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                    the efficiency of the system can be improved by an average of 1.47 percentage
 points across fuel cell currents and a gain of 4 percentage points at maximum
 fuel cell current.


If the gain in efficiency is normalized with respect to the fuel cell power and
 added to the RMFC efficiency model presented in Chapter 1, the methanol
 consumption of the RMFC powered street sweeper, which has been used as
 a case study in this work, can be reduced by 4.6%.


The matrix of the necessary fuel flow constructed in this section can also
be used to ensure that the module has the correct H2 supply at all fuel cell
currents and reformer temperatures.



Conclusion


In this chapter the results achieved in this PhD project will be summarized.


This includes both the results of the modeling of a reformed methanol fuel
 cell powered street sweeping machine and the efficiency gains achieved using
 it, the modeling and control of the output current of an reformed methanol
 fuel cell module and the analysis of the efficiency of the module under
 changes in reformer temperature and fuel cell current.



1 Conclusion


In the context of the Outdoor Reliable Application using CLean Energy 
 (O-RACLE) project, a model of the power consumers of a street sweeping 
 machi-ne has been made. This includes approximate models of the drive-train, 
 suc-tion fan, brushes and miscellaneous small power consumers. This model was
 used to predict the effective operating range of the street sweeping 
 machi-ne, using conservatively high consumer constants, with different battery and
 fuel cell combinations before the prototype vehicle was constructed. It was
 concluded that a battery size of 19.2[kWh]would guarantee 1.5[h]of 
 opera-tion with no Reformed Methanol Fuel Cell (RMFC) system. This is extended
 to 2.75 [h] with a 5 [kW] RMFC system and a whole working day of 8[h]
 with a 10[kW]system. This was judged to be enough for a proof of concept.


It was also calculated that a 120[kWh]battery weighing 4974[kg] would be
 necessary to power the vehicle on batteries alone, which justified further 
 in-vestigation into the concept of an RMFC powered street sweeping machine.


After the construction of the ORACLE test vehicle by the project partners,
the model was updated with the measured constants and the performance of
the vehicle was reassessed. The vehicles range was extended to 2.5 [h]with
no RMFC system, a full working day, resulting in a drained battery, with a 5
[kW]RMFC system and a full working day with a 10[kW]RMFC system with


a maintained battery State Of Charge (SOC). The expected fuel consumption
 of the RMFC system is 62.13[L]using the standard hysteresis SOC control of
 the RMFC modules.


Based on observations of the power losses in the vehicle model, a SOC 
 troller for the drive battery of the vehicle was developed. Using this 
 con-troller, the fuel consumption was lowered to 46.85 [L], a reduction of 15.28
 [L], or 24.6%.


The controller developed in the vehicle model works on a [kWh] basis
 and does not include the dynamics of the battery or the RMFC system. The
 controllable parameter in the H3 5000 and H3 350 systems which are used
 in this project, and in RMFC systems in general, is the fuel cell current and
 not the output power or current of the system. Most battery SOC predictors
 and controllers work in [Ah]. This means that if the prospective efficiency
 gains are to be realized, a controller which can control the output current of
 an RMFC system had to be developed. For this purpose a dynamic model of
 the relationship between the fuel cell current and output current of an H3 350
 system is made, along with an equivalent circuit model of a lead acid battery
 which is scaled appropriately.


Model parameters where identified experimentally and a PI controller with
 feedforward and anti-windup which is capable of controlling the output 
 cur-rent of the RMFC system was developed and tested in an experimental setup.


It is concluded that it is possible to control the SOC of a battery using an
 RMFC system and thus achieve the related efficiency gains. A similar 
 con-troller has not been observed in literature for an RMFC system.


In addition to the PI controller a Model Predictive Controller (MPC) was
 developed which was able control the output current better during steps in
 reference and during measured disturbances. It was not possible to test the
 MPC controller in the test setup, but based on simulations it is concluded
 that the MPC control structure could be a valuable addition to an RMFC 
 sys-tem. This is especially the case if the system model is updated through an
 identification experiment during the start-up of the module.


A study was also made of the efficiency of an H3 350 system based on
 Adaptive Neuro-Fuzzy Inference System (ANFIS) models of the HTPEM fuel
 cell and the output gas of the reformer, all based on identification 
 experi-ments. The inputs of the developed fuel cell model are the fuel cell 
 tempera-ture, anodeCOconcentration and current density and has an MAE of 0.94%.


A similar model has not been observed in literature for a PEM fuel cell. The
 models of theH2mass flow model and theCOconcentration has the fuel flow
 into the reformer and reformer temperature as inputs and MAEs of 0.074%


and 0.0323%, respectively.


The subsequent analysis of the system efficiency showed that changing the
reformer temperature from the present 290 to 252 [◦C]improves the system
efficiency by an average of 1.47 percentage points across fuel cell currents


and 4 percentage points at the maximum rated current. If this efficiency gain
 is added to the RMFC efficiency model in the developed model of a street
 sweeping machine, the fuel consumption of the vehicle is reduced by 4.6%.


This brings the efficiency gain achieved in this project up to 28%.



2 Future Work


As with most other scientific investigations, the results of this PhD study
 leaves new opportunities for investigation. This section will describe some of
 them.


The ORACLE project has proven that an RMFC-powered street sweeping
 machine is technically feasible and that it has advantages compared with both
 the conventional diesel powered and the previously existing alternatively 
 fu-eled street sweeping machines. If the advantages of the RMFC powered street
 sweeping machine is to be realized, more work has to be done on the energy
 optimization of the electrified vehicle, and the control system of the RMFC
 module has to be integrated with that of the street sweeping machine. The
 model developed in this work can be helpful in this regard.


The PI controller developed to controlled the output current has not been
 implemented in the ORACLE test vehicle and this still has to be done to test
 if the efficiency gains calculated in the vehicle model are actually achievable.


The fuel cell used in the identification experiments in Section2of 
 Chap-ter3was in an advanced state of degradation, which affects the results of the
 modeling. This gives rise to the idea of including the state of degradation of
 the fuel cell as an input for the ANFIS model. This could either be as a 
 num-ber of operating hours or as the amount of energy that has been delivered in
 its lifetime.


The degradation of the reformer catalyst could be modeled in a similar 
fas-hion and the operating point optimization presented in Section 3can be 
re-peated and the recommendation for the optimal reformer temperature can
be made degradation-dependent.
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Introduction 


This  work  presents  a  stoichiometry  control  strategy  for  a 
 reformed methanol fuel cell system, which uses a reformer 
 to  produce  hydrogen  for  an  HTPEM  fuel  cell.  One  such 
 system is the Serenus H3-350 battery charger developed by 
 the  Danish  company  Serenegy®  which  this  work  is  based 
 on. Figure 1 shows a picture of the system. 


Figure 2 shows a block diagram of the layout of the system. 


Modeling 


To avoid starving the fuel cell of hydrogen, it is important to 
 know how much hydrogen is produced at any given time. 


It  is  not  practical  to  measure  the  hydrogen  production 
 online  and  the  standard  control  system  of  the  H3-350 
 system  assumes  full  reformation.  However,  the  degree  of 
 reformation varies with the reformer temperature and the 
 fuel  flow.  The  stoichiometry  set  point  is  therefore  set  to 
 1.5,  which  is  a  safe  distance  from  the  recommended 
 minimum  of  1.15.  This  means  that  more  methanol  than 
 necessary  is  consumed  in  some  operating  points  and  the 
 stoichiometry approaches the minimum limit in others. 


The reformed gas composition can be calculated with some 
 accuracy  if  the  temperature  of  the  reformer  bed  is  known 
 exactly.  This  is,  however,  not  the  case  here  as  the 
 temperature measurement in the reformer is placed in the 
 bulk  material  next  to  the  bed  and  not  in  the  bed  itself. 


Figure 3 shows an illustration of this issue. 


This means that as the flow is increased, the reformer bed 
 is  cooled,  the  temperature  gradient  between  the  burner 
 and  the  reformer  bed  becomes  steeper,  and  the 
 temperature measurement becomes unreliable. 


Modeling 


This work proposes a method which uses Adaptive 
 Neuro-Fuzzy  Inference  Systems,  ANFIS,    trained  on  experimental 
 data  to  predict  the  reformed  gas  composition.  ANFIS  is  a 
 neuro-fuzzy  modeling  approach  which  uses  linguistic 
 variables  and  parameters which are trained using a neural 
 network  to  mimic  the  behavior  of  a  physical  system. 


Arbitrary  precision  can  be  achieved  by  increasing  the 
 complexity of the models. The ANFIS function in MATLAB is 
 used to train the ANFIS models in this work. Figure 4 shows 
 the ANFIS structure. 


Models  of  the 𝐻2, 𝐶𝑂2, 𝐶𝑂  and  methanol  slip  have  been 
 developed but here only the hydrogen model is of interest. 


The  identification  experiments  have  been  performed  on  a  test 
 setup  where  the  fuel  cell  is  replaced  with  a  gas  analyzer.  Figure  5 
 shows the temperatures and pump flows used in the identification 
 experiment  as  well  as  the  resulting  hydrogen  mass  flow  and  the 
 ANFIS model fit. 


The  ANFIS  model  shows  good  correlation  with  the  measurements 
 and the model is therefore deemed to be valid. Figure 6 shows the 
 stoichiometry  calculated  using  full  reformation  and  the  ANFIS 
 model during a series of load changes. 


The  actual  stoichiometry  is  very  different  from  the  one  which  is 
 assumed  using  full  reformation  and  approaches  the  lower 
 stoichiometry at higher currents.  


Control 


The  method  proposed  in  this  work  is  based  on  an  ANFIS  model 
 which  is  the  reverse  of  the  one  in  Figure  5.  This  means  that  it  is 
 trained  with  the  hydrogen  production  and  the  reformer 
 temperature as inputs and the fuel flow as output. 


The  necessary  hydrogen  production  at  a  certain  fuel  cell  current 
 and  stoichiometry  set  point  is  calculated  online  and  fed  to  the 
 ANFIS model as illustrated in Figure 7.  


This algorithm is implemented in a LabVIEW program and tested on 
 a Serenus H3-350 module. The load pattern used in the experiment 
 is  shown  in  Figure  8  together  with  the  stoichiometry  measured 
 during the experiment. 


The stoichiometry set point is 1.25 during the experiment, which is 
 a safe distance from the lower limit of 1.15. 


The stoichiometry is kept constant during the load changes but the 
 measurement  is  subject  to  noise  from  the  temperature 
 measurement. 


Figure 1: The Serenus H3-350 Reformed Methanol Fuel Cell system produced 
 by Serenergy®. 


The stoichiometry shown in figure 8 is calculated using an 
 ANFIS  model  which  is  based  on  the  same  data  as  the 
 predictor.  This  is a general problem in this kind of  system. 


To  give  another  indication  of  the  validity  of  the  method, 
 the  fuel  cell  voltage  during  a  load  change  is  plotted  in 
 Figure 9. 


If  a  fuel  cell  is  starved  of  hydrogen,  the  voltage  will  drop. 


There is no sign of this happening in this case. 


The  efficiency  from  the  higher  heating  value  system 
 efficiency is plotted in Table 1. 


The  efficiency  is  higher  at  both  10  and  14  [A]  using  the 
 ANFIS  predictor.  This  is  because  the  fuel  flow  is  lower  at 
 these  operating  points  using  the  ANFIS  predictors  than 
 with the standard controller. The opposite is the case at 16 
 [A] but here the stoichiometry using the standard control is 
 dropping towards the lower stoichiometry limit. 


Conclusion 


In this work the problem of controlling the stoichiometry of 
 a  Reformed  Methanol  Fuel  Cell  system  is  presented  and  a 
 solution based on an ANFIS model is proposed. The ANFIS 
 models are trained using experimental data obtained using 
 a gas analyzer. The method has been tested experimentally 
 in  a  Serenus  H3-350  module.  The  method  is  capable  of 
 controlling the fuel cell anode stoichiometry both in steady 
 state and during transients. 


The efficiency at the lower operating points is higher using 
 the  ANFIS  fuel  predictor  but  it  is  lower  at  the  high 
 operating  point  because  of  the  higher  constant 
 stoichiometry 


Future Work 


The  ANFIS  models  can  be  improved  by  performing  long 
 term  gas  measurements  and  including  reformer  catalyst 
 degradation as an input.  


Models  of  the  mass  flow  of CO2, 𝐶𝑂  and  the  methanol 
 which  passes  unreformed  through  the  reformer  have  also 
 been  developed  and  used  in  a  dynamic  model  of  the 
 Serenus H3-350 module.  


These  models  could  also  be  incorporated  in  a  diagnostic 
 system  in  connection  with  a  fuel  cell  model  to  catch 
 incipient faults before the system is harmed.  


Figure 5: Output of the ANFIS model for the hydrogen content in the reformed gas. 


Inputs are reformer temperature, 𝑇𝑟,  and the fuel flow. 


Figure 9: Fuel cell voltage during a load change  


Figure 7: Block diagram of the ANFIS fuel predictor. 𝑟𝑎𝑡𝑒 is a rate limiter which ensures time 
 for the reformed gas to spread in the system.  𝜆𝐹𝐶 is the desired fuel cell stoichiometry and 


𝐶𝐼→𝐻2 converts the fuel cell current set point to an equivalent hydrogen mass flow. 


Figure 8: Observed fuel cell stoichiometry during a series of load changes. 
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Figure 2: Diagram of the Serenus H3-350 Reformed Methanol Fuel Cell 
 system produced by Serenergy®. 


Figure 4: ANFIS model structure with two membership functions. T marks the use 
 of a T-norm and N marks the normalization of the firing levels. 


Figure 3: Concept drawing of the reformer and burner of the Serenus H3-350. 


Current 
 [A] 


Relative 
 change  % 


10  +20.2 


14  +7.1 


16  -6.8 


Table 1: Higher heating value to electricity efficiency at different fuel cell 
 currents  


Figure 6: Observed fuel cell stoichiometry during a series of load changes. 
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Introduction 


PEM  Fuel  Cells  are  receiving  increasing  attention 
 because of their ability to provide electricity from a 
 fuel  without  harmful  emissions.  It  is,  however, 
 difficult  and  energy  consuming  to  store  and 
 transport  gaseous  hydrogen  for  fuel.  It  is  therefore 
 of  interest  to  use  a  liquid  fuel  as  a  carrier  for  the 
 hydrogen. 


One suitable fuel is methanol (CH3OH) which can be 
 reformed,  using  the  steam  reforming  process,  into 
 primarily  hydrogen  (H2)  and  carbon  dioxide  (CO2) 
 according to [1]: 


𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 → 3𝐻2+ 𝐶𝑂2
 The  Danish  company  Serenergy®  makes  an 
 integrated  350  W  HTPEM  fuel  cell  and  reformer 
 module called the Serenus H3 350. Figure 1 shows a 
 picture of this module. 


The  module  consists  of  a  fuel  tank,  which  holds  a 
 mixture  of  methanol  and  water.  An  evaporator, 
 which  is  powered  by  the  excess  heat  from  the  fuel 
 cell,  reform  gas  and  system  exhaust.  A  reformer,  
 where  the  steam  reforming  process  takes  place.  A 
 high temperature PEM fuel cell, where about 75% of 
 the  H2 in  the  fuel  used  to  produce  electricity.  The 
 remaining  H2 is  passed  to  a  burner,  which  supplies 
 the process heat for the reformer. Figure 2 shows a 
 concept diagram of the H3 350 module. 


  


As  well  as  the  steam  reforming  process  ,  two  other 
 reactions  take  place  in  the  reformer.  One  is  the 
 methanol decomposition process: 


𝐶𝐻3𝑂𝐻 → 2𝐻2+ 𝐶𝑂 


Which  has  the  undesirable  property,  that  it  adds 
 carbon monoxide (CO) to the reform gas. The other 
 reaction is the water gas shift, which removes some 
 of the CO from the gas: 


𝐶𝑂 + 𝐻2𝑂 → 𝐻2+ 𝐶𝑂2
 CO is harmful to the efficiency and durability of PEM 
 fuel  cells  and  it  is  therefore  interesting  to 
 investigate,  how  much  CO  is  produced  under 
 different operating conditions. 


When  a  fuel  cell  is  operated  on  reform  gas,  there 
 has  to  be  a  constant  flow  of  fuel  through  the  fuel 
 cell  and  a  certain  H2   over  stoichiometry.  It  is 
 therefore  also  interesting  to  investigate  how  much 
 of the methanol in the fuel is actually reformed into 
 H2. 


The focus of this work is therefore to make a series 
 of  identification  experiments  that  can  serve  as  a 
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Discussion and future work 


Figure  4 shows  that  higher  reformer  temperature 
 gives  a  higher  CO  concentration  and  that  a  higher 
 STC gives a lower CO concentration. 


Figure  5 shows  that  a  lower  reformer  temperature 
 gives a higher methanol slip at large flows. And that 
 the  methanol    slip  is  smaller  with  STC  1.5.  This 
 tendency  is  mirror  by  the  hydrogen  reforming 
 efficiency  in Figure  6 where  low  temperatures  and 
 high flow gives a low efficiency. 


This  means  that  there  will  be  an  optimal  operating 
 temperature,  which  is  dependent  on  the  fuel  flow. 


This  temperature  can  be  calculated  on  the  basis  of 
 these experiments. 


The  experiments  will  also  be  used  to  develop 
 models of the gas composition, which can be used in 
 a dynamic model of the entire module as in [3] and 
 [4] or  be  used  online  to  ensure  that  the  minimum 
 anode stoichiometry is met. 


Long  term  experiments  which  will  include  catalyst 
 degradation are underway, as well as an experiment 
 with  STC  1.6,  to  see  if  the  positive  tendency  with 
 increasing STC continues. 



Results 
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 Figure 2: Concept diagram of a Serenus H3 350 


system from Serenergy ®. Cyan lines are the fuel, 
 blue lines are the reformed gas, purple lines are the 


anode exhaust and red is the exhaust. 


Figure 6: Surface plot of the H2 reforming efficiency  in the experiment. 


Figure 5: Surface plot of the CH3OH concentration in the experiment. 



Experiment 


For the experiment, the fuel cell in a H3 350 module 
 is  replaced  with  a  gas  analyzer,  which  can  measure 
 the percentage of H2 , CO2 , CO and methanol in the 
 reformed gas. 


The  fuel  cell  cathode  air  for  the  evaporator  is  now 
 supplied  by  a  mass  flow  controller  and  a  heater, 
 which  mimics  the  air  flow  at  the  active  operating 
 point. 


The  fuel  cell  anode  exhaust,  which  supplies  H2 for 
 the  burner,  is  replaced  with  a  mass  flow  controller. 


Figure 3 shows this setup. 


It  is  chosen  to  evaluate  the  reformers  performance 
 at  operating  points    corresponding  to  a  fuel  cell 
 current of 5, 7.5, 10.5, 13.25, and 16 A which spans 
 the  rated  operating  range.  An  anode  stoichiometry 
 of  1.35  is  chosen  on  the  recommendation  of  the 
 manufacturer.  The  experiment  is  repeated  for 
 reformer temperatures between 235 and 285 °C in 5 
 degree steps. the setup is left in steady state for 30 
 minutes for each step. 


The  experiment  is  done  with  two  different 
 methanol/water  relationships,  also  called  steam  to 
 carbon ration (STC). First STC 1.5 and then STC 1.4. 


After  the  experiment  the  average  value  of  the  gas 
 composition is calculated for each operating point. 


Figure  4  shows  the  concentration  of  carbon 
 monoxide  in  %  of  the  volume  flow. Figure  5 shows 
 the methanol slip in % of the volume flow. Figure 6 
 shows the calculated H2 reforming efficiency in % of 
 full and perfect reforming. 


Figure 3: Concept diagram of the experimental 
 setup. 


Figure 4: Surface plot of the CO concentration in the experiment. 


Figure 1: Picture of a Serenus H3 350 module from 
 Serenergy ® [2]. 
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