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Abstract


Fuel cells are today being widely accepted as the technology to replace the in-
 ternal combustion engines. Fuel cells have a series of advantages which include
 higher efficiency, wide power output range, and silent operation. Additionally,
 is the fuel cell locally low polluting as only by-product is water. Also, fuel cells
 have a low greenhouse gas impact if the source of hydrogen is from a renew-
 able source. A potential economic independence is available if the hydrogen is
 produced locally, thereby reducing the dependency on oil producing countries.


Many fuel cells systems today are operated with compressed hydrogen which
 has great benefits because of the purity of the hydrogen and the relatively sim-
 ple storage of the fuel. However, compressed hydrogen is stored in the range
 of 800 bar, which can be cumbersome and expensive to compress. Alternative
 system designs are therefore of great interest and liquid fuel can be a solu-
 tion to this problem. One of those topologies is the Reformed Methanol Fuel
 Cell (RMFC) system which is operated on a mix of methanol and water. The
 fuel is reformed with a steam reforming to a hydrogen rich gas, however with
 additional formation of Carbon Monoxide (CO) and Carbon Dioxide (CO2).


The CO is regarded as poison for the low temperature fuel cells, however, High
 Temperature Polymer Electrolyte Membrane Fuel Cell (HT-PEMFC) has the
 benefit of being resistant to CO poisoning. The HT-PEM fuel cell operates at
 elevated temperatures (above 100◦C) and therefore uses phosphoric acid as a
 proton conductor. HT-PEM can, because of the elevated temperatures, tolera-
 ble higher amounts of CO (up to 3 %) without permanent damage, whereas the
 Low Temperature PEM fuel cell (LT-PEMFC) only show tolerable amounts in
 the range of 1 ppm.


Using a HT-PEMFC in a RMFC system enables the use of exhaust gas from
the fuel cell in a catalytic burner which is able to heat up the steam reforming
process. However, utilizing the excess hydrogen in the system complicates the
RMFC system as the amount of hydrogen can vary depending on the fuel
methanol supply, fuel cell load and the reformer gas composition. This PhD



(10)study has therefore been involved in investigating the gas composition of the
 reformer and the affects to the HT-PEM fuel cell. Additional, a focus on the
 dynamics and system control of the RMFC have been studied, which have also
 been a big part of the motivation for this work.


A 17-cell HT-PEM fuel cell stack was tested with various operating tempera-
 tures on both pure hydrogen and reformate gas. The test on the HT-PEM fuel
 cell stack confirmed the resistance to CO poisoning. Furthermore, decreased
 performance was detected under low stoichiometry on both the hydrogen and
 air side. The fuel cell was analyzed using polarization and Electrochemical
 Impedance Spectroscopy (EIS) techniques. The EIS tests showed how the fuel
 cell stack was influenced by isolating the different losses in the fuel cell stack.


A dynamic model of the fuel cell stack was made based on the polarization
 curves and load step tests.


A dynamic model of the RMFC system was made and include the dynamics
 of reformer, fuel cell, burner, and evaporator. The dynamic model is based
 on a 5kW electric RMFC system with a 120 cell HT-PEM fuel cell stack. The
 dynamic model was made with focus on analyzing the temperature distribution
 in the system and to create a model can be used to evaluate control techniques.


A cascade control system is proposed and tested using the RMFC model, where
 the controller uses the reformate temperature to control the setpoint for the
 burner temperature. A cascade controller is possible because the burner feed-
 back loop is significantly faster compared to the reformer feedback. The time
 constant for the burner is found to be 10 seconds and the reformer is 97 seconds.


The burner is temperature controlled using the burner air fan, however the
implemented controller enables the system to decrease the stoichiometry to a
lower level, thereby increasing the efficiency of the system and lowering temper-
ature of the burner. A minimum allowable stoichiometry set for the controller
which is determined by the HT-PEMFC. The lowest possible stoichiometry
used for the model is 1.3 and corresponds to an electric system efficiency of
29 %, which corresponds to a levelized cost of electricity of AC0.22/kWh with-
out distribution cost and taxes.
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Resumé


Brændselsceller i dag er generelt tænkt som den teknologi som skal erstatte
 de interne forbrændingsmotore(IFM). Brændselsceller har en serie af fordele
 i forhold til IFM’s, så som højere effektivitet og lydsvag drift. Derudover er
 der en lav lokal udledning af forurening fordi den eneste udledning er vand.


Brændselsceller har også en lav udledning af drivhusgas hvis hydrogenen er
 baseret på vedvarende energikilder. En potentiel økonomisk uafhængighed er
 tilgængelig hvis hydrogen er produceret lokalt, derved reducere afhængigheden
 til olieproducerende lande.


Mange brændselscellesystemer i dag er forsynet fra komprimeret hydrogen
 som har fordele på grund af renheden af gassen og den relative simple opbe-
 varing af brændslet. Ulemperne er dog at komprimeret hydrogen er i området
 af 800 bar kan være svær at håndtere og dyrt at komprimere. Alternative
 systemer er derfor meget interessante og et flydende brændstof kan være en
 løsning på problemet. En af de muligheder er et Reformeret Methanol Fuel
 Cell (RMFC) system som kan blive drevet af en blanding af methanol og vand.


Brændslet bliver her reformeret til en hydrogen-rig gas, dog med en ekstra
 formation af Kulmonoxid CO og CO2. CO er kendt som en forgiftning af
 lav temperatur brændselsceller, dog har Høj Temperatur ”Polymer Electrolyte
 Membrane” (HT-PEM) brændselsceller den fordel at de kan håndtere højere
 mængder af CO uden af blive forgiftet. HT-PEM brændselsceller har mulighed
 for at operere ved forhøjede temperature (over 100◦C) og bruger phosphorsyre
 som proton leder. Dette gør at HT-PEM brændselsceller kan tolerere højere
 mængder af CO (op til 3 %) uden at tage varig skade, hvor en lav temperature
 PEM (LT-PEM) brændselscelle kun kan håndtere CO op til 1 ppm.


Ved at bruge HT-PEM brændselsceller i et RMFC system gør at man kan ud-
nytte udstødningsgassen fra brændselscellen til at opvarme en katalytisk bræn-
der. Udnyttelsen af den overskydende hydrogen gør dog RMFC systemet mere
kompliceret fordi mængden af hydrogen kan variere afhængig af methanol til-
førslen, brændselscellens forbrug og gassens sammensætning ud af reformeren.



(12)Denne PhD afhandling har derfor fokuseret i at undersøge gas sammensætnin-
 gen ud af reformeren og dens påvirkning af HT-PEM brændselscellen. Deru-
 dover er dynamikken og kontrol af RMFC systemet blevet studeret og har
 desuden være en primær motivation for dette projekt.


En 17-celle HT-PEM brændselscellestak er blevet testet ved forskellige tem-
 perature ved både tør hydrogen og reformat gas. Testen på HT-PEM brænd-
 selscellestakken bekræftede modstanden overfor CO forgiftningen. Derudover,
 blev en lavere ydeevne fundet under lavere støkiometri på både hydrogen og
 luft siden. Brændselscellen var analyseret ved hjælp af polariseringskurver og


”Elektrochemical Impedance Spectroscopy” (EIS) teknikker. EIS teknikken
 viste hvordan brændselscellen var påvirket ved at isolere de forskellige tab i
 brændselscellestakken. En dynamisk model blev lavet på baggrund af polaris-
 eringskurverne og ved et stigningsskift på den elektronisk belastning.


En dynamisk model af RMFC system blev lavet og inkluderede dynamikken
 af reformeren, brændselscellen, brænderen og fordamperen. Den dynamiske
 model blev baseret på en 5kW elektrisk RMFC system med en 120 celle HT-
 PEM brændselscellestak. Den dynamiske model var lavet med fokus på at
 analysere temperaturfordelingen i systemet og for at lave en model der kan
 bruges til at teste kontrol teknikker. Et kaskade kontrol system er blevet
 testet med RMFC modellen, hvor kontrollen bruger reformer temperaturen
 til at kontrollere brænderens temperature sætpunkt. En kaskade kontroller er
 mulig fordi at brænderens kontrol loop er meget hurtigere end reformerens.


Tidskonstanten for brænderen er fundet til 10 sekunder og er for reformeren
 97 sekunder. Brænderens temperatur er kontrolleret ved hjælp af brænderens
 blæser, men den implementere kontroller gør det muligt at sænke støkiome-
 trien til et lavere niveau, derved forhøjer effektiviteten på systemet og sænker
 brænderens temperatur. Et minimum tilladt stoichiometri på 1.3 var brugt og
 dette gav en elektrisk system effektivitet på 29 %, som svare til en operationel
 pris påAC0.22/kWh(1.64 kr/kWh) uden distributions omkostninger og skatter.


Baseret på temperaturen af reformeren er det muligt at tilpasse gas kom-
positionen under operation. Dette gøres ved at udnytte viden omkring gassen
konposition under forskellige reformer temperature og methanol flowet. Et ek-
sempel på et stabilt slip på 2 % er præsenteret og bekræfter en on-line gas
komposition fastsættelse.
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WGS Water-Gas-Shift
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Chapter 1



Introduction



1 Renewable Energy Technology


Increasing investments in renewable energy in the last decade have shown a
 significant focus in decreasing the use of fossil fuels. Based on a report fromIEA
 [2014a] more than $1600 billion was, in 2013, invested in providing energy for
 the world’s consumers, which is more than twice the amount of what was spend
 in 2000. The biggest part of the current investment, more than $1100 billion,
 is destined to the extraction and transportation of fossil fuels, oil refining, and
 the construction of fossil fueled power plants. The current annual investment
 in renewable resources is $250 billion, which is a step down from the high point
 of $300 billion in 2011. The investment to improve energy efficiency was $130
 billion in 2013 [IEA,2014a].


The increasing annual investment in renewable resources also increases the
 research in power conversion, smart distribution power networks, and energy
 storage. Despite the increasing global energy consumption, particularly in de-
 veloping countries, the global carbon emissions associated with energy con-
 sumption remained stable in 2014 [Sawin et al., 2015]. In fig.1.1the progress
 of CO2emissions can be seen from 1990 to 2014 by region and it illustrates how
 China has expanded its fossil-powered stations. The largest emitting countries
 are shown in fig.1.2where the most significant is china with 30%, United states
 15%, European Union 9.6%. The top three countries/regions account for 54%


of the total global emissions. The emissions from 2013 to 2014 increased with
0.9% in China and the United States, where the European Union saw a de-
crease of 5.4% in 2014. A significant decrease in global emissions can be seen



(26)in 2008 and can be explained by the economic crisis [Olivier et al.,2015]. CO2
 is by far the dominating part of the greenhouse gas emissions and represents
 about 70% of the global human caused emissions in the energy sector [IEA,
 2014b]. Approximately 17% of CO2 is estimated to be from the burning fuel
 in an internal combustion engine (ICE) [Park et al.,2015].
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Fig. 1.1: Global CO2emissions per region from fossil-fuel use and cement production 1990
 -2014. Reproduced fromOlivier et al.[2015]
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Fig. 1.2: CO2 emissions from fossil-fuel use and cement production in the top 5 emitting
 countries and the EU.Reproduced fromOlivier et al.[2015]


Even though the greenhouse gas emissions have stabilized the need for a
continued transition from the current energy system, which is based mainly
on fossil fuels, more renewable energy sources is needed. The awareness of
using renewable resources and energy efficiency is rising, both because of the
benefits on the climate and the new economic opportunities. Global renewable
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energy consumption in 2013 is estimated at 19.1% and growth in generation
 and capacity is continued in 2014. 58.5% of the investments in global power
 capacity in 2014 was based on renewable energy and was mainly focused on
 solar Photovoltaics(PV), wind and hydro power. By the end of 2014, estimates
 show global power generation capacity was 27.7% renewable sources, which
 supplies estimated 22.8% electricity. [Sawin et al.,2015].


By March 2012 the Danish Energy Agency [Danish Ministry of Climate,
 2012] proposed a new energy agreement for reaching the danish goal of 100%


renewable energy in Denmark by 2050. This goal is focused on providing a
 wide range of large investments into energy efficiency, renewable energy, and
 the energy system. The current goal is, by 202,0 to supply 50% of the elec-
 tricity consumption by wind power and more than 35% renewable resources
 in final energy consumption. Further, a decrease of 7.6% in gross energy con-
 sumption compared to 2010 and 34% reduction in greenhouse gas emissions
 [Danish Ministry of Climate,2012].


To reach these goals a mix of renewable sources can be introduced and im-
 plemented in the energy sector. A fuel cell is a versatile renewable energy
 conversion device and is expected to be one of the technologies that will be
 used to achieve the danish 2050 energy goals. If fuel cells are supplied with hy-
 drogen derived from renewable energy sources (wind, biomass, solar etc.), they
 can be 100% CO2 neutral and can positively influence the climate [Ehteshami
 and Chan,2014;Barbir,2005].


Increased share of renewable energy sources, such as wind and solar, in-
 creases the intermittency of power generation, and therefore, energy storage
 and conversion solutions are necessary to balance the grid. If a 100% supply
 of energy from renewable is to be reached, it will require the use of alterna-
 tive storage solutions, both on a daily and seasonal term [Andresen et al.,
 2014]. These storage solutions could be batteries or a production of hydrogen
 through electrolysis, which also shows to be one of the most CO2friendly pro-
 duction methods, if it is supplied from a variety of sources (solar, wind, nuclear,
 geothermal) [Mueller-Langer et al.,2007].


Therefore, in combination with other renewable technologies, fuel cells can
help reduce the problems with fossil fuel energy production, which includes
air and noise pollution, greenhouse gas emissions (GHG) and the economical
dependency on oil. Fuel cells have other significant advantages, compared to
many other technologies, in that they can utilize a wide range of fuels, such
as methane, methanol, biogas, etc. Flexibility in fuel source and clean energy
is why the fuel cell technology is a suitable candidate for a sustainable energy
future.
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2 Fuel cell fundamentals


A fuel cell is a technology where chemical energy is converted from a fuel
 into electricity with chemical and electrochemical reactions of hydrogen and
 oxygen. Compared to batteries, a fuel cell requires a continuous supply of fuel
 and oxygen to be able to sustain the chemical reaction, whereas the chemicals
 present in the battery react to generate an electromotive force.


The fuel cell was first discovered in 1802 during the experiments by Humphry
 Davy, who was studying the chemical effects and their relation to electricity,
 which later would become known as electrolysis. Later in 1839 a Welsh lawyer,
 Sir William R. Grove, demonstrated the process that chemical decomposition
 could be reversed, and hydrogen and oxygen could be combined to form water
 [Fuel Cell Today,2015]. The alkaline fuel cell was one of the first viable systems
 created by F. T. Bacon at Cambridge in 1950s and later demonstrated the use
 in agricultural tractors, power cars, offshore navigation equipment, boats, fork
 lifts and so on [Larminie and Dicks,2003].
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Fig. 1.3: Schematic of a proton conducting fuel cell.


The fuel cell technology was appealing for many scientists and engineers
during the United States’ space endeavors as it solved many of the problems
with power in orbit. It was much lighter than any type of battery, less dangerous
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than nuclear power, and a much simpler than any solar PV technology available
 at that time. NASA used the first PEM fuel cell in the ’Project Gemini’ space
 missions. The PEM fuel cell only ran about 500 hours, but was sufficient for
 the early missions. Because of problems with water, management choose to
 use the alkaline fuel cell in later missions. Development of PEM fuel cells over
 recent years have brought current densities up to 1 A/cm2 and NASA have
 again chosen PEM fuel cells as the preferred option for space travel [Larminie
 and Dicks, 2003]. At the early age of PEM fuel cells the amount of catalyst
 was about 28 mg/cm2 platinum and has since been reduced to today’s levels
 of 0.2 mg/cm2or less [Martin et al.,2015].


Fuel cells are composed with an anode, a cathode, and an electrolyte that
 allow charged ions to pass between the sides of the fuel cell. A schematic of a
 hydrogen fuel cell can be seen from fig.1.3. The anode and cathode are coated
 with a catalyst which causes the fuel to perform an oxidation reaction, where
 the hydrogen generates two hydrogen ions(protons) and two electrons. This
 reaction is seen from eq. 1.1. The electrons are passed through an external
 circuit and thereby producing a current of electricity. At the cathode side the
 hydrogen ions, electrons, and air are combined and react to form water as seen
 in eq.1.2.


Anode:H2↔2H++2e− (1.1)


Cathode: 1


2O2+2H++2e− ↔H2O (1.2)
 The temperature of a fuel cell can vary significantly depending on the mate-
 rial and type of fuel cell. The single cell fuel cell outputs an operational voltage
 of 0.6-0.8 V and to achieve a higher voltage the fuel cells can be put in series,
 also known as a fuel cell stack. The voltage can be determined based on the
 number of cells connected, stack temperature, and the type of electrode used.


A simplified schematic of a fuel cell stack can be seen in fig.1.4.


All the different types of fuel cells are able to be stacked together, however,
 the chemistry in the fuel cells are different. This is explained in the next section.


Types of fuel cells


Other than the practical issues such as material and manufacturing costs, it
is still a problem that hydrogen is not a readily available fuel. To solve this
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Fig. 1.4: Fuel cell stack with 4 cells in series. Bipolar plates separate the anode and cathode
 with a membrane sandwiched in between


problem many fuel cell types have been tested and the different types can be
 distinguished by the electrolyte they use. A list of common type of fuel cells
 can be found in table 1.1. The table shows the mobile ion, the operating
 temperature, and a typical use for the fuel cell.


A common way to operate a fuel cell is shown in fig.1.5. The system consists
 of a hydrogen tank and an air compressor as input for the fuel cell. The
 hydrogen output is either a closed- or open-ended output. For a closed-ended
 system the hydrogen output is closed with a purge valve and is opened in short
 bursts at given interval corresponding to the power output from the fuel cell
 stack. This purge valve opening is to avoid an inert atmosphere inside the fuel
 cell stack. The duration of the purge depends on the size and pressure of the
 stack as long as enough gas is replaced.


An open-ended fuel cell is designed with an open purge valve, as shown in
 fig. 1.5, and has a constant flow of hydrogen through the fuel cell. The flow
 required in the fuel cell is shown in eq. 1.3


F CH


2[kmol/s] = i·ncell·Acell
 2·F ·λH


2 (1.3)


whereiis the current,ncell is the number of cells,Acell is the cell area,F is
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Table 1.1: Different types of fuel cells [Larminie and Dicks,2003].


Fuel cell type Mobile
 ion


Operating


temperature Typical use


Alkaline (AFC) OH– 50 - 200◦C Used in early space vehicles
 High Temperature


Proton Exchange
 Membrane Fuel Cell


(HT-PEMFC)


H+ 120-200◦C Used for stationary, vehicle
 and mobile applications
 Proton Exchange


Membrane Fuel Cell
 (PEMFC)


H+ 30-100◦C


Most widely used FC.


Used for stationary, vehicle
 and mobile applications
 Direct methanol


(DMFC) H+ 20-90◦C Suitable for small portable
 electronic systems
 Phosphoric acid


(PAFC) H+ 150-210◦C


Used for stationary
 power applications. Large number


of 200-kW CHP systems in use
 Molten carbonate


Fuel Cell (MCFC) CO32 – 650◦C Used for stationary
 power applications
 Solid oxide


Fuel Cell (SOFC) O2 – 1000◦C


Used for all size
 stationary power applications,


2kW to multi-MW


Hydrogen tank
 FC Air fan


Purge valve



r r



Fuel cell



H2 Air flow


Fig. 1.5: Typical hydrogen fuel cell system design
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2 is the stoichiometry used for the fuel cell. The
 stoichiometry is a ratio between the input fuel and the fuel used in the fuel
 cell. A stoichiometry of 1−1.25 is commonly seen for PEM fuel cells with pure
 hydrogen. [Liang et al.,2009].


Some of the applications where fuel cell power can be used is for backup
 power or uninterruptible power systems (UPS), Combined heat and power sys-
 tem(CHP) for domestic houses, or for transport applications like boats, cars
 and buses. Using the fuel cell as an range extender can have some advantages
 which are described below.



2.1 HTPEMFC as range extender


The use of a fuel cell system as a range extender have been studied in paper
 [D] where a ∼11 kWh battery pack and a 5kW HTPEM fuel cell stack are
 tested and evaluated. The New European Drive Cycles(NEDC) was run twice
 on the battery pack with and without the fuel cell as a range extender. The
 fuel cell stack operated at a voltage of 79.5 V and a current of 21.5 A which
 is approximately 1.6 kW. The DC-DC converter was set to a constant output
 voltage that matched the desired charging voltage of the battery pack.


In fig.1.6, it can be seen that running with the range extender superpositions
 the power output. This means that when the power is positive the battery is
 charged and when the power is negative the battery pack is discharged.


The DC/DC converter is set to a constant output voltage
 matching the desired charging voltage of the battery pack.


This means that the increase seen in power is due to a com-
 bination of the fuel cell stack slowly getting a more uniform
 temperature distribution and producing a higher voltage at
 the same current load point. The reformer exhibits a similar
 start-up phenomenon and after some time the output
 composition is at the desired values. The stack power settles
 atw1.6 kW, and only has slight changes during the course of
 each NEDC, at some high current peaks the internal control
 system of converter lags behind resulting in a slight fall in fuel
 cell power. The fuel cell stack voltage and current throughout
 the experiment settles after a few minutes of operating time
 to a voltage of 79.5 V and a current of 21.5 A.


3.3. Discussion


Even though the difference between the stack power used to
 constantly charge the battery pack (1.6 kW), and the


maximum power peaks of the drive cycle (16 kW) are quite
 different in magnitude; the potential driving range is drasti-
 cally altered which can be seen in Fig. 10. In Fig. 10, the
 measured power profile of two different tests using two
 NEDCs, one with the fuel cell range extender, and one without
 the fuel cell range extender is compared. A negative power is
 when current is drawn from the battery pack, and a positive
 power is when the battery pack is charged.


The main difference is that the power profile file measured
 with the range extender is superpositioned by the power
 produced by the fuel cell system. By integrating the power
 profiles, the energy consumed can be calculated and
 compared in order to evaluate the effect of the onboard fuel
 cell charging system. Fig. 11 shows the measured energy
 consumption of the battery pack during the two drive cycles
 imposed on the battery pack with and without the fuel cell
 range extender.


In the duration of the two sets of drive cycles, the result in
 the measurement running on pure battery energy, without the
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Fig. 12eBalance-of-Plant power consumption as a
 function of fuel cell stack power.
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Fig. 10ePower comparison of two experiments conducted
 using two NEDCs; one with the fuel cell range extender,
 and one without.
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Fig. 1.6: Comparison of the power using two NEDC’s. Two experiments was conducted,
 one with a range extender ,and on without. Reproduced from [Andreasen et al.,2014]
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By integrating the two power profiles in fig. 1.6 the total energy cosumed
 can be compared and the effect of the range extender can be evaluated. The
 comparison can be seen in fig. 1.7 and it can be seen how the fuel cell stack
 drastically increases the potential range of the car. The figure shows that
 initially the fuel cell delivers more total energy to the battery.


The DC/DC converter is set to a constant output voltage
 matching the desired charging voltage of the battery pack.


This means that the increase seen in power is due to a com-
 bination of the fuel cell stack slowly getting a more uniform
 temperature distribution and producing a higher voltage at
 the same current load point. The reformer exhibits a similar
 start-up phenomenon and after some time the output
 composition is at the desired values. The stack power settles
 atw1.6 kW, and only has slight changes during the course of
 each NEDC, at some high current peaks the internal control
 system of converter lags behind resulting in a slight fall in fuel
 cell power. The fuel cell stack voltage and current throughout
 the experiment settles after a few minutes of operating time
 to a voltage of 79.5 V and a current of 21.5 A.


3.3. Discussion


Even though the difference between the stack power used to
 constantly charge the battery pack (1.6 kW), and the


maximum power peaks of the drive cycle (16 kW) are quite
 different in magnitude; the potential driving range is drasti-
 cally altered which can be seen in Fig. 10. In Fig. 10, the
 measured power profile of two different tests using two
 NEDCs, one with the fuel cell range extender, and one without
 the fuel cell range extender is compared. A negative power is
 when current is drawn from the battery pack, and a positive
 power is when the battery pack is charged.


The main difference is that the power profile file measured
 with the range extender is superpositioned by the power
 produced by the fuel cell system. By integrating the power
 profiles, the energy consumed can be calculated and
 compared in order to evaluate the effect of the onboard fuel
 cell charging system. Fig. 11 shows the measured energy
 consumption of the battery pack during the two drive cycles
 imposed on the battery pack with and without the fuel cell
 range extender.


In the duration of the two sets of drive cycles, the result in
 the measurement running on pure battery energy, without the
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Fig. 13eGraph of the fuel cell voltage and current during a
 single drive cycle emulation.
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Fig. 1.7: Battery range with and without range extender. Reproduced from [Andreasen
 et al.,2014]


The figure shows that even though the power output, from the fuel cell,
 relatively low(1.6 kW) there is still a significant gain in using fuel cells as a
 range extender. This work show that the combination of a battery pack and
 a fuel cell can either extend the range of the vehicle or make it possible to
 decrease the size of the battery pack.


This work uses dry hydrogen as the source for the HTPEM, however, alter-
 native methods for powering the fuel cell is available and described below.



3 Hydrogen carriers


Several fuel cell types are available and all of them have advantages and disad-
vantages when it comes to the input fuel. A flowchart of common production
routes from fuel to fuel cell can be seen in fig.1.8. The figure starts out with the
resources; petroleum, natural gas, coal, nuclear, and solar/wind. The resource
can be followed from raw material, through the different processes and sorted
into a range of fuel cells. Intermediate products are listed which can illustrate
mediums, which are able to be transported and converted on-site or possibly



(34)Petroleum


Natual gas


Coal


Nuclear


Solar/wind


Refining


Steam 
 reforming


Partial 
 oxidation
 Gasification


Synthesis
 Water 
 electrolysis
 H2 Separation


Compression


Liquid 
 Hydrocarbons


H2 rich gas 
 mixture


Pure 
 hydrogen
 Methanol


Ethanol
 Ammonia


Steam 
 reforming/


Partial 
 oxidation


CO 
 Removal


CO2 
 removal


AFC
 HTPEMFC


PEMFC


DMFC


PAFC


MCFC


SOFC


Cracking
 Resource Industial 


Treatment


Intermediate 
 product


On-site


Processing Fuel cell type


Fig. 1.8: Resource processing and production for the different fuel cells. Reproduced from
 Prigent[1997]


cleaned, compressed, or liquefied.


Each full cell, illustrated in fig. 1.8, has a selected available fuel, however
 common for them all is pure hydrogen(Except DMFC which only runs on pure
 methanol and water). It can also be seen that it is possible to produce hydrogen
 from all listed resources via reforming, gassification, or electrolysis [Mueller-
 Langer et al., 2007]. The SOFC fuel cell has the possibility of utilizing several
 gas compositions, including using CO, CO2and ammonia as fuel. It operates at
 a temperature of 650◦C to 1000◦C which means high energy loss and relatively
 long start-up time [Fuerte et al.,2009]. Using ethanol in steam reforming have
 been studied extensively and shown good results, however, the temperature
 is around 700◦C which also is high compared to methanol. Methanol can be
 steam reformed at temperatures at 180◦C to 250◦C, which makes it a good
 candidate when operating with fuel cells [Lee et al., 2004; Yong et al., 2013;


Justesen et al.,2013].


The production of hydrogen through steam reforming is not a new idea. The
Danish chemist J. A. Christiansen discovered, during his study at Copenhagen
University in 1921, that a CH3OH and H2O mixture sent over reduced copper
at 250◦C would convert to a gas mixture containing three parts hydrogen and
one part carbon dioxide. The gas was also discovered to contain traces of carbon
monoxide [Christiansen,1921; Christiansen and Huffman,1930; Christiansen,
1931].
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To ease the introduction of fuel cells in transportation a liquid hydrogen car-
 rier could be a solution as the distribution network is readily available. Several
 studies have investigated the use of alternative liquid carriers and have com-
 pared them to a system with compressed hydrogen [Niaz et al.,2015] [Durbin
 and Malardier-Jugroot, 2013]. Solutions with metal hydrides and liquid stor-
 age (−253◦C) have been studied and they are all heavy and take a significant
 amount of space and are not suitable for a mobile application. Compressed hy-
 drogen is currently used for many applications, however, the cost of production,
 storage, and distribution is high. The current development in using hydro-
 gen in automotive applications is using compressed hydrogen at about 70 MPa
 (700 Bar) because of the reliability and to simplify the system [Jorgensen,2011].


However, the high hydrogen pressure introduces several challenges with storage
 as the tank needs to be reliable and safe. Furthermore, because hydrogen is the
 smallest molecule it is expensive to compress relative to other gases, it is highly
 diffusive, buoyant, and can cause material embrittlement [Cotterill,1961].


Using a fuel cell system with a liquid fuel would solve many problems with
 distribution and storage. A fuel cell driven on methanol can be achieved with
 the Direct Methanol Fuel Cell (DMFC), which uses the methanol directly in
 the fuel cell. The advantage of a DMFC is the simplicity in the design, however,
 it is not commonly used because of a lower efficiency(up to 40%). The DMFC
 could be suitable to replace the batteries in portable devices, however, the
 technology still needs to mature before implementation [Mekhilef et al.,2012].


Using methanol in a steam reforming system have shown promise as a tech-
 nology with both HTPEM and LTPEM fuel cells. However, the use of LTPEM
 fuel cells requires a CO cleaning unit, which complicates the system [Ercolino
 et al., 2015]. The use of HTPEM fuel cells avoid this problem because the
 HTPEM fuel cell can tolerate a small amount of CO.



3.1 Reformed methanol fuel cell system


Steam reforming is a method for producing hydrogen using a device called a
 reformer which reacts steam at high temperatures with a fossil fuel, such as
 methane, methanol, gasoline, diesel or ethanol. The steam reforming process
 of methanol can be seen from eq. 1.4.


CH3OH+H2O→3H2+CO2 ∆H0=49.2kJ


mol (1.4)



(36)Partial oxidation is also a possibility if oxygen is available and this reaction
 can be seen from1.5.


CH3OH+1


2O2→2H2+CO2 ∆H0=−192.2 kJ


mol (1.5)


The endothermic steam reforming reaction reforms methanol and water into
 hydrogen and carbon dioxide (CO2) at about 180 to 300℃. At these tempera-
 tures a decomposition of methanol is occurring and introduces carbon monoox-
 ide (CO) into the gas. This reaction is shown as eq. 1.6.


CH3OH→2H2+CO ∆H0=128 kJ


mol (1.6)


Some of this CO is removed by the water gas shift reaction shown in


CO+H2O→H2+CO2 ∆H0=−41.1kJ


mol (1.7)


The CO content is not removed completely with this process and is docu-
 mented in this PhD study, which shows a CO content from 0to 2 % CO based
 on operating temperature and methanol flow.


The steam reforming reaction, shown in eq.1.4, is an endothermic reaction
 which means 49 4molkJ of heat needs to be added to the reaction. With partial
 reforming 192, 2molkJ is released from the reaction, however, the result is a lower
 hydrogen output. The advantage with partial reforming is the possibility to
 run the process without external heating.


The use of reformate gas in a PEM fuel cell requires an open ended fuel cell
 system, as shown in fig. 1.5, as the CO2 and CO is accumulating in the fuel
 cell and will significantly decrease performance. The amount of hydrogen in
 the output stream from the fuel cell depends on the fuel cell current and the
 hydrogen stoichiometry. This means that the amount of hydrogen is higher,
 compared to the hydrogen used in the fuel cell. The excess hydrogen from
 the fuel cell can be used as a fuel for a burner in the reforming system. A
 reforming system utilizing the excess fuel in a burner can be configured as
 shown in fig.1.9.


A steam reforming system introduces a CO amount up to 1 % into the gas
stream, which would be a significant degrading issue in a low temperature PEM
(LTPEM) fuel cell. To use a LTPEM fuel cell in a system with a steam re-
former, an extra Water-Gas-Shift (WGS) cleaning unit is normally used [Wiese



(37)3. Hydrogen carriers


E-1


Reformer
 Reformer


Fuel cell
 Syngas


Burner
 Evaporator


Exhaust air (~160 oC)


Methanol 
 + Water


Heat


Fig. 1.9: Schematic of a methanol reforming fuel cell system.


et al., 1999]. High temperature PEM (HTPEM) fuel cells have shown good
 performance towards CO up to 1%, which would be ideal to be used with a
 reformer [Korsgaard et al., 2006] [Andreasen et al., 2011a]. This means that
 with careful temperature control the cleaning unit can be avoided. The tem-
 perature of a HTPEM fuel cell (160-200 ◦C) is close to that of the reformer,
 which means a closely integrated system solution is possible.


To use methanol reforming and a fuel cell in a system, a careful control of
 the output gas is needed to avoid hydrogen starvation in the fuel cell. Previous
 work on HTPEM fuel cell degradation was done by Zhou et al. [2015a] and
 showed accelerated degradation based on hydrogen starvation. This starva-
 tion can occur in operating conditions during a rapid load increase or during
 startup/shutdown procedures. To avoid this, a constant load and fuel flow are
 needed and are used by many commercial systems. If this strategy is used in
 a mobile application it will require an additional amount of energy storage,
 like a battery, to be used in case of a rapid change in load. If the change
 of operating conditions can be carried out without losing significant stability
 or performance, the battery size needed would be smaller. For this reason, a
 control system would significantly increase the usability of the technology.



3.2 Control of RMFC system


Using the exhaust gas as heating for the reforming process requires the system
 to be controlled. Several factors in a RMFC system can cause an emergency
 shutdown or in worst case damaging components in the system. One of the
 components which is subjected to degradation is the HTPEM fuel cell. As the
 gas output from the reformer is a mix of H2, CO2, CO, CH3OH and water,
 a careful observation of the fuel cell needs to be done during the operation.


Because exhaust hydrogen from the fuel cell is used as a fuel for the burner,
as shown in fig. 1.9, the operation of the fuel cell needs to be supplied with



(38)the correct amount of fuel. If the fuel cell is not supplied with enough fuel it
 would be subjected to significant degradation, this issue is discussed further in
 chapter2of this thesis.


If the fuel cell is supplied with too much fuel, the excess fuel will be led
 directly to the burner. A consequence of this oversupply of fuel can be damaging
 to the burner itself or the components connected. An oil circuit is used in
 this work for the purpose of increasing the control of the burner and reformer
 temperature. The temperature of the reformer is critical to get a well suited gas
 composition for the HTPEM fuel cell and the temperature of the burner may
 be easier to control. The temperature of the different components in the system
 is investigated in Chapter 3where a model in Matlab Simulink is created.


A model of the system is suitable to investigate the dynamics and temper-
ature of the components. Additionally, a model can be used as a simulation
tool to investigate control system designs. A design of a control system for the
fuel cell system is described in Chapter 5. There is currently, to the authors
knowledge, no suitable way to measure the hydrogen flow or the CO content
in-situ of the reformate gas. This lack of knowledge requires a careful study
of the reformer in the system and thereby a knowledge of the other compo-
nents. An investigation into the reformate gas output from the reformer used
in this work is presented in Chapter 3. If the reformate gas composition and
flow rate are known it is possible to control the input methanol flow to match
the required fuel for the fuel cell and the burner. This also means that more
dynamic operation is possible during changes in load or ambient changes.
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Chapter 2



High Temperature PEMFC



1 Background


A polymer electrolyte membrane fuel cell (PEMFC) is a type of fuel cell that
 uses a solid polymer as an electrolyte and is normally classified as a low tem-
 perature fuel cell. A PEM fuel cell is one of the most widely used fuel cells
 available and is increasing its dominance in many sectors. Molten carbonate
 fuel cells rival the PEM fuel cell by the amount of Megawatts used, as these
 fuel cells are mainly used in power stations. 88% of the total fuel cell shipments
 in 2012 were PEMFC, and as the fuel cell type is the preferred type for mobile
 applications the trend is likely to continue [Fuel Cell Today,2013].


The fuel cell investigated in this research is an offspring to PEM fuel cells
 which operates at a higher temperature. The fuel cell uses an acid-based poly-
 mer, instead of a water-based in the PEMFC, because the temperature is higher
 than 100℃. This type of fuel cell is called a High Temperature Proton Exchange
 Membrane Fuel cell (HT-PEMFC) and excels in having a higher tolerance to
 impurities such as CO, higher heat rejection, and simpler water management
 with respect to LT-PEMFC, which operates under 100℃[Wang et al.,2011;Li
 et al.,2009].


The higher tolerance towards impurities and higher temperatures open HT-
PEMFCs up for additional uses and applications. The fuel can be made from
a variety of sources and the excess heat from the fuel cell can be utilized for a
larger range of applications. HT-PEM fuel cells can be a solution to many of the
distribution and storage problems as the fuel cell can be operated on hydrogen
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