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Abstract 


This thesis presents two case studies on improving the efficiency and the load-
 following capability of a high temperature polymer electrolyte membrane (HT-
 PEM) fuel cell system by the application of thermoelectric (TE) devices. 


TE  generators  (TEGs)  are  harnessed  to  recover  the  system  exhaust  gas  for 
 electricity. For this aim, a heat exchanger based TEG heat recovery subsystem 
 is designed. Instead of optimizing an ordinary rectangular heat exchanger, high 
 efficient  and  commercialized  compact  plate-fin  exchangers  are  applied.  A 
 library  of  types  of  them  is  also  included  to  pinpoint  the  ideal  heat  exchanger 
 type. Commercially available TEG modules are chosen for the subsystem.  


To  optimize  the  subsystem  design,  a  numerical  model  was  then  built  and 
 validated.  It  is  a  model  of  several  novel  elements  from  the  literature.  To  suit 
 the  desires  of  the  subsystem  design  and  operation  studies,  model  precision, 
 versatility  and  computational  load  are  emphasized.  Sensitivity  analysis  is 
 introduced  to  master  the  characteristics  of  the  subsystem  and  its  major 
 parameters  for  both  design  and  operating  considerations.  The  effects  of  a 
 power conditioning method, such as Maximum Power Point Tracking (MPPT), 
 of the subsystem power output on the subsystem design and performance were 
 also systematically analyzed.  


The  TEG  subsystem  configuration  is  optimized.  The  usefulness  and 
 convenience of the model are proved.  


TE coolers (TECs) are integrated into the methanol evaporator of the HT-PEM 
system  for  improving  the  whole  system  load-following  capability.  System 
efficiency can also be increased by reducing heat loss. Working modes of the 
integrated TEC modules are various and unique. They are redefined as TE heat 
flux  regulators  (TERs).  The  feasibility  and  merits  of  the  TE-integrated 
evaporator  are  also  identified  by  an  own  developed  three-dimensional 
numerical model in ANSYS Fluent®. 



(7)This thesis introduces the progress of this project in a cognitive order. The first 
chapter initially prepares the theory and characteristics of the fuel cell system 
and  TE  devices.  Project  motivations  are  conceived.  Then  similar  studies 
existing in literature are reviewed for their experiences. Afterwards, the project 
road  map  is  identified  by  a  list  of  project  objectives.  The  detailed 
considerations  and  steps  during  carrying  out  the  project  are  addressed  in  the 
second chapter. Major innovations out of this project are also highlighted. The 
third chapter presents the main results and discussions. Conclusions and future 
work are discussed in the last chapter. 
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Dansk Resumé 


I denne afhandling præsenteres to studier, hvis formål det har været at forbedre 
 effektiviteten  og  den  dynamiske  last-respons  af  et  højtemperatur-polymer-
 elektrolyt-membran-brændselscelle-system  (HT-PEM-system)  ved  hjælp  af 
 termoelektriskeenheder (TE-enheder). 


Termoelektriskegeneratorer (TEG) kan blive brugt til at genvinde en del af den 
 uudnyttede  termiske  energi  i  udstødningsgasser  ved  at  omdanne  denne  til 
 elektricitet.  Til  dette  formål  er  der  i  dette  projekt  blevet  designet  et  TEG-
 varmegenvindingsdelsystem  baseret  på  en  varmeveksler.  I  stedet  for  at 
 optimere  en  ordinær  rektangulær  varmeveksler  benyttes  højeffektive  og 
 kommercielt  tilgængelige  kompaktpladevarmevekslere.    Til  at  fastlægge  den 
 ideelle  varmeveksler  er  et  bibliotek  af  forskellige  typer  blevet  benyttet  i 
 optimeringen af systemet.  


Til at optimere delsystemets design er en numerisk model blevet opbygget og 
 valideret. Modelen kombinerer forskellige nye elementer fra litteraturen. For at 
 imødekomme  delsystemets  behov  samt  dem  der  er  forbundet  med 
 driftsstudierne,  er  modelpræcisionen,  alsidigheden  og  beregningsbelastningen 
 blevet  understreget.  En  sensitivitetsanalyse  introduceres,  som  et  værktøj  til  at 
 klarlægge  delsystemets  karakteristik  og  dets  primære  design-  og 
 driftsparameter.  Ligeledes  analyseres  systematisk  koblingen  mellem 
 anvendelsen  af  effektomformningsmetode  på  delsystemet,  så  som  Maximum 
 Power Point Tracking (MPPT), og delsystemets design og drift.  


Et  optimalt  TEG-delsystemskonfiguration  bestemmes  og  modelens 
 anvendelighed samt belejlighed bevises. 


Termoelektriskekølere  (TEK)  er  blevet  integreret  i  HT-PEM-systemets 
 metanolfordamper  for  at  forbedre  hele  systemets  dynamiske  last-respons. 


Systemeffektiviteten  kan  også  forhøjes  ved  at  mindske  varmetabene.  De 
integrerede  TEK-modulers  driftsmønstre  er  forskellige  og  unikke.  Styrkerne 



(9)ved  den  integrerede  TE-fordamper  er  også  blevet  identificeret  af  en 
 egenudviklet tredimensionel numerisk model i ANSYS Fluent.  


Denne  afhandling  er  opbygget  således  at  den  reflekterer  den  naturlige 
udviklingsproces  hvorved  projektet  er  forløbet.  Det  første  kapitel  beskriver 
indledningsvis  teorien  og  den  karakteristiske  opførelse  af 
brændselscellesystemet  samt  TE-enheder.  Projektmotivationen  beskrives  i 
forlængelse  heraf.  Dernæst  evalueres  lignende  studier  i  litteraturen  med 
henblik  på  deres  erfaringer,  og  en  arbejdsplan  for  projektet  identificeres 
igennem  projektformål.  I  det  andet  kapitel  bliver  de  detaljerede  overvejelser, 
der  blev  gjort  under  projektforløbet,  taget  fat  på.  Disse  omfatter  de  mest 
betydningsfulde  innovationer.  I  tredje  kapitel  præsenteres  og  diskuteres 
hovedresultaterne.  Endeligt  afsluttes  afhandlingen  med  en  konklusion  og 
perspektivering. 
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Thesis Outline 


Guide to the Reader 


This  dissertation  is  prepared  as  a  collection  of  scientific  papers  produced 
 during  my  PhD  period,  which  are  composed  of  responses  to  the  project 
 objectives set at the beginning of the research work. Accordingly the thesis is 
 primarily made up of 4 chapters, which are divided as follows: 


Chapter 1 states the motivations of this project in the large background of the 
 global  energy  concerns.  It  then  describes  the  generalities  of  the  main 
 components  investigated  on,  HT-PEM  fuel  cells  and  thermoelectric  (TE) 
 devices.  After  that,  it  summarizes  representative  studies  in  literature  for 
 experiences  on  TE  applications  and  detailed  design  and  operating  concerns. 


During  the  literature  review,  the  project  objectives  are  gradually  formulated 
 and presented at the end of this chapter. 


Chapter 2 shows the methodology for the work. Simulation is decided as the 
 main  research  approach.  Considerations  on  the  architecture  of  the  TEG 
 subsystem  are  initially  given  herein.  This  chapter  then  notes  the  processes  of 
 modeling the fuel cell stack and the model development of the TEG subsystem. 


It also explains the analytical procedure, namely the sensitivity analysis. Ideas 
 on modifying the design of the methanol evaporator are presented lastly.  


Chapter 3 summarizes the main contributions of this project in relation to the 
 available  literature  and  the  objectives  of  the  project.  For  easy  reading,  the 
 results are separated into two sections, which are distinguished by the working 
 modes of TE modules.  


Chapter  4  concludes  the  dissertation  by  giving  the  final  remarks.  Facing  the 
limitations of the work, possible plans for future work are addressed. 
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1  Introduction 


This  chapter  explains  the  motivations  of  this  project  and  introduces  the 
 features  of  the  main  components  investigated  on.  A  literature  review  is  then 
 presented.  Afterwards,  the  detailed  project  objectives  and  the  supposed 
 outcomes are conceived in the end of this chapter. 



1.1  Project Motivations 


Environmental  deterioration  and  resource  depletion  are  urging  our  whole 
 human race to adopt a more environmentally friendly and sustainable lifestyle. 


Safety  of  energy  supply  concern  further  strengthens  the  eagerness.  The  key 
 step here is finding cleaner and more efficient energy conversion technologies 
 and  renewable  energy  sources.  Furthermore  ensuring  their  successful  market 
 penetration  is  another  vital  factor.  Among  all  possible  novel  solutions,  high 
 temperature polymer electrolyte membrane (HT-PEM) fuel cells and methanol 
 seem a promising combination for approaching some of these challenges. HT-
 PEM  fuel  cell  systems  with  on-board  methanol  steam  reformers  are  clean, 
 efficient,  and  compact-design.  Methanol  can  be  abounding  from  various 
 renewable sources and is rather seamless with today’s fossil fuel infrastructure. 


Harnessing  all  the  above  advantages  makes  these  fuel  cell  systems  an 
 outstanding candidate, e.g., in the transport sector.  


In a HT-PEM fuel cell system with on-board methanol steam reformer, every 
1kW  power  output  is  accompanied  by  approximately  1kW  exhaust  heat  [1], 
which is usually discharged unused. These systems need rechargeable lithium 
battery packs to supplement the parasitic losses under some occasions, such as 
system  cold  start.  Recovering  the  exhaust  heat  for  electricity  to  lower  the 
battery power demand as well as boost the system efficiency is the first project 
motivation.  Considering  the  magnitude  and  quality  of  the  exhaust  heat, 
thermoelectric generators (TEGs) are probably superb in this application.  The 
other  motivation  is  originated  from  the  inherent  agility  of  another  system 



(23)component,  the  methanol  evaporator,  to  fluctuations  in  operating  parameters. 


Some  designs  can  affect  the  system  load-following  capability  significantly. 


Thermoelectric  coolers  (TECs)  can  be  used  as  miniature  heat  regulators, 
 moving heat back and forth swiftly under control. Hopefully, integrating them 
 into the current chosen evaporator and driving them to regulate the inner heat 
 flux  can  enhance  the  evaporator’s  controllability  and  the  system  dynamic 
 performance. This project analyzes these two topics. 



1.2  Background 


1.2.1  Global Fossil Fuel Concerns  


Global  environmental pollution and climate change are already an undeniable 
 presence. Behind these, the burning of fossil fuels, i.e., liquid fuels, natural gas 
 and  coal,  is  a  major  source.  Combustion  flue  gas  contains  various  hazardous 
 pollutants,  such  as  carbon  monoxide  (CO),  sulfur  oxides  (SOx),  and  nitric 
 oxides (NOx). Combustion yielded carbon dioxide takes the primary part of the 
 world  greenhouse  gas  (GHG)  emissions  and  causes  global  warming. 


Incomplete combustion emits black carbon (soot). In recent years, the adverse 
health and environmental impacts of soot particles less than 2.5 micrometers in 
diameter (PM2.5) start drawing particular concern. It is estimated by the World 
Health Organization that annually over 1  million premature deaths are caused 
from exposure to outdoor fine particulate air pollution in urban areas [2]. Also 
after  carbon  dioxide,  black  carbon  has  the  second  strongest  contribution  to 
global warming [3], which is particularly evident in  the Arctic. Besides black 
carbon,  ground-level  ozone  (tropospheric  ozone),  methane  and  some  hydro-
fluorocarbons  (HFCs)  have  similar  short  period  environmental  impacts.  They 
are  together  labeled  as  the  short-lived  climate  pollutants  (SLCPs).  Fast  and 
sustainably  reducing  their  emissions  is  considered  as  a  key  for  a  successful 
near-term  environmental  protection  [ 4 ].  Despite  the  environmental  issues, 
consumption of fossil fuels is still increased steadily and is expected to remain 
the  largest  source  of  energy  through  2040,  as  shown  in  Fig.  1.1  [ 5 ].  To 
maintain this trend, it is reported that we may need the equivalent of two earths 
by the 2030s [6]. Fossil fuel depletion is just a matter of time. Another issue of 
fossil  fuels  is  their  uneven  reserves  around  the  world.  It  triggers  the  regional 
energy  security  concerns  and  is  another  important  stimulant  for  countries  to 
explore for alternative sources. 



(24)Fig. 1.1 - World energy consumption by fuel type, 1990-2040 (10^15 Btu) [5]. 


1.2.2  Sustainable Development 


Facing  the  issues  and  concerns,  the  world  comes  to  the  commitment  of 


“sustainable development”. It is often defined as “development that meets the 
 needs of the present without compromising of future generations to meet their 
 own  needs”  [7].  Under  this  framework,  alternative  renewable  energy  sources 
 and innovative clean energy technologies are being subject to intensive R&D. 


This  can  be  roughly  reflected  by  the  global  new  investment  in  renewable 
energy  in  Fig.  1.2  [8].  Clearly,  solar  power  and  wind  power  dominate  the 
investment.  They  are  clean,  ubiquitous  and  naturally  replenished.  However, 
large-scale  use  of  these  energies  requires  efficient  energy  concentration  and 
storage  solutions  [9,10].  Herein,  renewable  and  carbon-neutral  fuels  derived 
from these powers are prime energy carriers, such as hydrogen, methanol and 
octane [11,12]. To convert these fuels for electricity and heat, fuel cells are an 
ideal choice. They are efficient, simple, compact in design, versatile, and clean 
[13,14].  All  in  all,  this  combination  can  probably  heal  the  world,  to  some 
extent. 



(25)Fig.  1.2  -  Global  new  investment  in  renewable  energy  by  technology, 
 developed and developing countries, 2012 [8]. 



1.3  Fuel Cells 


1.3.1   Fuel Cell Fundamentals 


Fuel  cells  are  a  category  of  electrochemical  converters  that  directly  converts 
 chemical energy of fuels into DC electricity [14]. Similar as batteries, fuel cells 
 are another important type of galvanic cells. The main difference between them 
 lies in that, of a battery, the chemical reactants are an inherent and inner part; 


whereas  fuels  must  be  supplied  from  external  reservoirs  to  a  fuel  cell  [15]. 


Unlike a battery, a fuel cell will keep generating electricity as long as fuels are 
 supplied;  it  cannot  ‘go  flat’.  This  feature  is  in  common  with  internal 
 combustion  engines. However, fuel cells have no  intermediate step of  heat  or 
 mechanical energy production before electric power output. They can be solid 
 state  energy  conversion  devices  without  any  moving  parts  [13].  Fig.  1.3 
 illustrates  their architecture  and operating  principles.  A fuel  cell typically has 
 two  electrodes,  namely  anode  and  cathode,  in  between  of  which  is  the 
 electrolyte.  Anode  electrode  is  where  fuel  oxidation  happens  and  electrons 
 flow out; cathode is where oxidant reduction takes place and electrons flow in. 


The function of the electrolyte, simply speaking, is to conduct ions between the 
 electrodes and stop electrons and fuels from crossing over [16].  


Depending  on  the  material  of  the  electrolyte  used,  there  are  several  types  of 
fuel  cells.  As  also  shown  in  Fig.  1.3,  the  main  five  types  of  fuel  cells  are:  a) 
Alkaline  Fuel  Cell  (AFC),  b)  Polymer  Electrolyte  Membrane  Fuel  Cell 
(PEMFC),  c)  Phosphoric  Acid  Fuel  Cell  (PAFC),  d)  Molten  Carbonate  Fuel 



(26)Cell  (MCFC),  and e) Solid  Oxide Fuel  Cell  (SOFC).  Their characteristics are 
 summarized in Table 1.1. Sometimes, a Direct Methanol Fuel Cell (DMFC) is 
 also classified as yet another type of fuel cell; however based on its electrolyte, 
 it is essentially a PEMFC that uses methanol other than hydrogen as a fuel.  


Like  batteries,  fuel  cell  performance  is  quantitatively  described  by  voltage-
 current (CV) curves (polarization curves). A CV curve also illustrates the main 
 four  irreversibilities  in  a  fuel  cell:  a)  activation  losses,  b)  fuel  crossover  and 
 internal currents, c) ohmic losses, and d) mass transport or concentration losses. 


However,  a  Nyquist  plot  from  an  electrochemical  impedance  spectroscopy 
 (EIS) test can give a much more detailed and insightful understanding of these 
 phenomena [17]. 


Fig. 1.3 - Schematic diagram and operating principles of various fuel cells [14]. 


Table 1.1 - Summary of major fuel cell types [14,16,18]. 


AFC  PEMFC  PAFC  MCFC  SOFC 


Electrolyte  Liquid KOH 
 in a matrix 


H
 conductive 
 polymer 
 membrane 


Liquid 
 H3PO4 in 
 SiC matrix 


Molten 
 carbonates 
 in LiAlO2 
 matrix 


Ceramic 


Mobile ion  OH H H 2


CO3 O2
 Operating 


temperature 


50-250℃  60-200℃  150-200℃  600-700℃  800-1000℃ 


Typical 
 catalyst 


Ni, Ag, metal 
 oxides 


Platinum  Platinum  Nickel  Nickel 



(27)Fuel intake  H2 H2, 
 CH OH3


H2 H2,  CH4 H2,  CO, 
 CH4


Electrical 
 efficiency 


45-60%  40-60%  35-40%  45-60%  50-65% 


Typical kWe  >20kW  <250kW  200kW  >200kW  <200kW 
 Applications  Submarines, 


spacecraft 


Vehicles, 
 small 
 stationary 


Stationary  Stationary  Stationary 


To  sum  up,  fuel  cells  have  many  advantages.  Since  there  is  no  combustion 
 involved  in  the  energy  conversion,  they  are  clean,  silent,  potentially  more 
 durable  and  efficient.  Unlike  batteries,  they  have  more  scalability  in  power 
 (determined  by  the  fuel  cell  size)  and  capacity  (limited  by  the  fuel  reservoir 
 size).  Fuel  cells  can  easily  scale  from  1-W  range  (portable  electronics)  to 
 megawatt range (power plants). They can also be quickly recharged by simply 
 refueling.  Their  fuel  flexibility  is  another  advantage;  especially  these  fuels 
 mostly  are  renewable  and  carbon-neutral.  Although  they  currently  still  need 
 breakthroughs  in  material  development,  system  design,  and  infrastructure 
 construction,  fuel  cells  are  still  a  quite  promising  candidate  for  powering  a 
 sustainable future. 


1.3.2  Proton Exchange Membrane Fuel Cells 


The  PEMFC,  also  called  the  low  temperature  PEM  (LT-PEM)  fuel  cell,  was 
 initially  developed  by  the  American  company  General  Electric  in  1960s  for 
 NASA’s first manned space vehicles.  


A PEMFC usually consumes hydrogen and oxygen to produce electricity. The 
 following  electrochemical  half  reactions  take place  simultaneously  in  the  two 
 electrodes.  


2


2 2


2 2  (anode)


1 2 2  (cathode)


2


H H e


O H e H O


 


 


 


   (1.1) 


Protons H are the mobile ions that go through the electrolyte. The electrolyte 
 deployed is famous with its name Nafion, a registered trademark of Dupont. It 
 is  a  sulphonated  polytetrafluoroethylene  (PTFE)  membrane.  The  PTFE  base, 
 which  is  also  sold  as  Teflon,  makes  the  electrolyte  membrane  mechanically 
 strong,  highly  durable,  particularly  hydrophobic,  and  resistant  to  chemical 
 attack.  It  separates  the  two  electrodes.  The  sulphonation  then  forms  H


pathways through the PTFE polymer via adding side chains ending with HSO3



(28)to  PTFE  molecules.  Now  the  sulphonated  PTFE  membrane  is  ready  as  the 
 remarkable  electrolyte  for  a  PEMFC.  The  mechanism  of  H  pathways 
 determines  that  the  membrane  is H conductive  only  when  soaked  in  water. 


This limits PEMFC operating temperatures to ≤80℃ [19]. 


In this temperature range, Platinum is the best catalyst for both the anode and 
 the  cathode.  The  basic  structure  of  the  two  electrodes  is  usually  identical. 


Platinum catalyst is treated into very fine particles and bound on the surface of 
 larger  particles  of  carbon  powder.  To  prevent  the  electrodes  from  being 
 flooded  by  the  product  water,  Nafion  ionomer  is  also  added  using  its  highly 
 hydrophobic  feature.  It  also  helps  H transportation  in  the  electrodes  and 
 improves  their  performance  [20].  Then  the  Nafion/carbon-supported  catalyst 
 particles are either hot pressed or sprayed or ‘printed’ onto the two surfaces of 
 the electrolyte [21,22,23]. The method chosen depends on whether the catalyst 
 is immersed in the gas diffusion  layer  (GDL)  or  not.  The  GDL is generally a 
 carbon paper or carbon cloth. Its function is to diffuse gases, discharge product 
 water, form an electrical connection, and protect the very thin layer of catalyst. 


The  two  GDLs  are  labeled  ‘anode’  and  ‘cathode’  in  Fig.  1.3.  Between  them 
 and  the  electrolyte  membrane  are  the  two  catalyst  layers.  Binding  the  five 
 layers  together  forms  the  sandwich-structure  Membrane  Electrode  Assembly 
 (MEA). The remaining structures in Fig. 1.3 are two bipolar plates. Flow fields 
 for fuels and products are carved in them. Bipolar plates are also collectors of 
 electrons for the external circuit.  Force is applied on them to clamp the MEA 
 tightly and reduce the electrical contact resistance in between.  


Compared with other fuel cell types, PEMFCs are more compact and efficient 
 thanks  to  their  very  thin  MEAs  and  the  outstanding  performance  of  Nafion® 


membrane.  In  other  words,  their  power  densities  are  higher  than  other  types, 
 ranging from 300 to 1000 mWe cm2 [13]. Working at relative low temperatures 
 also guarantees that PEMFCs have swifter on-off operations and startups than 
 other fuel cells, such as SOFCs and MCFCs. For the above reasons, PEMFCs 
 are a prime candidate to replace today’s vehicular internal combustion engines 
 (ICEs)  and  a  promising  substitute  to  batteries  in  portable  applications  [24]. 


However,  low  operating  temperatures  make  PEMFCs  have  very  limited 
 options  of  catalysts.  Platinum  is  still  the  most  practical  but  costly  choice. 


Besides, under these low temperatures, Platinum catalyst is rather vulnerable to 
and easily deactivated by fuel impurities, e.g., CO, SOx, NOx, H2S, and NH3 
[ 25 ].  Hydrogen  purification  adds  a  further  cost  burden.  Costly  hydrogen 
storage  and  lack  of  refueling  infrastructure  are  another  two  barriers  to  bring 
PEMFC  systems  into  market.  On-board  producing  and  decontaminating 



(29)hydrogen from hydrocarbons is a good solution. However, this also raises the 
 PEMFC  system  complexity  and  cost.  PEMFC  thermal  management  then 
 consumes  extra  space  and  power.  The  relatively  small  temperature  gap 
 between  PEMFC  system  and  environment  results  in  a  sluggish  heat  rejection 
 and  in  turn  a  large  radiator.  Furthermore,  water  management  of  a  PEMFC  is 
 complicated,  due  to  the  characteristics  of  Nafion  membrane  and  the  liquid-
 phase product water.  


1.3.3  High Temperature PEM Fuel Cells 


HT-PEM fuel cells can be considered as the technical off-springs of LT-PEM 
 fuel cells. They  make use of Phosphoric acid doped Polybenzimidazole (PBI) 
 membrane as the electrolyte. Unlike the PAFC electrolyte, most acid molecules 
 herein are immobilized.  These membranes  were  first  invented by Wang et al. 


in 1995 [26,27]. Since then, they have drawn much attention as their excellent 
 characteristics versus Nafion membranes. 


PBI  base  films  have  excellent  oxidative  and  thermal  stability  [ 28 ].  Their 
 operational  temperature  can  reach  up  to  200℃  without  affecting  the 
 mechanical flexibility. PBI films themselves are also good vapor, electron and 
 ion barriers and exhibits low gas permeability. Proton H conductivity thereof 
 is added by the doped Phosphoric acid and is comparable to Nafion. The acid 
 doped membrane also possesses an almost  zero  electro-osmotic drag number, 
 compared to the drag number of 0.6-2.0 for Nafion [29,30,31]. These features 
 make  the  doped  PBI  membrane  an  ideal  electrolyte.  This  membrane  allows 
 HT-PEM  fuel  cells  operating  above  100℃,  since  no  membrane  hydration  is 
 needed  for  the  proton  pathways.  The  recommended  operating  range  is  from 
 140℃  to  170℃  [32].  Benefits  from  the  elevated  operating  temperature  are 
 threefold:  a)  thermal  management  is  eased;  heat  rejection  to  the  ambient  is 
 facilitated; b) water management is barely an issue anymore, since membrane 
 hydration  is  of  no  need  and  product  water  is  now  steam;  c)  the  Platinum 
 catalyst  can  tolerate  fuel  contaminations  (CO  is  the  main  concern)  at  much 
 higher concentrations. It can withstand up to 5% CO without any performance 
 loss  at  180℃  [ 33 ].  Regarding  Nafion,  the  number  is  10ppm  (0.001%) 
 [16,34,35].  


In  practice,  the  above  advantages  can  translate  into  much  simpler  and  more 
 compact system design, higher system efficiency, and more flexibility in fuels. 


Fuel  humidifiers  can  be  safely  ruled  out  of  a  HT-PEM  fuel  cell  system  now. 


Taking  advantage  of  the  enhanced  heat  rejection,  much  smaller  radiator  and 
coolant circulation pump are required.  



(30)At  present,  the  use  of  pure  hydrogen  as  a  fuel  source  still  has  quite  a  few 
 formidable  limitations  [34].  Especially  in  transportation  applications,  a  major 
 one is on-board hydrogen storage. To refuel a fuel cell vehicle using hydrogen 
 would  be  time-consuming;  the  major  storage  schemes,  i.e.,  cryogenic  liquid 
 hydrogen, compressed hydrogen gas, and metal hydride adsorption, each have 
 significant  drawbacks  [ 36 ].  Then  the  lack  of  infrastructure  for  hydrogen 
 distribution  further  exacerbates  these  on-board  storage  issues.  Another  fact  is 
 that hydrogen is nearly not available in natural form on earth. Thus, the method 
 of  on-board  reforming  liquid  hydrocarbon  or  alcohol  fuels  to  generate 
 hydrogen  comes  into  focus,  among  which  fuels  the  most  likely  candidate  is 
 methanol [37,38]. As analyzed by Lindström et al. [38], its reforming processes 
 have  a  superior  hydrogen  yield  on  both  weight  and  volume  basis  than  other 
 fuels;  the  reforming  processes  are  rather  easily  achieved  at  relatively  low 
 temperatures;  methanol  is  abundant  as  a  chemical  material  and  already  bulk-
 produced  in  industry;  and  the  present  network  for  distributing  gasoline  only 
 needs  minor  changes  to  be  ‘methanol-ready’.  In  addition,  the  reformate  gas 
 mixture of methanol contains about 74% hydrogen, 25% carbon dioxide and 1-
 2%  CO  [39].  The  CO  concentration  is  far  below  the  5%  criterion  mentioned 
 above.  HT-PEM  fuel  cells  can  directly  consume  the  on-board  product 
 hydrogen  without  significant  performance  loss.  Fuel  purification  devices  are 
 simply  unnecessary  for  a  HT-PEM  fuel  cell  system.  All  the  above  save 
 considerable  space  and  parasitic  losses.  The  fuel  flexibility  and  convenience 
 further notably enhance the competitiveness of HT-PEM fuel cells. In a word, 
 the  commercialization  barriers  of  fuel  cells  can  possibly  be  greatly  mitigated 
 by the HT-PEM fuel cell. 


On  the  other  hand,  HT-PEM  fuel  cells  still  have  some  obstacles  to  their  full 
 commercialization. Their efficiency is still slightly low. It is reported that they 
 require cell voltages over 0.7V to achieve higher system efficiencies than LT-
 PEM  fuel  cells,  which  target  has  not  been  reached  [40].    Durability  is  the 
 second  concern.  Under  higher  operating  temperatures,  the  corrosion  of  the 
 catalyst  carbon  support  becomes  notable.  This  decreases  the  number  of  sites 
 available to anchor the Platinum particles and degrade the catalyst performance 
 [41,42].  Agglomeration  or  dissolution  of  Platinum  particles  on  the  carbon 
 support  is  also  more  evident.  Cost  is  another  challenge  in  several  aspects. 


Decreasing  the Platinum catalyst  loading  and developing non-noble metals as 
 catalyst materials are the two main answers. Last but not least, Phosphoric acid 
 leaching is concerned as a main degradation factor to the PBI MEA. But it is 
 analyzed  that  this  phenomenon  is  negligible  during  normal  operation  [40]. 


Liquid  water  is  another  threat  to  dilute  the  Phosphoric  acid  and  cause  the 



(31)leaching  during startup,  this  can be handled  by  heating up  the MEA  to above 
 100℃ before operating.  


Fig. 1.4 - The central part of a HT-PEM single cell [43]. 


Fig.  1.4  shows  a  picture  of  the  key  parts  of  a  single  HT-PEM  fuel  cell  [43]. 


MEA is the core part of a cell. It is where all the reactions take place. Similar 
 as  a  Nafion  MEA,  it  usually  also  has  5  layers.  GDLs  stay  the  same;  the 
 electrolyte is different. The two catalyst layers are almost the same, except that 
 the  Nafion  ionomer  is  replaced  by  PBI  saturated  with  Phosphoric  acid.  The 
 bipolar  plates  (flow  plates)  are  quite  similar  as  those  in  LT-PEM  fuel  cells, 
 which also shape the anode and cathode flow fields and collect electrons. The 
 single  cell  shown  is  just  a  prototype.  Bipolar  plates  are  made  of  reinforced 
 graphite bricks. In practices, these plates are much thinner. The thickness of a 
 packed  single  cell  can  be  less  than  5mm.  Its  typical  performance  is  given  by 
 the following CV curve,  Fig.  1.5  [44,45].  In  practice, in  order  to magnify the 
 system power output, these single cells are usually series-connected in a stack. 


Then, the whole assembly of the cells is called a stack, as shown in Fig. 1.6.  



(32)Fig. 1.5 - HT-PEM fuel cell typical performance CV curve [44,45]. 


Fig. 1.6 - Picture of a HT-PEM fuel cell stack [46]. 


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 



(33)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]. 



(34)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.  



(35)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]. 



(36)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]. 



(37)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.  



(38)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.  



1.4  Thermoelectric Devices 


Thermoelectric  (TE)  devices  are  solid-state  energy  converters.  They  are  both 
heat engines and heat pumps [50]. Their combination of thermal, electrical and 
semiconducting  properties  allows  them  to  directly  generate  electricity  from 



(39)waste heat or convert electrical power directly into cooling and heating. They 
 are  superb  in  their  miniature  outline,  excellent  scalability,  outstanding 
 reliability  and  long  lifetime,  yet  still  suffering  from  their  low  efficiency.  Fig. 


1.14 below shows a typical TE device. 


Fig. 1.14 - Picture of a typical TE module. 


1.4.1  Thermoelectrics 


As shown in the above picture, a TE module includes multiple semiconductor 
legs. They are either p- or n- type and alternately arranged. Each pair of the p- 
and  n-legs  is  electrically  connected  in  series  by  a  conducting  strip  (usually 
copper)  and  forms  the  basic  unit  a  TE  module,  a  ‘thermocouple’.  All  the 
thermocouples  in  a  module  are  then  connected  together  electrically  in  series 
and  thermally  in  parallel.  Finally,  all  the  connected  thermocouples  are 
sandwiched by two ceramic substrates on top and bottom and a TE module is 
complete.  



(40)Fig.  1.15  -  How  a  TE  module  works  [ 51 ].  a)  Seebeck  effect  makes  TE 
 generators.  b)  Peltier  effect  makes  TE  heat  pumps.  c)  Thermocouples  packed 
 into a module. 


The thermoelectric effects which underlie thermoelectric energy conversion are 
 called  Seebeck  effect,  Peltier  effect  and  Thomson  effect.  As  illustrated  by  a 
 thermocouple  in  Fig.  1.15a,  if  the  junction  at  the  top  are  heated  and   the  two 
 feet  at  the bottom are cooled,  a voltage potential, the Seebeck voltage, which 
 drives the hole/electron flow in the  two semiconductor legs, is created by the 
 temperature  difference  between  the  junction  and  the  feet.  If  connected  to  an 
 external  circuit,  the  voltage  source  can  then  output  power.  Observed  by 
 Seebeck in 1821, this effect is named after him and is the basis for TE power 
 generation [52]. The voltage across the two feet can be expressed as: 


 


pn pn h c


U  T T (1.5) 


Where pn is  the  difference  of  the  Seebeck  coefficients  between  two  legs  and 


h c


T T is  the  temperature  difference  falls  on  the  two  legs.  This  equation  also 
defines the Seebeck coefficient.  



(41)Thirteen  years  after  Seebeck’s  discovery,  Peltier  published  an  article  on  his 
 observation  of  temperature  anomalies  in  the  boundary  vicinity  between  two 
 different  conductors  when  an  electric  current  is  flowing  through  them  [52]. 


This phenomenon is then called Peltier  effect  after  his name.  It  is  the reverse 
 situation  of  Seebeck  effect.  As  shown  in  Fig.  1.15b,  when  an  external  power 
 source is applied on the two feet of the thermocouple and a current I flows in 
 a clockwise  sense in  the legs, a rate of  heat q is absorbed  at  the junction and 
 ejected from the two feet. When the current I direction reverses, the heat flow 
 will  also  be  instantly  changed  into  the  opposite  direction.  This  is  the  Peltier 
 effect and describes the capability of heating and cooling of a TE module when 
 a current is applied on it. Quantitatively, it is given by Kelvin’s Law using the 
 following equation. pn is the thermocouple’s Peltier coefficient. 


qpnI (1.6) 


The  above  two  effects,  Seebeck  and  Peltier,  are  the  two  main  thermoelectric 
 effects.  The  last  one,  the  Thomson  effect,  consists  of  reversible  heating  or 
 cooling q. It is induced when there is both a flow of electric current I and a 
 temperature  gradient T existing  through  a  single  homogeneous  conductor. 


Compared  to  this,  it  should  be  clear  that  Seebeck  and  Peltier  effects  are  not 
 interfacial  phenomena  although  they  only  take  place  at  junctions  between 
 dissimilar  conductors  [53].  The  reason  is  that  all  three  effects  depend  on  the 
 bulk properties of the materials involved. Thomson coefficient   is given as: 


qI T (1.7) 


The  discovery  of  Thomson  effect  actually  unveils  the  interdependency  of  the 
 Seebeck and Peltier phenomena. All these three coefficients are convertible to 
 each other by the Kelvin relationships: 



 


pn T pn, d pn dT p n T


       (1.8) 


These  relationships  are  deduced  by  irreversible  thermodynamics  [ 54 ].  In 
 practice,  especially  in  applications  with  moderate  temperature  gradients, 
 Thomson effect is of much less significance than the other two and usually just 
 neglected  [ 55 ].  Besides  the  above  three  thermoelectric  phenomena,  other 
 effects, such as volumetric Joule heating, contact resistance etc., also affect TE 
 device performances significantly and should be carefully considered. 


In principle, a single thermocouple can be adapted to fulfil the required power 
generation capability or heating/cooling capacity by altering its ratio of length 
to  cross-sectional  area.  However,  such  a  uni-couple  device  would  operate 



(42)under  a  very  small  voltage  and  a  very  large  current  unless  the  request  is 
 minimal [53]. For practical reasons, hundreds of them are typically electrically 
 connected in series and packed as a TE module, as shown in Fig. 1.14 and Fig. 


1.15c.  


1.4.2  Thermoelectric Generators 


A  thermoelectric generator (TEG) is a TE  module working on Seebeck effect 
 to generate power from heat. In principle, since Seebeck and Peltier effects are 
 reversible,  TEG  is  a  definition  of  a  working  mode  of  a  TE  device; 


Thermoelectric Cooler (TEC) is the other. To describe a TEG’s performances, 
 the following characteristic parameters are employed. 


1.4.2.1 Characteristic Parameters 
 1) Figure of merit of TE materials (zT) 


The  dimensionless figure of  merit of materials (zT) determines the  maximum 
 efficiency of a thermoelectric material for both power generation and cooling. 


It is defined as: 


2


zT T


k


  (1.9) 


where  is the Seebeck coefficient,  is the material electrical conductivity, k


is the thermal conductivity, and temperature T in the unit of Kelvin, is used to 
 make this parameter dimensionless.  


2) Figure of merit of thermoelectric devices (ZT) 


The  device  figure  of  merit  (ZT)  indicates  the  efficiency  of  a  thermoelectric 
 device.  It  depends  on  some  other  factors  other  than  the  zT  of  materials.  One 
 thing  needs  to  be  clearly  distinguished  is  that  ZT  (uppercase)  has  different 
 meaning  from  the  lower-case  zT,  the  material’s  figure  of  merit.  For  a  TE 
 generator, the maximum device efficiency (max) is used to determine ZT: 


 


max


1 1


, 2


1


h c


h c


h


T ZT


T T T


T ZT T
 T


      


  (1.10) 


In  the  equation, Th is  the  temperature  of  heat  source  (heat  input), Tc is  the 
temperature  of  heat  sink  (heat  removal), T is  the  temperature  difference 
between Th and Tc. ZT  is  the  device  figure  of  merit  at  temperature T.  Of  a 
typical TE module as in Fig. 1.14, Z can be calculated from 
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  (1.11) 


There are two conditions, under which Z (uppercase) equals z. The first one is 
 that  one  leg  of  a  thermocouple  is  superconductor.  The  other  condition  is  that 
 the n- and p-leg material properties are assumed independent from temperature 
 and equivalent to each other, i.e., ,  and k of the two legs have nearly the 
 same values. Although the second two assumptions are believed inaccurate in 
 many  cases  [ 56 ],  they  are  a  widely  used  simplification  in  literatures  with 
 satisfactory  accuracy  (within  10%  accuracy  [54]  and  better  in  lower 
 temperature applications). If the above assumptions are true, there is 


2


Z z
 k


   (1.12) 


Where  2  is termed as the electrical power factor. 


3) Efficiency of a TEG module 


The efficiency of a TEG module is given by 


TEG


energy supplied to the load
 h =


heat energy absorbed at the hot  junction (1.13) 
 Assume that a TEG module is ideally insulated from the ambient, ,  and k


of two legs of every thermocouple are the same and constant under temperature 
 changes,  and  the  contact  resistances  at  the  junctions  are  negligible,  then  the 
 efficiency can be expressed as 


2


(T T ) 2 2


load


TEG tc


tc tc h c tc pn h tc e


I R


n k n T I n I R


  


   (1.14) 


Where Rload is  the  external  circuit, ktc is  the  thermal  conductance  of  a  single 
 thermocouple, Retc is  the  electrical  resistance  of  every  thermocouple  in  a  TEG 
 module,  and  ntc is  their  total  number.  Based  on  the  above  assumptions, 
 equations  describing  the  maximum  power  output  point  and  peak  efficiency 
 point of a typical TEG module are listed in Table 1.2 [54,57]. 


Table  1.2  -  Power  output  and  efficiency  equations  of  a  typical  TEG 
 module. 


Pmax max


I  TEG T 2RTEGe  TEG T (M 1) ReTEG


Rload ReTEG ReTEGM
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