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WORKING FLUIDS FOR THERMAL
ENERGY CONVERSION OF WASTE HEAT
FROM FUEL CELLS USING RANKINE
CYCLE SYSTEMS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to novel working
fluids uniquely designed for higher cycle efficiencies, thereby
leading to higher overall system efficiencies and therefore
lower fuel consumption and lower emissions levels. In par-
ticular, these working fluids are useful in Rankine cycle sys-
tems for efficiently converting waste heat generated from
industrial processes, such as electric power generation from
fuel cells, into mechanical energy.

2. Discussion of the Background Art

Rankine cycle systems are known to be a simple and reli-
able means to convert heat energy into mechanical shaft
power. Organic working fluids are useful in place of water/
steam when low-grade thermal energy is encountered. Water/
steam systems operating with low-grade thermal energy
(typically 400° F. and lower) will have associated high vol-
umes and low pressures. To keep system size small and effi-
ciency high, organic working fluids with boiling points near
room temperature are employed. Such fluids would have
higher gas densities lending to higher capacity and favorable
transport and heat transfer properties lending to higher effi-
ciency as compared to water at low operating temperatures. In
industrial settings there are more opportunities to use flam-
mable working fluids such as toluene and pentane, particu-
larly when the industrial setting has large quantities of flam-
mables already on site in processes or storage. For instances
where the risk associated with use of a flammable working
fluid is not acceptable, such as power generation in populous
areas or near buildings, other fluids such as CFC-113 and
CFC-11 were used. Although these materials were non-flam-
mable, they were a risk to the environment because of their
ozone-depletion potential. Ideally, the organic working fluid
should be environmentally acceptable, non-flammable, of a
low order of toxicity, and operate at positive pressures.

Organic Rankine cycle systems are often used to recover
waste heat from industrial processes. In combined heat and
power (cogeneration) applications, waste heat from combus-
tion of fuel used to drive the prime mover of a generator set is
recovered and used to make hot water for building heat, for
example, or for supplying heat to operate an absorption
chiller to provide cooling. In some cases, the demand for hot
water is small or does not exist. The most difficult case is
when the thermal requirement is variable and load matching
becomes difficult, confounding efficient operation of the
combined heat and power system. In such an instance, it is
more useful to convert the waste heat to shaft power by using
anorganic Rankine cycle system. The shaft power can be used
to operate pumps, for example, or it may be used to generate
electricity. By using this approach, the overall system effi-
ciency is higher and fuel utilization is greater. Air emissions
from fuel combustion can be decreased since more electric
power can be generated for the same amount of fuel input.

U.S. Pat. No. 6,365,289, which is incorporated in its
entirety, articulates that an organic Rankine cycle can be used
to produce shaft work to operate fuel cell system components,
such as an air compressor, in order to produce compressed air
used in the fuel cell stack. It states that the working fluid can
be heated by an external boiler or by one of the components of
the fuel cell system, such as the combustor and/or the fuel cell
stack. This treatment does not address utilization of waste
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heat for the purpose of increasing overall system efficiency or
the management of fuel cell system temperatures which
would provide improved process stability and system reliabil-
ity/integrity, such as that disclosed hereinafter by the present
invention.

One of the benefits of the present invention is that the
present inventors have unexpectedly determined that the use
of'an organic Rankine cycle scaled to utilize the available fuel
cell waste heat can generate additional electric power.
Because the electrical power output of the fuel cell and
appended organic Rankine cycle system is greater than that of
the fuel cell alone and the fuel energy input is constant, the
result of the present invention is an increase in overall thermal
efficiency. Organic Rankine cycle offers an advantage over
combined heat and power (cogeneration) processes in that no
load matching is required. In many cases, load matching can
be difficult to accomplish. In cases where there is no thermal
requirement, a combined heat and power process could not be
utilized; however, an appended organic Rankine cycle system
remains an advantageous means to improve fuel cell system
overall efficiency.

Currently, fuel cell development and commercialization is
underway. Various types of fuel cells are being used for power
generation at scales ranging from utility power generation
down to power supplies for portable computers. Some fuel
cell designs, such as proton exchange membrane types, do not
generate significantly high temperatures, around 100° C. or
so, and would not have adequate levels of thermal energy for
use of organic Rankine cycle. Other designs, such as phos-
phoric acid fuel cells, operate at moderate temperatures and
would lend well to the use of organic Rankine cycle systems
for thermal energy conversion. Rankine cycle systems run-
ning with water or silicones as the working fluid are efficient
when the waste heat is available at high temperature. High
temperature fuel cells such as molten carbonate or solid oxide
fuel cells would be an example. Nonetheless, organic work-
ing fluids with adequate thermal stability and low-to-moder-
ate vapor pressure can be used practically to utilize waste heat
from high-temperature sources provided organic Rankine
cycle systems are properly designed. For example, the heat
recovery heat exchanger would be designed to provide high
flow rates and low heat flux in the first portion of the heat
exchanger thus protecting the organic Rankine cycle working
fluid from thermal decomposition until the source-side tem-
perature was brought down to that where work extraction
could take place for the given working fluid.

Fuel cells are meant to be a reliable, environmentally
friendly source of electric power. Although flammable or
combustible working fluids can be used in organic Rankine
cycle systems, when considering fuel cells that integrate
Rankine cycle systems to improve overall efficiency, selec-
tion of a non-flammable, low toxicity, environmentally
friendly working fluid is an important factor. A non-flam-
mable, low toxicity fluid contributes to reliability and safety.
A non-flammable working fluid will not likely jeopardize the
system or fire safety of the surroundings if internal or external
forces or events such as ignition sources interact with the
working fluid. Fluids with a low order of toxicity and favor-
able environmental properties such as low global warming
potential bring less impact to the environment and its inhab-
itants if there are exposures or releases.

The working fluids of the present inventions uniquely pro-
vide higher cycle efficiencies in Rankine cycle systems that in
turn result in higher overall system efficiencies and therefore
lower fuel consumption and lower emissions levels.
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SUMMARY OF THE INVENTION

A process for recovering waste heat which comprises: (a)
passing a liquid phase working fluid through a heat exchanger
in communication with a process which produces said waste
heat; (b) removing a vapor phase working fluid from said heat
exchanger; (c) passing said vapor phase working fluid to an
expander, wherein said waste heat is converted into mechani-
cal energy; and (d) passing said vapor phase working fluid
from said expander to a condenser, wherein said vapor phase
working fluid is condensed to said liquid phase working fluid.
Optimally, the liquid phase working fluid from step (d) is
recycled to step (a) via a pump.

The working fluid is preferably at least one working fluid
selected from the group consisting of: organic Rankine cycle
system working fluids, water, silicones, aliphatic hydrocar-
bons, cyclic hydrocarbons, aromatic hydrocarbons, olefins,
hydrofiuorocarbons, hydrofluoroethers, perfluoroethers,
alcohols, ketones, fluorinated ketones, fluorinated alcohols,
esters, and phosphate esters.

The organic Rankine cycle system working fluids comprise
compounds having the following general structure:

C=C

where X, y, z, and m are each selected from the group con-
sisting of: fluorine, hydrogen, R ; and R, wherein R and R -are
each an alkyl, aryl, or alkylaryl of 1 to 6 carbon atoms, and
wherein R is partially or fully fluorinated.

Additional, organic Rankine cycle system working fluids
according to the present invention may include at least one
compound selected from the group consisting of:
1,1,1,2,2,4,4,4-octafluorobutane,
2-trifluoromethyl 1,1,1,3,3-pentafluoropropane,
1,1,1,2,2,3,3,4-octafluorobutane,
1,1,1,2,2,3,3,4,4-nonafluorobutane,
trifluoromethyl 1,1,1,2,2-pentatfluoropropyl ether or 3-trif-

luoromethoxy 1,1,1,2,2, pentafluoropropane,
1,1,1-trifluoroethyl perfluoroethyl ether or 2-perfluoroethoxy

1,1, 1-trifluoroethane,
2-trifluoromethyl 1,1,1,3,3,3-hexafluoropropane or 2-H per-

fluoroisobutane,
methyl (1,1,1,2,3,3,3-heptafluoropropane)-2-ether

2-methoxy perfluoropropane,
methyl 1,1,1,2,2.3 3-heptafluoropropane ether or 3-methoxy
perfluoropropane,
1,2,2,2-tetrafluoroethyl 1,1,1,2,2,3,3-heptafluoropropane
ether or 2-perfluoropropoxy 1,1,1,2-tetrafluoroethane,
perfluoro-tertiary butyl alcohol,
1,1,2,2,3,3,4,4-octafluorobutane,
1,1,1,2,2,3,3,4,4,5,5-undecafluoropentane,
1,1,1,2,3,4.,4,5,5,5-decatluoropentane,
4-trifluoromethyl-1,1,1,3,5,5,5-heptafluoro-2-pentene,
cyclo-1,1,2,2.3.4,-hexafluorobutane,
cyclo-1,1,2,2,3,3.4.4,5,5-decafluoropentane, and
H-dodecafluoropentane isomers.

More preferably, the compounds of the organic Rankine
cycle system working fluids have the formula C_F H,_where
x'is 12-b, whereb is an integer from between about O to about
6,y'is 2x'-7', and for x'/2 and 2x'/3 equals integers then 7' is
2x'/3; for x'/2 and 3x'/4 equals integers then 7' is 3x'/4; for x'/2
not equal to integer then 7' is x'-2; for x'/2 and x'/5 equals

or
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integers then 7' is x'-3. Moreover, the organic Rankine cycle
system working fluid is either (a) a saturated compound
derived by reacting HF with any of the compounds or (b) the
compounds derived by reduction with hydrogen. The pre-
ferred compound is 4-trifluoromethyl-1,1,1,3,5,5,5-hep-
tafluoro-2-pentene.

The process that produces waste heat is at least one selected
from the group consisting of: fuel cells, internal combustion
engines, internal compression engines, external combustion
engines, and turbines. Other sources of waste heat can be
found in association with operations at oil refineries, petro-
chemical plants, oil and gas pipelines, chemical industry,
commercial buildings, hotels, shopping malls, supermarkets,
bakeries, food processing industries, restaurants, paint curing
ovens, furniture making, plastics molders, cement kilns, lum-
ber kilns (drying), calcining operations, steel industry, glass
industry, foundries, smelting, air-conditioning, refrigeration,
and central heating.

The recovery process further comprises a secondary heat
exchanger loop disposed between the heat exchanger in step
(a) and the process which produces the waste heat. The sec-
ondary heat exchanger loop comprises passing a secondary
fluid in communication with both the heat exchanger and the
process which produces the waste heat, thereby transferring
the waste heat from the process to the secondary fluid which
thereafter transfers the waste heat from the secondary fluid to
the liquid phase working fluid. The secondary fluid is at least
one high-boiling point fluid, e.g., glycols, silicones, other
essentially non-volatile fluids and mixtures thereof.

A process for recovering heat that comprises: (a) passing a
liquid phase working fluid through at least a first heat
exchanger in communication with a process which produces
the waste heat; (b) removing a warmed liquid phase working
fluid from the first heat exchanger; and (c) passing the
warmed liquid phase working fluid to at least a second heat
exchanger, wherein the warmed liquid phase transfers heat to
a another fluid.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a fuel cell and Rankine cycle
system in direct heat exchange according to the present inven-
tion;

FIG. 2 is a block diagram of a fuel cell and Rankine cycle
system with a secondary heat exchange arrangement accord-
ing to the present invention; and

FIG. 3 is a chart plotting temperature versus entropy for
4-trifluoromethyl-1,1,1,3,5,5,5-heptafluoro-2-pentene
((CF,),CHCF—CHCF,) and HFC-245fa.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

To better understand how organic Rankine cycle equip-
ment can be configured to utilize waste heat from fuel cells, a
diagram of a basic equipment configuration is provided in
FIG. 1. A heat recovery heat exchanger (a) transfers heat
generated within the fuel cell to the Rankine cycle system
working fluid. The heat exchanger can be located internal or
external to the fuel cell. When the heat recovery heat
exchanger is located outside the fuel cell, in its simplest form,
atube or tubes would convey hot gas or liquid electrolyte from
the fuel cell to the external heat recovery heat exchanger
(Rankine cycle system boiler) and then return the cooler fluid
to the fuel cell to complete the loop. When the heat exchanger
is inside the fuel cell, it can be located in the gas space, in the
liquid portion of the fuel cell (electrolyte), or it may be located
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so that it contacts both liquid and gas within the fuel cell. In
these arrangements, a tube or tubes carrying Rankine cycle
system working fluid into and out of the fuel cell would
constitute the heat recovery heat exchanger is simple form.
The exchanger could also be located partially within and
partially outside the fuel cell. For instance, the outer portion
of the heat exchanger could be used to reject heat to the air.
The heat recovery heat exchanger could be configured to
reject any heat not delivered to the Rankine cycle system, for
example, when the Rankine cycle system may be off-line or
during transient conditions, such as start-up and shut-down.
The heat could be rejected to air or to water using known heat
rejection equipment designs and principles. Heat exchanger
design can be fin/plate, shell/tube, fin/tube, microchannel,
including double-wall or other designs that would be obvious
to those skilled in the art.

The Rankine cycle system working fluid circulates through
the heat recovery heat exchanger where it gains heat. The
liquid working fluid converts to vapor in the heat recovery
heat exchanger. The working fluid vapor is routed to the
expander (b) where the expansion process results in conver-
sion of the heat energy into mechanical shaft power. The shaft
power can be used to do any mechanical work by employing
conventional arrangements of belts, pulleys, gears, transmis-
sions or similar devices depending on the desired speed and
torque required. Importantly, the shaft can be connected to an
electric power-generating device (c) such as an induction
generator. The electricity produced can be used locally or
delivered to the grid. Working fluid that exits the expander
continues to the condenser (d) where adequate heat rejection
causes the fluid to condense to liquid. It is also desirable to
have a liquid surge tank (e) located between the condenser
and pump to ensure there is always and adequate supply of
liquid to the pump suction. The liquid flows to a pump (f) that
elevates the pressure of the fluid to that it can be introduced
back into the heat recovery heat exchanger thus completing
the Rankine cycle loop.

InFIG. 2, is described an alternate equipment arrangement
that utilizes a secondary heat exchange loop operating
between the fuel cell and the Rankine cycle system. This
arrangement offers another means of removing heat from the
fuel cell and delivering it to the Rankine cycle system. This
arrangement provides flexibility by facilitating the use of
various fluids for sensible heat transfer. In fact, the working
fluids of this invention can be used as secondary heat
exchange loop fluids provided the pressure in the loop is
maintained at or above the fluid saturation pressure at the
temperature of the fluid in the loop. Additionally, high-boil-
ing point fluids such as glycols and their brines, silicones, or
other essentially non-volatile fluids may be used for sensible
heat transfer in the secondary loop arrangement described. A
secondary heat exchange loop can make servicing of either
the fuel cell or Rankine cycle system less difficult since the
two systems can be more easily isolated or separated. This
approach can simplify the heat recovery heat exchanger
design as compared to the case of having a heat exchanger
with a high mass flow/low heat flux portion followed by a
high heat flux/low mass flow portion. Organic compounds
often have an upper temperature limit above which thermal
decomposition will occur. The onset of thermal decomposi-
tion relates to the particular structure of the chemical and thus
varies for different compounds. In order to access a high-
temperature source using direct heat exchange with the work-
ing fluid, design considerations for heat flux and mass flow, as
mentioned above, can be employed to facilitate heat exchange
while maintaining the working fluid below its thermal decom-
position onset temperature. Direct heat exchange in such a
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situation typically requires additional engineering and
mechanical features which drive up cost. In such situations, a
secondary loop design may facilitate access to the high-tem-
perature heat source by managing temperatures while cir-
cumventing the concerns enumerated for the direct heat
exchange case. This approach also can provide more freedom
to retrofit to future improved working fluids in the Rankine
cycle system without having to disturb or alter the fuel cell
package. A cost-risk/benefit analysis is often conducted in
order to determine the best approach (direct or indirect heat
exchange) for a particular application.

Rankine cycle components (b) through (f) are essentially
the same as described for FIG. 1. A liquid pump (g) circulates
the secondary fluid through loop (h) so that it enters the
portion of the loop in the fuel cell where it gains heat. The
fluid then passes to the heat recovery heat exchanger (a)
where the secondary fluid gives up heat to the Rankine cycle
working fluid. Although not shown, another alternative heat
exchange arrangement would be to have a secondary loop
heat exchanger such that the secondary fluid would loop to the
Rankine cycle system working fluid in the boiler. Heat from
the fuel cell would be conveyed by circulating fuel cell gas or
liquid electrolyte to the secondary loop heat exchanger via a
circuit or circuits to exchange heat with the separate circuit or
circuits that circulate the secondary fluid to and from the
Rankine cycle system boiler.

Fuel cell waste heat temperatures vary by fuel cell type
(e.g., molten carbonate, solid oxide, or phosphoric acid) and
thus different working fluids can be used to address the vari-
ous temperatures of the source waste heat. Fluid selection
depends on a variety of factors including temperature match,
thermodynamic properties, heat transfer properties, cost,
safety concerns, environmental acceptability, and availabil-
ity. Working fluids that are suitable include water, silicones,
aliphatic hydrocarbons, cyclic hydrocarbons, aromatic
hydrocarbons, olefins, hydrofluorocarbons (including
alkanes and alkenes, cyclic compounds), hydrofluoroethers,
perfluoroethers, alcohols, ketones, fluorinated ketones, flu-
orinated alcohols, esters, phosphate esters. Other fluids that
are suitable are described in copending U.S. patent applica-
tion Ser. No. 10/790,303, filed on Mar. 1, 2004, which is
incorporated herein by reference. In addition to the fluids
mentioned above for use in the processes of this invention, a
number of preferred fluids have been identified that are useful
in the processes of this invention and other Rankine cycle
applications such as recovery of waste heat from mobile and
stationary internal combustion engines, internal compression
engines, external combustion engines and turbines. Station-
ary applications of these prime movers are typically for elec-
tric power generation. These fluids would also be useful as
working fluids for geothermal- and solar-driven organic
Rankine cycle systems, high-temperature heat pump applica-
tions, high-temperature cooling applications, autocascade
refrigeration system refrigerant blend components, and heat
transfer brines. Included among the fluids that are useful in
the process of the invention are the preferred compounds of
the structure

X z

C=C

/
y

where X, y, z, and m are each selected from the group con-
sisting of: fluorine, hydrogen, R ; and R, wherein R and R -are















