with wide ranging 
applications. 
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function applies for a certain range of capillary numbers. The distribution function allows us to 
compute macroscopic flow properties from knowledge of radius and composition distributions 
(Task 6c – 2 PhD).  
Risk assessment and contingency planning: It is difficult to do P-CT scans under flow conditions 
in real materials, but initial work is promising.  This risk could be mended using synthetic samples  
Deliverables: Elucidation and determination of the role of wettability in determining the 
macroscopic flow properties.  A new method for wettability classification and determination. 
Experimental verification of ensemble probability distribution.   
WP7: Applications: Porous Layers for PEM Fuel Cells and CO2 sequestration, PI: Bedeaux, 
Partners: Ballone Flekkøy, Hansen, Kjelstrup, Sandnes, Santucci, Toussaint, Wilhelmsen 
Objective: The objective is to apply knowledge from WPs 1-6 to 1) Design more energy- efficient 
electrochemical systems tailoring their porous transport layer. 2) Describe the role of buoyancy in 
CO2 sequestration in reservoirs 3) Predict hydraulic fracturing in three dimensions.  
Description: Better access of oxygen to the catalytic layer in the fuel cell, can enhance the cell 
performance [53]. This was realized by introducing a microporous layer into the nanoporous 
catalytic layer of the cell [54]. Knowledge from WP1 and WP5 will be used here to design the flow 
properties of gas and water to enhance the cell performance.  Hydrophobic/hydrophilic plate 
labyrinths will be shaped into dedicated channel labyrinths, and tested experimentally in 
collaboration with WP3 (Task 7a –1 PhD). The pore network used to feed fuel cells, need deliver 
oxygen to the Pt catalytic layer as uniformly and directly as possible, and water produced in the 
layer should preferably be channeled away without blocking the entrance for oxygen (air).  The 
interplay between the feeding system, its fractal structure, pore dimensionality, and permeability 
shall be optimized for the purpose (Task 7b – 1 PhD). The same procedure shall be used (Task 7c 
– 2 pd) to study thermoelectric effects in cells with molten salts [55]. Their power can be enhanced 
by putting the electrolyte into a porous matrix. There is presently no explanation for why this is so. 
A better understanding will help improve these devices and make them usable in practice, to exploit 
industrial waste heat. New molecular dynamics simulation tools will be developed to explain 
thermoelectric phenomena in ionic liquids. The project will benefit from experiments on the CO2 
sequestration in abandoned oil reservoirs.  We will pursue the experiments shown in Figure 1, 
exploring the flow patterns created inside a reservoir due to the change in buoyancy of carbon acid 
(see WP5).  We will generalize computer codes to include hydraulic fracturing in three dimensions 
– an essential ingredient in Figure 2 - in collaboration with CEGNOR AS.  The relation to frictional 
fluids (WP2) will be explored, improving predictions of fracture patterns (Task 7d– 2 PhD).  
Risk assessment and contingency planning: Practical problems related to the making of the 
porous transport layer may delay progress. A fuel cell test station is available at SINTEF, 
Trondheim. SINTEF and the ENERSENSE group at NTNU gives broad experimental support on 
fuel cell testing.  
Deliverables: New membrane electrode assemblies design (patent). Thermoelectric power 
generators with ionic conductors.  The role of buoyancy in CO2 sequestration will be clarified.  
Predictive codes for hydraulic fracturing in three dimensions.  
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1a 1 PhD    1 postdoc        
1b       0.5 PhD         
1c       0.5 PhD         
1d            1 PhD    
1e 1 postdoc                 
1f 1 PhD               
1g            1 PhD    
2a 1 PhD       1 postdoc     
2b  1 PhD        1 postdoc   
2c   1 PhD, 2 postdoc           
2d              1 PhD  
3a           0.5 PhD     
3b           0.5 PhD     
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Description:   In steady-state two-phase flow, the systems can either present a rich dynamics of 
fragmentation, motion and coalescence of single-phase fluid clusters [17], or have nearly frozen and 
immobile clusters [21]. We will explore the transition between those opposing steady-state regimes 
by carefully tuning a set of experimental parameters governing the dynamics. In particular, we will 
determine how the steady-state averages respond to changes in fluid viscosity and compressibility 
(Task 3a – 0.5 PhD)  and wetting properties (by treating the porous network with surface active 
nanoparticles)  (Task 3b – 0.5 PhD). The characteristic size of trapped clusters will depend on the 
viscosity and surface tension.  We will establish how changes in cluster size distribution can lead to 
more effective fluid displacement (Task 3a and Task 3b).  We will test the thermodynamic 
equations derived under WP1 (Task 3a and 3b).  Pore-scale capillary bridges will be identified. 
The role of those bridges in the steady-state will be determined. By working on tilted models, we 
will analyze how gravitational effects can change the symmetry of trapped clusters (Task 3c – 0.5 
pd).  We will  perform  experiments  with salt  gradients  in one of the  phases  to investigate  the  
influence of  osmotic  forces on fluid structure and dynamics (Task 3d – 0.5 pd). We will develop 
our network (Figure 5) model further in the direction of handling film flow, see WP1 and WP4 in 
collaboration with CEGNOR and ORG Geophysical (Task 3e – 1 PhD, 1 pd). 
Risk assessment and contingency planning: The most challenging part of this WP concerns the 
continuous control of wettability via surface treatment of the porous network. If the chemical 
treatment does not succeed, an alternative procedure would be to use 3D printed porous materials in 
which the printing polymers have different wetting properties. 
Deliverables: To describe and map the different dynamical regimes in steady state two-phase flow. To 
check the thermodynamic equations derived under WP1.  Film flow included in our network model. 
WP4:  Experimental transient immiscible  two-phase flow, PI: Måløy, 
Partners: Dysthe, Flekkøy, Hansen, Sandnes, Santucci, Talon, Torsæter, Toussaint 
Objective: We will relate the relaxation behavior of immiscible two-phase flow before steady state 
is reached to the problem of upscaling, see WP1 and WP3.  This will define the limits of 
applicability of the thermodynamic approach, see WP1. 
Description: Understanding how different short (e.g. capillary forces) and long range (e.g. viscous 
forces) act in different flow regimes and the specific scaling followed by the structures involved 
(often fractal) is crucial to a successful upscaling of the results [22, 46, 47, 48]. This is necessary to 
bridge the gap between laboratorial experiments and industrial or environmental applications. A 
thorough experimental investigation is necessary to predict the structure and transition between 
different regimes both in 2D (Task 4a – 1 PhD) and 3D (Task 4b – 1 PhD, 1 pd). In particular, 
very few experiments have been performed to study transient phenomena in 3D, due to the natural 
difficulty to observe the flows. We will employ a two-fold approach to address this problem in 3D: 
x-ray tomography will be used to study transient flows in real rocks and pore-scale mechanisms will 
be studied in artificial samples flooded with a refraction index-matched fluid (such as to render the 
medium transparent). We will use systems built using different techniques (glass etching, 3D 
printing and glass bead models) to access the relative effects to the flow coming from system-
specific parameters such as the pore-size distribution and wettability (see WP7). We will investigate 
non-trivial fluid invasion mechanisms such as corner and film, which are bound to occur in the 
larger time scales of importance for industrial and geological applications. (Task 4c – 1 pd). 
Risk assessment and contingency planning: The 3D experiments are particularly challenging due 
to the difficulty in the flow visualization. They can be simplified by considering the projection of 
the invasion events in a single plane, using one camera. For the 2D experiments there is less risk as 
the group has performed similar experiments in the past. The most challenging part of the 2D 
experiments concerns the continuous control of wettability via surface treatment of the porous 
network (see description of risk concerning wettability under WP2).  
Deliverables: Elucidate and determine the relaxation properties of transient behavior in porous media. 
Prescriptions for how this relaxation behavior can be scaled up to industrial and geological scales. 
WP5: Thermodynamic Driving Forces, PI: Bedeaux, Partners: Ballone, Dysthe, Flekkøy, 
Jamtveit, Kjelstrup, Rubi, Wilhelmsen  

SFF	2017:	Porelab - kontekst
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1. Introduksjon	
Bakgrunnen	for	rapport	av	fireårig	budsjettplan	er	formalisert	som	et	krav	i	kontrakten	mellom	

senterlederen,	rektor	og	dekan.		

Utgangspunktet	for	budsjettet	er	en	sentral	støtte	på	3	000	kNOK/år	og	støtte	fra	fakultetet	

på	 800	 kNOK/år.	 Grunnet	 sammenslåing	 av	 fakultetene	 ved	 NTNU	 er	 overføring	 av	

budsjettlovnaden	 på	 fakultetsnivået	 uavklart.	 Derfor	 er	 det	 satt	 opp	 to	 mulige	 budsjett-

modeller	for	de	kommende	fire	årene.	Etter	styremøte	for	ENERSENSE	av	24.02.2016	ble	det	

anbefalt	å	sette	opp	en	risikovurdering	knyttet	til	et	slikt	budsjettkutt.		

En	sårbarhetsanalyse	følger	i	denne	rapporten	sammen	med	de	to	budsjettforløpene	omtalt	

som	”fullstendig	budsjett”	og	”redusert	budsjett”.	

	

2. Bakgrunn	for	budsjettet	fremover	
I	 prosjektsøknaden	 er	 det	 flere	 aktiviteter	 som	 er	 lovet	 og	 som	 skal	 følges	 opp.	

Budsjettpostene	 som	 følger	 knytter	 seg	 til	 disse.	 Videre	 er	 det	 slik	 at	 første	 års	 budsjett	

allerede	er	satt	opp	og	vedtatt	av	dekan.	Dette	budsjettet	er	vist	i	figur	Figur	1.		

	

	
Figur	1.	Budsjett	for	2016	slik	det	er	satt	og	og	vedtatt.	Utgiftspostene	starter	øverst	og	roterer	med	klokka.	

Hovedposten	i	budsjettet	knytter	seg	til	 lønn	og	fast	merbudsjett	for	3	 II’er-stillinger	og	en	

stipendiat.	Etter	dette	er	postene	knyttet	til	aktiviteter	som	vi	i	søknaden	har	bundet	oss	til	og	

aktiviteter	vi	i	forhandlingene	i	etterkant	er	bundet	av.	En	oversikt	over	hva	de	ulike	postene	

består	i	er	gitt	i	Tabell	1.	

	

3. Fullstendige	budsjett	fremover	
Budsjettene	fremover	er	i	utgangspunktet	like	hvert	år	men	er	inflasjonsjustert	med	3.5%.	Det	

er	dette	som	justerer	en	del	poster	opp	i	størrelse.	Etter	dette	er	de	øvrige	postene	forsøkt	

redusert	like	mye.	En	oversikt	over	hvordan	postene	øker	og	minker	er	vist	i	Figur	2	og	Figur	

3.	

Økende	budsjettposter:		
• 1	-	stillinger,	vil	øke	jevnt	og	trutt.	Dette	er	det	lite	å	gjøre	med	grunnet	lønn	og	faste	

satser	etc.	Posten	vil	 likevel	øke	betraktelig	fra	år	2017	når	samtlige	II-erstillinger	er	

besatt.	

1162

599

290
300

380

625

175
275

0
2016

Stillinger
Studentinnvolvering
Piloter
Nettverksutvikl.
Fagfeltintegrering
Karriereutvikling
Seminar
Ledelse/Koord.
Styreutg.

Budsjett	&	måloppnåelse
• Årlig	3Mkr	fra	Rektor
• Årlig	800	kkr fra	Dekan
• 2	RSO	stillinger	i	2016	og	2	i	2020
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Energy	Efficiency &	Storage

• Industry	transport:
– Biogas

• Skogn	industry:	Liquid	biogas
• Biogas as	«Hydrogen-carrier»
• Samarbeid: Biokraft AS,	Purac,	Cambi,	Ecopro,	AtB,	Avinor,	STFK,	
NTFK,	CENBIO	/	NUMB,	Trønder-energi,	NTE,	Statkraft,	AGA

• Buildings:
– nZEB

• Automatisation &	sensors

• ENGINGEERING	ENERGY	STORAGE
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Effektiv	Energibruk
• Industri	/	Transport:

– Biogass	Flytende	vs komprimert

CBG LBG

DAGENS	BIOGASSMARKED BIOKRAFT	ENDRER	MARKEDET	– ”GAME	CHANGER”
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7. SECONDARY BATTERIES

An,	Cu,	An,	Sep,	Cath,	Al,	Cath,	Sep

A:	
Cylindrical	cell

Sep,	
Cath,	Al,	Cath,	

Sep,
An,	Cu,	An,	

B:	
Pouch	cell

Figure 7.5: A: Assembly principal for a cylindrical Li-ion battery, except the

cylindrical cartridge that the battery goes inside. B: Assembly principal for a

pouch cell Li-ion battery, except the pouch that encloses the battery.

The anode material is typically based on some form of carbon particles [39],

however several newer batteries also use silicon based or titania based anode ma-

terial. [40] Silicon based anodes has the advantage of taking up much less and

weight, but expands several times throughout a cycle and are currently less ma-

tured as a technology. Titania is used for batteries that undergoes extremely fast

cycles (5-15C), in part due to the capacitive properties of the material.

The separator is some porous material around 20 micrometer thick, either or-

ganic, polymeric or like fibre glass. Several commercial batteries uses separators

that will irreversibly seal by melting as to prevent electric current short circuiting

and further over heating and what is referred to as thermal runaways. A thermal

runaway can be defined as a temperature triggered exothermic process that pro-

duce heat faster than the battery can cool, thus leading to a temperature increase

182

Anodes,	cathodes	and	separators	are:	
rolled	in	cylindrical	batteries	(A)	;	stacked	in	poach	cells	(B)
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Figure 5: The 1D temperature profile cross-plane an NMC | graphite cell for 2C (blue), 6C (black), and 10C (red) discharge current

Figure 6: The 1D temperature profile cross-plane an NMC | graphite cell for 2C discharge (black) and 2C charge (blue) current

Fig. 6 shows the temperature di↵erence between the edge of the battery and the centre for the same stack of 34 cells

for a discharge and charge rate of 2C. We found a temperature di↵erence in the center of about 0.1 K, comparing

charging and discharging of the battery. Since the entropic heat is linearly dependent on the current density, we would

find about 0.3 K and 0.5 K di↵erence between charge and discharge in the center, for a 6C discharge rate and 10C

discharge rate, respectively.

Finally, we modelled di↵erent cell chemistries and show their influence on the maximum temperature rise in the centre

of the battery. To be able to do so, we kept the thickness of the components constant and used the same XALT separator

for all cells (see Table 4, ks
a.m. = 0.21 Wm�1K�1). In addition to the NMC | graphite cell, which we modelled before,
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Figure 3: The thermal conductivity of the dry XALT battery components, the separators Viledon R�FS 3005-25 and Celgard R�2400, an LCO and a

graphite electrode from Hohsen, and a LFP electrode from MTI as function of compaction pressure. Separators are drawn in black lines, cathodes

in red lines, and anodes in blue lines.
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Table 1: Overview of cycle rates used in the cycle life test.

Cycle rate Charge rate (C) Discharge rate (C)

0.5/1 0.5 1

1/1 1 1

1/2 1 2

2/2 2 2

2.3. Apparatus - thermal conductivity measurements107

We used the apparatus shown in Figure 4. It is explained in detail by Burheim et. al[26]. We computed the heat108

flux through the system by measuring the temperature at di↵erent equidistant places in the stainless steal cylinders,109

of which we knew the thermal conductivity. In addition, the temperature drop over the sample and its thickness were110

measured.111

Figure 4: The thermal conductivity meter, where temperature was measured at di↵erent equidistant places in stainless steal cylinders, from which

the heat flux was obtained. In addition,the temperature drop over the sample and the thickness of the sample were measured.

2.4. Experimental - thermal conductivity measurements112

The heat flux was obtained from a known thermal conductivity, ksteel, of the stainless steal cylinders on both sides113

of the sample, and the measured temperature drop over the cylinders.114
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Thermal	conductivity Internal	temperature	profile
• Heat	management
• Electrode	investigation
• Model	input
• Range	a	factor	of	

20	times!
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3.1.3. Relation between internal resistance and state of health203

During the cycling and calendar test, the ohmic resistance of each cell was measured during characterization of204

the cells at 25 �C. The development of ohmic resistance during ageing is illustrated in Figure 10 and Figure 11. For all205

temperatures, we observe a strong correlation between the remaining capacity and the increase in ohmic resistance for206

both the cycle and calendar test. However, for the cycle test, we found a larger scatter below 80 % remaining capacity207

of the cells. This can be explained by di↵erent mechanisms of ageing at larger cycle numbers. The correlation between208
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temperatures, we observe a strong correlation between the remaining capacity and the increase in ohmic resistance for206
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We observe a strong e↵ect of increased cycle temperature (Figure 5) on the battery cells’ cycle life. Generally, and as175

expected, the cell tolerates less cycles at higher temperatures.176

At 25.0 �C, the discharge capacity has dropped to 80 % SOH after 4000 normalized cycles, while at 42.3 �C only177
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Ageing	effects
1. Temperature	accelerate	ageing
2. Discharge	rate	is	important
3. Charging	is	less	important
4. Models	derived	– battery	specific



CO2 &	global	warming
Improved	fuel	efficiency	and	non	carbon	fuels	favoured
‘Business-as-usual’	energy	scenario	could	lead	to	catastrophic	Climate	Change	
by	the	late	21st century!
Around	a	1/3	of	CO2 emission	from	transport	in	the	UK

Energy	demand
To	exceed	30,000	TWh by	2030!

Oil	production	to	peak	in	2010-2020	(?)
Most	oil	produced	from	a	fewer	giant	fields	- production	from	these	fields	will	
peak	around	2015
è 2007	Oil	Reserves	stand	at	1237.9	billion	barrels	(BP	estimate)

è This	will	encourage	alternative	fuels	(in	theory!)
Population	growth	….

Longer	life	expectancy	è rise	in	world	population	from	
6.3	Billion	to	9	Billion	over	next	45	years	is	inevitable!
è Improved	pollution	standards	required	just	to	keep	up!

Global Issues



Challenges	for	the	Energy	Sector

Ø Climate change & security of supply issues must be addressed
very quickly!

Ø EU primary energy resources [fossil fuels e.g. Oil(35%)/NG
(39%)/Coal(15%) inc. renewable energy (2%) & nuclear (9%)] are
diminishing è affordable, available & low carbon energy is
required

Ø The EU is currently reliant upon 3 main energy vectors (carriers) =
Petroleum Products/NG/Electricity



Energy in 1 gallon of Petrol ≈ 1 kg of Hydrogen

Efficiencies:

Petrol ICEs = 18-20%; Hydrogen ICEs = 25%; Hydrogen Fuel Cell Vehicles = 60%

3	X better	than	today’s	petrol	fuelled	engines!!!

è Amount of energy produced by hydrogen per unit weight of fuel is about 3 X the
amount of energy contained in an equal weight of petrol & almost 7 X that of coal!
Energy Content: 60,958 Btu/lb – highest energy content of all fuels on a weight basis

Hydrogen energy density per volume is quite low at STP

Volumetric energy density can be increased by storing the hydrogen under increased
pressure or storing it at extremely low temperatures as a liquid

FACTS about Hydrogen
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Uses Today and Future

• Today: chemical processing, petroleum industry, fats and oils, metals,
electronics, space flight, utilities, glass manufacturing, etc…

• Future: stationary power, portable power, and transportation

Production

• Today: mainly through reformation of fossil fuels (e.g. 100,000 tons of
H2 produced from NG)

• Industrial by-product
• Future: from Renewable as well as fossil fuels with carbon

sequestration Origin %

Natural	gas 48
Oil 30
Coal 18

Electrolysis 4

Recent	worldwide	hydrogen
production	totals	

FACTS	about	Hydrogen
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How	much	hydrogen	is	used	each	year?

Ø >50m tons of hydrogen per year consumed globally

Ø >60m tons of produced hydrogen globally (forecast = 200,000 tons by 2030)

Ø 60% of this becomes feedstock for ammonia production and subsequent use
in fertilizer

Ø Petroleum refining consumes another 23% to remove sulfur

Ø Another 9% is used to manufacture methanol

Ø Remainder goes for chemical, metallurgical & space purposes

FACTS	about	Hydrogen
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Energy	Storage	– Where	are	we	now?
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Boeing	777	jet	engine
Steam	eningine	train
Fuel	Cell	2017
Fuel	Cell	2010
Li-ion	 battery
Supercapacitor

• Fuel	cells	– range,	acceleration	and	fast	fueling
• Batteries	– efficiency	and	electric	compatibility
• Fuel	cells	– evolving	in	performance	&	cost	into	2020’s
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Energy	consumption	(MJ	km−1) measured	from	‘real-world’	testing	of	23	hydrogen	fuel	cell	
vehicles,	plotted	against	vehicle	mass	(kg)	

Pollet	BG,	Staffell	I,	Shang	JL.	Current	status	of	hybrid,	battery	and	fuel	cell	electric	vehicles-From	electrochemistry	to	market	
prospects.	Electrochim.	Acta	2012;	84:235-49

2017	ED	Tesla	Model	S

Toyota	Mirai

2017	Hyundai	Tuscon

Energy	Consumption	– Where	are	we	now?



Knowledge	Development
Cost	Targets
Performance	Targets
Durability	Targets

Niche	Markets
Fast	Track	Commercial	
Projects	(FTCP)

Value	chain	for	
Battery	&	Fuel	Cell	

Technology

Courtesy:	University	of	the	Western	Cape



HYDROGEN	AND	FUEL	CELLS
From	Materials	to	System	
Integration	&		Demonstrators

Batteries	and	fuel	cells



El
ec

tro
de

 P
ot

en
tia

l /
 C

el
l V

ol
ta

ge
 / 

Po
w

er
 O

ut
pu

t

0

1.2

Current (Amps)

CATHODE 
POTENTIAL

ANODE 
POTENTIAL

1

Cell Voltage = 1.23V
Efficiency = 100%
Power at 1A/cm² = 1.23W/cm²

PEMFC

DMFC

Cell Voltage = 1.18V
Efficiency = 100%
Power at 1A/cm² = 1.18W/cm²

An	ideal	PEM	Fuel	Cell



A	‘real’	PEM	Fuel	Cell



Batteries	and	fuel	cells
Materials	

development
Cell	assemblies	&	
manufacturing

Systems	
engineering

Ageing	&	life	
assessment

Cost – ~£20/g	(~kr 220/g)

For	100	kW	stack	at	a	loading	of	0.40	gPt/kW	[0.05	mg.cm-2 at	anode	&	0.35	mg.cm-2 at	
cathode]	require:

40g	of	Pt	=	£800	(~kr 8,700)!

Objective:	decreasing	Pt	loading	by	10	fold

Availabilityè Scarcity

• Worldwide	Pt	reserves	~	30,000-100,000	tons

• Annual	production	rate	~	30	tons	/	year

• Commodity	market:	supply	&	demand

Durability
B.G.	Pollet,	Platinum	

Metals	Review,	Volume	57,	
Issue	2,	April	2013,	Pages	

137-142

Pt/C	electrocatalyst

Pt
Pt2+

Pt
Pt2+

Pt	dissolution
Aggregation	&	

sintering Carbon	corrosion
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High	conversion	rates	means	more	heat
In	turn	stronger	temperature	gradients
We	measure	thermal	conductivity
Change	pressure	and	water	content

70
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T	
/	o
C

Distance	from	pol.	plate	/	μm

Isoth.	CL	&	SGLXXBC	measurements

Selfstanding	CL	&	MPL	measurements

MPL/GDL	composite	effects.	

Pol.	
Plate

GDL							only GDL& MPL
Composite

MPL	
only

CL	

ΔT	=	
14	oC

ΔT	=	
7	oC

Figure 3: Temperature profiles in a series 1D model of the three cases; isothermal CL, separate MPL and CL, and MPL/PTL composite.

These values are quite low, and coupled with the significant heat releases in the CL, cause PEMFCS to be highly87

non-isothermal. It is important to note though that the conductivity of the PTL increases substantially in the presence88

of liquid water causing a significant decrease in the temperature di↵erence, and a decrease in evaporation rates that89

could lead to flooding and decreased performance.90

2.2. The Isothermal Deviation, �T91

Thus far the focus has been on conductivity, however, the resultant temperature di↵erence is ultimately of concern.92

Heat is generated in the membrane/CL, and is transported in series through the CL, MPL and PTL and any contact93

resistances before being rejected. For the ’best’ case in Fig. 2 the heat generation is 3.5 W cm�2 roughly equally94

rejected on the anode and cathode (approximately 17 kW m�2 each). Equation 1 gives the total resultant temperature95

di↵erence (�Ttot) across a composite electrode as a function of layer conductivities (ki), heat flux (q̇) and thicknesses96

(�i).97

�Ttot = q̇
nX

i=1

�i
ki
=

nX

i=1

�Ti (1)

�T is of greater interest than the conductivity as the maximum temperature a↵ects both operation (evaporation98

rates) and degradation rates. To illustrate the significance of a good understanding of conductivity, the temperature99

profiles from Eq. 1 for various cases summarized in Table 1 are presented in Fig. 3. In all cases a PTL/bi-polar plate100

contact resistance is included as a 5 µm air gap which is consistent with measurements [BCB+15, BLP+11].101

The base case (yellow) in Fig. 3, assumes an isothermal catalyst layer, and uses measured values of SGL PTLs102

with and without MPLs, which were found to have very similar conductivity [BLP+11]. The second case (green) uses103

measurements of CLs [BSH+14] and stand-alone MPLs [BSP+13] having similar and low conductivities. The third104

case (blue) considers an inferred high conductivity for the composite region between the PTL and MPL. This region of105

high conductivity is reasonable based on the structure of the material, and is necessary to reconcile the low measured106

values of stand-alone MPLs with those of substrates with and without MPLs exhibiting the same conductivity.107

5

in terms of additional absorption enthalpy of water in Nafion!

[40]. Reucroft et al. showed that based on adsorption enthalpy
of water, that water content above 5e6 in a Nafion! mem-
brane relates to water-to-water interaction rather than water-
to-sulphonic group interaction. In this context, it seems that
water from a gas phase and in a catalyst layer will adsorb only
to the sulphonic group water complex group and not to the
ionomer back bone - which is reasonable considering the back
bones similarities to PTFE. Another argument for this
adsorption mechanism being reasonable for very thin ion-
omer films is that the activation energy for proton transport
increases dramatically when the bulk membrane is made so

thin that it becomes a long chain with active sites rather than
a bulk material,3 as observed by Paul et al. [37]. In this tran-
sition, the liquid water phase between the active cites, i.e.
sulphonic groups, is repelled by the PTFE-like backbone.
Water up-take to the ionomer in a CL from a liquid phase is, to
our knowledge, not reported for CLs, possibly because one
easily loose control of the water content as liquid water fill up
pores of the catalyst carbon particles. However, if extrapo-
lating the Schroeder paradox in the light of reported water
content of CL, one can expect an increase of up to 50% in the
water content when the CL is exposed to liquid water, i.e. a

water content up to 9. However, considering that in a bulk
membrane water is carried as little reservoirs and that we
have neither treated the CLwith nearly boiling acid nor have a
bulk phase, we consider the Schroedinger paradox absent for
the CL as deployed in this study. Hence, if we, in this study,
report l values above the value of 6, the remaining (above 6)
will then be considered allocated otherwise than to the sul-
phonic group inside the CL.

Procedures

Thermal conductivity measurements

The measurement procedure is the exact same as the one in
our previous paper on thermal conductivities inMPLs [30], and
we refer to this paper for a more detailed explanation. The
apparatus, custom made for this type of experiments, is
depicted in Fig. 2. In brief, we measure the heat passing
through the rig from top to bottom, qi, along with the tem-
perature difference across the sample, T4 ! T5, as shown in
Eqs. (1) and (2).

qupper ¼ ksteel
T1 ! T3

d1!3
and qlower ¼ ksteel

T6 ! T8

d6!8
(1)

qSample¼
qupperþqlower

2
;and;RSampleþ2RApp:!Sample¼

T4!T5

qSample
(2)

where qi, ki, Ti, and Ri are the heat flux, thermal conductivity,
temperature, and thermal resistance. Thus we measure
thermal resistance of the investigated sample, RSample. The
sample can be a stack of materials or a single layer. Here, we
measure the sum of the sample stack and the contact thermal

resistance to themachine surface, RSample þ 2RApp.!Sample. The
stacks consist of layers of CL sandwiched between thin copper

and aluminium films. One needs to subtract for the thickness
of thesemetal films as they have negligible contribution to the
thermal resistance, i.e. they only contribute to the thickness.
Finally, we plot the thermal resistance as a function of the CL
thickness and obtain the thermal conductivity from the in-
verse of the value of the slope.

CL preparation

For this study three types of catalyst layers were prepared -
each in two different thickness’. These layers consisted of: 1)
carbon black and ionomer equally in weight, 2) carbon black
with 20 wt% Pt and ionomer in equal weights, and 3) carbon
black with 20 wt% Pt and twice as much ionomer in weight.

The CL were made by spraying a dispersion of the catalyst
ink containing ionomer and catalyst particles onto one side of
the copper foil (28 $ 2 mm, annealed, 99.8%, Alfa Aesar), fol-
lowed by drying at 80 %C (N2 atmosphere) for 2 h to evaporate
all remaining solvent (isopropanol). The catalyst layers were
made by spraying several layers of the catalyst ink on the
copper substrate, such that we had two different thicknesses
of approximately 30 and 60 micrometres.

Thematerial was then overlaidwith a thin pure aluminium
foil and a circular punchwas used to create discs that could be
stacked on top of each other, in the same manner as in our

paper on thermal conductivity of the MPL [30].

Statistical analysis and accuracy of the measurements

The thermal conductivity apparatus was calibrated using
materials with known thermal conductivity, see Ref. [19].
These values are known with 5% accuracy and thus this is the
accuracy limitation of the reported values in this paper. Some
of the results are reported with double standard deviations
that are larger or smaller than 5% of the reported value. This is

Fig. 2 e A 2D sketch of the apparatus used to measure
thermal conductivity as reported here [30].

3 Strictly speaking; Nafion! bulk material absorb water, sul-
phonic sites adsorb water and the CL containing sulphonic sites
absorb water.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 4 ) 1e1 24

Please cite this article in press as: BurheimOS, et al., Study of thermal conductivity of PEM fuel cell catalyst layers, International
Journal of Hydrogen Energy (2014), http://dx.doi.org/10.1016/j.ijhydene.2014.03.206

3.2. Compressibility of the MPL

The thermal conductivity cycle of all the materials and the
thickness cycle (of a sample containing 20% PTFE) as functions
of compaction pressure can be seen in Fig. 8. From this figure,
one can see how strong the relation between the compression
and the thermal conductivity is. One can also see that the
compression is almost completely irreversible. This means
that when the MPL is compressed in a PEMFC, it is the highest
compaction applied that will dictate the thermal conductivity
of the layer.

Another aspect that should also be clear is that the thermal
conductivity of this soft material relies on contact between
thematerial particles within. This study does not consider the
gas phase tortuousity of the MPL under compression. As the
material is compressed this property is likely to increase, and
the increased thermal conductivity might come at the cost of
reactant and product gas transport properties.

As was discussed in the introduction [45], some fibrous
carbon papers used as PTL exhibit partial hysteresis in thick-
ness when exposed to cyclic compression. When these ma-
terials are compressed, some of the fibres snap or break while

others remain intact. Because some fibres break and some do
not, the PTL is not entirely elastic and not fully irreversibly
compressed. Because the PTL is the support for the MPL, the
hysteresis of compression for the MPL and the PTL should be
seen together. For instance, when themembrane expands and
contracts when undergoing hydration cycles (e.g. during start-
up and shut-down of the PEMFC systems); The MPL can be
expected to keep a constant thickness due to the first

Fig. 5 e The total measured thermal resistance for the MPL containing 25% PTFE at 4.6 and 16.1 bar compaction pressure.

Table 3 e Overview of measured thermal conductivities
for various MPLs at different compaction pressure. The
thermal conductivities are given asmWKL1 mL1 and the
lowest row shows the thermal conductivity at 4.6 bar
compression after first being compressed at 16.1 bar.

P/bar 10% PTFE 15% PTFE 20% PTFE 25% PTFE

4.6\ 75 ! 13 74 ! 20 77 ! 11 73 ! 7
9.2\ 87 ! 15 81 ! 22 87 ! 18 84 ! 11
13.8\ 93 ! 13 91 ! 19 98 ! 21 93 ! 13
16.1\ 99 ! 19 94 ! 26 104 ! 21 101 ! 13
4.6Z 92 ! 6 84 ! 8 88 ! 20 87 ! 12

Fig. 6 e Themeasured thermal conductivity of the MPL as a
function of applied compaction pressure and PTFE content.

Fig. 7 e Themeasured thermal conductivity of the MPL as a
function of applied compaction pressure for different PTFE
content.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 8 4 3 7e8 4 4 7 8443

layers (PTL). Until now, the thermal conductivity of the MPL

has received little attention. In this paper we report the ther-
mal conductivity of different MPL and discuss the impact of
the MPL thermal conductivity on temperature control of
the MEA.

1.1. Heat and work of the PEMFC

The PEMFC is not only a very efficient energy converter, but
also a very effective one. However, when increasing the cur-
rent density (reaction rate), the reversible and irreversible

heat release increases as well. This is for at least three reasons
[1e7]. The temperature multiplied by the change in the reac-
tion entropy and the current divided by the Faraday constant
(TDSj/nF ) is a reversible and inevitable heat source in a PEMFC.
The Tafel (or ButlereVolmer) equation predicts that increased
current densities necessarily result in additional losses, i.e. a
reduction in the cell potential by an over-potential, h, with a
corresponding heat release. This is the origin of the second
heat source which is numerically the product of the current
and the over-potential (hj ) [8]. Finally, the Joule or ohmic heat
is due to ohmic resistance (RUj ), most significantly in the

membrane, and is given by RUj
2.

According to Fourier’s law of heat conduction, this heat
release necessarily results in temperature gradients inside the
PEMFC. Because almost all the heat sources are associated
with the MEA, the thermal conductivity of the PTL and the
MPL is more important than the thermal conductivity of the
MEA itself. This is because these porous layers literally pro-
vide thermal insulation for the MEA. Whereas many of the
mechanical properties and the thermal conductivity of the
PTL is now starting to be understood and thoroughly investi-
gated, the MPL thermal conductivity is not as well addressed

[9e11]. What is known, is that for some combinations of MPL
and PTL the average or combined effective thermal conduc-
tivity is not significantly different [12,13]. One reason why the
pure MPL thermal conductivity is overlooked can be related to
the fact that the MPL is one order of magnitude thinner than
the PTL. However, in this paper we demonstrate that the
thermal conductivity is also one order of magnitude larger for
the MPL compared to some types of PTL. Because of this
relation, the thermal conductivity of these two materials are
equally important.

1.2. The role of the MPL in a PEMFC

Often a MPL is included in the MEA structure, between each
backing layer (i.e. PTL) and catalyst layer (CL), as illustrated in
Fig. 1. The MPL consists of carbon black powder and a hy-
drophobic agent, usually polytetrafluoroethylene (PTFE). The
function of the MPL is to provide proper pore structure and
hydrophobicity to allow a better gas transport and water
removal from the CLs, and also to minimise electric contact
resistance between the CL and themacroporous PTL substrate

(usually carbon paper or carbon cloth) by forming a flat and
uniform layer [14].

With respect to the importance of achieving high perfor-
mance of PEMFC, extensive work has been performed to
examine how the MPL properties such as (i) carbon powder
type, (ii) carbon loading (or thickness), and (iii) PTFE content

control the water management in PEMFC [15e21]. In contrast
to that, the literature about how the MPL properties affect the

heat management in the PEMFC is limited [13,22,23], although
this is also very important for real fuel cell applications. The
reason for this being important, is that the water saturation
pressure increase significantly with temperature such that
small temperature variations in the range from 75 to 95 !C can
significantly change the local performance and degradation of
a PEMFC.

1.3. Thermal conductivity measurements of PEMFC
components

Good measurements of the thermal conductivity of PEMFC
materials are challenging for many reasons. For the PTL, the
in-plane thermal conductivity is different from the through-
plane thermal conductivity. This was first postulated [24e26]

because the structure of the materials and the electric con-
ductivity are not isotropic. Recently this was also experi-
mentally shown [27e29] and the in-plane value was found to
be five to ten times larger than the through-plane value
(depending on the PTL compaction). When measuring the
through-plane thermal conductivity, the thermal contact
resistance, the thermal conductivity and the thickness change
with the applied compaction pressure must be accounted for
[30e32]. Separating the thermal contact resistances from the
material thermal resistance is a challenge associated with
this. Both water and PTFE change the thermal conductivity of
the PTL [31e34]. In this section we give a brief review of

measurements and modelling of the thermal conductivity of
PEMFC materials.

Mathematical models have also been applied as an
important supporting tool to supplement the thermal con-
ductivity measurements of PTL materials. By combining
calculation andmeasurements, Ramousse et al. [30] estimated

Fig. 1 e Schematic diagram of a 7-layer structure MEA with
MPL sandwiched between two PTL in turn between two
polarisation plates.
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layers (PTL). Until now, the thermal conductivity of the MPL

has received little attention. In this paper we report the ther-
mal conductivity of different MPL and discuss the impact of
the MPL thermal conductivity on temperature control of
the MEA.

1.1. Heat and work of the PEMFC

The PEMFC is not only a very efficient energy converter, but
also a very effective one. However, when increasing the cur-
rent density (reaction rate), the reversible and irreversible

heat release increases as well. This is for at least three reasons
[1e7]. The temperature multiplied by the change in the reac-
tion entropy and the current divided by the Faraday constant
(TDSj/nF ) is a reversible and inevitable heat source in a PEMFC.
The Tafel (or ButlereVolmer) equation predicts that increased
current densities necessarily result in additional losses, i.e. a
reduction in the cell potential by an over-potential, h, with a
corresponding heat release. This is the origin of the second
heat source which is numerically the product of the current
and the over-potential (hj ) [8]. Finally, the Joule or ohmic heat
is due to ohmic resistance (RUj ), most significantly in the

membrane, and is given by RUj
2.

According to Fourier’s law of heat conduction, this heat
release necessarily results in temperature gradients inside the
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with the MEA, the thermal conductivity of the PTL and the
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removal from the CLs, and also to minimise electric contact
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uniform layer [14].
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small temperature variations in the range from 75 to 95 !C can
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because the structure of the materials and the electric con-
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be five to ten times larger than the through-plane value
(depending on the PTL compaction). When measuring the
through-plane thermal conductivity, the thermal contact
resistance, the thermal conductivity and the thickness change
with the applied compaction pressure must be accounted for
[30e32]. Separating the thermal contact resistances from the
material thermal resistance is a challenge associated with
this. Both water and PTFE change the thermal conductivity of
the PTL [31e34]. In this section we give a brief review of
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1000hof ageing compared to the virginmaterial. The linearity of the
trend with artificial ageing time is speculative in light of the current
data. For this reasonwe have chosen to illustrate two possible trend
lines for the thermal conductivity of SGL 24DA containing residual
water. Looking also at thewater content, S, one can see that it is hard
to argue a significant difference between the two sets of data, i.e.
SGL24 BA and DA. However there appears to be aweak trend for the
water content, S, and the through-plane thermal conductivity to
increase and for the contact angle and the PTFE content to decrease
as a function of ageing time for the two set of samples. However
whether this is related to some threshold change around 300 h of
ageing (as indicated by the dashed step line) or if it is a continuous
gradual material modification (As indicated by the straight
ascending dashed line) can not definitively ascertained in this study.
What is important is that all four measurements are consistent.

Water contact angles measured by the sessile drop method
indicate that the PTL samples have become significantly less
hydrophobic by 1000 h of ageing time. From Tables 4 and 5 one can
see that the contact angle of the PTL is significantly changed while
the contact angle of the MPL is not. This is consistent with the drop
in PTFE content shown in Fig. 6. A previous study has suggested that
this surface change is in part due to oxidation of the carbon surface,
since the contact angle decrease is larger as the ageing environment
is made more oxidizing [34]. Since less hydrophobic pores should
be more easily filled with water, we expect that using the same
water incorporation procedure should result in higher saturation of
the aged samples. Moreover, these observations coincide with the

NMR results of Fig. 6, in that less PTFE in the bulk substrate should
allow a higher water saturation level, S.

From our experience [26], introducing liquid water to PTLs
previously subject to a PTFE hydrophobic treatment gives far from
reproducible results both regarding the water content, S, and the
through-plane thermal conductivity, k. However, we do know that
the thermal conductivity goes up by a factorw2.5 for SGL 10AA and
a factor 2e4 for Toray (0e5% wet proof) PTLs when water is
introduced [26]. Also, evenwhen the PTFE content is higher and the
relative errors increase, the thermal conductivity increases when
water is introduced to the hydrophobic treated PTLs [26].

Againwe look to the dashed regression line and the values for the
wet PTL shown in the left graph of Fig. 5. On the one hand, from the
literature we expect more water and hence increased thermal
conductivity with ageing, while, on the other hand, it is difficult to
justify significance by statistical arguments for the present results.
Moreover, the trend of increased thermal conductivity with ageing
whenwater is present appears stronger for the SGL 24DA than for the
BA, though, again, this is far from significant based on the measured
values. All around, when comparing the wet to the dry PTL thermal
conductivity; the thermal conductivity of the wet, non-aged PTLs are
approximately twiceas largeas in thecaseofdryPTLsand threefold for
those aged the longest. In the light of the reported contact angles, the
watercontentandtheNMR, the increase inthermal conductivityof the
PTL with residual water is a reasonable and consistent set of results.

The increase in thermal conductivity, of a factor increasing from
approximately two to approximately three, is very similar to what

Table 4
Overview of the measured thermal conductivity as function of ageing time for the selected materials at 9.3 bar compaction pressure. Units are; kPTL/W K!1 m!2, RAl!PTL/
10!4 K m2W!1 and dPTL/10!6 m, respectively. Thewater content, S, is defined as the fraction of the PTL pores filled with liquid water and is measured byweight before and after
drying the samples. Also the contact angle, a, of water on the samples, in degrees, are given for some of the samples.

Timeaged 0 h w200 h w400 h w600 h w800 h w1000 h

SGL 24DA Dry

k 0.33 " 0.02 0.31 " 0.02 0.33 " 0.01 0.32 " 0.01 0.32 " 0.01 0.33 " 0.02
RAl!PTL 1.2 " 0.5 0.9 " 0.5 1.1 " 0.3 1.00 " 0.17 1.12 " 0.12 1.3 " 0.6
dPTL 177 " 16 188 " 16 174 " 12 175 " 16 170 " 5 167 " 6

SGL 24DA Wet

kPTL 0.50 " 0.14 0.585 " 0.017 0.9 " 0.3 0.6 " 0.3 0.94 " 0.04 0.9 " 0.7
RAl!PTL 1.7 " 1.5 0.9 " 0.1 2.5 " 1.0 1 " 2 3.38 " 0.11 1.3 " 1.7
dPTL 174 " 5 170 " 8 173 " 12 168 " 3 172 " 9 175 " 7
S 0.2 " 0.2 0.2 " 0.4 0.2 " 0.4 0.3 " 0.4 0.2 " 0.3 0.4 " 0.2
a 137 " 5 e 129 " 5 e e 125 " 5

SGL 24BA Wet

kPTL 0.39 " 0.02 0.49 " 0.018 0.6 " 0.14 0.44 " 0.06 0.49 " 0.02 0.8 " 0.5
RAl!PTL 0.27 " 0.01 1.3 " 0.2 1.5 " 1.1 0.8 " 0.9 1.5 " 0.1 2.7 " 1.6
dPTL 171 " 7 169 " 6 167 " 10 175 " 17 165 " 6 173 " 5
S 0.1 " 0.3 0.2 " 0.3 0.2 " 0.3 0.1 " 0.1 0.2 " 0.2 0.2 " 0.2
a 135 " 5 e 135 " 5 e e 124 " 5

Fig. 5. Through-plane thermal conductivity (left) and thermal contact resistance to aluminium of SGL PTLs as function of artificial ageing time.
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was seen for the SGL 10AA. This suggests that the contribution to
the increase in thermal conductivity by the water is the same as
what was seen and proposed in Ref. [25,26]. In these studies it was
argued that water aids the heat conduction locally by enhancing
the fibre to fibre contact regions rather than conducting heat via
a bridge through the PTL material. This argument stems from the
fact that the relative increase in thermal conductivity is far greater
than that expected from the addition of a small volume fraction
water as a heat-conducting phases in the pores. We shall return to
this discussion in Section 3.3.

3.2. MPL coated PTLs

3.2.1. PTL PTFE content and MPL
In Table 5 we give the thermal conductivity and the measured

thickness for the SGL 24DA, 24DC and the 24BC at 9.3 bar
compaction pressure. The SGL 24DA and the 24DC differ by the
addition of a MPL and the 24BC and 24DC have different PTFE
contents in the PTL substrate.

Comparing the results for the SGL 24DA and 24DC, it is evident
that introducing the MPL has little effect on the thermal conduc-
tivity. Previous estimates indicated a thermal conductivity of a MPL
to be 0.5 ! 0.5 W K"1 m"1 at 9.3 bar compaction pressure [25] and
therefore one might expect some increase in the overall thermal
conductivity with the addition of a MPL. This is however not the
case in the results of Table 5. In other words; the MPL hardly
contributes to a change in the overall thermal conductivity while
PTFE in the PTL substrate contributes to a decreased overall thermal
conductivity. We therefore conclude that the initial PTFE content is
more important to the PTL overall thermal conductivity than is the
addition of a MPL.

Comparing the SGL 24BC to the 24 DC, it is apparent that the
thermal conductivity of the 24DC is lower than that of the 24BC. This
coincideswithwhat is reported previously, that introducing PTFE in
the PTL substrate decreases the thermal conductivity of thematerial
[25,26,29]. What is important to note is that the PTFE content in the
PTL substrate layer appears to impact the overall through-plane
thermal conductivity much more than does the MPL. Moreover, it
isworthnoting that this effect doesnot change significantlywith the
ageing time. We return to this point in Section 3.3.

3.2.2. PTL porosity
One of the material pairs which appear similar but actually

feature the largest difference in thermal conductivity is SGL 24BC
and the SGL 25BC. These twomaterials are very similar with respect
to PTFE content and MPL coatings. The difference between them is
that the 25 substrate is reported by SGL to have lower areal weight
and better gas transport properties than the 24 substrate (Table 3).
This could for instance be due to the amount of binder in the PTL
substrate. SGL 24BC is slightly less porous and, as can be seen from
Table 6, the material has the higher thermal conductivity. This
would coincide with more binder being present, as more binder
will improve the fibreefibre thermal contact and lower the
porosity. This demonstrates how a relatively small material change
(probably an increase in the amount of binder) can result in rela-
tively large changes in the through-plane thermal conductivity.

3.2.3. MPL coated PTL stack thermal resistance
Introducing MPL coatings on the PTLs creates a non-uniform

structure in the measured samples. As a simplification one can
assume that the MPL is attached onto the PTL substrate. In the
experiment one can thus consider having two MPLs sandwiched
between two PTL substrates. Furthermore, these pairs are placed in
the apparatus either alone or in a stack of two or three pairs. Previ-
ously,wedemonstrated that thePTLePTLsubstrate contact resistance
is negligible [25], but the MPLeMPL contact resistance is unknown.

The MPL is rather soft and can easily be scraped off the PTL and
from this observation one may expect contact resistance to be
negligible under the applied pressures. On a meso-level (order of
10 mm) theMPLeMPL and the PTLePTL interfaces are very different.
While the PTL surface side is very rough the MPL surface is very flat
and smooth. In stacking the samples as described itwasnoted that at
the highest compactionpressure (only) the PTLs adhered each other
while MPL contacts did not. This suggests that the PTLs, when
pressed against each other start to form a somewhat integrated
sample with contacts similar to contacts in the bulk of the material,
which justifies both hypothesis and the observation that PTLePTL
contacts present a negligible contact resistance. Based on the
compliance of the MPL layers under study, we also assume in the
present work that the MPLeMPL contacts are equally negligible.

Fig. 6. NMR spectra of SGL 24DA using NaF as an internal reference; pristine (blue),
412 h aged (red) and 1001 h aged (green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 5
Comparison of the measured thermal conductivity and the sample thickness as function of ageing time for the different 24 models at 9.3 bar compaction pressure. Thickness is
given by mm and thermal conductivity by W K"1 m"1. The numbers are reported with double standard deviation.

Timeaged 0 h w200 h w400 h w600 h w800 h w1000 h

kSGL24DA 0.33 ! 0.02 0.31 ! 0.02 0.33 ! 0.01 0.32 ! 0.01 0.32 ! 0.01 0.33 ! 0.02
d 174 ! 5 170 ! 8 173 ! 12 168 ! 3 172 ! 9 175 ! 7
a 137 ! 5 e 129 ! 5 e e 125 ! 5

kSGL24DC 0.345 ! 0.001 0.30 ! 0.03 0.330 ! 0.012 0.38 ! 0.04 0.313 ! 0.019 0.32 ! 0.03
d 190 ! 2 185 ! 6 192 ! 7 192 ! 6 181 ! 2 186 ! 9
a 143 ! 5a e 141 ! 5a e e 144 ! 5a

kSGL24BC 0.369 ! 0.018 0.36 ! 0.06 e 0.38 ! 0.04 0.36 ! 0.06 e

d 214 ! 7 217 ! 8 e 219 ! 4 220 ! 6 e

a 143 ! 5a e 141 ! 5a e e 139 ! 5a

a Measurements done at the MPL surface.
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Ageing	removes	Teflon
Water	retention	increases
Thermal	conductivity	increases

in terms of additional absorption enthalpy of water in Nafion!

[40]. Reucroft et al. showed that based on adsorption enthalpy
of water, that water content above 5e6 in a Nafion! mem-
brane relates to water-to-water interaction rather than water-
to-sulphonic group interaction. In this context, it seems that
water from a gas phase and in a catalyst layer will adsorb only
to the sulphonic group water complex group and not to the
ionomer back bone - which is reasonable considering the back
bones similarities to PTFE. Another argument for this
adsorption mechanism being reasonable for very thin ion-
omer films is that the activation energy for proton transport
increases dramatically when the bulk membrane is made so

thin that it becomes a long chain with active sites rather than
a bulk material,3 as observed by Paul et al. [37]. In this tran-
sition, the liquid water phase between the active cites, i.e.
sulphonic groups, is repelled by the PTFE-like backbone.
Water up-take to the ionomer in a CL from a liquid phase is, to
our knowledge, not reported for CLs, possibly because one
easily loose control of the water content as liquid water fill up
pores of the catalyst carbon particles. However, if extrapo-
lating the Schroeder paradox in the light of reported water
content of CL, one can expect an increase of up to 50% in the
water content when the CL is exposed to liquid water, i.e. a

water content up to 9. However, considering that in a bulk
membrane water is carried as little reservoirs and that we
have neither treated the CLwith nearly boiling acid nor have a
bulk phase, we consider the Schroedinger paradox absent for
the CL as deployed in this study. Hence, if we, in this study,
report l values above the value of 6, the remaining (above 6)
will then be considered allocated otherwise than to the sul-
phonic group inside the CL.

Procedures

Thermal conductivity measurements

The measurement procedure is the exact same as the one in
our previous paper on thermal conductivities inMPLs [30], and
we refer to this paper for a more detailed explanation. The
apparatus, custom made for this type of experiments, is
depicted in Fig. 2. In brief, we measure the heat passing
through the rig from top to bottom, qi, along with the tem-
perature difference across the sample, T4 ! T5, as shown in
Eqs. (1) and (2).

qupper ¼ ksteel
T1 ! T3

d1!3
and qlower ¼ ksteel

T6 ! T8

d6!8
(1)

qSample¼
qupperþqlower

2
;and;RSampleþ2RApp:!Sample¼

T4!T5

qSample
(2)

where qi, ki, Ti, and Ri are the heat flux, thermal conductivity,
temperature, and thermal resistance. Thus we measure
thermal resistance of the investigated sample, RSample. The
sample can be a stack of materials or a single layer. Here, we
measure the sum of the sample stack and the contact thermal

resistance to themachine surface, RSample þ 2RApp.!Sample. The
stacks consist of layers of CL sandwiched between thin copper

and aluminium films. One needs to subtract for the thickness
of thesemetal films as they have negligible contribution to the
thermal resistance, i.e. they only contribute to the thickness.
Finally, we plot the thermal resistance as a function of the CL
thickness and obtain the thermal conductivity from the in-
verse of the value of the slope.

CL preparation

For this study three types of catalyst layers were prepared -
each in two different thickness’. These layers consisted of: 1)
carbon black and ionomer equally in weight, 2) carbon black
with 20 wt% Pt and ionomer in equal weights, and 3) carbon
black with 20 wt% Pt and twice as much ionomer in weight.

The CL were made by spraying a dispersion of the catalyst
ink containing ionomer and catalyst particles onto one side of
the copper foil (28 $ 2 mm, annealed, 99.8%, Alfa Aesar), fol-
lowed by drying at 80 %C (N2 atmosphere) for 2 h to evaporate
all remaining solvent (isopropanol). The catalyst layers were
made by spraying several layers of the catalyst ink on the
copper substrate, such that we had two different thicknesses
of approximately 30 and 60 micrometres.

Thematerial was then overlaidwith a thin pure aluminium
foil and a circular punchwas used to create discs that could be
stacked on top of each other, in the same manner as in our

paper on thermal conductivity of the MPL [30].

Statistical analysis and accuracy of the measurements

The thermal conductivity apparatus was calibrated using
materials with known thermal conductivity, see Ref. [19].
These values are known with 5% accuracy and thus this is the
accuracy limitation of the reported values in this paper. Some
of the results are reported with double standard deviations
that are larger or smaller than 5% of the reported value. This is

Fig. 2 e A 2D sketch of the apparatus used to measure
thermal conductivity as reported here [30].

3 Strictly speaking; Nafion! bulk material absorb water, sul-
phonic sites adsorb water and the CL containing sulphonic sites
absorb water.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 4 ) 1e1 24
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• Norwegian	Fuel Cell	and	Hydrogen	Centre	(Sintef,	IFE,	og	
NTNU)

• SafeLiLife – Secure long-life batteries in	the shipping	industry
under	Nordic	conditions (IFE,	FFI,	NTNU,	HiST,	Rolls-Royce	
Marin,	ZEM	A/S,	FMC	Kongsberg	SUBSEA,	DNV	GL	og	ABB).

Miljøvennlig energi i skip 
 

� Skip slipper ut CO2 og 
forurenser lokalt.  

� Overgang til biodrivstoff og 
batterier kan løse begge 
utfordringene. 
� I prosjektet ReShip utvikler 

forskerne en forbedring av 
prosessen for å gjøre 
pyrolyseoljen stabil. 

� I prosjektet SafeLiLife 
undersøkes spesielt levetid og 
sikkerhet for litiumion-
batterier under nordiske 
forhold. 
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Market	Drivers

Ø Decarbonisation

Ø Climate	change

Ø Energy	Decentralisation

Ø Reduced	water	use



Ø Fuel	cell	industry	is	slowly	growing	in	volume

Ø >200	companies	(stacks	&	systems)

Ø ~50%	might	have	products	by	2020

Ø Industry	has	consolidated	(many	buy-outs	– joining	forces!)

Ø Some	companies	driven	by	Policies	(Japan)

Ø Majority	funding	around	focused	on	RD&D

Ø Leading	countries:	Japan,	South	Korea,	China	&	Germany

Ø Japan	very	serious	about	H2E	(especially	after	Fukushima	Daiichi)

Snapshot



Ø >400	MW	shipped	globally	in	2015
Ø >1GW	of	shipped	over	10	years	vs.	>10GW	for	PV	pa
Ø >US$1b	revenue	from	sale	of	FC	systems	in	2015
Ø Hydrogen	infrastructure	underway,	although	slow
Ø Majority	of	investment	still	comes	from	private	capital	

and	government	subsidies	(mainly	project	or	R&D	
funding)

Ø PEM	&	SO	FC	dominate	the	market
Ø Huge	gap	between	R&D	labs	&	commercial	market
Ø Huge	gap	between	revenues	&	profits
Ø Large	gap	between	‘cost	to	make’	&	‘sell	price’

Snapshot



Ø Suffering	from	a	slow	down!
Ø Not	enough	highly	marketable	products
Ø High	CAPEX	vs.	long-term	payback	vs.	lifetime	issues
Ø FC	systems	cost	target	of	US$	5,000/kW	by	2030
Ø Sluggish	growth	in	the	telecoms,	CHP,	Prime	Power	(PP)	

and	ResCHP
Ø ~150MWs	shipped	in	2015	for	PP	and	ca.	>50MWs	for	

ResCHP
Ø >5m	households	with	HFC	CHPs	by	2030	(Japan)

Stationary





Ø >800k	HFCVs	by	2030	(Japan)

Ø >25,000	HFC	buses	by	2030	(South	Korea)

Ø Seeing	some	new	business	models	(market	penetration)	
e.g.	car	clubs,	car	sharing,	PAYG	etc

Ø Automotive	FC	cost	stiil high	although	prices	more	
attractive	than	10	years	ago!

Transport
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0.05	mgPtcm-2 @	A
0.15	mgPtcm-2 @	C

Batteries	and	fuel	cells
TECHNOLOGY	TARGETS

5,000 hours
<40% loss of 

catalyst surface area



Batteries	and	fuel	cells

Cost Durability

Total Pt loading 
0.2 mg.cm-2

0.2 g.kW-1

5,000 hours
<40% loss of catalyst 

surface area

Improve catalyst 
utilisation
Nactive/Ntotal

N=no. of catalyst particles

Improve 
catalyst activity

Mass activity 
mA.mgPt

-1

Specific activity 
µA.cmPt

-2

Inhibit degradation 
mechanisms

US Dept. Of Energy targets

OBJECTIVES



‘The platinum industry
has the potential to
meet a scenario where
HFCVs achieve 50%
market penetration by
2050, while an 80%
scenario could exceed
the expansion
capabilities of the
industry. Recycled
platinum from the
transportation sector
will be an increasingly
critical source of
supply’
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Ø Also	suffering	from	a	slow	down!

Ø Li-ion	battery	smart	phone	chargers	dominating	the	
portable	market

Ø Some	companies	focusing	on	defense	and	oil	&	gas	
markets

Ø Although	Europe	strong	in	that	market!

Portable



Ø California,	Germany,	Norway	&	Japan	are	deploying	H2	
refuellers

Ø Norway	is	leading!	with	all	major	cities	having	H2R	by	
2020

Ø >300	H2	refuelling stations	by	2030	(Japan)

Hydrogen	Refuelling



PEMFC	Historical/Forecast	CAPEX	Cost



SOFC	Historical/Forecast	CAPEX	Cost



Ø Still	dominated	by	Water	PEM	Electrolysers (MW)

Ø 2nd Alkaline	Electrolysers (MW)

Ø Other	technologies	e.g.	Solid	Oxide	Electrolysers still	
under	development!

Hydrogen	Generation



Ø Stationary - Remote hospitals, water treatment &
desalination plants and data centres (large energy
demand)

Ø Transport – Heavy duty e.g. buses, trucks, trams,
light rail & mining vehicles (expected to mature &
profitable by 2020)

Ø Portable - Military

Market	opportunities	



Biogas	Intensification	&	
Upgrading

Innovative	Methods	for	Biogas	Generation	and	Upgrading	by	the	
Addition	of	Hydrogen	to	Anaerobic	Reactor

Ø Biogas is now seen as an alternative fuel in emerging renewable energy
strategies in Europe, motivated by the EU target of achieving 20% renewable
energy by 2020

Ø Biogas generation offers many benefits as various organic wastes and by-
products can be converted to a useful energy carrier product biogas

Ø Biogas is a primarily mixture of CH4 (50–75%) and CO2 (25–50%) produced by a
portfolio of different bacteria

Ø Several methods have been suggested for the intensification of biogas
productivity, for example the facilitation of biomass decomposition by means of
various pre-treatments, modification of the composition of the bacterial
community, or various Anaerobic Digestion (AD) phases in separate reactors



BIOMETHANE	&	HYDROGEN		
GENERATION



Biogas	Intensification	&	
Upgrading

Innovative	Methods	for	Biogas	Generation	and	Upgrading	by	the	
Addition	of	Hydrogen	to	Anaerobic	Reactor

Ø Upgrading of biogas to CH4 content higher than 90% not only increases the
heating value but also reduces corrosion caused by acid gas in turns extending
the biogas utilisation as a useful renewable energy source.

Ø Many methods for upgrading biogas, for example, water washing, pressure
swing adsorption, polyglycol adsorption and chemical treatments, all aiming to
remove CO2 from the biogas

Ø PROBLEM: the initial capex and running costs of the above technologies are
relatively high and not effective in separating carbon dioxide and methane

Ø SOLUTION: Hydrogen is used to effectively convert CO2 to CH4 using anaerobic
microorganisms (hydrogenotrophic methanogens e.g. Enterobacter cloacae).



Fotoniske sensorer kan muliggjøre bedre systemer 
for overvåkning og kontroll av bioprosesser

Bioreaktor med	hydrogen	input	for	
redusert CO2 innhold i biogass

Løst hydrogen	og flyktige fettsyrer er
gode indikatorer for	tilstand i bioreaktor.

Prosjekt:	Bioreaktor monitorering (HyBiG)

Optisk nese for	deteksjon av
spesifikke komponenter i komplekse
media
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Ø Some FC technologies mature enough

Ø Need public and governments acceptance

Ø Cost must be reduced in order to compete with
existing ESD technologies

Ø Power-to-Gas (P2G) will grow

Ø Need to grow the H2 infrastructure

Future
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“The Sensor Revolution” NSF, USA (2005) 

• 80’tallet => PCer
– Databehandling tilgjengelig for alle

• 90’tallet => Internet
– Alle sammenkoblet gjennom et verdensomspennende

datanettverk
• ………
• Nå => Sensorer

– Verdens elektroniske nervesystem
• Koble Internett til den fysiske verden vi lever

– Sensorer monitorerer våre omgivelser på måter vi knapt kan
forestille oss

• Noe er allerede her. Resten kommer snart!
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Sensorer – anvendelser og teknologi

Miljø og
Infrastruktur

Industri og
Handel

Helse og
Velferd

Trygghet og
Sikkerhet Optisk mikrofiber

rundt et	hårstrå
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Market	Hydrogen	and	Fuel	Cell	Reports

Kerry-ann@4thenergywave.com
Dr. Kerry-Ann Adamson



Any Questions?

ü Electrochemical Systems	for	Energy	Storage
ü Knowledge	Development	and	Knowledge	Dissemination
ü Li-ion	Batteries,	Flow Batteries &	Fuel Cells
ü Energy	and	Process Engineering
ü Thermal Aspects &	Ageing

ENERSENSE



BATTERY,	HYDROGEN	&	FUEL	CELLS

odne.s.burheim@ntnu.no

www.ntnu.edu/employees/odne.s.burheim

Odne	S.	
Burheim

HYDROGEN,	FUEL	CELLS	&	ELECTROCHEMISTRY

bruno.g.pollet@ntnu.no

www.ntnu.edu/employees/bruno.g.pollet

Bruno	G.	
Pollet

www.rentnu.org


