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Abstract


PEM fuel cells are widely regarded as a promising technology which has the
 potential to replace more polluting and less efficient internal combustion en-
 gines in many applications. They do, however, have the drawback that their
 hydrogen fuel is cumbersome and energy consuming to store and transport.


Alternative system topologies that use a liquid fuel is therefore of great inte-
 rest. One such topology is the Reformed Methanol Fuel Cell (RMFC) system
 where a mixture of liquid methanol and water is reformed via the steam re-
 formation process to hydrogen and carbon dioxide. Most of the hydrogen
 is then used in a fuel cell and the rest is passed to a catalytic burner which
 supplies the process heat for the reformer. This makes RMFCs complex sys-
 tems where the different parts of the system affect each other and it makes
 demands on the way they are integrated with the loads they supply. This
 PhD study has therefore been concerned with the module’s integration in a
 practical application and the optimization of the operating parameters of the
 system based on models of the system components.


The chosen application is a street sweeping machine which is a good case
 because they often operate in fleets with long periods of operation. Both
 of which are beneficial for the integration of RMFC systems. To analyze if
 the integration of an RMFC system is a good idea, a dynamic model of a
 street sweeping machine including approximate models of a battery and a
 RMFC system is produced. This model, along with a defined drive cycle, is
 then used in the context of the Outdoor Reliable Application using CLean
 Energy (ORACLE) project to predict the performance of a RMFC powered
 street sweeping machine before a prototype is made. After the prototype has
 been manufactured, the model is updated based on measurements and the
 performance of the vehicle is reanalyzed. It is concluded that the vehicle can
 operate for a full 8-hour working day without discharging the drive battery,
 if the vehicle is fitted with a 10 [kW] RMFC system. In this case 62.13 [L]
 of methanol is used if the standard hysteresis method is used to control the
 state of charge (SOC) of the battery. An analysis of the power through the
 drivetrain shows that most of the energy loss occurs in the RMFC system
 and that this loss could be minimized if a more constant lower power set
 point is used for the fuel cell. To achieve this, a SOC control is developed
 that minimizes fluctuations in the output power of the RMFC system. When
 this is done, the fuel consumption drops to 46.85[L], which is a reduction of
 24.6%.


It is further concluded that if the power consumption is minimized further it
 is realistic to reduce the RMFC power to 5[kW]and the fuel consumption to
 42.08[L].


To be able to achieve the efficiency gain observed in the vehicle model, it



(9)is necessary to develop a controller that can control the output current of the
 RMFC system instead of the fuel cell current which is the standard procedure.


To be able to do this, a model of the output current of an RMFC system is
 produced. This includes approximate models of the dynamics of the fuel cell
 and battery as well as the power consumption of the Balance Of Plant (BOP)
 consumers. The models are fitted on the basis of experiments and used to
 develop a PI controller with feedforward and anti-windup, which is tested
 experimentally with success. A model predictive controller is also developed
 based on the system models and it is tested in the model, but it was not
 possible to verify its functionality on the experimental setup. It is, however,
 believed that it could be an effective way to control output current of the
 module, especially if it is combined with an identification experiment during
 the startup of the module.


A series of models of the components of an RMFC system was also made
 to analyze how the operating points of the system affect the system efficiency.


The first of these was an Adaptive Neuro-Fuzzy Inference System model of
 the cell voltage of an HTPEM fuel cell which is trained on an identification
 experiment spanning the expected operating range. The inputs of the model
 are the fuel cell temperature, the carbon monoxide content in the anode’s
 supply gas and the current density. Such a model has not been observed
 in literature before. The Mean Absolute Error (MEA) of the model is 0.94%


and is it concluded that it is suitable for use in larger system models or for
 integration in a dynamic model of the fuel cell.


Subsequently ANFIS models of the carbon monoxide concentration and hy-
drogen flow in the output gas of the reformer are trained based on identifica-
tion experiments. The carbon monoxide concentration model has an MAE of
0.323% and the hydrogen flow model has an MAE of 0.074%. These models
are then combined with the ANFIS model of an HTPEM fuel cell and their
combined efficiency is analyzed for different fuel cell currents and reformer
temperatures. It is concluded that the system efficiency can be improved by
an average of 1.47 percentage points across fuel cell currents and 4 percentage
points at maximum fuel cell current at a fuel cell temperature of 170[◦C].
If this efficiency gain is added to the gain achieved through the development
of a controller for the battery SOC, the total efficiency gain achieved through
modeling and control is increased to 28%.
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Dansk resumé


PEM brændselsceller anses for at være en lovende teknologi, der har poten-
 tiale til at erstatte mere forurenende og mindre effektive forbrændingsmo-
 torer i mange sammenhænge. De har dog den ulempe, at det brint de
 bruger som brændstof, er besværligt og energikrævende at opbevare og trans-
 portere. Alternative system topologier der bruger et flydende brændstof er
 derfor af stor interesse. En sådan topologi er reformeret metanol brænd-
 selscellesystemer (RMFC), der bruger en blanding af metanol og vand som
 brændstof. Dette brændstof reformeres i en dampreformer til brint og kul-
 dioxid, der så føres ind i brændselscellen. Her forbruges det meste af brinten
 og det resterende føres videre til en brænder, der forsyner proces energien
 til reformeren. Denne opbygning gør RMFC systemer komplekse, da sys-
 temets komponenter påvirker hinanden og den last de forsyner. Dette Ph.D.


studium har derfor omhandlet integrationen af et RMFC modul i en app-
 likation og optimering af systemets arbejdspunkter baseret på modeller på
 systemniveau.


Den valgte applikation er en gadefejemaskine, der anses for at være en god
 applikation, fordi de ofte opererer i store flåder med lange operationstider,
 noget der taler til RMFC systemers stærke sider. For at analysere om in-
 tegrationen af RMFC systemer i fejemaskiner er en god ide, fremstilles en
 dynamisk model af en sådan, inklusiv omtrentlige modeller af batteriet of
 RMFC systemet. Denne model bruges i sammenspil med en driftscyklus
 derefter i Outdoor Reliable Application using CLean Energy (ORACLE) pro-
 jektet, til at forudsige ydelsen på en RMFC drevet fejemaskine før en pro-
 totype fremstilles. Efter fremstillingen af prototypen opdateres modellen på
 baggrund af målinger og ydelsen revurderes. Det konkluderes, at fejemaski-
 nen kan køre en hel arbejdsdag på 8 timer uden at aflade sit batteri, hvis den
 forsynes med et 10 [kW] RMFC system. I dette tilfælde vil den bruge 62,13
 [L] metanol, hvis hysterese metoden bruges til at styre batteriets ladestand,
 hvilket er almindelig praksis. En analyse af energiforbruget i fejemaskinen
 viser, at det meste af den energi der går tabt, går tabt i RMFC systemet og at
 et mere konstant, lavere, effektforbrug vil sænke dette energiforbrug. For at
 opnå dette udvikles en ladestandsregulator der kan minimere disse udsving.


Simuleringer viser, at implementeringen af denne regulator sænker metanol-
 forbruget til 46,85[L]. En sænkelse på 24,6%.


Det konkluderes endvidere, at det, hvis fejemaskinens energiforbrug mini-
 meres yderligere, er realistisk at bruge et 5[kW]RMFC system i stedet for et
 på 10[kW]. I dette tilfælde vil metanolforbruget være 42,08[L].


For at opnå den forbedring af effektiviteten der blev observeret i modellen
af fejemaskinen, var det nødvendigt at udvikle en regulator der kan styre
udgangsstrømmen i stedet for brændselscellestrømmen, som er standard meto-



(11)den for RMFC systemer. For at gøre dette muligt var det nødvendigt at frem-
 stille en model af udgangsstrømmen fra et RMFC modul. Denne model inde-
 holder dynamiske modeller af brændselscellen og batteriet og effektforbruget
 af modulets interne forbrugere, som blæsere og varmelegemer. Modellerne
 fintunes på baggrund af eksperimenter og bruges til at udvikle en PI regula-
 tor med feedforward og anti-windup, der kan styre udgangsstrømmen på et
 RMFC modul. Regulatoren afprøves også eksperimentelt og det konstateres
 at den fungerer. En såkaldt Model Predictive Controller (MPC) udvikles også
 på baggrund af de udviklede modeller, men det var desværre ikke muligt at
 teste denne eksperimentelt. Den menes dog at være en effektiv måde at styre
 udgangsstrømmen på et RMFC modul, specielt hvis den kombineres med et
 identifikationseksperiment, der udføres under opstarten af modulet.


En serie af modeller af et RMFC systems komponenter blev også fremstillet,
 med det formål at analysere hvordan de enkelte komponenters arbejdspunk-
 ter påvirker systemet effektivitet. Den første af disse modeller var en Adap-
 tive Neuro-Fuzzy Inference System (ANFIS) model af cellespændingen på
 en HTPEM brændselscelle, trænet på baggrund af eksperimentelt indsamlet
 data. Modellens inputs er brændselscelletemperaturen, kulmonooxidsind-
 holdet i brændselscellens anodegas og strømdensiteten. En sådan model er
 ikke før set i litteraturen. Den gennemsnitlige afvigelse på modellen er 0,94%


og det konkluderes, at den er egnet til brug i større systemmodeller og til
 integration i dynamiske modeller af brændselscellen.


Efterfølgende udvikles ANFIS modeller af koncentrationen af kulmonooxid
 og brintmasseflowet i reformerens udgangsgas, på baggrund af en serie af
 identifikations eksperimenter. Modellen af kulmonooxidkoncentrationen har
 en gennemsnitlig afvigelse på 0,323% og modellen af brintmasseflowet har
 en afvigelse på 0,074%. Disse modeller kombineres derefter med ANFIS
 modellen af en HTPEM brændselscelle og deres samlede effektivitet ana-
 lyseres for forskellige brændselscellestrømme og reformertemperature. Det
 konkluderes, at systemeffektiviteten kan forbedres med 1,47 procentpoint i
 gennemsnit på tværs af brændselscellestrømme og med 4 procentpoint ved
 den maximale brændselscellestrøm. Alt sammen ved en brændselcelletem-
 peratur på 170[◦C].


Hvis denne forøgelse i effektiviteten lægges til den der blev opnået igen-
nem udviklingen af en ladestandsregulator, er den totale forbedring af effek-
tiviteten, der er opnået igennem modellering og regulering 28%.
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Introduction


The world’s energy system is under pressure from an increasing population
 with a higher standard of living and the environmental consequences of a
 high reliance on fossil fuels. Interest in alternative energy sources and more
 efficient energy consuming devices is therefore high throughout the world,
 but in Europe in particular [1]. One of the technologies which are being con-
 sidered is hydrogen fuel cells and they will be described in the next section.



1 Hydrogen fuel cells


The basic concept ofH2fuel cells was first presented by Grove in 1843 [2] and
 it is interesting because it can produce electricity continuously at a high effi-
 ciency and the hydrogen fuel can be produced in various renewable ways [3].


The most common hydrogen fuel cells are the Polymer Electrolyte Membrane
 (PEM) type. In such a fuel cell hydrogen and oxygen react to generate water
 and electricity which can be used for a desired application. A PEM fuel cell
 consists of two electrodes, the negative anode and the positive cathode. These
 are split by an PEM which can only conduct positive ions. The hydrogen fuel
 is added to the anode, where it is distributed by a Gas Diffusion Layer (GDL)
 and a catalyst facilitates the reaction in Equation1.1.


Anode: H2→2H++2e− (1.1)
The positive hydrogen ions migrate through the electrolyte membrane and
the released electrons are conducted to a load through wires. On the cathode
side of the membrane, oxygen, either in pure form or in atmospheric air,
is added and distributed by a GDL. Facilitated by the cathode catalyst, this



(23)oxygen reacts with the hydrogen ions and electrons from the anode according
 to Equation1.2


Cathode: 1


2O2+2H++2e−→H2O (1.2)
 Figure1.1illustrates this concept.
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Fig. 1.1:Concept drawing of a fuel cell. Themagentalines signify a hydrogen flow,bluesignifies
 airflow or oxygen.


As the figure shows, the PEM, anode and cathode catalysts and GDLs are
 combined in a so called Membrane Electrode Assembly (MEA). The MEA is
 compressed between two bipolar plates which serve as conductors for elec-
 trons, but also has a flow field which distributes the reactants over the GDL.


Figure1.2shows a bipolar plate and an MEA from a fuel cell.


Fig. 1.2:Picture of a bipolar plate and a MEA.



(24)The pictured bipolar plate is made from a graphite-polymer composite,
 but they can be made from a wide variety of materials [4]. The bipolar plate
 has a straight flow field, but these can also take many different shapes.


There are two main types of PEM fuel cells, High Temperature PEM (HT-
 PEM) and Low Temperature PEM (LTPEM) fuel cells. The main difference
 is that LTPEM fuel cells operate at temperatures below 100 [◦C] and their
 membranes, which are typically made from nafion, are humidified by the
 water that forms in the fuel cell or by an external humidifier. HTPEM fuel
 cells operate at temperatures above 100 [◦C] where there is no liquid water
 present. The membranes, which are often made of Polybenzimidazole (PBI),
 are generally doped with phosphoric acid [5]. The advantage of HTPEM fuel
 cells is that they have a higher tolerance to impurities such asCO[6] [7] and
 waste heat of a higher quality than LTPEM fuel cells. The disadvantages are
 that they have to be heated to their operating temperature before they can be
 used and that their efficiency is generally lower [5].


A fuel cell typically has a maximum voltage of around 1[V] [8] at open
 circuit conditions, but this decreases when the current density of the fuel cell
 is increased as illustrated in Figure1.3.
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Fig. 1.3:Measured polarization curve of an HTPEM fuel cell.


There is a sharp drop in the fuel cell voltage at low current densities and
this is typically called the activation loss. This drop in voltage is followed
by a linear region where the losses are ohmic in nature. After the ohmic



(25)losses comes the concentration losses which gives a sharp drop in the fuel
 cell voltage. If the current is increased too much the voltage drops to zero
 and the fuel cell cannot produce any power. The current a fuel cell can
 produce is therefore limited by the area of the cell and it is not practical
 to increase this area indefinitely. The power rating of a fuel cell system is
 therefore often increased by connecting several cells in series to form a fuel
 cell stack. This has the added benefit of yielding a higher output voltage,
 which is an advantage in most applications, as low voltages and high powers
 mean high currents and thus large losses.


Figure1.4shows a diagram of a typical fuel cell system.


H2


pressure
 vessel


Pressure
 reduction


valve Fuel cell


Purge
 valve


Blower


stack DC-DC Load


Air


Fig. 1.4: Concept drawing of a typical fuel cell system. Themagentalines signify a hydrogen
 flow,bluesignifies airflow and black is an electric current.


In systems such as this the hydrogen fuel is stored in a pressure vessel
 at a pressure of above 200 [bar] and often up to 700[bar] [9]. The pressure
 is throttled down to the stack operating pressure, which is typically around
 0.5[bar], using a pressure reduction valve. When a fuel cell is operated on
 pure hydrogen, a closed anode setup is often used. This means that the ano-
 de outlet is closed off by a purge valve which can be opened periodically to
 flush out contaminants and water which has migrated from the cathode [10].


The oxygen for the cathode is supplied in the form of atmospheric air by
 either a blower or a compressor depending on the demands of the fuel cell.


In some fuel cell stacks this blower is also used to control the operating tem-
 perature, but most larger systems use a separate liquid cooling system.


The electric current generated by the fuel cell is passed to the load via a DC-
DC converter. This is often done to control the fuel cell current and thereby
avoid peaks in the fuel cell current and the resulting lowered fuel cell voltage
as observed in Figure1.3.
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2 Reformed methanol fuel cell systems


In fuel cell systems like the one in Figure 1.4that are operated on pure hy-
 drogen, there is a need for a fuel storage system. This can either be under
 high pressure as in the described system, in liquid form at temperatures be-
 low -253[◦C]or in a metal hydride [9]. All of these solutions are heavy and
 take up a lot of space, which is undesirable in mobile application and are
 energy consuming, which lowers the overall system efficiency. In addition
 pure hydrogen is difficult to distribute because of its low volumetric energy
 density.


Fuel cell systems that use a liquid fuel which is easier to store and transport
 are therefore of interest. One possible fuel is methanol which can be reformed
 to a hydrogen-rich gas via the following catalyst-reinforced reactions [11]:


Steam reforming:


CH3OH+H2O→3H2+CO2 ∆H0= +49.4 kJ


mol (1.3)


partial oxidation:


CH3OH+1


2O2→2H2+CO2 ∆H0=−192.2 kJ


mol (1.4)


and methanol decomposition:


CH3OH→2H2+CO ∆H0= +128 kJ


mol (1.5)


The first two reactions are most desirable for fuel cell applications, be-
 cause theCOreleased by the methanol decomposition reaction is harmful to
 PEM fuel cells.


Some of thisCOis removed by the water gas shift reaction which is:


CO+H2O→H2+CO2 ∆H0=−41.1 kJ


mol (1.6)


Not all of theCOis removed and a experiments performed in this PhD
 study shows that a steam reformer typically outputs between 0.2 and 2 %CO
 depending on the operating point.


In reformers that use steam reforming, 49.4 molkJ of heat energy has to be
 added to the reformer but in reformers that use partial oxidation 192.2 molkJ is
 released. This means that the reformer provides its own reaction energy, but
 less hydrogen is generated per mole of methanol added.


When a PEM fuel cell is operated on reformed gas, a closed anode setup,
like the one in Figure1.4, cannot be used. This is because theCO2released



(27)by the reforming process would build up in the anode preventing H2from
 entering. Instead an open anode must be used, which means that there will
 be a constant flow of fuel through the fuel cell. When this is the case a higher
 flow than required by the fuel cell must be passed through the fuel cell to
 avoid increased concentration losses.


This excess fuel can be used in a burner to provide the necessary heating
 energy for the reformer. In addition the excess heat produced by the fuel cell
 can be used to evaporate and preheat the fuel before it reaches the reformer.


Figure 1.5shows a diagram of an integrated Reformed Methanol Fuel Cell
 (RMFC) system with an air-cooled fuel cell stack.


Blower
 Air


Reformer
 Evaporator


Burner


Blower
 Fuel


tank


Fuel cell


stack DC-DC Load


Air
 Fuel pump


Fig. 1.5:Concept drawing of a reformed methanol fuel cell system. Themagentalines signify a
 hydrogen rich reformed gas flow,bluesignifies airflow,greenrepresents a fuel flow and black is
 an electric current.


This type of system was first proposed in 1974 by [12] and as it will be
 described later in the state of the art analysis, these systems are entering com-
 mercialization.


In this system the reformed fuel goes directly from the reformer to the fuel
 cell stack with no gas clean-up or CO removal. As mentioned earlier, a re-
 former typically has a relatively high concentration ofCOin its output gas.


This means that the configuration in Figure1.5is only possible if a fuel cell
 with a highCOtolerance, such as an HTPEM fuel cell, is used [13,14].


In RMFC systems like the one depicted in Figure1.5, it is important to ensure
 that the hydrogen flow to the fuel cell matches what is needed to produce the
 fuel cell current with a specified over-stoichiometry at all times. The hydro-
 gen flow cannot, however, be allowed to be too big, because this would lead
 to thermal problems in the burner and a reduced system efficiency.


In addition the high degree of system integration means that a thermal equi-



(28)librium has to be reached after every change in fuel cell current and fuel
 flow. This makes the DC-DC controller between the fuel cell and the load
 more crucial, because the rate of change of the fuel cell current has to be
 limited.


This means that if the power delivered to the load is to be controlled, an
 energy storage device, such as a battery, has to be introduced in the system.


Figure1.6shows a diagram of this concept.
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Fig. 1.6:Concept drawing of an RMFC system integrated with a battery in a hybrid system.


As the diagram shows, the battery is connected in parallel with the load
 and is used as a buffer to supply the load during peak periods.


The battery can also be used to supply the RMFC system with power during
 start-up and shut-down.



3 State of the art


In this section the state of the art within RMFC systems will be described
 as well as some of the modeling methods which are used to analyze these
 systems. This includes models the reformer and fuel cell, both separately
 and together as a system.


Afterwards a possible application for RMFC systems is described, namely
 street sweeping machines which provide a promising case.



3.1 Liquid fueled fuel cell technologies


Compared with other kinds of fuel cell systems which can run on liquid fu-
els, RMFC systems have a relatively low operating temperature, about 165
[◦C]for the fuel cell and below 300[◦C]for the reformer. This reformer tem-
perature is low compared with that which is necessary in ethanol reformers,
often above 600[◦C][15]. In addition the process heat for steam reforming of
ethanol is 347.4[kJ/mol], which means that it takes 3.5 times more energy to



(29)create the same amount ofH2.


Solid Oxide Fuel Cells (SOFCs), which as the name suggests has a solid ox-
 ide or ceramic electrolyte, can run on liquid methanol directly, but has an
 operating temperature of around 800 [◦C] [16]. The drawback of the high
 operating temperature of the SOFC is that it extends the warmup time and
 costs energy to perform.


Another fuel cell technology which can convert methanol directly is Direct
 Methanol Fuel Cells (DMFCs), which perform the fuel reforming inside the
 fuel cell. The advantage of this technology is that it works at room tempe-
 rature, but it has a lower efficiency and is mainly being considered for low
 power applications such as chargers for mobile phones or laptop compu-
 ters [17]. RMFC systems are therefore an interesting technology which will
 be described further in the next section.



3.2 Reformed methanol fuel cell systems


RMFC systems were suggested as early as 1974 by [12] but the technology
 has only recently approached a commercial breakthrough. Table1.1shows a
 list of RMFC products which are more or less commercially available.


Producer Product Power Weight Power density


[W] [kg] [W/kg]


Serenergy H3 350 350 13.7 25.5


H3 5000 5k 75 66.7


Ultracell XX55 50 3 16.7


Ballard ElectraGen 2.5k - 5k 295 16.9


Protonex M300 300 16 18.8


Table 1.1:Commercially available Reformed methanol fuel cell systems [18–21] .


The modules produced by Serenergy A/S are based on an HTPEM fuel
 cell fed directly by a steam reformer [18] and are suitable for both mobile
 and stationary applications. Ultracell produces RMFC modules for portable
 military applications such as charging of communication equipment in the
 field [19]. Ballard’s RMFC systems are for telecommunication backup power
 and are based on their LTPEM fuel cells with a gas clean-up between the
 steam reformer and fuel cell [20]. The Protonex RMFC system is an integrated
 unit for Auxiliary power generation in military applications [21] and uses an
 LTPEM fuel cell and a steam reformer with gas purification.


In this work most of the experimental work has been carried out using an



(30)H3 350 module from Serenergy A/S. Figure 1.7 shows a picture of such a
 module and Figure1.8shows a diagram of its components.


Fig. 1.7:H3 350 reformed methanol fuel cell module produced by Serenergy A/S.
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Fig. 1.8: Concept drawing of an H3 350 module. Themagentalines signify a hydrogen-rich
reformed gas flow, bluesignifies a flow which is predominantly atmospheric air and green
represents a fuel flow. Fuel and air filters are not included and the coils in the figure represent
electric heaters.



(31)The module uses an air cooled HTPEM fuel cell with 45 cells and a cell
 area of 45.16


cm2


. It has a steam reformer which gets its process heat from
 a burner supplied by the excess hydrogen from the fuel cell anode exhaust.


Before it enters the reformer, the fuel passes through an evaporator which is
 powered by the cathode air of the fuel cell. The module is highly integrated
 and uses its evaporator as a manifold to transfer the flow between the re-
 former and the fuel cell. The actuators of the system are controlled by an
 onboard processor which measures the temperature of the fuel cell at two
 points, of the reformer at four points along the reformer bed and of the eva-
 porator at one point. The DSP also receives a signal from sensors measuring
 the level of fuel in the internal buffer tank of the module and activates the
 secondary pump accordingly.


The module has three electric heating elements for start-up. One in the
 burner one in the evaporator and one in the fuel cell. It also has a pre-
 heating pump which pumps fuel into the burner after an initial preheating
 to bring the burner and reformer up to operating temperature.


When the module is in normal operation it uses the burner blower to control
 the temperature of the reformer and the fuel cell blower to control the fuel
 cell temperature.


The larger H3 5000 module, which has an output power of 5[kW], is pictured
 in Figure1.9


Fig. 1.9:H3 5000 reformed methanol fuel cell module produced by Serenergy A/S.


The module uses the same basic setup as the H3 350, but has a 120 cell,
 163.5 


cm2


liquid-cooled fuel cell and transfers the evaporation heat from
the fuel cell to the evaporator via its cooling oil. As opposed to the H3 350
module, which has integrated electric heaters, the H3 5000 uses a methanol
powered heater in its cooling oil circuit to warm up the evaporator and fuel
cell. Figure1.10shows a diagram of an H3 5000 system.
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Fig. 1.10: Concept drawing of an H3 5000 module. Themagentalines signify a hydrogen-rich
 reformed gas flow,bluesignifies a flow which is predominantly atmospheric air,greenrepresents
 a fuel flow andgoldrepresents a cooling oil flow. Fuel and air filters are not included and the
 coil in the figure represents an electric heater.


As mentioned earlier the transport of heat from the fuel cell to the eva-
porator is performed with an oil cooling circuit, and the pre-heating of the
burner is performed using an electric heater. During normal operation the
temperature of the oil circuit, and thus the fuel cell, is controlled using a
radiator or by transferring heat energy to an external unit which exploits it for
heating. This can for example be in a combined heat and power application.
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3.3 Reformed methanol fuel cell system models


There are several disciplines involved in modeling RMFC systems and the
 systems can be modeled at many different levels, depending on the purpose
 of the models. If the purpose of the model is to predict the performance of a
 new reformer design, a combination of kinetic modeling and Computational
 Fluid Dynamics (CFD) can be used as in [22], which describes the design and
 test of a micro methanol reformer, or as in [23], which describes an integrated
 methanol reformer and burner. These models are typically used to analyze
 and optimize the steady state performance of the reformer as they would be
 too computationally heavy to use for dynamic modeling at a system level or
 for integration in the control system of the RMFC system.


If the purpose of the model is to evaluate the thermal dynamics of the
 system, a model of each component in the system has to be made. This in-
 cludes thermal models of the fuel cell, reformer and evaporator. Models of
 the electrochemical reaction in the fuel cell have to be made to predict the
 heating power in the fuel cell, as well as models of the reforming process to
 predict the output gas composition of the reformer and the energy consumed
 by the reforming process.


Paper[B] describes such a model of an H3 350 module which is an earlier
 design than the one in Figure 1.8. The basis for this model was developed
 in a master project prior to the start of this PhD study [24], but the paper
 describes an updated version of the model. The model uses lumped thermal
 masses for the major components of the system and empirical models of the
 heat transfer between the components and into the flows through them. The
 fuel cell model used is a modified version of the one from [13] which has the
 cathode and anode stoichiometry, carbon monoxide concentration, fuel cell
 current and temperature as inputs and has the fuel cell voltage as output.


The output gas composition of the reformer is calculated using the Adap-
 tive Neuro-Fuzzy Inference System (ANFIS) models described in paper[A].


These are neuro-fuzzy models that can be trained to imitate the behavior of
 a real system and they are very useful when physical information such as
 the actual reformer bed temperature, active catalyst area and the fuel flow
 temperature is not available.


In this work the concept of using ANFIS models for reformer output gas
modeling is extended and an ANFIS model of an HTPEM fuel cell is devel-
oped. ANFIS models of LTPEM fuel cells have been presented before for a
cell during changes in anode and cathode supply temperatures and backpres-
sure in [25] and dynamically in [26]. But ANFIS models of HTPEM fuel cells
are not found in literature and nor are ANFIS models of PEM fuel cells under
the influence of COin the anode supply gas. Such a model is presented in
this work in paper[D].



(34)Models such as these are not suitable for component design optimization, but
 they are suitable for integration in dynamic system models or for analyzing
 the operating parameters, such as reformer and fuel cell temperature, of a
 system.


Models for optimizing the operating parameters of a RMFC system are not
 present in literature, but [27] describes a multilevel optimization approach
 for the efficiency of an LTPEM system powered by natural gas which has
 been reformed and passed through a gas clean-up system. [28] describes how
 physical system models of a Solid Oxide Fuel Cell (SOFC) can be used to find
 optimal operating conditions and [29] describes how parameters such as tem-
 perature, pressure ratios and reactant stoichiometries can be optimized for an
 LTPEM fuel cell system. Paper [E]therefore presents a method for calcula-
 ting and optimizing the efficiency of an RMFC system using ANFIS models
 of the reformer and fuel cell.


If the purpose of the modeling is to analyze how the electrical output of
 an RMFC system interacts with the other components in a hybrid system
 such as the one in Figure 1.5, a model of the gas composition will not be
 necessary. Here a model of the output current dynamics of the system will
 be sufficient.


For a traditional fuel cell system like the one presented in Figure 1.4 in-
 tegrated in an automobile, [30] presents a model and uses it to develop a
 model predictive control that minimizes the energy consumption of the drive
 train, while respecting limits for the battery State Of Charge (SOC) and power
 ratings. Other control methods and models have been presented but none
 which are concerned with the challenges which are specific to RMFC sys-
 tems, namely the highly limited rate of change of the fuel cell current. In this
 work a model of the output current of an RMFC module has been made and
 is presented in paper[C]. In this connection an analysis has also been made
 of what can be gained by controlling the state of charge of the battery in the
 hybrid system.


For a technology like RMFCs to become widespread, cases that demon-
 strate their usefulness have to be presented. In this work their possible intro-
 duction in street sweeping machines, which are normally powered by diesel
 engines, is analyzed and the next section therefore presents the current state
 of the art in alternatively fueled street sweeping machines.



3.4 Street sweeping machines - A possible application for RMFC systems


In the analysis presented in [31], street sweeping machines are identified as a
possible early market for hydrogen fuel cells. This is because it is an applica-



(35)tion where many vehicles are often operated in a fleet with a central staging
 area where the refueling infrastructure and maintenance personnel can be
 based. The same reference also concludes that street sweeping machines are
 a good case for green technologies with increased cost, because the municipal
 respondents in their market survey state that they are willing to incur extra
 costs to have green technologies in their city centers.


This, and the fact that they often run full days without long periods of in-
 activity, also makes street sweeping machines a good application for RMFC
 systems.


Endeavors have been made to design street sweeping machines that run on al-
 ternative energy. On the commercial market the Tennant 500ze electric street
 sweeping machine can be mentioned. It is an all electric machine which is
 powered by replaceable Li-ion batteries. The advantage of this design is that
 there are no on-site emissions. The disadvantage is that the vehicles carrying
 capacity has been reduced to minimize the power consumption of the vehicle
 and make battery operation viable. The vehicle still has to perform battery
 changes during an 8[h]working day to extend its range. Figure1.11ashows
 a picture of a Tennant 500ze.


Another concept which has been explored is a H2 fuel cell powered street
 sweeper constructed in the Swiss Hy.muve project. The test vehicle produced
 in this project was a full sized street sweeping machine with a 350[Bar]com-
 pressed H2storage. This means that a costum infrastructure has to be made
 for them.


The company Plug Power, which supplies hydrogen fuel cells and refuel-
 ing stations, specifies that a fleet of at least 40 forklift trucks is necessary to
 make their systems viable [32]. A similar number can be expected to be the
 case forH2powered fuel cell street sweepers because they are similarly sized
 machines. Figure1.11bshows a picture of the Hy.muve prototype.


(a) (b)


Fig. 1.11: (a)The Tennant 500ze [33] and(b)The Hy.muve prototype vehicle [34].



(36)An RMFC system could be a viable solution to the problems of the pre-
sented machines, namely limited range and difficult fuel handling and stora-
ge. The Outdoor Reliable Application using CLean Energy (ORACLE) project,
which this PhD project has been a part of, is therefore concerned with the de-
velopment of a RMFC powered street sweeping machine which can serve as
a proof of concept. This project is described in the following chapter.
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Applying reformed methanol fuel cell systems


In the previous section street sweeping machines where identified as a pos-
 sible application for RMFC systems. The Outdoor Reliable Application u-
 sing CLean Energy (ORACLE) project is a research and development project
 where 5 companies and institutions cooperate to develop such a machine.


The 5 project partners are:


• Nilfisk Outdoor Division: Company that makes traditional diesel po-
 wered tool carriers, such as street sweeping machines. Their task was
 to develop an electric version of one of their street sweeping machines
 and prepare it for the integration of an RMFC module.


• Nilfisk Advance: Company that develops and produces floor cleaning
 equipment. Their job was to optimize the suction unit of the street
 sweeper to minimize its power consumption.


• Serenergy A/S: Company that develops and produces HTPEM fuel cell
 systems and RMFC systems. Their job was to develop an RMFC system
 which was suitable for integration in a electric street sweeping machine
 and to help Nilfisk Outdoor Division with its integration in the vehicle.


• Danish Power Systems: Company which is working on developing and
 producing HTPEM MEAs. In the context of the ORACLE project they
 have worked on the durability of their MEAs and their integration in
 Serenergy’s fuel cell stacks.


• Aalborg University Department of Energy Technology: Scientific and
educational institution. Their job was to analyze the expected per-



(39)formance of the RMFC-powered street sweeping machine via dynamic
 modeling of the vehicle’s drive-train and to analyze and optimize the
 performance of the RMFC systems in the vehicle.


Based on a market analysis performed by Nilfisk Outdoor Division, a
 drive cycle was determined based on expected costumer behavior. This drive
 cycle has been used throughout the project to calculate the expected perfor-
 mance of the ORACLE test vehicle.


This drive cycle consists of an 8 [h] working day interrupted by 7, 2000[m]
 trips to an emptying station and a 100[s]stop at a simulated red light every
 10[min]. During the transportation to and from the cleaning site, the speed
 of the vehicle is 21 [km/h] and during the cleaning it is 5 [km/h]. An Eco-
 mode, which turns the fan down to 60%, is planned to be in operation for 50
 [s] followed by 10 [s] at full power. Figure2.1shows a plot of the speed of
 the vehicle during an 8[h]drive cycle.
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Fig. 2.1:Plot of the speed of the vehicle during the specified drive-cycle.


The distance which is cleaned is 20.8[km] and the transport distance is
 30.3[km].


The focus of the project was originally the City Ranger 2250 model seen
in Figure2.2a. It was, however, chosen to shift focus to the larger City Ranger
3500 model in Figure2.2b, because it provided better space for the integration
of the RMFC system.



(40)Fig. 2.2: (a)Picture of a City Ranger 2250 and(b)a City Ranger 3500 from Nilfisk Outdoor [35].


Both models are powered by a diesel engine which drives a series of hy-
 draulic pumps. Figure 2.3 shows a diagram of the drive-train of the City
 Ranger 3500.
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Fig. 2.3:Diagram of the power train of a City Ranger 3500.


As the figure shows, four hydraulic pumps are connected in series to
the drive shaft of the engine. The first pump drives the hydraulic hub mo-
tors in the wheels, the second drives the suction fan of the vehicle, the third
the brushes and servo steering and the last pump powers the tipping mec-
hanism for the collection hopper of the vehicle. The engine also drives an
air-conditioning pump and a 12 [V] generator for the auxiliary systems of
the vehicle via a belt.



(41)The electrification of the vehicle could have been done by replacing the diesel
 engine with an equally sized electric motor, but this would have been an inef-
 ficient solution, as it introduces an extra conversion from electric to hydraulic
 power. It was therefore chosen to convert as much as practically possible of
 the drive-train of the vehicle to electrical power. Figure2.4shows the layout
 of converted drive-train.
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Fig. 2.4:Diagram of the power train of a the converted City Ranger 3500.


As the figure shows, the hybrid structure presented in Figure1.6is used.


This means that a battery is connected in parallel with the RMFC system and
 the consumers. This is done to be able to supply the instantaneous power
 demand of the load. A review of the available motors and control electronics
 led to the choice of a 48[V]drive battery.


The hydraulic hub motors are replaced with electric motors. As are the mo-
 tors for the brushes and the fan. The 12 [V] battery is now charged by a
 charger powered by the drive battery and the auxiliary systems are kept as
 is. An air-conditioning pump is added to the 12[V]circuit as well.


The relatively low power consumption of the power steering pump and the
 hopper tipper means that they have not been replaced, but are instead powe-
 red by an electrohydraulic pump.


Figure2.5a, b and c show pictures of the finished ORACLE vehicle.
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Fig. 2.5:Picture of the ORACLE vehicle(a), a close-up of the implementation of the electric brush
 motors (b)and an RMFC system implemented in the vehicle(c). The white arrows indicate
 where the brush motors are mounted and the gray arrows indicate where the single H3 5000
 RMFC system is mounted.



1 Vehicle modeling


To be able to predict the range and energy consumption of the vehicle, as well
as the consequence of using different sizes of RMFC systems and batteries,
it is necessary to develop a model of the consumers of the vehicle, battery
and RMFC system. Such a model will be a powerful tool when it comes to
choosing the relative sizes of the RMFC system and battery, as well as for
designing a strategy for sharing the load between them to minimize the fuel
consumption and deciding what size the fuel tank should have. In this project
an approximate model of each of the consumers has been made, as well as
models of the battery and RMFC system and these have been combined into
one model. Figure 2.6 shows the structure of the model implemented in
MATLAB Simulink.
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Fig. 2.6: Block diagram of the MATLAB Simulink model of a street sweeper powered by an
 RMFC system.


In the following the content of each of the submodels seen in the figure
 will be described.


Control signals


In this submodel the drive-cycle is generated. This is done by a series of logic
 circuits that switch the states of the vehicle. The states of the vehicle are:


• ON:Is the vehicle on?



(44)• Eco-mode: Is Eco-mode on or off? This is alternately on for 50[s]and
 off for 10[s]as specified in the drive-cycle.


• Cleaning ON:Is the vehicle cleaning? This mode is on when the vehicle
 is at the cleaning site and moving, i.e. not stationary at a red light. This
 mode turns the suction fan and brushes of the vehicle on and switches
 the speed set point to the cleaning speed.


• Transport: Is the vehicle in transport mode? This is the case when the
 vehicle is moving to and from the emptying station. When this mode is
 on, the speed set point is set to the transport speed.


The switching process can be controlled by setting fx. the interval between
 trips to the emptying station, the distance to the station and the time it takes
 to empty the hopper. The outputs of the submodel is the vehicle modes and
 the speed set point.


Drive motor + speed controller


This submodel contains a calculation of the power consumption of the motor.


It is not the purpose of this model to design speed controllers or assess the
 performance of different motor systems relative to each other. The model is
 therefore a simple estimation based on Newtons 3rd law assuming that all
 loss terms can be collected in a Coulomb friction term:


mvehicle·avehicle= fmotor−ff ric
 vvehicle= 1


mvehicle
 Z 


fmotor−ff ric


·dt (2.1)


where:


ff ric=mvehicle·g·kf ric (2.2)


Hereg is the gravitational constant andkf ric is a friction constant which
 is determined based on the expected power consumption of the vehicle. The
 power consumption is then calculated at any given moment to be:


Pmotor = fmotor·vmotor (2.3)


In this submodel, the speed is controlled by a PI-controller and the inputs
to the submodel are a speed set point and the ON/OFF set point of the
cleaning mode of the vehicle. The latter is only relevant for the logging and
data analysis.



(45)Brushes


The consumption of the brushes is modeled as a constant contribution when
 the vehicle is in cleaning mode. Otherwise it is 0.


Suction


The consumption of the suction fan of the vehicle is modeled as a constant
 contribution when the vehicle is in cleaning mode and Eco-mode is switched
 off. When Eco-mode is on, the power consumption is reduced to 60%. Ot-
 herwise it is 0.


Misc


This model covers consumers such as the power steering, hopper tipper, air-
 condition and auxiliary consumption. Whenever the vehicle is ON, this con-
 sumer is set to a constant value.


Reformed Methanol Fuel Cell


This submodel contains a model of the RMFC system in the vehicle. This
 model has the fuel cell power set point and the ON signal as inputs and
 the fuel cell power, accumulated fuel consumption, the momentary fuel cell
 efficiency and the fuel cell power set point as outputs.


The first components of the model are a rate limiter which limits the rate
 of change of the fuel cell power and a saturation function which limits the
 magnitude of the fuel cell power. The rate of change is limited to 15 minutes
 for a change corresponding to the full RMFC power. A model of the efficiency
 of an H3 350 unit is made based on experiments and normalized with respect
 to its maximum power. The efficiency of the RMFC system in the vehicle is
 then assumed to be proportional to this. The top plot in Figure2.7shows a
 plot of this model.


Battery


In the battery model, the contributions of the consumer models and the out-
 put power of the RMFC system is summed to give the battery power accord-
 ing to the following equation:


Pbat=PFC−PMotor−PSuction−PBrushes−PMisc (2.4)
This power is then reduced by a battery efficiency model if it is positive,
i.e. going into the battery, or increased if it is negative, i.e. going out of the
battery before it is integrated to give the battery SOC. The battery efficiency



(46)model used, which can be seen in the bottom plot in Figure 2.7, is from
 the datasheet of the GNB EPzV lead acid battery used in the ORACLE test
 vehicle.
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Fig. 2.7:Plot of the RMFC and battery efficiencies used in the model.


Charge controller


This submodel contains the controllers for the fuel cell power. The inputs for
 the submodel are the ON signal, the battery state of charge and the instanta-
 neous power consumption of the vehicle and the output is the fuel cell power
 set point.



1.1 Initial simulations


In the planning phase of the ORACLE project, the vehicle model was used to
 predict the expected range of the test vehicle with different battery and fuel
 cell combinations. This was done to ensure that the vehicle would have a long
 enough range for testing the concept of an RMFC powered street sweeping
 machine. The consumer constants where estimated at conservatively high
 values based on measurements made on the original diesel-powered vehicle.


Table2.1shows the consumer constants used for the initial simulations.
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