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Abstract

The ability to operate highly efficient, pollution-free, distributed-generation power plants on either natural gas or HD-5 grade propane is of
interest to the U.S. Army and the U.S. Department of Homeland Security as secure power for critical power operations. To address this interest,
Concurrent Technologies Corporation (CTC) teamed with FuelCell Energy (FCE) to test an internally reforming 250kW carbonate fuel cell
using HD-5 propane. This fuel cell power plant, originally designed to operate on pipeline natural gas or digester gas, was modified for dual
fuel operation (natural gas and propane). Fuel cell operation using HD-5 propane was demonstrated for over 3900 h and achieved high-electrical
efficiency (45.7-47.1% lower heating value (LHV)) over a broad range of power outputs. In addition, instantaneous and on-load fuel switching
from natural gas to propane and back was demonstrated without loss of power. This dual fuel power plant operates efficiently on either fuel and

provides the U.S. Army and other power users with a viable technology solution for critical power operations.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Continuous, long-term operation of a fuel cell on HD-5
propane provides a viable option to islands, remote sites, national
parks, data centers, military bases, hotels, and hospitals without
a natural gas infrastructure. Although natural gas distribution
through utility pipelines is convenient, it is vulnerable to nat-
ural disaster, threats of terrorism, and repair outages. Propane
provides an alternative local fuel supply routinely transported
and stored as a liquid at ambient temperatures and offers a con-
venient and secure option for fuel cell operations. An adequate
quantity of propane can be stored on-site to sustain operations
for several days pending a fuel delivery or until any natural gas
disturbance is restored. The possibility of operating a fuel cell
power plant on HD-5 propane, as a back-up to natural gas, pro-
vides a valuable proposition for the U.S. Army’s initiative to
minimize the impact of fuel availability [1-3].
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Inresponse to the interest for a fuel flexible power plant, Con-
current Technologies Corporation (CTC), under contract to the
U.S. Army Engineer Research and Development Center, Con-
struction Engineering Research Laboratory (ERDC-CERL),
worked with FuelCell Energy (FCE) to test a 250 kW carbonate
fuel cell power plant operating on propane at the Fuel Cell Test
and Evaluation Center (FCTec). Prior experience established the
operation of a fuel cell power plant on natural gas [4], so the pri-
mary objective of this project was to demonstrate HD-5 propane
is also a viable fuel for continuous, high power, high efficiency
operation of FCE’s Direct Fuel Cell® (DFC®) power plants. This
project employed a DFC300A, a 300 kW fuel cell power plant
with a nominal output of 250 kW.

A secondary goal was to demonstrate propane as a back-
up fuel to natural gas, with the added benefit of instantaneous
fuel swapping from natural gas to propane. This fuel flexibility
provides secure power in the event of sudden and unexpected
disruption to the natural gas pipeline supply. HD-5 propane, as
opposed to other grades of propane, was selected as the back-up
fuel of choice based on availability, even in remote areas, and
preliminary success processing the HD-5 propane in a full-scale
DFC demonstration facility [5].
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The challenges addressed in this demonstration on HD-5
propane included: (1) avoiding carbon deposition during pre-
reforming of propane to a methane-rich gas, (2) metering and
controlling propane flow to account for variations in fuel compo-
sition, (3) removing sulfur from the propane, and (4) increasing
the steam required for operation on propane. Peripheral issues
that required additional investigation included identifying the
number and volume of propane tanks needed and a vaporization
system to deliver the required fuel delivery rate and operating
time.

2. Experimental

For the DFC300A to operate on propane and fulfill the need
for dual fuel flexibility, it was necessary to design and implement
new components and control strategies. To accomplish the sys-
tem enhancements, key processes and controls were upgraded
such as: the desulfurization system, steam delivery and heat
recovery system, preconverter, and logic and control features.
The following sections elaborate on the power plant modifica-
tions and test set-up.

2.1. Fuel cell power plant

The power generation technology tested was the DFC tech-
nology developed by FCE and currently operating at over 50
locations in the United States, Europe, Japan, and Korea [6,7].
The DFC technology uses a molten carbonate fuel cell (MCFC).
MCEFC’s operate at high temperatures, which allows for the
direct reformation of natural gas without the need for an external
reformer. Table 1 lists the complete power plant specifications,
including the fuel and water consumption, exhaust and water
discharge, and emissions information.

While low temperature fuel cells use acidic or alkaline media
as an electrolyte, carbonate fuel cells are unique in using an elec-
trolyte composed of a mixture of carbonate salts. Two mixtures
currently used are lithium carbonate and potassium carbonate or

Table 1
FuelCell Energy DFC300A specifications

Item Specification

Net power output 250kW, 375kVA

Voltage 480V three-phase AC 60 Hz
Net efficiency at rated output 47% LHV

Heat rate 7260BtukWh~! LHV

Fuel Natural gas

Fuel consumption at rated output 32 cfm at 933 Btucfm™! LHV
Water intake 45 gph

Water discharge 23 gph

Available heat at rated power ~500,000 Btuh~!

Exhaust temperature ~650 °F

Exhaust flow 3000 pounds per hour
Exhaust back pressure <0.18 psi

Noise 65dB at 10 ft

Nitrogen oxides (NOx) emissions 0.3 ppmv

Sulfur oxides (SOx) emissions 0.01 ppmv

Carbon monoxide (CO) 10 ppmv

Non-methane organic compounds (NMOC) 10 ppmv

lithium carbonate and sodium carbonate [8]; the DFC300A uses
lithium carbonate and potassium carbonate, typical of this gen-
eration of stacks produced by FCE. Carbonate fuel cells operate
in the range 600-650 °C to melt and maintain the carbonate salt
solution and to achieve high ion mobility through the electrolyte.

When heated to a temperature near 500 °C, the salts melt
and become conductive to carbonate ions (CO327). These ions
flow from the cathode to the anode where they combine with
hydrogen (H;) to produce water (H>O), carbon dioxide (CO5)
and electrons (e ™). The electrons are routed through an external
circuit back to the cathode, generating electricity and by-product
heat. The elemental cell reactions are as follows [9]:

anodereaction : Hjp + CO32_ — HyO + CO;y +2e~
cathodereaction : CO, +1/20, 4+2¢™ — CO327
overallcellreaction :  H +1/20, — H;0

The higher operating temperature of carbonate fuel cells has
both advantages and disadvantages compared to the lower tem-
perature phosphoric acid fuel cell (PAFC) and the polymer
electrolyte membrane fuel cell (PEMFC). At the higher oper-
ating temperature, fuel reforming of natural gas can occur
internally, eliminating the need for an external reformer. The
DFC takes advantage of the higher temperature and reforms a
methane-rich fuel directly to hydrogen in the fuel cell where it
can be immediately consumed.

reformingreaction : CHy4 4+ 2H>,0 — CO; +4H>

While the electricity producing reaction is exothermic, the
reforming reaction is endothermic. Therefore, internal reform-
ing is highly effective at utilizing waste heat and controlling
internal fuel cell temperatures. Also, the consumption of hydro-
gen acts to create more hydrogen by driving the reforming
reaction forward to re-establish reaction equilibrium. Therefore,
to a large degree, the reforming proceeds nearly to completion
and provides hydrogen on an as-needed basis. The high operat-
ing temperature of the carbonate fuel cell also provides useable
energy for cogeneration when heat recovery is used [4,7,10].

When operating on propane, the preconverter reactor in the
fuel cell power plant converts the propane (C3Hg) to a methane-
rich gas. The methane (CHy4) is then internally reformed to
hydrogen within the fuel cell stack.

Propanepreconversion :  C3Hg +2H;O0 — 2CHy4

+CO2 +2H;

The propane conversion in the preconverter is controlled to cre-
ate a methane-rich gas preserving the stack cooling by internal
methane reforming.

The high temperature-operating environment also has disad-
vantages. The high temperature requires significant time to reach
operating conditions. Rapid uncontrolled temperature changes
can cause high thermal stresses in the stack, and this has been
correlated with stack life reduction. These characteristics make
carbonate fuel cells more suitable for stationary, constant-power
applications.



J. Daly et al. / Journal of Power Sources 173 (2007) 925-934 927

2.2. Power plant modification for propane and dual fuel
operation

The DFC300A power plant was modified to accommodate
operation on propane while maintaining the ability to operate
on natural gas and to facilitate rapid fuel switching. Changes
included piping and equipment modifications, additional instru-
mentation, and the logic and controls to interpret the new signals
and drive the new processes.

2.3. Propane supply and delivery

The HD-5 propane was stored outdoors in two above ground
tanks (identified as Tanks A and B) each having a 2000 gal capac-
ity. The usable volume of each tank was about 65% of capacity, or
approximately 1300 gal; the top 20% is reserved for expansion,
and the bottom 15% is maintained as a buffer to prevent exces-
sive drawdown. When the fuel cell was operating at full load,
the usable tank volume lasted approximately 2.5 days before
automatically switching to Tank B. The DFC300A approximate
fuel consumption of 520 gal/day necessitated the tanks to be
refilled every 3—5 days. Sample ports were located to facilitate
both vapor and liquid sampling for characterization of the fuel
supply. Fig. 1 shows a schematic of the propane storage and
supply system. In addition to the propane storage system, the
schematic also identifies: a temporary tanker that was used for
propane spiked with propylene, the flow stabilizers initially used
for enhanced vaporization, and the interconnecting piping and
controls.

The initial fuel delivery strategy employed flow stabilizers
to maintain propane vapor pressure; initially tanks were drawn
down sequentially, first Tank A and then Tank B. Sequential
fuel consumption was accomplished with an automated iso-
lation valve on the Tank A vapor output. This valve closed
when a remote level sensor on Tank A indicated depletion to
approximately 15% of capacity. Tank A and Tank B each had
independent regulators, with the regulated pressure of Tank A
set 2 psi higher than Tank B. In this way, vapor was delivered
from Tank A as long as the isolation valve was open, and Tank B
would passively begin to deliver flow once the Tank A isolation
valve was closed. When Tank A was refilled to greater than 15%
level, the isolation valve would open and Tank A would once
again become the primary fuel source.

The flow stabilizer is activated when the tank pressure falls
below 30 psig; a pressure switch (Fig. 1) is used to monitor the
tank vapor pressure. Low tank pressure is attained when the
liquid propane reaches —12°C by consequence of fuel con-
sumption rate and ambient temperature. The flow stabilizer
provides heat to the propane by heat exchange with a heated
ethylene glycol-water loop in an external heat exchanger. Thus,
the propane liquid is pumped out of the tank cold and returned
warm. The flow stabilizers turn off when the tank pressure
reaches 40 psig (i.e., a 10 psi dead band). Although this approach
operated as designed, the sulfur concentration increased dur-
ing flow stabilizer operation. This may have resulted from the
warmed liquid being introduced back into the vapor area, allow-
ing increased vaporization of the heavy hydrocarbons containing

sulfur. A resolution may be to introduce the warmed liquid into
the bottom of the tank, hence mixing it with the existing liquid.
This methodology was not tested within this effort due to the
logistical limitations of making necessary piping modifications
while fuel occupied the tank.

To avoid increased sulfur concentration, the fuel delivery
strategy was modified to eliminate the flow stabilizers; vapor-
ization from ambient heat only was pursued. In this case both
tanks were used in parallel. Use of a common regulator on the
vapor output of the two tanks helped assure both tanks main-
tain the same liquid level. If one tank volume is higher than the
other, the higher volume tank will be able to gain heat more read-
ily from the ambient temperature, therefore providing a greater
vapor pressure. This will cause the higher volume tank to deliver
propane vapor preferentially until its level falls to that of the other
tank. This approach proved to be simple and effective. Ambi-
ent heat vaporization provided a more consistent fuel supply;
however, a sufficiently sized tank or multiple tanks are needed
to maintain the required pressure, especially in seasonally cold
climate regions.

As per the fuel specification [11], HD-5 propane may con-
tain up to 5% propylene, but the HD-5 as received during this
demonstration contained very low propylene on the order of
0.1%. To create arigorous test of potential commercial fuel com-
positions, propylene was added to the stock HD-5 propane to
force the concentration of propylene to approximately 5%. This
propylene-spiked HD-5 was stored in a separate tanker trailer
with a capacity of 11,200 gal. The tanker was staged adjacent to
the HD-5 storage area and piped into the propane distribution
system (Fig. 1). When propylene-spiked HD-5 was needed, the
valves supplying as-delivered HD-5 propane were closed and
the valve to the tanker was opened. The change-over to the 5%
propylene-spiked propane was performed manually.

2.4. Natural gas delivery

Natural gas was supplied through the existing natural gas
fuel train. The in-house 5 psig feed flowed through a natural gas
compressor system to increase the line pressure to the 15 psig
minimum gas pressure required for full load power plant opera-
tion. Natural gas compression is not necessary for the DFC300A
if a continuous natural gas utility pressure of 15 psig is available
at the installation site.

2.5. Electrical connections

A 480Y/277 V three-phase electrical distribution feeder sup-
plied the necessary DFC300A utility electrical connection.
During start up and while operating in hot stand-by, the
DFC300A consumed (received) power through this connection.
During normal power generation, power was exported (deliv-
ered) to the utility electrical grid through this same connection.

The DFC300A also has a customer critical bus (CCB). The
CCB remains energized in the event of grid disruption provided
the fuel cell power plant is producing power equivalent to or
greater than the CCB load. For this demonstration, the CCB
provided power to an AC load bank and the natural gas com-
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Fig. 1. Propane storage and distribution schematic.

pressor. In commercial application scenarios, the CCB would be
connected to critical devices allowing for continued operations
during an electric utility disturbance. A separate 480Y/277V
three-phase electrical distribution panel supplied power to the
propane vaporization system, including the two flow stabilizers
and the necessary propane level-sensing equipment.

For this test program’s energy analysis and efficiency review,
each of the four electrical connections presented above (one
utility grid connection, two CCB connections, and the propane
power panel) were independently recorded to monitor electri-
cal parameters allowing accurate and detailed calculations and
analyses.

The DFC300A power plant can operate in grid connect or
grid independent modes. During this demonstration, the fuel cell
power plant normally was operated in grid connect mode. How-
ever, in a simulated grid outage scenario, the DFC300A power
plant seamlessly separated from the electrical grid and contin-
ued to operate in grid-independent mode. In grid-independent
mode, the power plant needs to produce a minimum of approx-
imately 15kW AC to support the internal fuel cell power plant
parasitic loads. Additional loads of up to 225 kW may also be
present on the CCB during a grid outage. Upon grid outage, the
power plant load will drop from the grid connect load to the
parasitic load plus CCB loads. If the sum of the CCB loads are
greater than the previous grid connect load, potentially causing
anunacceptable instantaneous rise in fuel cell power plant output
upon transition to grid-independent mode, or if the fuel supply is

interrupted, the DFC300A will shut down automatically in a safe
manner.

2.6. Gas sampling and analysis

Gas analyses were performed on the fuel cell’s inlet fuel com-
position, anode inlet and exit gases, and cathode inlet and exit
gases. These analyses were used to determine fuel utilization,
establish operating parameters, and investigate any irregulari-
ties. The inlet fuel was also analyzed regularly for sulfur content.
Sulfur analysis provides a means for estimating the useful life
of the desulfurizing adsorbent and indicates the presence of
sulfur break-through after the desulfurizer adsorbent becomes
depleted.

Most fuel cell reforming processes require water in the form
of steam to avoid carbon and produce hydrogen for use in the cell
stack [12,13]. The DFC power plant is no different; therefore, a
significant amount of water vapor is present in the anode gases
such as the preconverter, reformer inlet, and reformer outlet.
During sampling and analysis of these gases, special precau-
tions are taken to prevent water from entering the analytical
instruments such as the gas chromatograph (GC) and sensors.

A sample apparatus consisting of a control valve, desiccant
bed of drierite, a flow control rotameter, and air-powered vac-
uum was used to draw gases from each port on the fuel cell.
The apparatus was connected to the sample port and plumbed to
the GC. Sample gas was first passed through the control valve
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used to initially control flow. Next, the gas was passed through
the desiccant bed to dry the sample. Following the desiccant
bed, provision was made to insert a stainless steel sample cylin-
der to allow for collection of an additional sample for shipment
and evaluation at another laboratory. From this connection, the
sample was diverted to the GC sample line. Gas samples were
collected from the T-connection using the internal sample pump
of the GC instrument. The gas next flowed through the rotameter,
which indicated the GC sample rate. A target flow of 1 L min~!
was typically used. The flow was adjusted by varying the pres-
sure of the air-powered ejector and by the sample control valve.
All gases, including inlet air to the cathode and incoming fuel,
were sampled through the apparatus to ensure that completely
dry samples were analyzed.

3. Results and discussion

Operation of the DFC300A fuel cell power plant on HD-5
propane commenced in January 2006 and completed in August
2006. Activities conducted under basic operation reaffirmed that
the DFC300A can be operated continuously on HD-5 propane.
Fig. 2 shows a summary timeline of operations. The operations
key at the top of the plot indicates whether operation was on
propane, natural gas or fuel swapping between natural gas and
propane. During fuel swapping test durations, fuel cell operation
continues while the fuel source is switched between natural gas
and propane with short durations (hours) on each fuel. Through-
out this testing demonstration, the fuel cell was operated on
propane for a total of 3924 h, producing 603 MW-h, at a peak out-
put of 250 kW; the fuel cell was operated on natural gas for a total
of 1107 h, producing 139 MW-h, at a peak output of 230 kW.

3.1. Power plant efficiency

With fuel as the largest contributor in the cost of producing
electricity, conversion efficiency is a key characteristic when
gauging the value of a fuel cell power plant. Along with little to
no pollution and noise, high efficiency is a primary advantage
of the DFC system.

A performance test plan was generated for the DFC300A
operating on propane based on American Society of Mechani-
cal Engineers (ASME) Performance Test Code-50 [14]. The test

Net kW Output

Opsrations ey

Propane =
Natural Gas 20
Swapping %

0
1/23/2006 2/23/2006 3/26/2006 4/26/2006 5/27/2006 6/27/2006 7/28/2006 8/28/2006
Date

Fig. 2. Timeline summary of power plant operations.

Table 2
Electrical efficiency of the DFC300A fuel cell power plant operating on natural
gas and propane

Power level Determined plant efficiencies® (% LHV)

Natural gas Propane
1/2 Load (~130kW) 44.5 47.1
3/4 Load (~200kW) 47.0 46.1
Full load (244 kW) 46.5 45.7

 Natural gas efficiency determined during previous project [4]. Propane effi-
ciency determined during this project.

boundary encompasses the DFC300A only. The assumptions
associated with this test boundary were: the propane storage at
any proposed site would be sufficient to support full load oper-
ation for the duration between propane tank refills regardless of
temperature, and natural gas is available at a pressure of 15 psig
or higher from an existing local utility supplier (i.e., compres-
sor/electrical load to raise natural gas pressure is not required).
Table 2 lists the test results and indicates that the efficiency of
the fuel cell with HD-5 propane is high at 45.5-47.1% LHV and
is maintained over a wide range of power output. This efficiency
is comparable to typical efficiency with natural gas.

3.2. Fuel flow control

For this demonstration, the HD-5 propane flow rate was
metered with a thermal mass flow meter. This flow metering
methodology required some compensation, however, because
thermal mass flow meters do not adjust entirely for the change
in fuel composition that occurs as the propane tank is depleted
and refilled. Initially, the vapor delivered from the tank contains
ethane/propane/butane in percentages in the range of 12/88/0,
respectively. As the tank is depleted, this vapor composition
can shift to 0.4/99/0.6. Figs. 3 and 4 show the propane com-
position variation and its effect on the hydrogen content and
carbon content of the fuel. Fig. 3 shows the variation of ethane
and propane concentration in the vapor as the propane tank is
depleted, and Fig. 4 shows the effect on the fuel gas LHV, hydro-
gen equivalents, and carbon equivalents. Thus, depletion of the
tank results in a gradual change in composition, followed by an
abrupt shift as the tank is refilled. Due to this change in com-

14 100

o e e e o T 98
-

% Ethane
% Propane

90 80 70 60 50 40 30 20
Tank Level [% Full]

Fig. 3. Change in the vapor phase composition as propane tank is depleted for
the two major components ethane and propane.
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position, the fuel supplied to the power plant will be hydrogen
poor when the tank is full and will become hydrogen rich when
the tank is depleted. To maintain peak power plant efficiencies,
and to manage heat within the process, it is important to main-
tain the correct fuel flow rate in terms of hydrogen equivalents
entering the fuel cell. Based upon in situ analysis of fuel cell
process gases, a process was implemented to trim the fuel flow
set point to maintain constant fuel value despite the changing
composition.

3.3. Fuel swapping

Two methods of fuel transfers were considered for this test
demonstration: gradual and instantaneous. In the gradual trans-
fer method, propane is added slowly as equivalent natural gas
is removed. Gradual fuel transfers take several minutes to per-
form when the plant is on high load [15]. In the instantaneous
method, the natural gas is instantaneously swapped for the
propane back-up fuel. The instantaneous swap carries significant
advantages over the gradual swap for secure power applications.
For example, the natural gas supply pressure may fall rapidly,
necessitating an equally rapid transfer to the back-up fuel. Fur-
thermore, loss of fuel may occur during a grid outage, in which
case the power plant would have to operate in grid-independent
mode. In this situation, the power plant must continually sup-
ply power to support critical bus power needs, and this in turn
demands a constant flow of fuel to the fuel cell.

With these significant advantages to the instantaneous swap,
the challenge to this project became one of demonstrating the
instantaneous fuel transfer on high load, in grid-independent
mode. This achievement demanded detailed information about
the actual flow of fuel to the stack, during which an instanta-
neous fuel swap is affected not only by the fuel transition itself,
but also by the rapidly changing steam rate. This detailed infor-
mation came from the in situ analysis of fuel cell process gases,
which provided a second-by-second update on the quantity of
fuel entering the fuel cell. This approach was paramount in eval-
uating the success of the instantaneous swap, and it led to rapid
development of instantaneous fuel swapping at high loads with
little or no drop in load.

The instantaneous fuel transfer could only be achieved by the
use of a common fuel train. Previous work required two inde-

Fuel Flow Flow
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Valves mitters Valves
¢ ) To
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0 = [ ¢ @,
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0 = © Q
- = N
5 3 Q=
w2 (=] 3 “Hopover” line:
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| I
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Fig. 5. Installed fuel train system allowing delivery of fuels through either a
common line or independent lines.

pendent fuel trains, one dedicated for each fuel [15]. In making
the power plant modifications for dual fuel, the possibility of
fuel transfer in either mode was built into the design (Fig. 5).
The test plan called for first attempting the instantaneous fuel
transfer, but if control or other issues arose, the demonstration
could fall back on the gradual fuel transfer option. As Fig. 5
shows, for the instantaneous fuel transfer, the ‘hop-over’ valve
would be open, and only one of the two fuel trains would be used.
For example, assume the FT-817/FV-817 fuel train is in use for
controlling natural gas flow. At the time of instantaneous fuel
swap, the fuel selection valves would simultaneously close off
the natural gas flow and open up the propane flow. Flow control
continues with the FT-817/FV-817 fuel train, now controlling
propane. The FV-217 remains closed, preventing the flow of
either fuel to the fuel cell. If the hop-over line is closed (Fig. 5),
then the two fuel trains become independent, where one is used
for natural gas and the other is used for propane. This would
allow for fuel blending during the gradual transfer from one fuel
to the other, where both fuels are controlled simultaneously and
independently.

The instantaneous fuel transfer systems and logic were first
tested at no load and followed by progressively increasing
load levels. With the completion of each successive test, logic
evolved and testing progressed to the next higher load fuel
swap. Initially, the power plant would momentarily drop load,
but analysis of the data and refinement of control parame-
ters led to rapid fuel swapping at high loads with little or
no drop in load. During this demonstration, 42 instantaneous
fuel transfers were performed at loads below 180kW, and 22
instantaneous fuel transfers were performed at loads above
180 kW.

The successful transfer from natural gas to propane was
designed to occur without any forewarning; as the natural gas
supply pressure falls below a pre-set trigger point, the swap from
natural gas to propane occurs automatically. In the midst of the
fuel transition, the steam flow rate increases to protect the pre-
converter from carbon formation. If the required steam is not
present, the control system will reduce the fuel flow rate set
point. As a cascading effect, if the fuel flow rate is not sufficient,
the fuel cell power output will be limited. However, improve-
ments were made by increasing the rate of steam addition and



J. Daly et al. / Journal of Power Sources 173 (2007) 925-934 931

120 _ 7 300
- ey
§ (1) — D 250 ©
», SetPoint —+ Flow Rate net AC kW, Grid Connect i
@ ]
® c
K - i’ 200 £
g (5]
= o
T 150 £
E Fue o
R 100 %
=2 Flow Rate ©
B NS ————.— i 50 %
§ Set Point <7 =
“ o0

50:24.0 52:33.6 54:432 56:52.8  59:024 011120  03:21.6

Time (min:s)

Fig. 6. Instantaneous fuel swap from natural gas to propane during grid con-
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decreasing the rate of fuel so that the new set point is achieved
without a drop in output.

Fig. 6 shows fuel and steam parameters as the fuel is swapped
from natural gas to propane with no loss in load. At the point
of fuel transition, the fuel flow set point takes a step change to
the new lower value for propane. Based on fuel flow controller
response, the actual fuel flow rate rapidly approaches and then
achieves the set point flow. The steam flow rate is increased, first
with an instantaneous step change in flow rate set point and then
with a ramping set point. The magnitude of the step change, and
subsequent ramp rate, were carefully selected and developed
during the testing to assist with successful instantaneous fuel
swap with no loss in power output. Steam flow rate and rate
of change are important parameters because the steam plays a
major role in the velocity of the existing fuel inventory entering
the fuel cell.

Fig. 7 shows the fuel and steam flow rates as the fuel is
swapped from propane back to natural gas; again, there is no
loss in load during the fuel transition. To maintain constant load
while the fuel transitions from propane to natural gas, the fuel
flow rate must be rapidly increased 250%. For this fuel transi-
tion the steam flow rate must gradually reduce. The actions on
the steam flow rate were carefully selected to align with pro-
viding relatively constant fuel flow to the fuel cell during the
fuel transition. As both Figs. 6 and 7 show, fuel swaps were
demonstrated on high load with no significant variation in power

120 300
"E 100 250 8
o T T R, netAC kW, Grid Connect | 5
u: @
= c
€ 80 200 §
(]
g s
™ 150 =
L 60 ®
E Fuel =
g T T el o SO | 100 ¥
SetPoint —, 9
.E 0 ' " Flow Rate ®
0 20 f oo e 50 o
° =
2
0 0
42:144 45:07.2 48:00.0 50:52.8 53:45.6 56:38.4 59:31.2

Time (min:s)

Fig. 7. Instantaneous fuel swap from propane to natural gas in grid connected
operation.

120 300

= Steam
£ =

..... e ] "]
Iﬂl 100 Set Point _-%L Flow Rate 250 =]
o m
< -
[ ©
E 80§ Power ta Critical Bus - Islanding Operation o200 8
S b=
o 8]
"E- ] e I e 150 ©
g Fuel E
& anl— Natural Gas , Propane « _— —T100 5
- ]
E Flow Rate ‘5
- 20}----- : P 150 2
[ Set Point —
3
s

0 0
57:36.0 00:28.8 03:21.6 06:14.4 09:07.2 12:00.0
Time (min:s)

Fig. 8. Instantaneous fuel swap natural gas to propane in grid-independent
operation.

output while the plant was in grid connect mode. This provided
confidence for success with such transfers in grid-independent
mode.

In terms of power quality, a momentary reduction in power
output while the power plant is grid connected would have no
effect on a customer; because in this case the line voltage is
supplied by the electric utility grid. On the contrary, in grid-
independent mode, the power plant must maintain the nominal
line voltage by drawing the required power from the fuel cell.
If the power plant detects the load is too great, for example, the
fuel cell voltages are decreasing, and then the power plant will
automatically shut down. With greatly reduced risk of shutting
down the plant during testing and development, instantaneous
fuel swaps were developed through testing in grid connect mode.
After satisfactory results were achieved in grid-connect mode,
instantaneous swaps were demonstrated in grid-independent
mode.

Figs. 8 and 9 show the instantaneous fuel swaps in grid-
independent mode, natural gas to propane, and propane to natural
gas, respectively. These figures mirror the same instantaneous
swaps shown in Figs. 6 and 7 for grid-independent mode; the
logic and controls are the same in both cases. The only perceiv-
able difference may be in power output. In grid connect mode,
the power output is controlled by the fuel cell power plant, as
based on a number of factors such as fuel flow rate. In grid-
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Fig. 9. Instantaneous fuel swap propane to natural gas in grid-independent
operation.
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independent mode, the power output cannot be controlled by the
fuel cell power plant. The power output may vary if the load on
the critical bus or power plant parasitic loads varies. According
to Figs. 8 and 9, the power output did not vary, and therefore the
critical bus and power plant parasitic loads did not vary during
the brief periods shown in the figures.

Switching back from propane to natural gas is much simpler
because excess steam is present, so there is no limitations to the
natural gas flow rate set point. Furthermore, this is an operator-
selected action, which is done deliberately and with forewarning,
presumably when the utilities are otherwise secure and the power
plant is grid connected. Since the natural gas flow rate is about
2.5 times greater for equal power output, there can be some drop
in power until the flow rate reaches the new set point. Due to
the propane inventory in the fuel train, the power output will
remain high for the few seconds required for the natural gas fuel
to achieve set point, therein eliminating any drop in the system
power.

3.4. Reliability testing with high propylene

The most challenging preconverter test occurs when the HD-
5 contains the maximum propylene. HD-5, by name and by
specification, may contain up to 5% propylene. However, the
HD-5 as received, contained very little propylene, on the order
of 0.1% propylene. Propylene in the HD-5 is expected to have
greater potential for carbon formation in the preconverter than
propane. Therefore, after 4 months of successful operation on
the low propylene concentration HD-5, as a test of the precon-
verter robustness, the plant was operated on HD-5 spiked with
propylene to bring the concentration to 5%. Table 3 lists an exam-
ple analysis of the composition of the vapor sent to the power
plant for both the standard HD-5 and the propylene-spiked HD-
5. Surprisingly, the concentration of aromatic hydrocarbons was
greater in the standard HD-5 than in the propylene-spiked HD-5,
totaling 1.4% versus 26 ppmv, respectively. Aromatic hydrocar-
bons also impose an increased burden on the pre-reformer and
increase the risk of carbon formation, but the higher propylene
content potential (5%) presents a greater risk. The difference in
ethane content is attributed to tank level at the time of sampling.
The two types of HD-5 came from two different suppliers, which
explains the difference in composition between the HD-5 and
propylene-spiked HD-5.

The plant was run on the propylene-spiked HD-5 for a total
of 27 days with the same preconverter catalyst. The precon-
verter performed well prior to, during, and subsequent to the
operation with HD-5 having approximately 5% propylene. The
preconverter pressure drop and internal temperatures were sta-
ble; the exit gas composition remained stable and was practically
free of higher hydrocarbons, and the percent reformed remained
consistent. The data in Table 4 may be used to compare the pre-
converter exit compositions when using propylene-spiked HD-5
to normal HD-5, as well as natural gas. Samples of preconverter
catalyst were taken for analysis at the end of the test period.
The analysis indicated normal activity with normal carbon and
sulfur content, providing confidence that DFC power plants can
be operated with HD-5 having up to 5% propylene.

Table 3
Vapor phase fuel gas composition for standard HD-5 and propylene-spiked HD-5

Component HD-5 HD-5 spiked with C3Hg

Concentration (%)

Methane 0.180 0.000
Ethane 0.360 3.606
Ethene 0.000 0.000
Propane 94.670 88.330
Propylene 0.100 6.264
iso-Butane n/a 0.181
Butanes 3.190 1.269
iso-Pentane n/a 0.000
Pentane n/a 0.003
Pentene n/a 0.292
Hexane n/a 0.000
Hexene n/a 0.000
Aliphatic hydrocarbons
C6 Range 0.188 0.013
C7 Range 0.207 0.009
C8 Range 0.103 0.002
C9 Range 0.028 0.001
C10 Range 0.014 0.002
C11 Range 0.005 0.002
C12-Cl14 Range 0.000 0.000
Component HD-5 HD-5 spiked with C3Hg
(ppm v/v)
Aromatic hydrocarbons
Benzene 13,000 9
Toluene 610 34
Ethylbenzene 110 1.7
m+p xylenes 350 7.8
o0-Xylene 130 39

3.5. Propane vaporization

Propane consumption to produce a continuous 250 kW output
is approximately 520 gal/day of HD-5. To achieve the required
vapor pressure of 15 psig, the temperature of the liquid in the
tank must be warmer than —23 °C. To support this vaporization
rate on a continuing basis using a single 2000 gal propane tank,
it was found that the ambient temperature needed to be about
5°C or above. Vaporization is achieved at lower ambient tem-
peratures by using two or more 2000 gal tanks in parallel. Also,
maintaining a higher fill level in the tank allows for higher vapor-

Table 4
Preconverter exit compositions for propane and natural gas

Fuel HD-5 HD-5 with propylene Natural gas
Date 7/21/2006 7/25/2006 7/17/2006
Power 225kW 220kW 225kW
Percent reformed 8.2% 8.6% 5.4%
Composition (%)
H» 21.22 22.33 17.77
CHy 59.06 59.00 77.78
CO 0.37 0.00 0.17
CO, 18.82 19.70 5.44
Ethane 0.02 0.02 0.03
Propane 0.31 0.47 0.00
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Fig. 10. Effect of flow stabilizer on concentrations of total sulfur compounds
and methyl disulfide sent to the propane desulfurizing system.

ization rates at a given ambient temperature, due to increased
wetted surface area available for heat transfer from ambient air
to propane liquid. The 11,200 gal tanker used during propylene-
spiked HD-5 testing supported full load operations without the
need for external heating.

Vaporizers and flow stabilizers are commonly used in propane
field applications where low temperatures are anticipated to
impede the natural vaporization process. However, both previ-
ous and recent propane operations indicated these vaporization
methods caused increased levels of high molecular weight sul-
fur compounds in the vapor phase, which can compromise the
low temperature sulfur removal system. In one series of tests,
the flow stabilizer was turned on for a 5h period while the
effect of sulfur compounds was closely monitored. As shown
in Fig. 10, the results of that diagnostic test confirmed that the
flow stabilizer causes high levels of sulfur, and most of the
sulfur consists of high molecular weight compounds. Fig. 11
shows a snapshot view of this data. As these figures show,
operation of the flow stabilizer caused sulfur levels entering
the propane desulfurizing system to increase from 26 ppmv
to 60-80ppmv over a 3.5h period. More importantly, very
high molecular weight sulfur compounds that were low in
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Fig. 11. Effect of flow stabilizer on high molecular weight sulfur compounds to
the propane desulfurizing system.

concentration with the flow stabilizer shut off became preva-
lent, increasing 30 times in concentration from 0.5-0.7 ppmv
to 19-21 ppmv. When the flow stabilizer was again shut off,
the concentration of all high molecular weight sulfur com-
pounds subsided. Therefore, for high, continuous draw rates and
cold ambient temperatures, adequate storage size or an exter-
nal tank heater is suggested to provide the required flow rate
without carryover of the increased high molecular weight sulfur
compounds.

4. Conclusions

This test program demonstrated for the first time that an
FCE DFC300A commercial fuel cell power plant, normally
operated on natural gas or digester gas, can be operated on
HD-5 propane at high load for long-term, high efficiency power
production. The results also confirm the ability to make instan-
taneous fuel swaps between natural gas and propane while
operating on-load in both grid connected and grid independent
modes.

During this demonstration period, the power plant accumu-
lated over 3900 h of propane operation, generating 603 MW-h
of electricity. In addition, operations on natural gas accumulated
over 1100 h and generated 139 MW-h during this period.

Operation of the DFC300A fuel cell power plant has
demonstrated new approaches to the main technical challenges
associated with operating on propane: (1) avoiding carbon depo-
sition during pre-reforming of propane into a methane-rich gas,
(2) metering and controlling propane flow to account for varia-
tions in fuel composition, (3) removing sulfur from the propane,
and (4) increasing the steam flow required for operation on
propane.

Fuel cell power plant efficiency during propane operation was
independently measured by CTC, with third party gas analysis,
at part load and full load. Electrical efficiency was found to be
in the range of 45.7-47.1% (LHV) and was maintained over a
wide range of power output. This efficiency is comparable to
typical efficiency on natural gas.

Instantaneous fuel swapping was conducted in grid connect
and grid independent modes. In grid connect mode, instanta-
neous high load fuel swaps were demonstrated with only minor
and momentary reductions in load. In grid-independent mode,
instantaneous high load fuel swaps were demonstrated with no
variation in critical bus voltage and full support of the critical
bus load. This indicates propane can be used as a back-up fuel in
DFC power plants for homeland security and other secure power
applications where continuous power is critical.

Propane, a readily available and transportable fuel that can
easily be stored on-site, can be advantageously used as a pri-
mary fuel at sites without access to natural gas. Coupled with
the quiet, non-polluting and high efficiency attributes of the DFC
fuel cell power plant, operating on propane is an ideal power
solution for remote sites and particularly in environmentally
sensitive areas such as islands and national parks. The demon-
strated ability to transfer from the primary fuel to propane as
a back-up fuel, while maintaining full power output in either
grid connected or grid-independent power operation, extends
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the flexibility of the DFC power plant to provide secure power
applications such as military installations, data centers, and hos-
pitals. The notion of dual fuel operation is part of the rapid
evolution of fuel cells as a replacement for conventional elec-
tric power where high efficiency, increased reliability, reduced
harmful emissions, and lower noise levels are key requirements.
This technology will continue to evolve and serve the mili-
tary and commercial markets demanding secure and reliable
power.
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Glossary

AC: alternating current

ASME: American Society of Mechanical Engineers
Btu: British thermal unit.

°C: degree centigrade

CCB: critical customer bus

CERL: Construction Engineering Research Laboratory
¢fm: cubic feet per minute

CH4: methane

C3Hg: propane

CO: carbon monoxide

CO>: carbon dioxide

CO3?~: carbonate ions

CTC: Concurrent Technologies Corporation

dB: decibel

DFC®: Direct Fuel Cell®

DoD: Department of Defense

e : electrons

ERDC: Engineer Research and Development Center
°F': degree Fahrenheit

FCE: FuelCell Energy Inc.

FCTec: Fuel Cell Test and Evaluation Center
GC: gas chromatograph

gph: gallons per hour

H;: hydrogen

H>0: water

Hz: hertz

KVA: kilovolt ampere

kW: kilowatt

LHYV: lower heating value

MCFC: molten carbonate fuel cell

MW-h: megawatt-hours

0>: oxygen

PAFC: phosphoric acid fuel cell

PEMFC: polymer electrolyte membrane fuel cell
ppmvy: parts per million volume

psig: pounds per square inch gauge

V: volt
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