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INTRODUCTION 

With the r e su l t s  of s eve ra l  y e a r s  work in  many labora tor ies  now available, 
it is possible t o  compare  the r a the r  l imited number  of fuel ce l l  sys t ems  capable 
of operating on carbonaceous fuels. 
conceptually simple,  it m u s t  be conceded that none m e e t  the or ig ina l  objectives of 
ultra-high efficiency and sys t em simplicity. 
leading to base compar isons  only on the cha rac t e r i s t i c s  of the cen t r a l  component, 
ice. , the fuel cell. 
c'omplete 6 kw fuel ce l l  sys t ems  operating on methanol and air. 

d i r ec t  anodic oxidation approach  r ema ins  conceptually the  m o s t  attractive.  
However, unsolved problems of catalyst  cos t  and stability, co r ros ion  and 
e lec t rochemica l  efficiency have so f a r  prevented i t  entering a development stage. 
The remaining approaches  may all be te rmed ' indirect '  in that  the anodic oxida- 
tion s tep  involves hydrogen produced f rom the fuel i n  a previous stage. System 
(2),  using a n  ac id  e lec t ro ly te  ce l l  re ta ins  some o f  the problems of the d i r ec t  
sys t em;  namely, ma te r i a l s  and catalyst  stabil i ty in  acid,  plus poisoning by . t race  
amounts of carbon monoxide. 
developed, re ta ins  the advantages of a basic electrolyte ce l l  by prepurifying the 
hydrogen - -  usually with a pa l lad ium/s i lver  diffuser. ' A var ia t ion  of this sys tem 
combining the l a s t  two s t ages  by the  use  of 
has been descr ibed  by Chodosh and Oswin. (') More  recently, Ver tes  and Har tner  
have descr ibed  an  a l te rna t ive  approach(2) originally developed at Leesona  Moos 
Labora tor ies  in which the  reforming, purification and anodic oxidation s t eps  a r e  
integrated within the anode s t ruc tu re  (System 5). 

Although many of the approaches  a r e  
, 

Because of this,  i t  may  be m i s -  

The object of th i s  paper is  t o  compare  designs for two 

Figure  1 i l l u s t r a t e s  the bas ic  sys t em options that a r e  available. The 

System ( 3 )  which is  undoubtedly the  m o s t  

a l l ad ium/s i lve r  anodes (System 4) 

This is r e fe r r ed  to as an 
' integral  reforming'  o r  ' in te rna l  reforming'  fuel ce l l  system. 

In principle all the  s y s t e m s  shown a r e  capable of operating on any 
carbonaceous fuel. Methanol, however, offers s eve ra l  advantages f o r  fuel ce l l  
use,  and the sys t ems  compared  have been designed fo r ' t h i s  fuel. 
f ac to r s  determining this choice were :  

Significant 

i. 

2. 

3. 

4. 

The favorable thermodynamics.  of methanol re forming  at 
relatively low tempera ture .  
The favorable kinetics and catalyst  stability obtained for the  
methanol re forming  reaction. 
The complete miscibil i ty of methanol and water  with resultant 
simplification of sys tem design. 
The availability of relatively cheap, high purity methanol. 
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INTERNAL REFORMING PRINCIPLES 

Before discussing the  overa l l  sys tems,  i t  will be necessa ry  to descr ibe  
briefly the operating pr inc ip les  of the in te rna l  reforming electrodes.  F igure  2 
i l l u s t r a t e s  the sequential s t eps  involved. 
water  is  vaporized and passed  through a catalyst  bed contained in a thin plenum 
chamber  behind the pal ladium/ s i lve r  membrane.  
methanol occurs  first,followed by shift conversion of the resultant carbon 
monoxide. 

An equimolar  mixture  of methanol and 

Here  dehydrogenation of the 

Dehydrogenation CH30H -CO t 2 H2 (1) I 

Shift CO t HZO-Hz t CO2 ( 2 )  
Overal l  CH30H t H20-CO2 t 3 H2 (3) 

I" 
7 .  1 1 .  --, _ _  - ~ - - -  1- _ _ _ _  _ _ _ _ _  A _-__ -u.ze diffuses through the pal ladium-si lver  

membrane  to the e lec t ro ly te  s ide  where  i t  is anodically oxidized. 
pal ladium/ 25% s i lver  membrane ,  1 mi l  thick, activated with palladium black(3) 
imposes  no r e s t r a in t  on the  reaction and limiting cu r ren t s  exceeding 1 a m p / c m 2  
have been obtained. 
base, but 8570 KOH h a s  been  p re fe r r ed  because of i t s  lower vapor p re s su re ,  lower 
cor ros ion ,  and the higher  per formance  obtained. 

In this sys t em the 
necessa ry  hea t  can be supplied d i rec t ly  by the waste heat produced in the cell  by 
entropy and polarization lo s ses .  Various side reactions such as the methanation 
reaction can be suppressed  by p rope r  selection of the catalyst. 
been obtained using a mixed  oxide type catalyst. It may be observed h e r e  that 
because of the physical separa t ion  of catalyst  f rom electrolyte,  optimization of 

Thermo- 
dynamically, conversion to hydrogen is 99% complete a t  16OoC. The lower 
t empera tu re  l imit  f o r  operat ion is  established at about this point by kinetic 
considerations.  
and ma te r i a l s  l imitations within the  cell  itself. 
operating tempera ture  r equ i r e s  an  ana lys i s  of se;eral other in te r re la ted  fac tors  
and i s  d i scussed  in a l a t e r  section on sys t em design. 

The 75% 

The e lec t ro ly te  employed can in principle be either acid o r  ,r 

The overall  re forming  reaction is  endothermic. 

Bes t  resu l t s  have 

t 

the catalyst  is substantially e a s i e r  than f o r  a d i rec t  oxidation anode. ,I 

A higher  operat ing l imi t  of 3OO0C is established by electrolyte 
Selection of the optimum I 

SYSTEM EFFICIENCIES 

The p r imary  r eason  f o r  using a fuel ce l l  is the  high efficiency of energy ! 
) I  conversion, although account  mus t  be taken of other fac tors  such as weight. 

volume, capital cost ,  etc. The pr ior i ty  of these  will be determined by the I' I 

requi rements  of a pa r t i cu la r  application. 
The net t he rma l  efficiencies of both fuel cell  sys t ems  can be expressed  a s  

functions of the same  s e t  of component efficiencies;  however, the in te r re la t ions  
and l imi t s  of these component efficiencies a r e  quite different fo r  the two cases.  
F igu re  3 shows the location of the points of energy l o s s  - expressed  as 
efficiencies. 
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The efficiencies considered are: 
N~~ system efficiency V N  = Net  e lec t r ica l  energy del ivered 

Heating value of CH30H supplied 

H2 produced in  the r e f o r m e r  
ff2 s toichiometr ical ly  available f r o m  

Conversion efficiency q c  

G H ~ O H / H ~ O  

Heat  exchange efficiency V E  I Heat 
Heat available 

H2 anodically consumed 
Tota l  H2 produced 

Utilization efficiency V U  

cell thermal efficiency V T  = Gross  e lec t r ica l  energy produced 
Heating value of H2 consumed 

~ ~ i l i ~ ~ i ~ ~  efficiency VA Net e lec t r ica l  energy  del ivered 
G r o s s  e lec t r ica l  energy produced 

Evidently, defined i n  this way the net  sys t em efficiency is expres sed  as a 
product of the component efficiencies. 

I where:   AH^^^ = lower heating value of H2 ( a t  ce l l  t empera ture)  
 AH^^^^ lower  heating value of CH30H (at room tempera ture)  

At any s teady operation condition, a s ta te  of thermal  neutrality m u s t  be obtained 
fo r  the system. 

neutrality is achieved in this sys t em by oxidizing the purge gases  f r o m  the 
hydrogen ex t rac tor  and supplying the heat produced to  the re former .  Provis ion 
mus t  a l so  be made f o r  removing the ce l l  waste  heat  which in  this sys t em is not 
utilized. 

Case  I. Externa l  Reforming System. The requi rement  of thermal  

' 

Writing a simplified energy balance f o r  the sys tem,  

L 

where: AHR E heat  requi red  to r e fo rm methanol ,Kcals /g .  mole 
A H v  z heat  to  vaporize and superhea t  methanol and water ,  

J 

Kcals /g .  mole  
Considering the components of efficiency: The conversion efficiency vc 

w i l l  have a theoret ical  limit establ ished by the thermodynamics of react ions (1) 
and (2). 
resu l t s  f r o m  kinetic fac tors ,  i. e . ,  need to  minimize the r e f o r m e r  volume. With 
external  reformlng this  res t r ic t ion  is not se r ious  and values for  QC as high a s  0.95 
m a y  be obtained. The ce l l  efficiency V T  has  a theoret ical  l imit  imposed  by the ce l l  
entropy lo s ses  (approximately 0. 9) a n d  a prac t ica l  l imit  determined by a tradeoff 
between the capi ta l  cos t  and  operating cost. Since the cel l  waste heat i s  not utilized, 
thermal  balance requirements  do not impose an additional limit. The auxi l iar ies  
efficiency vA can theoret ical ly  approach 1. 0 f o r  a s imple system; i n  prac t ice  i t  
w i l l  be as low as  0. 7 i n  small sys tems,  r is ing to  higher  values as the g ross  power 
level  increases .  

This  exceeds 0.99 a t  20OoC. In pract ice  however, the p r imary  limitation 
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' The H2 utilization efficiency has  a theoret ical  l imi t  in  ex terna l  re -  
forming sys tems,  imposed  by the need to  supply r e fo rmer  heat. 
w i l l  be determined by the convers ion  efficiency and the heat  exchange efficiency 
between the catalytic bu rne r  and the re former .  The interrelat ionship between 

q c  and V E  is given i n  equation (5) and is shown graphical ly  in F igure  4. 
F o r  a given conversion level  and hea t  exchange efficiency, the value of V U  in 
this  graph represents  the maximum utilization possible for  t he rma l  balance. 

Table 1 shows the effect  of component efficiencies on the sys tem net 
t he rma l  efficiency. Three  c a s e s  are considered;  the f i r s t  r e f e r s  to  ul t imate  
theoret ical  limits assuming complete  reversibi l i ty  of each  component, the second 
r e fe r s  t o  probable prac t ica l  l imi t s  that m a y  be approached,and the th i rd  gives  
s ta te-of- the-ar t  values employed i n  the present  designs. In  the second case  a 
limiting operating voltage of 1. 0 V is assumed. 

This  l imi t  

V u ,  

Table 1. Externa l  Reforming Sys tem - Component Efficiencies 

Eff ic iencies  

V C  
Cell  VT 
Auxiliaries 77A 
Heat Exchange VE 

VU 
Net  17, 

C onve r s ion 

Utilization 

Theoret ical  P rac t i ca l  
L imi t  Limi t  

1. 0 0.95 
0 .9  0. 75 
I. 0 0.95 
1. 0 0. 80 
6. 78 0. 77 

0. 80 0. 51 

P r e s e n t  Design 
(State of the Ar t )  

0. 91 
0. 62 
0. 83 
0. 70 
0. 76 

. 0.40 

.- 

Case  II.. In te rna l  Reforming System. Considering now the in te rna l  
reforming system, it is evident tha t  the same  express ion  (5)  f o r  net efficiencies . 
m u s t  hold. However, the expres s ion  fo r  t he rma l  neutral i ty  is  quite different 
s ince hea t  i s  now supplied by  the cell: 

rlc AHR t AHv = 3 Vc Vu V E '  (1 - V T )  AHox' (6) 

The ce l l  thermal  eff ic iency m a y  be expressed  in  t e r m s  of operating voltage (E): 

Substituting this into equation ( 6 ) ,  a n  express ion  i s  obtained relat ing the 
conditions f o r  the rmoneut ra l i ty  t o  the cell voltage: 

AHR t AHV 3 Vc Vu V E '  [AHox' - Z F E ]  (8) 
The hea t  exchange eff ic iency term qE' is defined essent ia l ly  as before , but 
has  components which themselves  m u s t  be optimized f o r  thermal  ba lance ;  

hea t  produced - l o s ses  to air - l o s ses  to  surroundings 
hea t  produced 

i. e. ,qE1 = 

A s  in the previous sys t em,  no theoret ical  limits ex is t  fo r  qc. 

m a y  be lower f o r  internal  reforming sys t ems ,  

Because 

This  is 
of cel l  temperature ,  s ize ,  and  hea t  t r ans fe r  considerat ions,  however, the 
prac t ica l  l imit  f o r  77 
due, it m u s t  be emphas ized ,  t o  kinetic ra ther  than thermodynamic considerations. 
It m a y  be mentioned at this point that where thermodynamic l imitat ions do 
apparent ly  occur, as f o r  example with hydrocarbons, they m a y  in  pract ice  be 
circumvented. This  r e su l t s  f r o m  hydrogen ex t rac t ion  through the membrane ,  

6 
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distorting the equilibrium until co  p e conversion has  occurred. This  is 
d iscussed  m o r e  fully elsewhere.  @$ [sf W i t h  the catalysts '  cur ren t ly  used  .at 
LML, a l imi t  of about 0. 9 is .obtained fo r  methanol. VU.has no theore t ica l  
l imi t  in this -system; but a prac t ica l  limit of 0. 9 7  is probably realist ic.  
tends to  be higher fo r  the internal'  reforming sys t em because of the fewer  
auxiliaries and-' simplified controls. 
l imi ted  by the requirement of thermal  neutrality. 
r e l a t ed  to ??cy 
dicates that adequate heat is available -from the ce l l  even at low hea t  exchange 
values. The apparent ' excess  of heat, however, is balanced by lo s ses  f r o m  the 
ce l l  which m a y  impose a heat deficit. 
the components of hea t  balance around. the in te rna l  reforming ce l l  as a function 
of g ross  power output; The heat requi rements  fo r  reforming a r e  given fo r  the 
theoretical  l imi t  of 100% conversion. 

Allowing f o r  hea t  input to the r e f o r m e r  plus losses to the cathode air 
s t r e a m s  and to the surroundings,  This  can  then 
be balanced by some fo rm of heat exchange. Two possible schemes  considered 
a re :  (a) inlet a i r  to.outlet  air exchange to reduce air cooling; (b) outlet air to 

\ ,  inlet  methanol to. reduce the vaporization load. Alternatively, if V C  is below 
0. 9, catalytic combustion of the residual fuel i n  the ce l l  exhaust m a y  be used, 
e. g., f o r  fuel vaporization. 

V A .  

Unlike the previous case ,  

V u ;  and  7 ~ ' .  Figure  5 shows this relationship graphically and in- 

r ]  T is theoretically 
'Equation (6) shows how this is 

This is  shown in  Figure 6, which presents  

a small hea t  deficit occurs. 

This  i s  the scheme employed in  the present  design 
I study. 

Table 2 shows values for  component efficiencies equivalent to.those 
Note that the hea t  . presented i n  Table 1 f o r  the external reforming system. 

exchange efficiency 7 ) ~ '  is de termined  by assuming a recovery  exchanger 
efficiency of 757'0 fo r  the non-utilized ce l l  hea t  losses .  It can be seen  that 
higher overa l l  sys tem efficiencies may be  anticipated for  the in te rna l  reform-. 
ing sys t em a t  all levels of development. 

Table 2. In te rna l  Reforming Sys tem - Component Efficiencies 
\ 

Theoretical  P rac t i ca l  Present  Design 
E f f ic i e  nc ie s Limi t  Limit (State of the Art)  

1 Conversion VC 1 .0  0. 9 1  0. 84 
, q  

I 

0. 73 0. 69 0. 64 
Auxiliaries VA 1.0 0.95 0. 86 
Heat Exchange VE 1. 0 0. 90 0. 69 

1.0 0. 9 7  0.95 H2 Utilization 

Net VN 0. 83 0. 66 0. 50 

Cell  VT 

VU 

6 K W DESIGN STUDLES 

' TO permi t  a ' r ea l i s t i c  compar ison  of the two approaches to be made, 
design studies of two complete 6kw sys t ems  have.been made. The normal  
operating output of 6kw (net)  was selected as being appropr ia te  f o r  probable 
initial commerc ia l  applications. The complete sys t ems  desc r ibed  have not 
yet been built,  although extensive testing of the components and ma jo r  sub- 
sys tems has eee,n proceeding since 1962. 
a typical 
single porous nickkl bicathode. 

t A s  an  example,  F igure  7 shows 
internal ' reforming bicell composed of. two 5" x 5" anodes and a 

' Figure 8 shows an  exper imenta l  0. 5 kw 
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multicell  stack with a s soc ia t ed  instrumentation. 

the ex terna l  re forming  sys tem.  
where it is f i r s t  vapor ized  and then catalytically reformed. 
operated at a t empera tu re  of 3OO0C, a p r e s s u r e  of 75 psig, and  a space velocity. 
of 1200 LHSV, 
gases.  
diffuser containing 8 ft' of 1 mil foil .and maintained a t  3OO0C by the hot gases  
f r o m  the burner.  The fue l  ce l l  employed opera tes  at 75OC with c i rcu la ted  5N 
KOH electrolyte.  Both anode and cathode a r e  lightweight "Teflon" *$ TFE-  
fluorocarbon r e s i n  bonded e lec t rodes  operating at 1 psig differential p re s su re .  
In the present  sys t em,  platinum activation is used but cheaper  ca ta lys t s  a r e  
under development. F igu re  10 shows the current-voltage cha rac t e r i s t i c  for  
the cell. E lec t ro ly te -water  concentration and  tempera ture  are controlled in  
separa te  subsys tems through which the e lec t ro ly te  is circulated. 
module contains a total of 189 ce l l s  with a total  e lec t rode  a r e a  of 64 ft 
a 
of the sys t em at  operating load is  4070. 
97 lbs /kw and 1. 1 f t  / k w  respectively.  

a. Externa l  Reforming: F igure  9 shows a simplified schemat ic  of 

The r e fo rmer  is 
Methanollwater i s  pumped to the r e fo rmer  

with hea t  supplied by catalytic oxidation of the ex t r ac to r  purge 
la rge ly  H2 and C 0 2  a r e  purified in  a palladium/silver Product  gases  

The ce l l  
2 providing 

g ross  pomer of 7 kw a t  no rma l  operating 1,oad. The net t he rma l  efficiency 
Sys tem specific weight and volume a r e  

3 

Table  3 s u m m a r i z e s  the weights and  volumes of the ma jo r  components. 
I 

Table 3. 6 kw E x t e r n a l  Reforming Sys tem - Component P a r a m e t e r s  

3 Component Weight (lbs) Volume ( f t  ) 

F u e l  Cell  130 1. 7 
Refo rmer  61 0. 77 
Ex t rac t  or 65 0.53 
B atte r y  87 0. 75 
Miscellaneous Auxi l ia r ies  239 3. 1 

Total S y s t e m  - - - - - - - -  582 6. 85 

In te rna l  Reforming: b. F igure  11 shows a schemat ic  of the internal 
re forming  system. 
the sys t em by ca ta ly t ic  combustion of the cell exhaust gases  to vaporize and 

involved in optimization of the ce l l  operating t empera tu re  have a l ready  been 
mentioned. Other f a c t o r s  which m u s t  be cons idered  are the requi rements  of 
hea t  t r a n s f e r  to the reac t ion  zone and  the need  to minimize  ce l l  volume. AS 
ce l l  t empera tu re  is inc reased ,  the ca ta lys t  activity inc reases  permitt ing a 
higher space  velocity a n d  thus a thinner ca ta lys t  bed f o r  the s a m e  conversion 
level. This  a l so  r e su l t s  i n  inc reased  heat t ransfer .  
sys t em indicated a n  optimum operating t empera tu re  of 225OC. 
cont ro l  of the s y s t e m  is achieved by circulating oil through jackets around the 
cells.  
a self-regulating bas is .  The air is scrubbed before entering the ce l l s  to p re -  
vent  carbonate formation. F igure  1 2  shows the voltage-current charac te r i s t ic  
f o r  the cells.  

As d i scussed  previously, t he rma l  balance i s  achieved i n  

superhea t  the me thano l lwa te r  feed. The thermqdynamic and kinetic fac tors  i 

t Analysis of the present  
Tempera ture  

Water  of reac t ion  is removed f r o m  the cathodes via the excess  air on I 
I 

Operating point at r a t ed  load is 210 amps / f t2  at 0. 8 V. 121 cells 

_-----  
+ IHSV is the idea l  hydrogen space velocity defined as the volume of hydrogen 

produced by s to ich iometr ic  conversion of the fue l  supplied p e r  hour divided 
by the r eac to r  volume. 

++ A DuPont r eg i s t e red  t rademark .  

I 



-141- 

2 with a total a r e a  of 40 f t  provide a g r o s s  normal  operating power of 7 kw. 
System net t he rma l  efficiency at this operating point is 50%. 
and volumes a r e  80 lbs/km and 0. 57 ft3/kw respectively.  
of the major  components a r e  summar ized  in Table 4. 

Table 4. 

Specific weight 
Weights and  volumes 

6 kw Internal Reforming Sys tem - Component P a r a m e t e r s  

Component Weight ( lbs )  
Volume (ft 3 ) 

Fuel  Cell  284 . 1.5 
Bat te ry  87 0. 75 
Miscellaneous Auxiliaries - 109 1. 2 

Tota l  Sys tem - - -  480 3.45 

\ 

t 

B 

i 

n 
R 

OVERLOAD AND CONTROL 

The ce l l  operating point is de termined  by the maximum overload re- 
quired in a par t icu lar  operation. I n  many applications,  particularly electro- 
mechanical, the overload may '  be high but of.relaiively sho r t  duration. Under 
such conditions, an optimum fo r  capital  cos t  and  s ize  may  be obtained by a 
hybrid combination of fuel ce l l  and  se.condary battery.  
transient overloads and is automatically recharged  by the fuel cell.  
ce l l  itself may then be sca led . to  satisfy the in tegra ted  power requi rement  
(i. e . ,  total kwh/ t ime)  while operating at nea r  peak power densities. This 
approach has  been incorpora ted  in  both of the p re sen t  sys t em designs. It 
may be noted that a ba t te ry  will i n  any c a s e  be requi red  to provide the s t a r t -  
up pone r  necessary  f o r  indirect  sys tems.  
te rmined  by e i ther  the overload requi rements  o r  the s t a r t -up  demands. 
the present design, lead  ac id  ba t te r ies  have been specified to provide 5 : l  
overload capability. 

t ro l s  i n  detail; however, some  of the f ac to r s  affecting response to varying 
loads should be mentioned. 
high p res su re  tanks, response i s  l imited only by gas flow and regulator opera- 
tion and i s  therefore  quite rapid. With an ind i rec t  sys t em,  however, the change 
in load mus t  be t ransmi t ted  to e a c h  of the previous stages.  Depending on the 
capacity and response  of these  s tages ,  s e r ious  cont ro l  lags may develop. 
provide a smoother response ,  a small hydrogen su rge  tank has been incorporated 
in the e s t e rna l  reforming design. 

The control problem is minimized  i n  the in te rna l  reforming sys t em 
because of the c lose r  integration of the reaction stages. 
hydrogen capacity of the pa l lad ium/s i lver  membrane  provides an  effective surge 
capacity corresponding to approximately 6 coulombs/cm . This i s  roughly 
two o r d e r s  of magnitude higher than f o r  a platinum activated electrode. 

This  ba t te ry  supplies 
The fuel 

The ba t te ry  capacity will be de- 
In 

' 

It  i s  impossible in the p re sen t  d i scuss ion  to analyze the sys t em con- 

I n  a simple hydrogenloxygen ce l l  supplied f r o m  

T o  

In addition, the high 

2 

CONCLUSIONS 

A n  analysis of the various f ac to r s  presented  indicates that a selection 
between the ex terna l  and in te rna l  reforming sys t ems  will depend la rge ly  on the 
requirements of the par t icu lar  application. 
higher sys tem efficiencies a r e  possible n i t h  in te rna l  reforming. 

It has  been shown that substantially 
This  w i l l  be 
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obtained however a t  the expense of a higher  capi ta l  cost  resulting f r o m  the 
higher  palladium content and m o r e  expensive ma te r i a l s  of construction used 
i n  the system. Because  of the f ewer  auxi l iar ies ,  the volume of the internal  
re forming  sys tem is substant ia l ly  smaller , though sys t em weights a r e  similar. 
The super ior  response  cha rac t e r i s t i c s  of this  sys tem m a y  be important  in 
var iable  load applications. 

forming sys tem can be  improved  mainly by increasing cell operating voltages. 
On the other  hand, t o  fu r the r  improve the efficiency of the internal  reforming 
sys t em will require  development of m o r e  act ive catalysts .  Thib is par t icular ly  
necessa ry  if operat ion is to be  extended to  the use  of hydrocarbon fuels. 
cos t  reduction w i l l  r equ i r e  the use of thinner  palladium membranes  and higher 
operating cell c u r r e n t  densities. 

Considering fu ture  development, the efficiency of the external  re- 

Capital 

W o r k  along these l ines  i s  i n  progress .  
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