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(57) ABSTRACT 

A Unitized Regenerative Fuel Cell system uses heat pipes to 
convey waste heat from the fuel cell stack to the reactant 
storage tanks. The storage tanks act as heat sinkslsources and 
as passive radiators of the waste heat from the fuel cell stack. 
During charge up, Le., the electrolytic process, gases are 
conveyed to the reactant storage tanks by way of tubes that 
include dryers. Reactant gases moving through the dryers 
give up energy to the cold tanks, causing water vapor in with 
the gases to condense and freeze on the internal surfaces of 
the dryer. During operation in its fuel cell mode, the heat pipes 
convey waste heat from the fuel cell stack to the respective 
reactant storage tanks, thereby heating them such that the 
reactant gases, as they pass though the respective dryers on 
their way to the fuel cell stacks retrieve the water previously 
removed. 

7 Claims, 3 Drawing Sheets 

https://ntrs.nasa.gov/search.jsp?R=20090002667 2019-08-30T06:04:29+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/10546795?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


US 7,410,714 B1 
Page 2 

U.S. PATENT DOCUMENTS 

5,506,066 A 411996 Sprouse 
5,510,202 A 411996 McCoy 
5,540,831 A 711996 Klein 
5,678,410 A 1011997 Fujita 
5,753,383 A 511998 Cargnelli et al. 
5,885,727 A 311999 Kawatsu 

6,042,964 A 312000 Sharma et al. 
6,083,636 A 712000 Hsu 
6,399,231 B1 612002 Donahue et al. 
6,410,180 B1 612002 Cisar et al. 
6,447,945 B1 912002 Strecker et al. 
6,458,477 B1 1012002 Hsu 
6,576,362 B2 612003 Hanton 
6,579,638 B2 612003 Brassard 

5,962,155 A * 10/1999 Kuranakaetal. ............. 

6,821,663 B2 * 
200210006537 A1 
200210017463 A1 
2002/0022165 A1 
200210025467 A1 
200310008192 A1 
200310011721 A1 
200310031906 A1 * 

4 2 / 2 0  200310059664 4 1  
200310068544 4 1  
200310091880 4 1  
200310134172 4 1  
200310148152 4 1  
200410062961 4 1  * 
200410247960 4 1  * 

* cited by examiner 

1112004 
112002 
212002 
2/2002 
212002 
112003 
112003 
212003 
312003 
412003 
512003 
712003 
812003 
412004 

1212004 

McElroy et al. ............... 429117 
Kobayashi et al. 
Merida-Donis 
Brassard 
Staats, I11 
Freund et al. 
Wattelet et al. 
Cargnelli et al. .............. 429126 
Menjak et al. 
Cisar et al. 
Joos et al. 
Grande et al. 
Morrisey 
Sat0 et al. ..................... 429119 
Sat0 et al. ..................... 429120 



U.S. Patent Aug. 12,2008 Sheet 1 of 3 US 7,410,714 B1 

3.0 
r 

2,8 
r 

2.6 
r 

2,4 
r 

2.2 
r 

- 

- 

- 

- 

- 

2,o 
TO 0,l Om2 0.3 0.4 0.5 

I 

RADIUS TO LENGTH RATIO, r I L 



Charge Time = 8 hr 
Peak Charge Pressure 27 atm 
Emissivity = 1.0 
Environment Temperature : 73 K 

I I I 

I 0.2 0.4 0.6 0.8 1 .- 

CHARGE EFFICENCY, % FIG. 4 

Po 

Expected 
Charge - 

Efficiency 
Range 

k 
ga 
e 

CI 
h) 

h) 
0 
0 
00 

CHARGE EFFICENCY, % FIG, 5 

2 100 - Area I Volume Ratio= 15 me' s 
3 v) Emissivity 1.0 

Peak Charge Pressure = 27 atm 

Environment Temperature = 73 K 

0 0,2 0.4 0.6 0.8 1 
CHARGE EFFICENCY, % FIG 6 

h) 

0 ,, 
w 

d 

"P 

rn 
4 

Y 
0 

P 

U 

2 
w 
Y 



0 0,2 0.4 0.6 0,8 1 
DISCHARGE EFFICENCY, % FIG. 8 

DISCHARGE EFFICENCY, % FIG. 9 

h) 
0 
0 
00 

w 
0 ,, 
w 

0 

P 

U 

2 
w 
Y 



US 7,410,714 B1 
2 

The gases produced during electrolysis are expelled from 
the cell stack by the production of still more gas inside the cell 
stack. The continued production of gases by the cell stack 
pushes the gases into the reactant storage tanks, gradually 

5 “pumping” the gases to higher and higher pressure where they 
are stored. In addition to the oxygen and hydrogen, a certain 
level of water vapor also accompanies these gases when they 
are expelled from the cell stack. 

During the URFC fuel cell process, as gases are consumed 
i o  inside the cell stack, more gas is delivered to the cell stack by 

the pressurized reactant storage tanks. 
The management of reactants inside the URFC cell stack is 

highly influenced by both the materials and the construction 
inside the cell stack. Besides the development of the revers- 

15 ible electrodes, proper and reliable reactant management 
inside the cell stack is most important to achieving acceptable 
URFC performance. Achieving this level ofreactant manage- 
ment inside the cell stack during both electrolysis and fuel cell 
operation, and the transitions between these different pro- 

20 cesses, is currently the single biggest hurdle yet to be accom- 
plished. 

In the past, a number of reversible or regenerative fuel cells 
designs were known. 

For example, U.S. Pat. No. 3,975,913 to Ericksondiscloses 
25 a closed-cycle gas generator in which one chemical, such as 

water, is reacted with a metal, such as molten aluminum, to 
produce hydrogen gas which, along with 0, from a separate 
storage tank, is conveyed to a fuel cell. Waste heat from the 
gas generator drives a closed-cycle heat engine. 

U.S. Pat. No. 4,490,445 to Hsu discloses areversible “solid 
oxide electrochemical energy converter” having a counter- 
flow heat exchangerthat disposes ofwaste heat by directing it 
to heating the incoming fuel gases. 

U.S. Pat. No. 5,338,622 to Hsu, et a1 discloses a fuel cell 
35 system that specifically addresses the issue of waste heat 

management by means of a counterflow heat exchanger 
assembly. 

U.S. Pat. No. 5,401,589 to Palmer, et a1 discloses a fuel cell 
with a reformer, wherein the reformer receives waste heat 

40 from the fuel cell. Waste heat is also conveyed to a space 
heating system and also to a ‘bottoming cycle’ engine and, if 
at too low a temperature, is discharged to the atmosphere. 

U.S. Pat. No. 5,506,066 (’066) to Sprouse discloses an 
‘ultra passive,’ variable pressure RFC having a single H, 

45 storage tank “that encloses a plurality of smaller gaseous 0, 
storage tubes.” No pumping elements are used. A heating/ 
cooling coil inside the H, tank prevents icing or overheating. 
The source or sink of the heat for said coil is not specified. 

U.S. Pat. No. 5,510,202 (’202) to McCoy discloses a vari- 
50 able pressure fuel cell. McCoyuses prior art images similar to 

those of in the ’066 patent, suggesting a possible similarity of 
the ’202 patent’s waste heat management system to that of the 
’066 patent. 

U.S. Pat. No. 5,678,410 to Fujita et a1 discloses a fuel cell 
55 system for use with cars. For example. “The combined system 

preferably includes a heat storage tank disposed in a conduit 
of a heating medium . . . .”A heat transfer medium, “such as 
water,” is used to convey heat to various heat exchangers 
including one that moves heat to or from a metal-hydride 

U.S. Pat. No. 5,885,727 to Kawatsu discloses a fuel cell 
arrangement in which waste heat is conveyed, by way of 
apparently integral cooling water tubes, to reaction tanks 30 
and 50 wherein, respectively, oxygen and hydrogen are gen- 

65 erated for use in the fuel cell. 
In addition to the above US patents, a PCT patent US 

20031001721 A1 to Wattelet et a1 discloses a mobile and 

30 

60 storage tank. 

1 
UNITIZED REGENERATIVE FUEL CELL 

SYSTEM 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

The invention described herein was made by an employee 
of the United States Government and may be manufactured 
and used by or for the Government for Government purposes 
without the payment of any royalties thereon or therefore. 

TECHNICAL FIELD 

The present invention relates to fuel cells, and in particular 
to regenerative, Proton Exchange Membrane fuel cells and to 
the management of waste heat associated with the use thereof 
in the charging and in the discharging modes of operation. 

BACKGROUND OF THE INVENTION 

Unitized Regenerative Fuel Cells (URFCs) are being 
developed by several fuel cell manufacturers. The applica- 
tions for this technology are the same as for Regenerative Fuel 
Cell (RFC) systems. Specific NASA applications include 
high altitude airships, lunar or Mars-based outposts, and other 
secondary battery applications where the discharge period is 
1 to 2 hours long or longer. 

The URFCs developed to date are all based on the Proton 
Exchange Membrane (PEM) technology. The key advantage 
of the URFC over other RFC systems is that the URFC does 
both the process of electrolysis ofwater as well as the process 
ofrecombining ofthe hydrogen and oxygen gas byproducts to 
produce electricity. Because of this advantage, a one cell 
stack of a URFC system replaces the one electrolysis cell 
stackandone fuel cell stackoftheprior art RFC systems. This 
reduction in fuel cell stacks saves a substantial amount of 
weight since the cell stacks are the major components of a 
RFC system. Besides saving the weight of one cell stack, the 
plumbing, wiring and ancillary equipment for one cell stack is 
also eliminated. 

The operation of the URFC system is also simpler. A RFC 
requires that when the fuel cell stack is active, the electrolysis 
cell stack must be kept warm to avoid freezing water lines and 
transient warm-up periods. Likewise, as the electrolysis cell 
stack is active, the fuel cell stack must be kept warm to avoid 
freezing water lines, excessive condensation, and transient 
warm-up periods. Maintaining cell stacks in standby condi- 
tions complicates the overall system design, resulting in 
greater mass, volume, and parasitic power. 

Early efforts to develop a regenerative cell resulted in cells 
with poor performance or cells not easily reversed in their 
operation. Dedicated fuel cells or electrolysis cells often have 
the reactants circulated through the cell stack. Usually the 
circulating reactants function to remove the byproducts of the 
fuel cell reaction (product water during fuel cell operation, 
and product gases during electrolysis cell operation). Some- 
times the reactants are also circulated for cooling of the cell 
stack during its operation. For a URFC to act without circu- 
lation pumps requires that the reactants not be circulated 
through the cell stack, but instead, be “dead-ended” into the 
cell stack. 

As an energy storage system, the URFC system “charges” 
and “discharges” like a rechargeable battery. While charging, 
the URFC operates the electrolysis process, which splits 
water into hydrogen and oxygen. While discharging, the 
URFC operates the fuel cell process, which combines hydro- 
gen and oxygen and produces electricity. 
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compact fuel cell system having “an integrated heat 
exchanger unit” that combines the fuel cell cooling system 
and a cathode exhaust gas condenser, both being cooled, in 
parallel, by a shared cooling air stream. A cooling tube (call- 
out number 38) appears integrated with the fuel cell. 

ASPECTS OF THE INVENTION 

It is an aspect of the present invention to provide methods 
and apparatus as defined in one or more of the appended 
claims and, as such, having the capability of accomplishing 
one or more of the following subsidiary aspects. 

In accordance with the foregoing, one aspect of the present 
unitized regenerative fuel cell (URFC) invention is to mini- 
mize system components to “bare essentials,” eliminating 
ancillary equipment that would add unnecessary mass, vol- 
ume, and parasitic power usage. 

Another aspect of the present invention is to provide a 
reversible or regenerative electric-energy storage system that 
operated in a way that is equivalent to that of a rechargeable 
battery in which the active fuel cell portions and the electroly- 
sis portions are one and the same and in which pumps are not 
used or needed to circulate coolant and otherwise manage 
waste heat. 

Another aspect of the present invention is to minimize the 
system weight, volume, and parasitic power of the URFC. 

Yet another aspect of the present invention is to use a heat 
pipe method of heat transfer for the removal of waste heat 
from the active proton exchange membrane portion of the fuel 
cell. 

And a still further aspect of the present invention is to 
provide a way to remove water that is carried in the fuel gases 
generated during the electrolysis or charging mode of opera- 
tion. 

SUMMARY OF THE INVENTION 

The present invention is a unitized regenerative fuel cell 
(URFC) system comprising reactant storage tanks, a water 
storage reservoir, a fuel cell stack, fuel cell pressure control 
devices, reactant gas feed lines, and power inputioutputs and 
controls. The reactant gas storage tanks are sized and shaped 
to act as heat sinks andas waste heat radiators to the ambient 
environment. Heat pipes convey waste heat from the fuel cell 
stack to the reactant gas storage tanks. Portions of the heat 
pipes thermally communicate with the respective reactant gas 
storage tanks. The reactant gas storage tanks are cylindrical 
and have hemispherical ends. A reactant gas dryer is disposed 
within each of the respective reactant gas feed lines commu- 
nicating between the respective reactant gas storage tanks and 
the fuel cell stack. Each of the dryers is in thermal contact 
with the respective reactant gas storage tank. Each dryer is 
able to operate reversibly, returning water to the reactant 
gases as saidreactant gases flow toward the fuel cell stack. An 
expandable bellows type water storage reservoir is contained 
within a pressure dome. Said bellows type water storage 
reservoir opens to a maximum volume when no internal or 
external forces act upon it. A reactant gas pressure line com- 
municates between one of the reactant gas feed lines and the 
expandable water storage reservoir. The expandable water 
storage reservoir is spring-loaded in such a way as to cause its 
volume to increase to a maximum when no other force acts 
upon the storage tank. 
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4 
BRIEF DESCRIPTION OF THE DRAWINGS 

Reference will be made in detail to preferred embodiments 
of the invention, examples of which are illustrated in the 
accompanying drawing figures. The figures are intended to be 
illustrative, not limiting. Although the invention is generally 
described in the context of these preferred embodiments, it 
should be understood that it is not intended to limit the spirit 
and scope of the invention to these particular embodiments. 

Certain elements in selected ones of the drawings may be 
illustrated not-to-scale, for illustrative clarity. The cross-sec- 
tional views, if any, presented herein may be in the form of 
“slices”, or “near-sighted” cross-sectional views, omitting 
certain background lines which would otherwise be visible in 
a true cross-sectional view, for illustrative clarity. 

The structure, operation, and advantages of the present 
preferred embodiment of the invention will become further 
apparent upon consideration of the following description 
taken in conjunction with the accompanying drawings, 
wherein: 

FIG. 1 is a schematic diagram ofthe Unitized Regenerative 
Fuel Cell (URFC) system according to the present invention; 

FIG. 2 is a graphic definition ofthe dimensional parameters 
of a schematized cylindrical tank having hemispherical ends 
according to the present invention; 

FIG. 3 is a graph showing therelationship of surface area of 
a cylindrical tank with hemispherical ends as a function ofthe 
ratio of tank length and the radius of the hemispherical ends 
according to the present invention; 

FIG. 4 is a graph showing the temperature ofthe cylindrical 
tank surface as a function of electrical charging efficiency, for 
various surface area to volume ratios for the tanks according 
to the present invention; 

FIG. 5 is a graph showing the temperature ofthe cylindrical 
tank surface as a function of electrical charging efficiency, for 
various tank pressures when the ratio of surface area to tank 
volume is held constant according to the present invention; 

FIG. 6 is a graph showing the temperature ofthe cylindrical 
tank surface as a function of electrical charging efficiency, for 
electrical charging times according to the present invention; 

FIG. 7 is a graph showing the temperature ofthe cylindrical 
tank surface as a function of electrical discharging efficiency, 
for various surface area to volume ratios for the tanks accord- 
ing to the present invention; 

FIG. 8 is a graph showing the temperature ofthe cylindrical 
tank surface as a function of electrical discharging efficiency, 
for various tank pressures when the ratio of surface area to 
tank volume is held constant according to the present inven- 
tion; 

FIG. 9 is a graph showing the temperature ofthe cylindrical 
tank surface as a function of electrical discharging efficiency, 
for electrical discharging times according to the present 
invention; and 

FIG. 10 is a graph showing the temperature of the cylin- 
drical tank surface during charging and discharging as a func- 
tion of overall efficiency of the URFC according to the 
present invention. 

DEFINITIONS 

Reactant gases refers to such reactants as oxygen and 
hydrogen which can be combined in a fuel cell to produce 
water and electric power. The term ‘reactants’ is sometimes 
used herein to mean the same thing as ‘reactant gases’ or 
‘reactants.’ 
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URFC stands for Unitized Regenerative Fuel Cell. 
URFC stack refers to the operative part of the present 

invention, namely the reversible fuel cell stack that uses pro- 
ton exchange membrane technology or its equivalent in a way 
that can be used to create electric power from reactants such 
as hydrogenandoxygen, orit canbeusedtoproducereactants 
such as hydrogen and oxygen when electric power is used to 
drive the process so as to dissociate a material such as water. 
The terms ‘fuel cell stack,’ ‘FC stack,’ or ‘cell stack,’ are used 
hereinbelow to mean the same thing as ‘URFC stack.’ 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The Unitized Regenerative Fuel Cell (URFC) system 10 of 
FIG. 1 “charges” and “discharges” like a rechargeable battery. 
While charging, the URFC system 10 operates the electroly- 
sis process, which splits water into hydrogen and oxygen. 
While discharging, the URFC system 10 operates the fuel cell 
process, which combines hydrogen and oxygen and produces 
electricity. Most generally, the URFC system 10 according to 
the present invention comprises reactant gas storage tanks, a 
water storage reservoir, a fuel cell stack, fuel cell pressure 
control devices, reactant gas feed lines communicating 
between the fuel cell stack and the reactant gas storage tanks, 
and power inputloutputs and controls. 

Generally speaking, a URFC system operates either to 
electrolyze a substance such as water into its chemical con- 
stituents or as a fuel cell in which the chemical constituents 
are chemically combined and electricity is produced. 

When the URFC stack is used as an electrolytic cell, so as 
to store chemical energy in the form of stored reactants pro- 
duced from an electrical energy input, the reactant gases 
produced during electrolysis are expelled from the fuel cell 
stack by the production of still more gases from the cell stack. 
The continuedproduction of gases by the cell stack pushes the 
gases into the reactant gas storage tanks, gradually “pump- 
ing” the gases to higher and higher pressures within the tanks 
where they are stored. In addition, to the reactant gases such 
as oxygen and hydrogen, a certain amount ofwater vapor also 
accompanies these reactant gases as they are expelled from 
the cell stack and pushed toward their respective storage 
tanks. 

When operated as a fuel cell (producing electric power 
from chemical reactants), reactant gases flow into the fuel cell 
stack where they chemically react with each other so as to 
produce electric power. In the specific instance wherein the 
reactants are oxygen (0,) and hydrogen (H,), the resultant 
water (H,O) that forms inside of the URFC stack is removed 
by either the capillary action of wicking material that is in 
close proximity to the active electrode sites, or the water is 
driven out of the cell stack by pressure differentials inside the 
stack. That is to say that the water is pushed out of the cell by 
a pressure difference between the water pressure inside the 
cell stack and the water pressure inside an external water 
storage reservoir. 

The management of reactants inside the URFC cell stack is 
influenced by both the materials and the designs of the com- 
ponents inside the cell stack. In addition to the development 
of the reversible electrodes, proper and reliable reactant man- 
agement inside the cell stack is most important in achieving 
acceptable URFC performance. The present invention is 
directed toward ways to manage the reactants inside the cell 
stack during both electrolysis and fuel cell operation, and also 
during transitions between these different processes. 

6 
URFC System 

Referring now to FIG. 1, there is shown in schematic for- 
mat an entire URFC system 10, according to the present 
invention. The system 10 consists of the URFC stack 12, a 
reactant gas storage tank system 14,16, bi-directional reactant 
pressure controls 18, 18’ between the URFC stack and the 
reactant gas storage tanks, a bellows type expandable water 
storage reservoir 22 disposed within a pressure dome 25, a 
first heat pipe 24 communicating heat between the URFC 
stack and one reactant storage tank 16, a second heat pipe 26 
communicating heat between the URFC stack and a second 
reactant storage tank 14, a thermal control system 28,28‘, and 
a powerisystem control interface 30. The bellows type water 

15 storage reservoir is made of metal and is prestressed to open 
to a maximum volume when no internal or external forces act 
upon it. There is also shown in FIG. 1 a pipe 32 communicat- 
ing between the pressure dome 25 and the reactant input pipe 
34. Gas dryers 36,38 are in thermal communication with the 

2o reactant storage tanks 16,14, respectively. The operation of 
the gas dryers 36,38 is described herein. Waste heat from the 
URFC stack 12 is conveyed by the heat pipes 24,26 to the 
reactant storage tanks 16,14, respectively, by way of the heat 
pipe evaporators 28,28‘ respectively, which are in thermal 

25 contact with URFC stack. That is, portions of each heat pipe 
24,26 thermally communicate with the respective reactant 
gas storage tanks 16,14. 

The environmental settings within which this invention is 
intended to operate are anticipated to be cold. In other words, 

30 the applications for this URFC system 10 according to the 
present invention are envisioned to be those of outer space, 
high atmospheric altitudes, or the surfaces of the moon or 
Mars and like places wherein typical ambient temperature 
would be about -40” C. However, it is within the terms of the 

35 present invention for the to operate in other settings having 
less harsh environmental characteristics. 

In summary, the present invention is a Unitized Regenera- 
tive Fuel Cell (URFC) system 10 that uses heat pipes to 
convey waste heat from the fuel cell stack 12 to the reactant 

40 storage tanks, 14,16. The storage tanks 14,16 are sized and 
shaped to act as heat sinks andradiators ofwaste heat from the 
fuel cell stack 12 to the ambient environment. During charge 
up, i.e., the electrolytic process, gases are conveyed to the 
reactant storage tanks 14,16 by way of tubes 34,42 that 

45 include dryer portions 36,38 that are integral with the respec- 
tive surfaces of the storage tanks to which the gases are being 
conveyed. In other words, each reactant gas dryer is disposed 
within each of the respective reactant gas feed lines commu- 
nicating between the respective reactant gas storage tanks and 

50 the fuel cell stack. Reactant gases moving through the dryers 
to their respective storage tanks give up energy to the cold 
tanks, causing water vapor mixed with the gases to condense 
out and freeze on the internal dryer surfaces. During opera- 
tion in its fuel cell mode, the heat pipes 24,26 convey waste 

55 heat from the fuel cell stack to the respective reactant gas 
storage tanks, thereby heating them such that the reactant 
gases, as they pass though the respective dryers on their way 
to the fuel cell stacks retrieve the water previously removed. 
The dryers are able to operate reversibly, returning water to 

60 the reactant gases as said reactant gases flow toward the fuel 
cell stack. An expandable water storage reservoir is also used. 
It is disposed within a pressure dome that communicates with 
a reactant gas pressure line associated with a reactant gas feed 
line to one of the reactant gas storage tanks. The pressure 

65 dome is thus pressurized by reactant gas pressure communi- 
cated to it by said feed line to the said one of the reactant gas 
storage tanks. 
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Discussed below are the details of operation of an exem- 
plary URFC system 10 according to the present invention that 
uses oxygen and hydrogen as the reactant gases and chemical 
energy storage media. Specifically discussed below in detail 
are the operation of the present invention during its two 
respective modes of (1) charging, during which water is elec- 
trolyzed into oxygen and hydrogen, and (2) discharge when 
the fuel cell operates to cause the chemical combination of the 
reactant gases, hydrogen and oxygen, so as to produce elec- 
trical power. 

Electrolysis4, 
During the electrolysis process oxygen is produced inside 

the URFC stack 12. A mixture of oxygen and water vapor that 
is in equilibrium with the temperature and pressure of the 
URFC stack exits the URFC stack by means of the tubeipipe 
34 which leads to the gas dryer 38 and thence to junction point 
40 where the line bifurcates, one portion leading to the oxy- 
gen storage tank 14 by way of the bi-directional pressure 
control 18', and the other portion communicating with the 
pressure dome 25 that contains the expandable water storage 
reservoir 22. As is noted below, the expandable water storage 
reservoir 22 has two counteracting forces acting on it: (1) 
pressure from the oxygen line 34, which pushes inward on it, 
tending to shrink the volume of the tank 22 and (2) it is 
spring-loaded in sucha way as to cause its volume to increase. 

The oxygen regenerative gas dryer 38 communicates with 
the oxygen gas pipe 34. The oxygen regenerative dryer is in 
close thermal contact with the surface of the oxygen tank 14. 
As the oxygen water vapor mixture flows through the dryer 
38, heat from the gas mixture is transferred to the surface of 
the oxygen tank. The loss of energy from the oxygen mixture 
causes the water vapor in the mixture to condense andor 
freeze on the inside wall of the oxygen regenerative dryer 38. 
Water that is thus separated from the gaseous oxygen remains 
inside the dryer tubing 34 while the dried oxygen eventually 
is conveyed to the tank 14 by way of the bi-directional pres- 
sure control 18'. The oxygen pipe 34 bifurcates atjunction40, 
allowing a portion of the oxygen to move into (and later, 
during fuel cell operation, out of) the pressure dome 25 that 
surrounds the water storage reservoir 22. The bi-directional 
pressure control 18' acts as a back-pressure regulator that 
controls the oxygen pressure inside the URFC stack 12 and 
the water tank pressure dome 25 and allows this pressure to 
gradually increase all the while keeping this pressure within 
user-defined limits with respect to the hydrogen pressure 
inside the URFC stack. The dried oxygen that passes through 
the bi-directional pressure control 18' enters the oxygen stor- 
age tank 14 where it accumulates until needed during the 
discharge (or fuel cell) cycle of operation described below. 
This process continues until either the electrical input charg- 
ing energy is stopped, the oxygen tank reaches it's maximum 
pressure, or the water tank reaches its minimum level. 

Electrolysis-H, 
During the electrolysis process hydrogen is also produced 

inside the URFC stack 12. A mixture of hydrogen and water 
vapor that is in equilibrium with the temperature and pressure 
oftheURFC stackexits theURFC stackbyway ofthepipe42 
and into a hydrogen regenerative dryer portion 36, which is in 
close thermal contact with the surface of the hydrogen tank 
16. As the hydrogen water vapor mixture flows through the 
dryer 36, heat from the gas mixture is transferred to the 
surface of the hydrogen tank. The loss of energy from the 
hydrogen mixture causes the water vapor in the mixture to 
condense andor freeze on the inside wall of the hydrogen 
regenerative dryer. As with the water in the oxygen pipe, 
described hereinabove, water that is separated from the gas 

8 
phase remains inside the dryer tubing 36 while the dried 
hydrogen eventually makes its way to the bi-directional 
hydrogen pressure control 18 and then to the storage tank 16. 
The bi-directional pressure control 18 acts as a backpressure 

5 regulator that controls the hydrogen pressure inside the 
URFC stack 12 and allows this pressure to gradually increase 
all the while keeping this pressure within user-defined limits 
with respect to the oxygen pressure inside the URFC stack. 
Dried hydrogen that passes through the bi-directional pres- 

i o  sure control 18 enters the hydrogen storage where it gradually 
accumulates until needed during the discharge cycle of opera- 
tion. This process continues until either the charging energy is 
stopped, the hydrogen tank reaches its maximum pressure, or 
the water tank reaches its minimum level. 

l5 Electrolysis-H,O 
During the electrolysis, or charging, process, the URFC 12 

electrolyzes water. As the water is consumed, the URFC 
draws in water from the external water storage reservoir 22 by 
a siphon-like action through the pipe 44. The water storage 

2o reservoir 22 consists of a bellows inside the aforementioned 
pressure dome 25. The bellows has a spring-like action that, 
left unrestrained, would cause the bellows to expand to nearly 
the entire volume of the pressure dome. The water is stored 
inside the bellows. Outside the bellows 22, but inside the 

25 pressure dome 25, pressurized oxygen is present. This 
arrangement allows the water volume inside the bellows 22 to 
expand or contract as needed (during either electrolytic or 
fuel cell operation) all the while keeping the water pressure 
slightly less than the oxygen pressure that exists outside the 

30 bellows 22. It is important to maintain the water pressure 
slightly below the oxygen pressure, because this pressure 
difference keeps liquid water separated from the oxygen and 
hydrogen gas inside the URFC stack 12. The expandable 
bellows type water storage reservoir is contained within the 

35 pressure dome 25. The gas pressure line 32 communicates 
between the reactant gas feed lines 34 and the dome 25 that 
contains the expandable water storage reservoir 22. 
Electrolysis-Thermal Control System 

One of the key features of the URFC system 10 according 
to the present invention is the heat pipe thermal control sys- 
tem. During electrolysis, the waste heat produced by the 
URFC stack 12 is transferred to the system of heat pipes 
24,26. Bypass valves 46,46' in the respective heat pipes 24,26 

45 allow fluid within the heat pipes to bypass the heat radiating 
surfaces of oxygen and hydrogen storage tanks 14,16, respec- 
tively, when URFC stack 12 is not at optimum operating 
temperature. When the URFC stack is at its proper operating 
temperature, the fluid in the respective heat pipes flows 

5o throughportions ofthe heat pipes that are wrappedaroundthe 
oxygen and hydrogen storage tanks, 14,16. The portions of 
the heat pipes that are wrapped around the respective gas 
storage tanks are in close thermal contact with the surfaces of 
the tanks so that, as heat pipe fluid flows through the tubing 

55 wrapped around the tanks, heat is transferred from the heat 
pipe system to the surface of the gas storage tanks. The tank 
walls act in a way that is equivalent to cooling fins on the heat 
pipes, spreading the waste heat across the surfaces ofboth the 
oxygen and hydrogen storage tanks, which thence radiate the 

6o waste heat to the cold ambient environment. Because the 
amount of waste heat produced during electrolysis is small 
per unit area over which that heat is spread, the tank surface 
temperature of both the oxygen and hydrogen storage tanks, 
14,16, drops below 0" C. 

4o 

65 Electrolysis-Power and Control 
The power control system 30 of the URFC system 10 

matches the voltage of the electrical power source (not 
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shown) to the required voltage needed by the URFC stack 12 
for electrolysis. A computer control manages the pressure 
controls as well as the health monitoring and communica- 
tions. 

Fuel Cell Operation-0, 
When the present URFC system 10 is operated in the fuel 

cell mode (i.e., generating electric power from the chemical 
combining of the reactant gases), oxygen is consumed inside 
the URFC stack 12. As oxygen is consumed, oxygen pressure 
inside the URFC stack 12 and inside the water tank pressure 
dome 25 is reduced from the pressure levels that existed 
during the previous electrolysis operation described herein- 
above. Oxygen pressure inside the URFC stack 12 falls until 
the pressure is at the steady-state fuel cell operating pressure 
(about 50 psi). Once at this pressure, oxygen flows from the 
oxygen storage tank 14 as needed to maintain the steady-state 
fuel cell operating pressure. The oxygen flows from the water 
tank 22 inside the pressure dome 25 and from the oxygen 

directional pressure control 18 acts as a forward (pressure 
reducing), regulator that controls the hydrogen pressure 
inside the URFC stack 12 and allows this pressure to gradu- 
ally decrease to the steady state fuel cell operating pressure. 
The bi-directional pressure regulator 18 does this while keep- 
ing the URFC stack hydrogen pressure within prescribed 
limits with respect to the oxygen pressure inside the URFC 
stack. The fuel cell operation continues as long as electrical 
energy is withdrawn from the URFC system or until the 
hydrogen storage tank falls below its minimum pressure or 
the water storage reservoir reaches its maximum filled state. 

The water formed inside of the URFC during fuel cell 
operation (i.e., electricity production) is removed by the cap- 
illary action of wicking material that is in close proximity to 
the active electrode sites inside the cell stack. The water is 
pushed out of the cell by a pressure difference between the 
water pressure inside the cell stack and the water pressure 
inside an external water storage reservoir. 

storage tank 14 through the oxygen regenerative dryer 38on 
its way to the URFC stack 12. As the oxygen flows through 2o 
the regenerative dryer 38, it absorbs heat and water vapor 
from the inside surface of said dryer. The dryer tube 38 is in 
turn warmed by the surface ofthe tank 14 which is dissipating 
the substantially higher amount of waste heat generated dur- 
ing the fuel cell operation. Due to the lower pressure and 
relatively high temperature, the oxygen gas, as it flows from 
the tank 14 to the URFC stack 12, eventually evaporates all of 
the water previously trapped on the wall of the dryer tube 38 
during the electrolysis process. In doing so, the dryer tube is 
“regenerated” and thereby made ready for the next electroly- 
sis phase of operation. During the fuel cell operation the 

Fuel Cell Operation-H,O 
During fuel cell operation the URFC stack 12 (FIG. 1) 

produces water. As the water is produced, the water cavities 
inside the URFC system 10 draw in the water from the elec- 
trode surfaces. The water is eventually drawn into the water 
storage reservoir 22 by a siphon-like action. The spring-like 
action of the water storage reservoir bellows ensures that the 
pressure of the water storage cavities within the URFC stack 
are always lower in pressure than the oxygen cavities within 
the URFC stack regardless of how full the water storage 
reservoir 22 is. This pressure difference within the URFC 
stack maintains the gasiliquid separation within the URFC 
stack, and prevents cell flooding during fuel cell operation. 

25 

30 

bi-directional oxygen pressure control 18’ acts as a forward, 
or pressure reducing, regulator that controls the oxygen pres- During the fuel cell mode operation of the reversible fuel 
Sure inside the URFC stack l2 and water tank pressure dome 35 cell system 10, the waste heat produced by the URFC cell 25 and allows these pressures to gradually decrease to the stack 12 is transferred to the system heat pipes 24,26. Bypass steady-state fuel cell operating pressure. The bi-directional valves 46,46‘ in the heat pipe system allow the heat pipe fluid pressure regulator 18’ does this while keeping the oxygen to bypass the heat radiating surfaces of oxygen and hydrogen pressure in the URFC stack within prescribed limits with storage tanks (14,16 respectively) when the URFC stack 12 is respect to the hydrogen pressure inside the URFC stack. The 

40 not at its optimum operating temperature. When the URFC fuel cell mode of operation continues as long as electrical stack is at its desired operating temperature, the heat pipe 
fluid flows through heat pipes 26,24 that are wrapped around energy is withdrawn from the URFC system or until the 

oxygen storage tank falls below its minimum pressure or the the oxygen and hydrogen storage tanks 14,16. The heat pipes water storage reservoir 22 reaches its maximum filled state. are in close thermal contact with the gas storage tank surface 

Fuel Cell Operation-Thermal Control System 

- - 
Fuel Cell Operation-H, 45 so that as the heat pipe fluid flows through the tubing wrapped 

During the fuel cell mode of operation, hydrogen is con- around the tanks, heat is transferred from the heat pipe system 
sumed inside the URFC stack 12. As hydrogen is consumed to the surface of the gas storage tanks. The tank walls, acting 
the hydrogen pressure inside the URFC stack is reduced from as a heat fins, spread this waste heat across the entire tank 
the pressure achieved during the previous electrolysis opera- surface of both the oxygen and hydrogen storage tanks. The 
tion. Hydrogen pressure within the URFC stack decreases 50 tank surfaces radiate this waste heat to the cold ambient 
until the pressure is at the steady state fuel cell operating environment. Because the amount of waste heat produced 
pressure (about 50 psi). Once at this pressure, hydrogen flows during fuel cell operation is large per unit area over which that 
from the hydrogen storage tank 16 to maintain the steady- heat is spread, the tank surface temperature of both the oxy- 
state operating pressure of the fuel cell stack 12. Hydrogen gen and hydrogen storage tanks goes to well above freezing 
flows from the hydrogen storage tank 16 through the hydro- 55 temperatures. 
gen regenerative dryer 36 on its way to the URFC stack. As 
the hydrogen flows through the regenerative dryer 36, it 
absorbs heat and water vapor from the inside surface of said 
dryer tube. The dryer tube is in turn warmed by the surface of 
the tank 16, which is dissipating the substantially higher 60 
amount ofwaste heat generated during the fuel cell operation. 
Due to the lower pressure and warm temperature inside the 

Fuel Cell Operation-Power and Control 
The power control system 30 of the URFC system 10 

matches the required voltage of the electrical loads being 
supplied by the URFC system. A computer system control 
provides the software control of the pressure controls as well 
as the health monitoring and communications. 

dryer36, the hydrogengas, as it flows backto theURFC stack 
12, eventually evaporates all of the water previously trapped As described hereinabove, the amount of heat per unit of 
on the wall ofthe dryer tube during the electrolysis process. In 65 radiator area is smaller during the electrolysis charge phase of 
doing so, the dryer tube is “regenerated” and ready for the the URFC system operation than during the fuel cell dis- 
next electrolysis phase. During the fuel cell operation, bi- charge phase of operation. The effect of this is to produce 

Storage Tank/Radiator Analysis 
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freezing storage tank surface temperatures during the charge 
phase and above freezing temperatures during the discharge 
phase. (FIG. 1 shows hypothetical near steady state tempera- 
tures of the tanks 14,16 during electrolysis ['charging'] and 
fuel cell operation ['discharging' 1. Those hypothetical or 5 
exemplary temperatures are, during charging 225" K. and 
310" K. during discharging. This is so for both tanks.) 

The following analvsis characterizes the waste heat man- 

Substituting Equations (4), (6), and (8) into Equation (2) to 
get an expression for the storage tank surface temperature 
during the charging phase, 

(9) 

Likewise substituting Equation (51, (71, and (8) into Equa- 
tion (3) to get an expression for the storage tank surface 

[ ( 1  -q c)4405Mdc~'/(Ao+AH)]=eo( Tc4- TE4) 

during the discharging Phase, 
' 2 ,  

agement process in terms of the parameters that influence it. [ ( 1  -qo)4405Mdo~'/(A0+AH)] =eo(To4- TE4) (10) 

The surface area of each gas storage tank can be expressed The Stefan-Boltzmann Law states that, 10 

Q/A =eo( p- TE4) ( 1 )  as the ratio of surface area to volume multiplied by the vol- 
ume, 

Ao=(AoVo-')Vo ( 1 1 )  

AII(AHVH-') VH (12) 

where 
Q=Heat radiation rate, watts 
A=Heat radiation area, m2 
e=Emissivity, % 
~ 5 . 6 7 0 3 ~  lo-' ~at t -m'-K-~ Where 
T=Temperature of radiating body, K 
T,=Ternperature of surrounding environment, K 2o V,=Hydrogen tank volume, m3 
Using equation (1) to describe the heat radiation during 

I5 

V,=Oxygen tank volume, m3 

Referring to FIG. 2, there is shown in schematic side view 
a cylindrical tank 60 which corresponds to the shapes of the 
reactant storage tanks 14,16 in FIG. 1. This idealized cylin- 
drical tank 60 has hemispherical ends 62, each having a radius 

25 r. The overall length of the tank 60 is shown as L. Thus each 
reactant gas storage tanks is cylindrical and has hemispherical 
ends. The ratio of the storage tank surface area to volume, 
AN, can be expressed as, 

URFC system charging, 

(2) QJAT=eo( Tc4- TE4) 

where 
Q,=Heat radiation rate during charging, watt 
A,=Total tank surface area, m2 
T,=Tank surface temperature during charging, K 
Similarly, the heat radiation during URFC system dis- A/V=2/[r-(2/3)(12/L)] (13) 

30 charging can be expressed as, 
where 

Q d A  ==eo(To4- TE4) (3) A=Tank surface area, m2 
V=Tank volume, m3 

where r=Tank radius, m 
&=Heat radiation rate during disharging, watt 35 L=Tank length, m 
T,=Tank surface temperature during discharging, K 
The heat radiation rate during charging and during dis- 

FIG. 3 shows a graphical plotting ofEquation (13) showing 
the relationship of the ratio of the tank surface area to its 
volume, A/V, as a function of the ratio of the radius, r, and the 
length, L. As the tank gets more and more spherical (Le., as 

(4) 40 riL Y+1/2) the ratio A/V approaches a value of 3ir. As the 
( 5 )  tank gets less and less spherical (i.e., as riL+O) the ratio A/V 

ratio approaches a value of 2ir. 
Substituting Equation (1 1) and (12), into equations (9) and 

(lo), and assuming that the oxygen and hydrogen tanks have 
45 identical A/V ratios, the heat radiation expression during the 

charge and discharge phase can be expressed as, 

charging can be expressed as, 

Qc=(l-q c)5c 

Qo=(l-q&o 

where 
qc=Energy efficiency during charging, wattiwatt 
q,=Energy efficiency during discharging, 
E,,=Theoretical power required during charging, watt 

Based on the higher heating value of hydrogen of 4405 
E,,=Theoretical discharge power produced, watt (1-q c)4405Mdc-'/[(A/V)( Vo+ VH)]=eo(Tc4-TE4) (14) 

Likewise substituting Equation (5), (7), and (8) into Equa- 
watt-hr per kg of water produced, the average theoretical 50 tion (3) to get an expression for the storage tank surface 
power during charging and discharging is: 

5,344O5Mdc-' ( 6 )  ( 1  -q,)4405M&y1/[ (A/V) ( Vo+ VH)] =eo(To4- TE4) (15) 

The volume of the oxygen and hydrogen storage tanks can 

temperature during the discharging phase, 

5,=4405 M do-' 
(7) 55  be expressed as, 

where Vo=n$TdP0 ( 1 6 )  
M,=Mass of water used or produced, kg 

t,=Discharging time, hours 
The heat dissipation area is the combined surface area of 6o  

t,=Charging time, hours VH=nHR TH/PH (17) 

where 
n,=~oles  ofoxygen, gmoles 
n,=Moles of hydrogen, gmoles 

AT=Ao+AH (8) T,=Temperature of oxygen, K 
T,=Temperature of hydrogen, K 

P,=Pressure of hydrogen, atm 
R=8 .2x 1 0-5, atm-m3 -gmole-K-' 

the oxygen and hydrogen storage tanks. 

where 65 P,=Pressure of oxygen, atm 
A,=Oxygen tank surface area, m2 
A,=Hydrogen tank surface area, m2 
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The volumes of the gas storage tanks don't change during 
operation of the URFC according to the present invention, 
and are sized to accommodate the mass of each gas volume 
stored at the peak level of charge. Under these conditions, it is 
assumed that the peak charge pressure is approximately the 
same for both oxygen and hydrogen. It is also assumed that, at 
peak charge, the oxygen gas temperature is approximately the 
same as the hydrogen gas temperature for this sizing calcu- 
lation, and that these temperatures are also equal to the sur- 
face temperature of the gas storage tanks during charging of 
the URFC. Using these assumptions, Equations (14) and (1 5) 
can be rewritten as, 

where 
P,=Peak charge pressure, atm 
It should be noted that the denominators on the left-hand 

side of equations (1 8) and (1 9) are constants and equal to each 
other (the combined surface area ofthe tanks does not change 
from charge to discharge once the tanks have been sized). 

The moles of oxygen and hydrogen can be expressed as, 

no+nsl .5n  (20) 

where 
nw=mass of water used or produced, gmoles 

The moles of water can be expressed as, 

n f l M d 0 . 0 1 8  (21) 

Substituting Equations (20) and (21) into Equations (18) 
and (1 9) yields, 

( 1  -qc)4405M,r,' /[(A/ V)RTcP-,'(1.5Mw /O.OlS)] = 

( 1  -qD)4405Mwr6' / [(A/V)RTcG'(1.5Mw /O.OlS)] = 

(22) 
eu(T: - 74,) 

(23) 
eu(T2 - 74,) 

Simplifying Equations (22) and (23) 

( 1  - q c ) ( 4 4 0 5 r ~ ' ) ( 0 . 0 1 2 ) / [ ( A / V ) R T c ~ ' ]  = e u ( @  - $) 

( 1  -qD)(4405Mwr~')(0.012)/[(A/V)RTcP-,'] = eu(T2 - Tj) 

(24) 

(25) 

Referring now to FIG. 4, the surface temperature, T,, of a 
cylindrical reactant storage tank is graphed as a function of 
charging efficiency for three different various A/V ratios, is 
shown according to Equation (24). Peak charging pressures in 
the tanks, and the charging times, are held constant. FIG. 5, 
like FIG. 4, is a graphical representation of T, from Equation 
(24), for three peak charging pressures, with A/V and charg- 
ing time being held constant. FIG. 6 is also a graphical rep- 
resentation of T, from Equation (24) as a function of charge 
efficiency for three different charging times, with A/V and 
peak charging pressure being held constant. 

In each of the FIGS. 4,5 and 6, the expected range of 
charging energy efficiency is highlighted on the right sides. 
The freezing point of water is also indicated. The three FIG- 

14 
URES show that within the expected charge energy efficiency 
range and the range of tank's A/V ratio, discharge time, and 
peak charge pressure, the surface temperature of the storage 
tanks during charging generally stay below freezing. 

Equation (25) is also shown graphically in FIGS. 7,s and 9, 
with the tank surface temperature, T,, during discharge, 
being shown as a function of discharge energy efficiency. In 
FIG. 7, peak discharging pressure and the discharging time 
are held constant for three different A/V ratios. FIG. 8 also 

i o  shows T, as a function of discharging efficiency, with dis- 
charge time, to, and peak charge pressure, P,, being held 
constant forthreedifferent tankratios,A/V. InFIG. 9, theA/V 
ratio and the peak charge pressure are constant, for three 
different discharge times, to, according to Equation (25). In 

15 each of the FIGS. 7,s and 9, the expected range of discharge 
phase energy efficiency is highlighted, and the freezing point 
of water is indicated. The FIGS. 7,8, and 9 show that within 
the expected discharge energy efficiency range and the range 
of tank A/V ratio, discharge time, and peak charge pressure, 

20 the surface temperature of the gas storage tanks during dis- 
charging stays above freezing. 

FIG. 10 is a graphical representation of the preceding 
graphical representations, showing tank surface temperature 
for both a charge and discharge as a function of charge and 

25 discharge efficiency. FIG. 10 shows that for a system with a 
9'12 hour chargeidischarge where the peak charge pressure is 
27 atmosphere (400 psia), during charging the surface tem- 
perature of the tanks is well below the freezing temperature, 
whereas during the discharge phase the tank surface tempera- 

5 

30 ture is well above freezing. 

PRIOR ART CONSIDERATIONS 

Except for the partially pressurized water storage reservoir 
35 of the present URFC invention, the other features of the 

URFC that are deemed patentable all relate to the manage- 
ment ofwaste heat from the two modes of operation of the FC 
as a fuel cell or as an electrolysis cell. More specifically, the 
present invention incorporates a spring loaded water storage 

40 reservoir that is externally pressurized by gas from one ofthe 
reactant tanks, and waste heat from the fuel cell stack is 
conveyed by heat pipes to the reactant storage tanks, from 
which the waste heat is radiated to the local environment. 

In reference to the specific prior art teachings cited in the 
45 Background section above, U.S. Pat. No. 3,975,913 to Erick- 

son describes a closed-cycle gas generator in which waste 
heat is used to drive closed cycle heat engine, rather than 
being conducted to gas storage tanks. No provision is made 
for storing water in, or retrieving it from an expendable, 

U.S. Pat. No. 4,490,445 ('445) to Hsu discloses areversible 
'solid oxide electrochemical energy converter' having a 
counter-flow heat exchanger that disposes of waste heat by 
directing it to heating the incoming fuel gases. However, the 

55 counter-flow heat exchanger of '445 is distinct from the 
present invention wherein heat that is delivered to the "dryer" 
(36,38 in FIG. 1) portion of the present invention receives its 
heat from the surface of the reactant storage tanks. 

U.S. Pat. No. 5,338,622 to Hsu, et a1 discloses a fuel cell 
60 system that addresses specifically the issue of waste heat 

management, but, as in '445 to Hsu above, the heat transfer 
means is that of a counter-flow heat exchanger assembly. 

U.S. Pat. No. 5,401,589 to Palmer, et a1 discloses a fuel cell 
with a reformer, wherein the reformer receives waste heat 

65 from the fuel cell. The use of a heat pipe is mentioned, but 
then dismissed because "heat pipes are not preferred due to 
the risk of leakage." 

50 spring load storage tanks. 
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U.S. Pat. No. 5,506,066 to Sprouse discloses an ‘ultra 
passive,’ variable pressure RFC having a single H, storage 
tank “that encloses a plurality of smaller gaseous 0, storage 
tubes.” No “pumping elements” are used. A heatingicooling 
coil inside the H, tank prevents icing or overheating, said 5 

electrolytic cell mode when charging comprising first and 
second reactant gas storage tanks, a water storage reservoir, 
and a fuel cell stack, cornmisine: 

heatinglcooling coil (400 in FIG. 5) has anunspecified source 
or sink for heat. 

U.S. Pat. No. 5,510,202 to McCoy discloses a variable 
pressure fuel cell. McCoy uses prior art images similar to 
those of Sprouse in ’066, suggesting that this patent’s waste i o  
heat management system might be similar to that of Sprouse 
’066. However, the single reference to a “heatingicooling 
coil,” in relation to a metal hydride storage tanks, does not 
specify a heat source or sink. 

U.S. Pat. No. 5,678,410 to Fujita et a1 discloses a fuel cell 15 
system for use with cars. From Abstract: “The combined 
system preferably includes a heat storage tank disposed in a 
conduit of a heating medium . . . ” A heat transfer medium 
“such as water” is used to convey heat to various heat 
exchangers including one that moves heat to or from a metal- 20 
hydride storage tank. Whereas waste heat from the fuel cell 
portion of this invention is discarded into metal hydride stor- 
age tanks during the discharge phase of operation of the 
system, the coolant is driven by two pumps 81 and 82 (FIG. 1) 
and the coolant flow is managed by a plurality of solenoid 25 
valves. This is not the passive system of the sort described in 
the present disclosure, and no heat pipe system is mentioned. 

U.S. Pat. No. 5,885,727 to Kawatsu discloses a fuel cell 
arrangement in which waste heat is conveyed, by way of 
apparently integral cooling water tubes, to reaction tanks 30 30 
and 50 wherein, respectively, oxygen and hydrogen are gen- 
erated for use in the fuel cell. While waste heat is conveyed, 
by water in tubes, to reaction tanks, the coolant is water and it 
is actively pumped. In one embodiment, a heat pump links 
separate, isolated cooling loops for the fuel cell stack and at 35 
least one reactant source (FIG. 9), while a second embodi- 
ment (FIG. 11) includes an external radiation. 

US 20031001721 A1 to Wattelet et a1 discloses a mobile and 
compact fuel cell system having “an integrated heat 
exchanger unit” that combines the fuel cell cooling system 40 
and a cathode exhaust gas condenser, both being cooled, in 
parallel, by a shared cooling air stream. A cooling tube 38 
appears integrated with the fuel cell. No heat pipes are used, 
though, and any storage tanks involved are not used as heat 
sinks. 45 

Although the invention has been shown and described with 
respect to a certain preferred embodiment or embodiments, 
certain equivalent alterations and modifications will occur to 
others skilled in the art upon the reading and understanding of 
this specification and the annexed drawings. In particular 50 
regard to the various functions performed by the above 
described components (assemblies, devices, circuits, etc.) the 
terms (including a reference to a “means”) used to describe 
such components are intended to correspond, unless other- 
wise indicated, to any component which performs the speci- 55 
fied function of the described component (i.e., that is func- 
tionally equivalent), even though not structurally equivalent 
to the disclosed structure which performs the function in the 
herein illustrated exemplary embodiments ofthe invention. In 
addition, while a particular feature of the invention may have 60 
been disclosed with respect to only one of several embodi- 
ments, such feature may be combined with one or more 
features of the other embodiments as may be desired and 
advantageous for any given or particular application. 

What is claimed is: 65 
1. A unitized regenerative fuel cell (URFC) system that 

operates either in a fuel cell mode while discharging or in an 

- I  

first and second reactant gas feed lines communicating 
between the fuel cell stack and the first and second 
reactant gas storage tanks for conveying reactant gases 
from the fuel cell stack to the first and second reactant 
gas storage tanks and for returning reactant gases from 
the first and second reactant gas storage tanks to the fuel 
cell stack: 

the first and second reactant gas storage tanks acting as heat 
sinks and radiators of waste heat to an ambient environ- 
ment below 0” C. so that during the electrolytic cell 
mode the surface temperature of the first and second 
reactant gas storage tanks is below 0” C. and during the 
fuel cell mode the tank surface temperature of the first 
and second reactant gas storage tanks is above freezing 
temperature; 

first and second heat pipes thermally communicating with 
said fuel cell stack and first and second reactant gas 
storage tanks, respectively for conveying waste heat 
from the fuel cell stack to the surface of the first and 
second reactant gas storage tanks; 

first and second reactant gas dryers in thermal communi- 
cation with the first and second reactant gas storage 
tanks, respectively, and disposed within the first and 
second reactant gas feed lines, respectively, each of the 
first and second reactant gas dryers is integral with a 
surface ofthe first and second reactant gas storage tanks, 
respectively; whereby reactant gases conveyed from the 
fuel cell stack to the first and second reactant gas storage 
tanks during the electrolytic cell mode give up energy to 
storage tanks so that water vapor mixed with the reactant 
gases condenses out and freezes on internal gas dryer 
surfaces and during the fuel cell mode reactant gases 
passing from the first and second reactant gas storage 
tanks through the first and second reactant gas dryers on 
their way to the fuel cell stack are heated by the first and 
secondreactant gas storage tanks from heat generated by 
the fuel cell stack whereby water on the internal gas 
dryer surfaces melts and returns to the reactant gases 
flowing to the fuel cell stack; 

an expandable water storage reservoir formed as a bellows 
contained within a pressure dome, said water storage 
reservoir having water stored inside the bellows and 
being connected to the fuel cell stack for allowing the 
water volume inside the bellows to expand or contract 
depending upon the operation of the fuel cell stack; and 

a gas pressure line communicating between the first reac- 
tant gas feed lines and the pressure dome that contains 
the expandable water storage reservoir for directing 
pressurized gas from the first reactant gas storage tank 
into the pressure dome and outside of the bellows so that 
the water pressure in the bellows is less than the gas 
pressure outside of the bellows. 

2. The URFC system of claim 1 in which the first and 
second reactant gas storage tanks are cylindrical and have 
hemispherical ends. 

3. The URFC system of claim 1 in which the first and 
second reactant gas dryers operate reversibly, and enable gas 
flow of first and second reactant gases between the first and 
second reactant gas storage tanks, respectively, and the fuel 
cell stack and between the fuel cell stack and the first and 
second reactant gas storage tanks. 

4. The URFC system of claim 1 in which the expandable 
water storage reservoir is spring-loaded in such a way as to 
cause its volume to increase. 
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5. A unitized regenerative fuel cell (URFC) system that 
operates either in a fuel cell mode while discharging and in an 
electrolytic cell mode when charging comprising: 

first and second reactant gas storage tanks acting as heat 
sinks and radiators of waste heat from the fuel cell stack 5 
to an ambient environment of below 0" C., 

the fuel cell stack to the first and second reactant gas 
storage tanks during the electrolytic cell mode to give up 
energy to storage tanks whereby water vapor mixed with 
the reactant gases condenses out and freeze as water on 
internal gas dryer surfaces and for causing reactant gases 
passing through the first and second reactant gas dryers 
on their way to the fuel cell stack during the fuel cell 
mode from the first and second reactant gas storage 
tanks to be heated by the heat generated by the fuel cell 
stack whereby water on the gas surfaces 
melts and returns to the reactant gases flowing. 

water storage reservoir formed as a 

a fuel cell stack, 
first and second reactant gas feed lines communicating 

between the fuel cell stack and the first and second 
reactant gas storage tanks for conveying reactant gases lo 
from the fuel cell stack to the first and second reactant 
gas storage tanks and for returning reactant gases from 
the first and second reactant gas storage tanks to the fuel 
cell stack, 

first and second heat pipes thermally communicating with 
said fuel cell stack and in thermal contact with the first 
and second reactant gas storage tanks, respectively for 

surface Of the first and second reactant gas 
so that during the electrolytic cell mode the surface 
temperature of the first and second reactant gas storage 
tanks is below 0" C. and during the fuel cell mode the 
tank surface temperature of the first and second reactant 
gas storage tanks is above freezing temperature; and 

first and second reactant gas dryers means disposed within 

and in thermal communication with and integral with a 
surface ofthe first and second reactant gas storage tanks, 

6. The URFC system Of 

an 
contained within a pressure dome, said water storage 
reservoir having water stored inside the bellows and 
being connected to the fuel cell stack for allowing the 
water volume inside the bellows to expand or contract 
depending upon the operation of the fuel cell stack; and 

tant gas feed lines and the pressure dome that contains 
the expandable water storage reservoir for directing 
pressurized gas from the first reactant gas storage tank 
into the pressure dome and outside of the bellows so that 
the water pressure in the bellows is less than the gas 
pressure outside of the bellows. 
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conveying waste heat from the stack to the a gas pressure line commmicating between the first reac- 
t ~ '  20 

25 
7, The URFC system of claim 6 in which the 

the first and second gas feed lines, water storage reservoir is spring-loaded in such a way as to 
its volume to increase, 

respectively, for causing reactant gases conveyed from * * * * *  


