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                                                                                        1.3 Fuel Cells

                                                                1.3.4 The HT-PEM Fuel Cell Power System

                                
                    The  HT-PEM  fuel  cell  power  system  studied  in  this  project  is  from  the 
 previous  work  by  Andreasen  et  al.  [1].  Its  nominal  electric  power  output  is 
 1kWe. The system configuration and elementary components are illustrated in 
 Fig.  1.7.  It  is  methanol  fueled,  of  which  the  advantages  are  abovementioned. 


The  fuel,  liquid  methanol/water  mixture,  is  stored  in  the  fuel  tank.  When  the 
system  is  running,  the  fuel  is  pumped  to  the  evaporator  and  gets  evaporated 
and  superheated.  Then  the  evaporated  methanol/water  steam  is  delivered  into 
the  steam  methanol  reformer  (SMR)  whereat  it  is  converted  mainly  to 


hydrogen  and  carbon  dioxide.  Afterwards,  the  product  gas  is  supplied  to  the 
 stack (FC in Fig. 1.7) anode side to generate electricity; oxygen is consumed as 
 the  oxidant  and  supplied by  air  blower  to  the  cathode  side.  Excess  air  is  also 
 aerated through the cathode flow field to remove the exothermic reaction heat 
 and prevent the stack from over-temperature. It is also of the function to avoid 
 oxidant starvation occurring on the cathode electrode considering that oxygen 
 is  diluted  by  nitrogen  in  atmospheric  air,  and  as  a  result,  it  is  sluggish  in 
 reaching  the  catalytic  sites  especially  when  high  current  is  drawn  by  the 
 electric  load.  The  ratio  between  the  total  supplied  amount  and  the  reacted  is 
 termed stoichiometry. In this system, the cathode stoichiometry can be as high 
 as  20.  On  the  other  hand,  the  anode  stoichiometry  is  only  about  1.2.  This  is 
 benefited  from  the  much  smaller  molecules  of  hydrogen.  The  remaining 
 hydrogen  after  the  stack  is  reacted  with  oxygen  in  the  SMR  burner  side  to 
 provide  heat.  In  case  of  heat  shortage,  the  anode  stoichiometry  can  be 
 increased.  In  the  end,  both  the  flue  gases  from  the  SMR  burner  side  and  the 
 stack  cathode  side  are  ventilated  through  the  evaporator  for  the  fuel 
 evaporation and then rejected to the environment.  


Fig.  1.7  -  A  HT-PEM  power  system  configuration  under  normal  operation 
[1,47]. 


Fig. 1.8 - Picture of the integrated HT-PEM power system [1]. 


Fig. 1.8 gives a picture of the integrated HT-PEM power system although with 
 a slightly different configuration. The fuel cell stack is in the white box in the 
 back.  The  stack  is  wrapped  in  the  foam  insulation  to  avoid  insufficient 
 temperatures  during  operation.  Under  the  standard  working  condition 


0.6 2


i A cm ,  the  stack  can  produce  1kWe  electricity  and  approximate  1kW 
 reaction  heat.  This  is  more  clearly  shown  by  the  system  energy  flow  Sankey 
 diagram, Fig. 1.9 [1,48]. As explained above, the 1kW reaction heat is carried 
 out of the stack by the cathode flue gas in the form of exhaust heat and is then 
 reused by the evaporator. It can be noticed that there is still nearly 70% of the 
 exhaust  heat  rejected  into  the  environment  unutilized,  even  if  the  329W  heat 
 for the evaporator is entirely supplied by the exhaust gas. However, in reality it 
 is not this supposed condition and the evaporator is rather inefficient. This can 
 be  explained  by  Fig.  1.10  [1]. PEvap Convection,  in  the  figure  is  the  heat  that  the 
 evaporator harvests from the exhaust heat. In most time, PEvap Convection,  is negative, 
 which means the evaporator actually is losing heat to the exhaust gas, i.e., the 
 exhaust gas is being heated up. This is exactly opposite of the design purpose. 


It can also be noticed that no matter if the evaporator is gaining or losing heat 
from or to the exhaust gas, the evaporator cannot work independently without 
the auxiliary electric heat. All these issues can be traced back to the evaporator 
design and operating set points.  


Fig. 1.9 - Energy flow Sankey diagram [1,48]. 


Fig.  1.10  -  General  energy  flow  in  the  evaporator  with  adjustable  auxiliary 
electric heat (maximum 300W) [1]. 


Fig. 1.11 - Design of the evaporator [47]. 


The design of the evaporator is illustrated in Fig. 1.11 and shown in the bottom 
 right part of the picture Fig. 1.8. Basically, it is a plain plate-fin heat exchanger. 


The  evaporation  chamber  (the  flow  fields)  for  the  liquid  methanol/water 
 mixture  is  carved  in  the  base  plates.  Here  are  also  mounted  the  cartridge 
 heaters. The evaporator is supposed to work like this: during normal operation, 
 the liquid methanol/water mixture is pumped into the evaporation chamber and 
 gets  evaporated  then  superheated,  using  the  heat  recovered  from  the  exhaust 
 gas  by  the  plain  plate  fins.  Occasionally,  when  heat  shortage  happens,  e.g., 
 during  system  startup,  the  cartridge  heaters  will  be  turned  on  to  supplement 
 with electric heat. Regarding that, the methanol/water mixture boiling point is 
 about  72℃  [49]  and  the  exhaust  heat  temperature  is  around  160℃  [1],  this 
 design is feasible; the evaporation and superheating can be accomplished.  


Fig.  1.12  -  System  temperatures  during  simulation  using  adjustable  electric 
heat to evaporator [1]. 


Fig. 1.13 - Illustration and picture of the SMR [1]. 


It is apparent that the more exhaust heat it recovers and the less electric heat it 
 consumes  the  more  efficient  the  evaporator  is,  which  is  directly  correlated  to 
 the  evaporator  operating  set  point.  According  to  Fig.  1.12  from  [1],  the  set 
 points  were,  however,  too  high  and  beyond  the  exhaust  heat  temperature, 
 which explains the negative PEvap Convection, . There are two reasons for these high set 
 points.  


The  first  one  is  to  match  the  SMR  and  avoid  using  part  of  the  SMR  to 
 evaporate  the  methanol/water  mixture.  As  shown  in  Fig.  1.13,  the  SMR  is  a 
 catalyst-coated  plate  heat  exchanger  taking  the  thermal  advantages  of  the 
 optimized heat transfer, compact design and fast temperature dynamics of the 
 heat  exchanger.  It  is  also  advantageous  in  its  simple  rigid  structure  and 
 excellent  scalability  from  its  layer  structure.  The  catalyst  coated  is  Pt-based. 


Superheated  methanol  and  water  react  on  it  and  produce  hydrogen.  This 
 process  is  called  the  methanol  steam  reforming  (SR)  reaction,  as  shown  in 
 Equation (1.2).  


3 2 2 2


:  CH 3 ( 49.5 )


SR OHH O H CO  kJ mol (1.2) 


Which can be further split into two simpler reactions: methanol decomposition 
 (MD) and water-gas shift (WGS). 


3 2


:  CH 2 ( 90.7 )


MD OH H CO kJ mol (1.3) 


2 2 2


:   ( 41 )


WGS COH OH CO  kJ mol (1.4) 


The  methanol  SR  reaction  is  endothermic  and  set  to  run  at  about  300℃. 


Therefore, the SMR requires a heat input. This is from the catalytic oxidation 
of hydrogen on the burner side of the SMR. Referring to Fig. 1.7, the hydrogen 
is the remaining unreacted hydrogen from the HT-PEM stack. Obviously, if the 
fuel  evaporation  and/or  superheating  happened  in  the  SMR,  more  hydrogen 
will be needed and in turn the whole system efficiency will be lowered.  


The second reason of the high set points is to keep a safe distance from the fuel 
 boiling point for the evaporator to handle load fluctuations. This is because of 
 its limited dynamic performance, which can be noticed in Fig. 1.12. To sum up, 
 the  fuel  evaporation  and  superheating  in  the  current  system  will  either  cause 
 heat loss to the exhaust gas or drain heat from the SMR. Either condition will 
 compromise the system efficiency.  


Despite  the  above  issue,  the  dynamic  performance,  i.e.,  the  load-following 
 capability,  of  the  whole  HT-PEM  power  system  possibly  still  needs 
 improvement [48]. From Fig. 1.7, it can be predicted that as soon as the electric 
 load increases, the stack will consume more hydrogen immediately to fulfil the 
 need and demand more hydrogen from the SMR. So the SMR needs more heat 
 to produce the additional hydrogen. Contrarily, less hydrogen at the moment is 
 left  from  the  stack  for  the  catalytic  oxidation  in  the  SMR  to  generate  heat  as 
 more has already been reacted in the stack. If the system is more efficient, i.e., 
 the  stoichiometry  is  more  precisely  controlled,  the  consequences  of  this 
 countermove will be even worse. When the electric load decreases, the above 
 behaviors  are  vice  versa.  Surplus  hydrogen  now  will  cause  SMR  temperature 
 overshoot, more CO in the reformate hydrogen risking poisoning the stack and 
 lower system efficiency.  


To deal with the above issues, the first scenario is to keep the HT-PEM power 
 system working in steady state as a range extender (basically a battery charger). 


Second scenario can be a new design of the evaporator that has improved heat 
 management  and  dynamic  performance  [47].  Nevertheless,  a  simple 
 calculation  can  reveal  that  an  ideal  evaporator  only  needs  around  100W 
 exhaust  heat  to evaporate  and superheat  enough  methanol/water  mixture. The 
 rest exhaust heat, which still contains almost 1kW, will remain ejected unused 
 to the ambient. Therefore, another more direct choice is to cut the loop and try 
 out  some  other  compact  devices  to  recover  the  exhaust  heat  for  electricity  to 
 boost  the  whole  system  efficiency.  Most  likely,  the  generated  electricity  can 
 also mitigate the load-following issues.  


All the above analyses explain the motivations of this project.  
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