SANDIA REPORT

SAND2011-3119
Unlimited Release
Printed May 2011

Proton Exchange Membrane Fuel Cells
for Electrical Power Generation
On-Board Commercial Airplanes

Joseph W. Pratt, Leonard E. Klebanoff, Karina Munoz-Ramos, Abbas A. Akhil, Dita B.
Curgus, and Benjamin L. Schenkman

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 87185 and Livermore, California 94550

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation,
a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's
National Nuclear Security Administration under contract DE-AC04-94AL85000.

Approved for public release; further dissemination unlimited.

@ Sandia National Laboratories



Issued by Sandia National Laboratories, operated for the United States Department of Energy
by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government, nor any agency thereof,
nor any of their employees, nor any of their contractors, subcontractors, or their employees,
make any warranty, express or implied, or assume any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represent that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government, any agency thereof, or any of
their contractors or subcontractors. The views and opinions expressed herein do not
necessarily state or reflect those of the United States Government, any agency thereof, or any
of their contractors.

Printed in the United States of America. This report has been reproduced directly from the best
available copy.

Available to DOE and DOE contractors from
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831

Telephone: (865) 576-8401
Facsimile: (865) 576-5728
E-Mail: reports@adonis.osti.gov

Online ordering: http://www.osti.gov/bridge

Available to the public from
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Rd.
Springfield, VA 22161

Telephone: (800) 553-6847

Facsimile: (703) 605-6900

E-Mail: orders@ntis.fedworld.gov

Online order: http://www.ntis.gov/help/ordermethods.asp?loc=7-4-0#online



mailto:reports@adonis.osti.gov
http://www.osti.gov/bridge
mailto:orders@ntis.fedworld.gov
http://www.ntis.gov/help/ordermethods.asp?loc=7-4-0#online

SAND2011-3119
Unlimited Release
Printed May 2011

Proton Exchange Membrane Fuel Cells
for Electrical Power Generation
On-Board Commercial Airplanes

Joseph W. Pratt?, Leonard E. Klebanoff?, Karina Munoz-Ramos®, Abbas A. Akhil*, Dita B.
Curgus’, and Benjamin L. Schenkman*

“Thermal/Fluid Science and Engineering (8365)
Sandia National Laboratories
P.O. Box 969
Livermore, California, MS-9409

Hydrogen and Combustion Technologies (8367)
*Energy Systems Analysis (6111)
*Energy Infrastructure & Distributed Energy Resources (6113)

Abstract
Deployed on a commercial airplane, proton exchange membrane fuel cells may offer emissions

reductions, thermal efficiency gains, and enable locating the power near the point of use. This
work seeks to understand whether on-board fuel cell systems are technically feasible, and, if so,
if they offer a performance advantage for the airplane as a whole.

Through hardware analysis and thermodynamic and electrical simulation, we found that while
adding a fuel cell system using today’s technology for the PEM fuel cell and hydrogen storage is
technically feasible, it will not likely give the airplane a performance benefit. However, when
we re-did the analysis using DOE-target technology for the PEM fuel cell and hydrogen storage,
we found that the fuel cell system would provide a performance benefit to the airplane (i.e., it
can save the airplane some fuel), depending on the way it is configured.
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Summary

Fuel cells have become increasingly important as alternative sources of power, offering the potential for
drastic reduction in emissions in particulate matter (PM), nitrogen oxides (NO,), and CO,. In addition,
they offer exceptionally quiet operation, highly efficient use of the fuel energy, and a high energy
storage density compared to batteries. For a number of years, the manufacturers of commercial
aircraft, most notably Boeing and Airbus, have realized that fuel cells may offer advantages for
commercial aircraft operation. Apart from emissions reductions and thermal efficiency referenced
above, they can constitute distributed power systems, enabling locating the power near the point of use
and also reducing the power draw from the engines.

The real question is if fuel cells offer operational advantages over traditional power in systems that are
used routinely in flight, for example galley power, in flight entertainment, and to provide additional
power to the aircraft electrical grid when “peaker” power is needed. This interest in the use of fuel cells
is timely, as the electrical needs on-board are going up considerably, with systems that were formerly
hydraulic in operation are converted to electric operation [1]. For the new Boeing 787, the aircraft-wide
electrical generation capacity is 1.5 MW — almost an order of magnitude larger than previous designs.
This study, then, is an initial investigation of the use of proton exchange membrane (PEM) fuel cells on-
board commercial aircraft. We seek to understand how to physically deploy a fuel cell on an aircraft,
understand the impact on system volume, weight, and to understand the impact on jet fuel
consumption, both in relation to fuel currently devoted to electricity generation, and the overall fuel
needed by the airplane to fly a given mission.

To accomplish this analysis, two basic airplane designs were considered: one airplane without a fuel cell
(the base airplane), and one airplane designed to perform the same mission as the first airplane, only
carrying a fuel cell and associated hardware to fulfill a specific electrical need. The difference in the
performance of these two airplanes is made quantitative by calculating the fuel required to fly the
mission in the two cases, which requires understanding the influence of weight and drag. Calculating
the required fuel also allows us to assess fuel use as it directly relates to power generation on the
airplane. The key point here is that we assess not only the benefit of the fuel cell on generating
electricity, but also the penalty the fuel cell system has on the airplane’s performance due to its added
weight and possibly drag. Combining these two is necessary to determine the overall effect of the fuel
cell system.

We performed the analysis by designing and examining several system options using realistic
assumptions about performance and size of the various components. After assessment of the available
state of the art in commercially-available PEM fuel cells, the Hydrogenics HyPM 12 PEM fuel cell was
chosen as a unit representative of the industry. For hydrogen storage, several options were considered:
350 bar compressed gas, 700 bar compressed gas, metal hydrides, and liquid. 350 bar compressed gas
was selected for use in the analysis due to its combination of high specific energy and current
availability. Other equipment such as heat exchangers, blowers, and pumps were all selected based on
commercially available units with the specifications appropriate for the system. For the electrical
components, a 270 Volt DC distribution system provided the lowest system weight, although the



increase in weight due to a 230 Volt AC system was less than 50 kg (110 Ib). Both of these options
provide the advantage of direct interface with the existing electrical system on the 787.

After consideration of factors such as safety, available space, maintenance, and wiring and tubing/piping
lengths, we chose to locate the fuel cell system in the airplane’s fairing area (where the wings join the
fuselage), although locating the system in the tail cone would not change the results by much. Locating
the fuel cell system next to the load it serves could save up to 150 kg (331 Ib) of mass and provide some
redundancy benefits, but this was avoided because of the concern with occupying space that is currently
used for other purposes.

The amount and method of recovering the heat rejected from the fuel cell (waste heat recovery) was
found to be a critical factor in determining the performance benefit of the fuel cell system. To this end,
eleven different waste heat recovery options were examined thermodynamically. We found that a
system that uses the heat from the fuel cell to pre-heat the jet fuel carried by the airplane will provide
the largest overall performance benefit. This method of heat recovery is already used in commercial
airplanes within the engine compartment, where the lubrication oil is cooled by jet fuel, and it is more
ubiquitous in military aircraft where the fuel is used to cool many of the airplane’s systems.

We considered the integration of the fuel cell system with the airplane’s electrical system, for it is
necessary to ensure that the addition of the fuel cell system does not disrupt the electrical system or
cause instabilities. Through dynamic simulation we found that the fuel cell system performed
satisfactorily whether connected to the airplane’s system or as a stand-alone system. In fact, our results
indicate that the integration of the fuel cell system with the existing electrical system may provide a
faster response to load changes.

In the end, we found that while adding a fuel cell system using today’s technology for the PEM fuel cell
and hydrogen storage is technically feasible, it will not give the airplane a performance benefit no
matter which configuration was chosen (although there may be other benefits that make it worthwhile
from the airplane manufacturer’s or airline’s point of view). However, when we re-did the analysis using
DOE-target technology for the PEM fuel cell and hydrogen storage, we found that the fuel cell system
would provide a performance benefit to the airplane (i.e., it can save the airplane some fuel), depending
on the way it is configured. This analysis also showed that the DOE-target technology fuel cell system
could generate electricity using over 30% less fuel than the current airplane, even considering the
penalties due to the fuel cell system’s weight and drag. If a fleet of 1,000 airplanes were equipped with
such systemes, it could save over 20,000 metric tons of CO, annually.
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Figures
Figure 1: The Boeing 787-8 is a “more electric airplane” with many of the conventional systems
converted to electric power. This results in a high on-board electric generating capacity

(nearly 1.5 MW). Image ©Boeing, used With PErmiSSION. ......cc.eeeieciiiiieiiiie e e 24
Figure 2: The mission modeled for this study is a transcontinental flight between San Francisco

International Airport (SFO) and John F. Kennedy International Airport (JFK).......ccccovevvivercieeecieennnenn. 25
Figure 3: Ram-air inlet ducts 0N the 787 [16]. ..ccc.uueiieiiieeeecee ettt e e e et e e e areeas 27

Figure 4: Picture of a typical airplane galley indicating major electrical loads: ovens, hot
water/coffee pots, and refrigeration UNILS. .......ccciccieiieiieiie ettt sraesareeare s 29

Figure 5: Layout of the 787-8 indicating typical locations of galleys (G) and lavatories (L). The
actual configuration is customizable and highly dependent on the customer. The nose is to

the left. DIiagram froOmM [11]. ..ottt et e e e e e e eesctbraeeeee e e e e s atbsaaeeeeeeeesanssssaaaeeeeaenns 29
Figure 6: Illustration of typical in-flight entertainment (IFE) seat-back devices. The total IFE load

on a 787-8 could reach 20 kW during all phases of flight. Note: Picture is not from a 787................ 30
Figure 7: Schematic of the Boeing 787 electrical system. The system is complex yet offers many

options for a fuel cell to tie-in. Figure taken from Nelson [13]......ccccoiiiiiiiiieeiiiiie e 32
Figure 8: Schematic diagram of a Proton Exchange Membrane (PEM) fuel cell. .......cccoeecveevveecieeecineennee. 40

Figure 9: Typical operating performance for the HyPM 12 power module. The left-hand chart
shows voltage (blue line) and power (green line) as functions of current. The right-hand
chart shows efficiency (LHV-basis) also as a function of current. Comparing the two figures
reveals that the highest efficiency occurs at a low power level, and efficiency decreases as
power increases. Note: “Available Current” and “User Current” are the same. Figure from
(B2, ettt et s b e e e bt e e s b et e b bt e ht e e e b et e sabe e e beeebbeesbaeehbeenabeesbaeesabeenn 42

Figure 10: Mass of different hydrogen storage tanks as a function of the mass of hydrogen
stored. Compressed gas storage at 350 bar (5,000 psi) offers the lowest mass solution for
currently available methods. The proposed liquid storage methods are promising
improvements for the future. References: [34-42]. ... it sree e 43

Figure 11: Volume of different hydrogen storage tanks as a function of mass of hydrogen stored.
The compressed gas options require a larger volume than either the liquid or metal hydride
oY o [o] a3 7 1 RS PRRPRRN 43

Figure 12: Picture of Ovonics metal hydride storage tank. The nameplate indicates the system
shown can store 3 kg (6.6 Ib) of hydrogen, has a mass of 190 kg (419 Ib), and a volume of 60
L (2.1 ft}). From Chao et al. [36], SE€ fOr MOIe dELaIlS. ...c.e.e.eeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeeeneas 45

Figure 13: Cut-away view of one of the current technology cryo-compressed hydrogen storage
tanks. This design can store 10.7 kg (23.6 Ib) of hydrogen at 345 bar (5,000 psi) with tank-
only mass of 155 kg (342 Ib) and volume of 297 L (10.5 ft?). Figure and data from [34].................... 45
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Figure 14: The compressed gas hydrogen tanks from Lincoln Composites (left) and Quantum
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Figure 15: Dimensioned outline drawing of the 787-8, showing location of the loads and options

for the fuel cell and hydrogen storage. Dimensioned drawing (without locations) from [11]. .......... 53
Figure 16: Comparison of the fuel cell model (blue solid line) using the parameters in Table 7, to

the manufacturer’s data (red circles) as derived from Figure 9. The agreement is satisfactory

for the entire OPErating rANEE. ... i e e st e e e s e e e s b ee e e enareeas 60
Figure 17: Equivalent circuit of a fuel cell (from SimPowerSystems online product
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Figure 24: The effect of location of the fuel cell and hydrogen storage systems on the piping and
tubing mass. The chart reveals that the impact of not locating the fuel cell close to the load
is small, but the mass increases several times when the fuel cell and hydrogen are
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Figure 25: The effect of location of the fuel cell and hydrogen storage systems on the piping and
tubing volume. The results show that the differences between cases are relatively small.
Similar to the mass analysis, the worst cases are when the hydrogen and fuel cell are
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Figure 26: Mass comparison of the +270 VDC and 230 VAC systems, including wiring and
equipment, assuming the fuel cell is in the fairing area. The £270 VDC system has a lower

mass in LT S T 01 R

Figure 27: Volume comparison of the £270 VDC and 230 VAC systems, including wiring and
equipment, assuming the fuel cell is in the fairing area. The £270 VDC system has a lower
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Figure 28: Combined mass of the piping, tubing, and wiring assuming that the fuel cell and
hydrogen are located together and that a 270 VDC electrical distribution system is used.
Locating the system next to the load can save over 100 kg overall. The cumulative
difference between locating the system in the fairing (158 kg total) or tail (148 kg total) is
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Figure 29: Schematic for Case 1a, where the fuel cell’s internal liquid cooling system is air cooled

and No heat recovery is ULHIZEd. ... erae e e
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Figure 30: Schematic for Case 1b. The fuel cell’s internal liquid cooling system is air cooled. The

hot cooling air is combined with the fuel cell exhaust and used to heat water. .........cccccvverenneen.

Figure 31: Schematic for Case 2a. The fuel cell’s internal liquid cooling system is cooled by the

airplane’s liquid cooling loop and no heat recovery is utilized. ........ccccceeeeeiieciiiiiee e,

Figure 32: Schematic for Case 2b. The fuel cell’s internal liquid cooling system is cooled by the

airplane’s liquid cooling loop. The exhaust air from the fuel cell is used to heat hot water..........

Figure 33: Schematic for Case 3a. The fuel cell’s internal liquid cooling system is used to heat a
limited amount of hot water, and remaining heat is rejected to the airplane’s liquid cooling

Figure 34: Schematic for Case 3b. The fuel cell’s internal liquid cooling system is used to heat a
limited amount of hot water, and remaining heat is rejected to the airplane’s liquid cooling
loop. The exhaust air from the fuel cell is cooled by the airplane’s cooling loop in order to
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Figure 35: Schematic for Case 4a. The fuel cell’s internal liquid cooling loop is used to heat a
guantity of water not intentionally limited. Exhaust air from the fuel cell is used to pre-heat
the water, and some water is condensed in the process, thereby maximizing water recovery.

This design does not require any cooling by the airplane’s systems. ........cccoccveeiviiieeeccciiee e,

Figure 36: Schematic for Case 4b. The fuel cell’s internal liquid cooling loop is used to heat a
guantity of water not intentionally limited. Exhaust air from the fuel cell is used to pre-heat
the water, and some water is condensed in the process. The exhaust air is further cooled by

the airplane’s liquid cooling loop to further condense and recover water. ........ccccceeeeeccivveeeeeeeenn.

Figure 37: Schematic for Case 5. The fuel cell’s internal liquid cooling loop is used to pre-heat a
guantity of water not intentionally limited. The excess hydrogen from the fuel cell is kept
separate from the air and instead combusted in a hydrogen furnace to produce high-
temperature waste heat which is used to heat the galley ovens. The oven exhaust further

heats the water. This design does not require any cooling by the airplane’s systems...................

Figure 38: Schematic for Case 6a. The fuel cell’s internal liquid cooling loop is used to heat the
airplane’s fuel. No other waste heat recovery is utilized, and none of the airplane’s cooling
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Figure 39: Schematic for Case 6b. The fuel cell’s internal liquid cooling loop is used to heat the
airplane’s fuel. Exhaust from the fuel cell is also used to heat the airplane’s fuel, producing
condensed water in the process. A secondary coolant loop is used to prevent mixing of the
airplane’s fuel with air or water. No other waste heat recovery is utilized, and none of the

airplane’s cooling systems are NEEAEA. .........coocuiiiiiciiii ettt e e e bae e e

Figure 40: Overall system efficiency of the eleven system case options for the 20 kW in-flight
entertainment load. The cases with the most waste heat recovery (cases 4-6) have the

highest overall system effiCiENCIes. .......coccuiiii e et
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Figure 41: Summary of the mass analysis for each case. The different colors in the narrow bars
represent different components. Quantities above the zero-line are for mass added to the
system, and quantities below the zero-line are for mass credits. The net change (the sum of
the added mass and mass credits) is shown by the wide hollow bar. For comparison, the
“standard passenger” has a mass of 104 kg (230 Ib) including lUggage. .......cccouveeeeciieeieciiee e 81

Figure 42: Summary of the volume analysis for each case. The volume of each component is
shown by a different color. The larger volumes of the air-cooled cases (1a and 1b) are due
to the larger heat exchangers required in addition to the increased fuel cell and hydrogen
requirements. Because volume is most influenced by the size of the fuel cell and hydrogen
tanks, the differences between the other cases are relatively small. For comparison, a
typical galley beverage cart has a volume of 240 L (8.5 ft)....c.ovevieeeeeeeeeeeeeeeeeeeeeeeeeee e eeeens 82

Figure 43: The overall effect of the fuel cell system on airplane performance, as measured by the
amount of additional Jet-A the fuel cell-equipped airplane needs to accomplish the same
mission as the base airplane. The numbers in parenthesis express this amount as a
percentage of total mission fuel. Only Cases 4a, 4b, and 5 results in a performance benefit............ 83

Figure 44: Mass distribution for Case 2a (water cooled, no heat recovery) for the different loads,
using current technology for the fuel cell and hydrogen storage. The different colors in the
narrow bars represent different components. Quantities above the zero-line are for mass
added to the system, and quantities below the zero-line are for mass credits. The net
change (the sum of the added mass and mass credits) is shown by the wide hollow bar. For
comparison, the “standard passenger” has a mass of 104 kg (230 Ib) including luggage. .................. 89

Figure 45: Mass distribution for Case 3b (water cooled, water recovery, limited hot water) for
the different loads, using current technology for the fuel cell and hydrogen storage. The
different colors in the narrow bars represent different components. Quantities above the
zero-line are for mass added to the system, and quantities below the zero-line are for mass
credits. The net change (the sum of the added mass and mass credits) is shown by the wide
hollow bar. For comparison, the “standard passenger” has a mass of 104 kg (230 Ib)
INCIUAING TUBBAEE. e eneveeriiie ettt ettt e st st e s bt e e s bt e s bt e e sabeesabteesabeesabeessbeesabeeennes 90

Figure 46: Mass distribution for Case 6a (fuel cooled) for the different loads, using current
technology for the fuel cell and hydrogen storage. The different colors in the narrow bars
represent different components. Quantities above the zero-line are for mass added to the
system, and quantities below the zero-line are for mass credits. The net change (the sum of
the added mass and mass credits) is shown by the wide hollow bar. For comparison, the
“standard passenger” has a mass of 104 kg (230 Ib) including lUgZage. .......cccovveeeecieeeeeiiieeeeciieeeeae 91

Figure 47: Summary of the volume analysis for Case 2a (water cooled, no heat recovery). The
volume of each component is shown by a different color. For comparison, a typical galley
beverage cart has @ VOIUME OF 240 L (8.5 Ft3)....vvvveeeeeeeeeeeeeeeeeee e eeeeeseseeeeeeeeeeses e eneeeseseseseseeseeesseses 92
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Figure 48: Summary of the volume analysis for Case 3b (water cooled, water recovery, limited
hot water). The volume of each component is shown by a different color. For comparison, a

typical galley beverage cart has a volume of 240 L (8.5 ft2)......ouveeeeeeeeeeeeeeeeeeeeeeeeee e

Figure 49: Summary of the volume analysis for Case 6a (fuel cooled). The volume of each
component is shown by a different color. For comparison, a typical galley beverage cart has

A VOIUME OF 240 L (8.5 FL3). 1.ttt e ee e ee e ee et et eaeaea e eaeesae st tet et et et eseseseseeseeesaeseeenenenes

Figure 50: The overall effect of the fuel cell system on airplane performance, as measured by the
amount of additional Jet-A the fuel cell-equipped airplane needs to accomplish the same
mission as the base airplane. The chart assumes current technology for the fuel cell and
hydrogen storage systems. As a comparison, the base airplane on the base mission is

estimated to carry 22,680 kg (50,000 Ib) of Jet-A at takeoff. .......cccoeieeiiiiii e,

Figure 51: Mass distribution for Case 2a (water cooled, no heat recovery) for the different loads,
using DOE target technology for the fuel cell and hydrogen storage. The different colors in
the narrow bars represent different components. Quantities above the zero-line are for
mass added to the system, and quantities below the zero-line are for mass credits. The net
change (the sum of the added mass and mass credits) is shown by the wide hollow bar. For

comparison, the “standard passenger” has a mass of 104 kg (230 Ib) including luggage. ..............

Figure 52: Mass distribution for Case 3b (water cooled, water recovery, limited hot water) for
the different loads, using DOE target technology for the fuel cell and hydrogen storage. The
different colors in the narrow bars represent different components. Quantities above the
zero-line are for mass added to the system, and quantities below the zero-line are for mass
credits. The net change (the sum of the added mass and mass credits) is shown by the wide
hollow bar. For comparison, the “standard passenger” has a mass of 104 kg (230 Ib)

INCIUAING TUBBAEE. .o neteeiiie ettt ettt ettt et ettt sab e e s be e e sabe e sabeesbbeesabeeesbbeesaseesabaeenareens

Figure 53: Mass distribution for Case 6a (fuel cooled) for the different loads, using DOE target
technology for the fuel cell and hydrogen storage. The different colors in the narrow bars
represent different components. Quantities above the zero-line are for mass added to the
system, and quantities below the zero-line are for mass credits. The net change (the sum of
the added mass and mass credits) is shown by the wide hollow bar. For comparison, the

“standard passenger” has a mass of 104 kg (230 Ib) including luggage. .......cccceeeevevveevcieeeceeennnenn,

Figure 54: Summary of the volume analysis for Case 2a (water cooled, no heat recovery) with
DOE target technology. The volume of each component is shown by a different color. For

comparison, a typical galley beverage cart has a volume of 240 L (8.5 ft3). ......cccovvverererrrrerennnn.

Figure 55: Summary of the volume analysis for Case 3b (water cooled, water recovery, limited
hot water) with DOE target technology. The volume of each component is shown by a
different color. For comparison, a typical galley beverage cart has a volume of 240 L (8.5

B3], ettt ettt ettt ettt e et ettt e e er et et et e ee e et ee et et et e e aesee et et e e aeteseeet et e enereeenennaeeenenas
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Figure 56: Summary of the volume analysis for Case 6a (fuel cooled) with DOE target technology.
The volume of each component is shown by a different color. For comparison, a typical

galley beverage cart has @ volume of 240 L (8.5 FL2). .....ovoveeieeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeses e seenas

Figure 57: The overall effect of the fuel cell system on airplane performance, as measured by the
amount of additional Jet-A the fuel cell-equipped airplane needs to accomplish the same
mission as the base airplane. The chart assumes DOE target technology for the fuel cell and
hydrogen storage systems. As a comparison, the base airplane on the base mission is

estimated to carry 22,680 kg (50,000 Ib) of Jet-A at takeoff. .......cccoeoieiiiiiiiiie e,

Figure 58: The amount of fuel required by the base airplane and the airplane with the fuel cell to
generate electricity and heat for the different load scenarios. The base airplane uses the
main engine generator with a fuel-to-electricity efficiency of 34%, while the fuel cell
assumes the fuel cooled configuration with DOE target technology. The numbers are

presented DEIOW iNTABIE 14 ... e e e e e e e e brr e e e e e e e e e saararaeeeeeeeennnns

Figure 59: Yearly avoided CO, emissions for a fleet of 1,000 fuel cell-equipped airplanes
operating 750 hrs/yr, using a fuel cooled fuel cell system (Case 6a) and renewable hydrogen,
and comparing to the base airplane generating electricity via the main engines at 34%
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Figure 60: Allowed voltage transient for 28 VDC systems. During transients, the system voltage
must not go higher than the top solid line or lower than the bottom solid line. (Figure 13 in

MIL-STD-704F [B1].).eecueeiiiieteniieieie sttt sttt sre e e sr e s nes

Figure 61: Allowed voltage transient for 270 VDC systems. During transients, the system voltage
must not go higher than the top solid line or lower than the bottom solid line. (Figure 16 in

IVIL=STD-7OAF [B1].) veueeeeeeeeeseeseeeeeeseeseeseeseeseeeesessess e eseseessseseesessesseseseseseeseseeseeesessasseseseesasseesneseasens

Figure 62: Stand-alone galley system simulation: voltage as measured at the load...........cccceeenuneennne.

Figure 63: Stand-alone galley system simulation: Detail of the voltage transient at 6 seconds,
showing that voltage recovers to more than 22 V within about 0.0001 seconds, easily

satisfying the MIL-STD-704F reqUIr€mMENtS. ....ccccieieiiiiee e ceiiee e eeiee e eeree e seee e s e sare e e s sbae e s s eabeee s eeres

Figure 64: Stand-alone galley system simulation: Power response from the fuel cell and the fuel

(L= LI D1 O B L O olo a1 VZ=Y (=1 (P RRRRRRRPRRRPPRR

Figure 65: Peaker system simulation: POWEr rESPONSES. ....cccueieruieeriieeinieenieeeieeesieessieeesireesieeesareesnes

Figure 66: Peaker system simulation: Voltage at the load. Detail of the transient at 2 seconds
(where only the engine generator is supplying power) is shown in Figure 67. Detail of the
transient at 4 seconds (where the fuel cell is supplying the additional power) is shown in
Figure 68. The system is stable and the transients are all within the MIL-STD-704F
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Figure 67: Peaker system simulation: Detail of the voltage transient at 2 seconds as shown in
Figure 66. This load change is fully met by the engine generators. The transient recovers
within the time specified by MIL-STD-7O04F. ........c.ueiiiiiiee et eeee e e eetre e e e eree e e e saee e e e areeas 110

Figure 68: Peaker system simulation: Details of the voltage transient at 4 seconds as shown in
Figure 66. This load change is fully met by the fuel cell system. The transient recovers
within the time specified by MIL-STD-704F, and has a much faster recovery than that of the
engine generator aloNe (FIGUIE B7)....uu ettt eee s ee e rtte e et e s ve e s te e e ta e e snteeenaeesateesnsaeesnreean 110
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Nomenclature

Acronyms
ACH Air Changes per Hour
APU Auxiliary Power Unit
DOE Department of Energy
ECS Environmental Control System
FAA Federal Aviation Administration
HHV Higher Heating Value
IFE In-flight Entertainment
LH, Liquid hydrogen
MEA More Electric Airplane (airplanes), or Membrane Electrode Assembly (fuel cells)
MW Molecular weight
nm nautical miles
PECS Power Electronics Cooling Loop
PEM Proton Exchange Membrane
PEMFC Proton Exchange Membrane Fuel Cell
Pl Proportional-Integral
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cr Thrust specific fuel consumption
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Coi Drag due to the creation of lift
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E Nernst Voltage
F Faraday constant
Stack current
i Limiting current density
iy Exchange current density
K A constant
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m Mass flow rate
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n Number of electrons transferred per mole of reactant
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18



W,
WF, used

WF, reserve
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77Pump

Range of the airplane

Internal resistance

Fuel utilization

Oxygen utilization

Specific volume

Airplane starting weight (takeoff weight as used)
Airplane final weight (landing weight as used)

Fuel burned during the mission

Extra fuel that must be carried but is not used in normal missions
Operating empty weight

Payload, including passengers, their baggage, and cargo

A change (e.g, AW 454 is a change in fuel used)
Charge transfer coefficient

Thermal efficiency

Pump efficiency
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1 Introduction

Fuel cells have become increasingly important as alternative sources of power, offering the potential for
drastic reduction in emissions in particulate matter (PM), nitrogen oxides (NO,), and CO,. In addition,
they offer exceptionally quiet operation, highly efficient use of the fuel energy, and a high energy
storage density compared to batteries. For a number of years, the manufacturers of commercial
aircraft, most notably Boeing and Airbus, have realized that fuel cells may offer advantages for
commercial aircraft operation. Apart from emissions reductions and thermal efficiency referenced
above, they can constitute distributed power systems, enabling locating the power near the point of use
(reducing wiring) and also reducing the power draw from the engines.

Recently the German Aerospace Center (DLR) has conducted successful flight tests of a fuel cell power
system for hydraulic backup power [2], and a fuel cell-powered nose wheel drive motor [3]. In addition,
Boeing has been examining the use of fuel cells for on-board electrical power generation for at least the
past 10 years, including for distributed power systems [4-7]. A few years ago, Boeing sponsored a
Sandia study which examined the use of a PEM fuel cell for a ram air turbine (RAT) emergency power
backup system [8]. The results of that study (SAND report 2007-4542P) indicated that the fuel cell could
successfully replace a conventional RAT, but offered little performance advantages.

Realizing that it may be difficult to introduce fuel cells directly on aircraft without some prior
experience, there has been increasing interest in the use of fuel cells in aviation ground support
equipment (GSE). Both Boeing and the US Department of Energy (DOE) have funded Sandia to design
and construct a fuel cell based mobile lighting system to replace existing mobile lights that use diesel
generators. This project has led to the first commercial offering of a fuel cell based piece of construction
equipment (the fuel cell mobile light) by Multiquip, Inc.

Turning attention back to on-board uses, the DOE became interested in examining in a broad way if fuel
cells might offer an operational advantage over traditional on-board power systems (generators based
off the jet engines). The purpose was to go beyond the rather narrow application of a RAT, which itself
is rarely used. The real question is if fuel cells offer operational advantages over traditional power in
systems that are used routinely in flight, for example galley power, in flight entertainment, and to
provide additional power to the aircraft electrical grid when “peaker” power is needed. This interest in
the use of fuel cells is timely, as the electrical needs on-board are going up considerably as systems that
were formerly hydraulic in operation are converted to electric operation [1]. For the new Boeing 787,
the aircraft-wide electrical generation capacity is 1.5 MW — almost an order of magnitude larger than for
previous designs. This study, then, is an initial investigation of the use of fuel cells on-board commercial
aircraft. This study is limited to PEM fuel cells. We seek to understand how to physically deploy a fuel
cell on an aircraft, understand the impact on system volume, weight, and to understand the impact on
jet fuel consumption, both in relation to fuel currently devoted to electricity generation, and the overall
fuel needed to fly a given mission.
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1.1 Content of the Report

This introduction is meant to orient the reader to the topic, and also to the particular aspects that this
study addresses. It includes background information on fuel cells used on airplanes, highlights of the
insights learned from the study, and a description of the approach.

While this report assumes a general familiarity with fuel cells and energy systems, it does not assume
anything beyond popular knowledge of commercial airplanes or airplane systems. Therefore, Chapter 2
introduces the reader to the key concepts needed to understand the airplane application. These
concepts are useful to understand the context and implications of putting a fuel cell system on-board a
commercial airplane. This includes the critical aspect of how to account for the effect of the fuel cell
system on airplane performance.

Chapter 3 describes the components that make up the PEM fuel cell system and the issues related to
recovering the waste heat and the system’s location on the airplane. It includes background information
on fuel cells and hydrogen storage, as well as the specific information needed to estimate the size and
performance of the components. Estimated uses of waste heat are discussed. A description of the
options for locating the system on the airplane along with pros and cons of each option are also
described.

Chapters 4 and 5 gives the details on the thermodynamic and electrical models, respectively, used to
simulate the different on-board systems. This includes specific model components, calculations,
assumptions, and inputs.

Chapter 6 presents the results of the analyses. It begins with the results related to system design and
feasibility; that is, how the system would be best installed on the airplane, the thermodynamic
performance of the various heat recovery options, and the selection of systems that give the best
overall performance benefit to the airplane. The second section of the chapter explores in more detail
the systems selected from the first section for their performance serving combinations of the various
possible electrical loads. The last section of the chapter shows the results using the exact same method,
but with future technology assumed for the fuel cell and hydrogen storage, to forecast what the effect
on the airplane would be if DOE targets for these technologies are met.

Finally, Chapter O provides the overall conclusions and recommendations that result from this study, as
well as some suggestions on future work to further enable the energy efficiency benefits that may result
from deploying PEM fuel cells on commercial airplanes.

Some questions that this report answers are:
1. Isit technologically feasible to install and operate a PEM fuel cell system on-board a commercial
airplane?

e Itis feasible and possible using today’s technology for all components. However, a system made
with today’s fuel cell and hydrogen storage technology may not be able to provide an overall
performance benefit to the airplane (see next question).

2. How does using future technology, such as DOE-target technology for the fuel cell and hydrogen
storage, affect the results?
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Contrary to systems using current technology, some systems using DOE-target technology for
the fuel cell and hydrogen storage system were shown to offer performance benefits to the
airplane.

3. Because the fuel cell system is small compared to the entire airplane, can the effect of its size on
the airplane’s performance be neglected?

No. The addition of a fuel cell system adds mass, and possibly drag, to the airplane. While this

penalty may be small compared to the entire airplane, it is not small compared to the fuel cell’s
benefit. Quantification of this penalty and combining it with the fuel cell’s benefit is necessary

to determine the overall effect of the fuel cell system.

4. Does the addition of the fuel cell system adversely affect the airplane’s existing electrical system?

There is no adverse effect. The system remains stable and meets the specifications (MIL-STD-
704F) for transient responses. In fact, the electrical system with a fuel cell attached was shown
to have a faster transient response than the existing system.

5. How important is it to recover waste heat and liquid water from the fuel cell?

Very important. Recovery of waste heat and liquid water is what may allow the fuel cell system
to “pay for itself” (i.e., offset its weight increase) and possibly provide a performance benefit to
the airplane.

6. How does the choice of load affect the fuel cell system’s performance?

A load that requires the fuel cell to operate as close as possible to full load throughout the flight
will provide a larger performance benefit than one that operates at part load or only for
portions of the flight. The reason is the recovery of waste heat and water, as indicated in the
previous question. That being said, there may be other reasons to operate a fuel cell sparingly
during flight, such as durability concerns.

7. What are some methods to recover the waste heat on-board the airplane?

While heating water is one method, the amount of heat generated by the fuel cell exceeds the
amount of hot water needed. Instead, heating the airplane’s jet fuel absorbs all the fuel cell’s
heat and provides a performance benefit to the airplane’s engine efficiencies.

8. Where should the fuel cell and hydrogen storage be located?

The fairing (area around where the wings intersect the fuselage) and tail cone offer similar
benefits, including available space. For this study, the fairing is chosen. Locating the fuel cell
near the load could provide redundancy benefits and reduce piping, tubing, and wiring mass,
but the effect is small and it is likely to occupy space that is currently used for other purposes.

9. What electrical distribution methods are feasible?

A + 270 Volt DC distribution system was found to be the lowest-mass system. However, either
this or a 230 Volt AC system is feasible. Low voltage (e.g., 50 Volt DC) systems are not feasible
due to very high current requirements.

10. What effect could a fuel cell system have on electrical generation efficiency and CO, emissions?

Including the penalty associated with carrying the fuel cell system on-board, using a PEM fuel
cell system could decrease the amount of jet fuel needed to generate electricity by over 30%.
The amount of CO, that could be avoided by a fleet of PEM fuel cell equipped airplanes could be
over 20,000 metric tons per year (assuming renewable hydrogen is used to power the fuel cell).
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1.2 Analysis Approach

The purpose of this study is to find how deployment of a fuel cell on a commercial airplane in a number
of different uses would affect the electrical infrastructure of the airplane and the overall performance of
the aircraft. To accomplish this, two basic airplane designs were considered: one airplane without a fuel
cell (the base airplane), and one airplane designed to perform the same mission as the first airplane,
only carrying a fuel cell and associated hardware to fulfill a specific electrical need. The difference in the
performance of these two airplanes is made quantitative by calculating the fuel required to fly the
mission in the two cases, which requires understanding the influence of drag. Calculating the required
fuel also allows us to assess fuel use as it directly relates to power generation on the airplane.

1.2.1 Base Airplane and Mission

The airplane selected as the basis for this study is a derivative of a Boeing 787-8, shown in Figure 1.
“Derivative” means that while the specifications would be similar to a 787-8, the airplane on which a
fuel cell is deployed would be a different model not currently planned by Boeing. This platform was
selected primarily because it represents the state-of-the-art in “more electric airplane” (MEA) designs.
The MEA differs from traditional airplanes in that many of its systems that were previously powered by
pressurized air extracted from the main engines (bleed air) or by hydraulic power are now powered by
electricity. These additional electrical loads include engine start, wing de-ice, cabin environmental
control and pressurization, brakes, and flight controls [9]. This totally re-designed, much larger electrical
system could potentially be more readily adapted to incorporate an on-board fuel cell. In addition, the
larger electrical load means that the potential benefit to using fuel cells to replace current generators
might be higher than for current, less-electric airplanes.

Figure 1: The Boeing 787-8 is a “more electric airplane” with many of the conventional systems converted to electric power.
This results in a high on-board electric generating capacity (nearly 1.5 MW). Image ©Boeing, used with permission.
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Figure 2: The mission modeled for this study is a transcontinental flight between San Francisco International Airport (SFO)
and John F. Kennedy International Airport (JFK).

The mission we model is a transcontinental flight between San Francisco International Airport (SFO) and
John F. Kennedy International Airport (JFK) in New York City, a distance of 4,139 km (2,235 nm) as
shown in Figure 2 below. This choice was made as being a typical intermediate-length flight for a 787-8.

Three electric loads were considered for the application of a PEM fuel cell system: (1) the galley (see
Section 2.2), (2) in-flight entertainment system (see Section 2.5), and (3) peaker (see Section 2.6). These
systems currently draw power from the main engines. These applications were chosen as being likely
first deployments of moderate sized (20 - 60kW) fuel cells. Boeing is currently assessing fuel cell-based
galley systems in its own work [10].

It is important to review the system specifications for the “base aircraft” of the model. These
specifications are indicated in Table 1 below. These specifications were obtained from Ref. [11] and
from conversations with Dr. Joe Breit, Associate Technical Fellow of the Systems Concept Center of
Boeing Commercial Airplanes.
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Table 1: Specifications of the base airplane and flight mission used in this study.

Airplane Specifications [11]

Model Boeing 787-8 derivative
Max Design Takeoff Weight 227,930 kg (502,500 Ib)
Length 56.72 m (186.1 ft)
Wingspan 60.12 m (197.25 ft)

Seating Configuration

Short to Medium Range, Dual Class

Passengers as Configured

291

Maximum Passengers (for System Design)

Mission Specifications

375

Route SFO <-> JFK
Distance 4,139 km (2,235 nm)
Total Duration 5 hr

Fuel Required for Mission, including reserves
(see Section 2.7.2.1 for how this was
determined)

22,680 kg (50,000 Ib)

Segments and Durations

Load Specifications

Ground Taxi: 8 min.

Takeoff and Climb: 20 min.
Cruise: 4 hr.

Descent and Landing: 25 min.
Ground Taxi: 7 min.

(from conversations with Joe Breit, Boeing)

Galley:
Load 40 kW (forward), 20 kW (mid), 60 kW (aft)
Segments Initial Ground Taxi, Takeoff and Climb, and Cruise
In Flight Entertainment:
Load 20 kW
Segments All
Peaker:
Load 75 kW per engine x 2 engines = 150 kW total
Segments Only Descent and Landing

26



2 Airplane Systems and Concepts
An understanding of the airplane’s systems and performance is required for finding a practical fuel cell
system solution for this unique application. The relevant aspects of these are described in this chapter.

2.1 Environmental Control System

The purpose of the environmental control system (ECS) is to pressurize the cabin, provide a continuous
source of clean air, and maintain the cabin at the desired temperature. Except as noted, the reference
for the ECS information is [12].

2.1.1 Pressurization

In the 787, outside air is pressurized by electrically-driven compressors to approximately 103 kPa (15
psia). Cabin pressure at a normal cruise altitude between 34,000 to 36,000 ft is maintained at or above
84.1 kPa (12.2 psia, corresponding to an altitude of 5,000 ft), and decreases to 81.4 kPa (11.8 psia,
corresponding to an altitude of 6,000 ft) at cruise altitudes above 40,000 ft [13]. For reference, at
40,000 feet altitude, the outside air pressure is about 18.8 kPa (2.73 psia) [14]. The electrical load for
pressurization is the largest single load of the airplane at cruise, consuming over 25% of the total
electrical power by itself. The motors are +/- 270 VDC, adjustable speed. The air intake on the 787 is
from intake manifolds on the outside of the aircraft, see Figure 3.

2.1.2 Clean Air Supply
Federal Aviation Regulations (FARs) require 7.25 g/s (0.55 lom/min; 11.9 SCFM) of fresh air per occupant
[15]. Itis assumed that the ECS system is sized to supply this flow for the maximum possible number of

Figure 3: Ram-air inlet ducts on the 787 [16].
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passengers, 375, corresponding to a maximum fresh air supply of 2,719 g/s (4456 SCFM). The fresh air is
mixed with approximately 50% of the air returned from the cabin, cleaned and filtered with high
efficiency particulate air (HEPA) type filters, and sent to the cabin air supply system. Approximately
0.33% of the oxygen in the air is consumed in the cabin during normal operation. Of the air withdrawn
from the cabin, the remaining 50% is exhausted overboard. To put this air flow in perspective, the
entire volume of cabin air is replaced by fresh air about every five minutes. In terms familiar to
buildings, this corresponds to about 12.5 air changes per hour (ACH) in a commercial airplane while
building ventilation systems are typically designed for just 1 to 2.5 ACH.

2.1.3 Temperature Control

The amount of heat generated within the cabin is greater than the amount that is dissipated through the
airplane’s skin. It is estimated that each passenger generates approximately 100 W of heat, and each
piece of equipment within the cabin generates heat as well. The 787 is the first commercial aircraft with
an all-composite hull, and the composite material makes it much more thermally insulating than a
normal aluminum aircraft structure.

Cabin cooling is accomplished using the fresh air supply. Although the outside air at altitude is cold
(approximately -57°C (-70°F)), the compression required for pressurizing this air will heat it to
temperatures unacceptable for the cabin (95°C (200°F) [17]. Therefore, after pressurization, the air is
cooled using an air cycle machine (a refrigeration unit that uses air as the working fluid, see [12] for
more details). This air is then mixed with the recirculated cabin air, cooling it. The effect is that the air
cycle machine must reject heat not only from the pressurization process, but also all the heat being
generated in the cabin. This heat rejection is accomplished through heat exchangers which utilize
outside air captured by ram air inlets, a process referred to as ram air cooling. Because ram air cooling
imposes an aerodynamic drag penalty on the airplane, the overall effect of any heat generated on the
airplane is to increase aerodynamic drag (see Section2.7.2.2).

2.2 Power Electronics Cooling System

The 787-8 is unique in that it has a separate, liquid cooling system for its many electronic loads and
galley refrigeration units [13]. The power electronics cooling system (PECS) uses propylene glycol as the
coolant [17] and runs throughout the airplane. Like the air conditioning system, it is cooled by ram air
effectively resulting in a drag penalty for any heat it absorbs.

2.3 Galley System

Galleys provide heated and chilled beverages and food for the passengers, see Figure 4 below for an
example. Configuration of the galleys is highly customizable and they are typically configured according
to the customer (airline) desires. However, the 787 airplane is designed to meet the maximum
customer requirements of electrical power, water, and waste from sinks and lavatories. A typical
configuration of an airplane the size of a 787-8 is to have a large galley in the rear, abutting the rear
bulkhead, a smaller (but still complete) galley at the front for servicing first or business class, and small
sub-galleys near the midpoint used for chilled beverage storage. See Figure 5 below for this
arrangement. Refrigeration units, ovens (convection and/or steam), and hot water/coffee pots can all
be large electrical loads. In this study it is assumed that the maximum galley load of 120 kW is divided
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Figure 5: Layout of the 787-8 indicating typical locations of galleys (G) and lavatories (L). The actual configuration is
customizable and highly dependent on the customer. The nose is to the left. Diagram from [11].

as 60 kW to the rear galley, 40 kW to the forward galley, and 20 kW for the mid galley. Galleys are
active for all phases of flight except for descent, landing, and destination ground taxi. Galley ovens on
the current 787 utilize 230 VAC and the other galley loads 115 VAC, all variable frequency (38-800 Hz).

2.4 Water System

The 787-8 has two 511 L (135 gal) potable water storage tanks located behind the bulk cargo
compartment in the rear of the airplane [18]. Potable water from the airport is treated with ultraviolet
light when it is uploaded to the airplane. From the on-board storage tanks, the water is pressurized by
electric water pumps and distributed to the galleys and lavatories. Galley and lavatory water faucets are
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equipped with electric water heaters for dish and hand washing. In the galleys, water intended for
consumption is further treated with charcoal filters, and is heated using the hot water/coffee pots.

United flight attendants on a recent transcontinental flight (SFO — IAD) of a Boeing 777 were able to
estimate actual hot water use on that and other flights. The data from these conversations were used
to estimate that on a typical transcontinental flight of a 787 less than 62.4 L (16.5 gal) of hot water
beverages would be used for a mission-averaged hot water flow of 0.21 LPM (0.055 gpm). Of course
this number will vary from flight to flight, even on the same route, and this does not include hot water
used for washing or lavatories. However, this gives a rough order-of-magnitude estimate of hot water
use that is useful considering the lack of any measured data.

The 787-8 differs from other airplanes in that all waste water (everything that goes down a sink or toilet)
is collected on board. The waste tank has a capacity of 1,628 L (430 gal).

2.5 In-flight Entertainment System

The in-flight entertainment (IFE) system (Figure 6) includes all electronics for providing movies, TV
shows, and audio programming for the passengers, but excludes any electrical receptacles that may be
provided for powering or charging laptops and other devices. We estimate that the IFE system
consumes a maximum of 20 kW and is active for all phases of flight. The IFE utilizes 115 VAC variable
frequency (380-800 Hz).

2.6 Electrical Power Generation and Distribution System

The 787-8 has two 250 kVA generators mounted on each propulsion engine, for a total of 1 MW of
electrical generation capacity during normal flight. The auxiliary power unit (APU), used for ground
power and in-flight emergency power, consists of two 225 kVA generators for an additional 550 kW of
capacity [13]. The APU on the 787 is not considered to be operating during the normal mission profile
and is ignored for the purposes of this study. However, the APU is another possible early deployment

Figure 6: lllustration of typical in-flight entertainment (IFE) seat-back devices. The total IFE load on a 787-8 could reach 20
kW during all phases of flight. Note: Picture is not from a 787.
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application for fuel cell power, and has been examined in prior studies of aviation uses of fuel cells [19-
22].

The two engine generators produce power at 230 VAC, and because they are variable speed the
frequency depends on engine operation and can vary from 380-800 Hz. Each generator weighs
approximately 90 kg (200 Ib) [17].

One impact of having the main engines generate so much electrical power is that during periods of low
engine load the amount of power needed to generate electricity is a large fraction of total engine
output. This occurs primarily during descent and landing, when engines are often throttled back to idle.
At these times, the engine is spinning slowly enough that if the power demand (either thrust or
electrical generation) was to suddenly increase, the engine’s compressor may cease to function
properly, or stall, and the engine would shut down. The difference between the stall condition and the
operating condition is referred to as the stall margin. It would be advantageous to remove some of the
electrical burden on the engines during times of low engine power output. This would allow either a
larger stall margin or a reduced engine size for the same stall margin.

An additional concern is that the engine efficiency decreases with decreasing power. This reduced
efficiency extends to the generators on the engines. As the engine slows during descent and landing, its
thermal efficiency decreases, making the overall electrical energy generation less efficient.

An alternative source of power that is only used for peak electrical loads (a “peaker”) during descent and
landing would provide dual benefit, increasing both stall margin and efficiency. In this study, two 75 kW
peaker fuel cells (one per main engine), operating during descent and landing, is also considered.
However, we do not assess the impact on stall margin or efficiency.

A schematic of the 787’s electrical distribution system is shown in Figure 7. It can be seen that the
airplane employs four distinct distribution voltages and types:

1. The 230 VAC system is used as the main bus, which all current generators feed into. Power from
the 230 bus feeds some large loads, and the other three buses.

2. The £270 VDC system gets its power from the 230 VAC bus through an auto transformer
rectifier unit (ATRU) and sends it to large motors on the airplane.

3. The 115 VAC system gets its power from the 230 VAC system through an auto transformer unit
(ATU) and is used for many of the airplane’s large and small loads.

4. The 28 VDC system gets its power from the 230 VAC bus through a transformer rectifier unit
(TRU) and it is used for many of the airplane’s large and small loads.

The complexity of the electrical system also has the advantage that there are many options regarding
how to integrate a fuel cell. For example, inverting the fuel cell’s output could allow it to tie-into the
existing 230 VAC bus and serve any of the airplane’s electrical loads. Or, simple DC-DC conversion could
allow it to tie into either of the DC buses. In addition, several fuel cells could be distributed at the point
of use, eliminating long wire lengths (and/or possibly eliminating the need for redundant buses), as
described in a Boeing patent [5]. The implications of these options are explored further in Section 3.4.
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Figure 7: Schematic of the Boeing 787 electrical system. The system is complex yet offers many options for a fuel cell to tie-
in. Figure taken from Nelson [13].

2.7 Airplane Performance

Many individual factors can be used to measure the performance of an airplane depending on the
particular emphasis. These factors include fuel consumption, ratio of lift over drag, velocity (or Mach
number), weight, and fuel capacity. Each of these may be more important than the others for a
particular application. However, all of these factors can be combined together to give an expression for
airplane range. The Breguet range equation is a classic method combining these factors, and can be
expressed as [23]:

_aM(JLl w;

R n
cr Cp W,

(1)

where R is the range, a the speed of sound, M the Mach number, c; the thrust specific fuel consumption,
C, the coefficient of lift, C, the coefficient of drag, W, starting weight, and W, the final weight. The
equation can be used to determine range between any two points on a flight.

2.7.1 Base Airplane, Base Mission

A special case is where the Breguet equation is solved for the range of an entire mission. In this case,
W; is the weight of the aircraft at takeoff and W, is the weight of the aircraft at landing. W; can be
expressed as the sum of its parts:

Wi = Wogw + Wp + WF,used + WF,reserve (2)
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Woew is the operating empty weight, which is the weight of the structure, engines, furnishings, unusable
fuel, other integral parts of the airplane configuration, and standard supplies, personnel, equipment
necessary for full operations. W, is the payload, including passengers, their baggage, and cargo. W seq
is the fuel burned during the mission, and Wk esenve is the extra fuel that must be carried but is not used
in normal missions.

For this special case the airplane has used all of its fuel (W ,s.q4) upon landing, so that W; is:

Wy, = Woepw + Wp + WF,reserve (3)

The minimum amount of reserve fuel is regulated by the FAA and depends on the mission length and
destination. Airlines may add to this amount in accordance with their own policies. In general, the
reserve fuel can be expressed as a fraction of the used fuel:

WF,reserve = XWF,used (4)

Airplane drag (Cp) has two components, induced drag (Cp,) due to the creation of lift, and parasitic drag
(Cpo) due to all other effects including the shape, friction, etc. That is:

Cp = Cp + Cpo (5)

Combining equations (1) through (5) results in a range equation for the base airplane on the base

mission:

aM c W,
R=——%—1In (1 + Fassed ) (6)
cr Cpp +Cpo Woew + Wp + xWg yseq

2.7.2 Effect of Weight and Drag Changes

As mentioned in Section 1.2.1, the effect of adding a fuel cell system to the airplane is quantified by
comparing the performance of the base airplane to the performance of the airplane with the fuel cell.
Since this study assumes a derivative of the existing 787 airplane, we assume there is no change to the
overall shape or flight envelope of the airplane if fuel cells are utilized. This means that, for purposes of
this study, all variables in the range equation are assumed constant between the base case and the case
with the fuel cell system, with two exceptions. The first is the change in airplane weight W, due to the
additional fuel cell system weight, and the second is the change in the parasitic drag coefficient Cpo due
to additional airplane cooling requirements (as explained in Section 2.1.3). In either case, the effect of
using fuel cells can be quantified by the amount of extra fuel needed (or fuel saved) for the airplane to
accomplish the same mission as the base airplane.

The first step in this analysis is to rearrange Eq (6):

cr 1 1 1%
R—L—=—— In <1 + Fiused ) (7)
aM €, Cpo + Cpy, Woew + Wp + xWg yseq
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Since all the terms on the left-hand side are the same for the base airplane and the airplane with the
fuel cell, they can be combined to a single constant (K):

cr 1

— =K
aM Cy, ®)

Combining equations (7) and (8) shows that:

K (9)

— 11‘1 <1 + F,used )
Cpo + Cpy, Woew + Wp + xWg yseq

Equation (9) is then solved for the base airplane to determine the constant K.
We want to quantify the effect on the fuel used, so Eq. (9) can be rearranged to solve for Wk 54

W _ Wogy + Wp) (e (Coo*cor) — 1)
F,used — 1+ x(1 _ eK(CD0+CDL))

(10)

A change (from the base airplane) in operating empty weight AWz, and/or parasitic drag ACpo will
correspond to a change in the fuel used, AW, 4. Equation (10) can then be written as:

_ Wopw + AWopw + Wp)(eK(CD0+ACDO+CDL) - 1)

WF,used + AVVF,used - 1+ x(l _ eK(CDO+ACDO+CDL)) (11)

Solving for AW, ,s.s and combining the drag terms using Eq. (5) gives:

Wopw + Mgy + WP)(eK(CD"'ACDo) _ 1)
1+ x(1 — eXCorilo0))

AWp ysea = — Wr used (12)

This gives the additional fuel that must be carried for the airplane with the fuel cell system to achieve
the same mission performance as the base airplane. By including the effect of both additional weight
and drag, it automatically takes into account the interaction between the two. However, the
disadvantage is only the combined effect can be seen.

To better understand the individual effects of the weight and drag, the results shown in this report solve
Eq. (12) twice: once for a change in weight assuming no change in drag, and once for a change in drag
assuming no change in weight. The fuel changes are then added. The slight error of using this method
(less than 0.2% for values typical in this work) is considered acceptable so that the different effects can
be seen.

2.7.2.1 Determining the Weight and Change in Weight

The operating empty weight (Woey) of the current 787-8 is unknown at this time, as the airplane has not
been finalized yet. Maximum takeoff weight, maximum fuel, and maximum payload figures are
available from Boeing [11], but because of the trade-off between payload and fuel, simply adding or
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subtracting these numbers will not give Wygy. (As an example, the maximum takeoff weight is given as
227,930 kg (502,500 Ib) and the maximum usable fuel is 101,894 kg (224,638 Ib). Subtracting maximum
fuel from maximum takeoff weight will give 126,036 kg (227,862 Ib), which is the weight of the airplane
plus some unknown amount of payload.) Unpublished reports, projections, and anecdotes estimate
Woew Will be close to 250,000 Ib (113,399 kg), which is consistent with the example above. Therefore,
this is what is used for the base airplane in this study.

Payload weight (W,) is estimated by considering a fully-loaded passenger flight with no revenue cargo.
As mentioned in Table 1 and shown in Figure 5, the base airplane is assumed to be configured for 291
passengers. Assuming an average of 104 kg (230 Ib) per passenger (including baggage)’, the payload will
weigh 30,359 kg (66,930 Ib).

The fuel used for the base airplane and mission (W ,s,) is not known. However, current 787-8 data
shows that the maximum range is 15,740 km (8,500 nm) [13] and the maximum usable fuel is 101,894 kg
(224,638 Ib) [11]. Assuming that maximum fuel is used to achieve maximum range, this gives an average
fuel burn of 6.47 kg/km (26.43 Ib/nm). Multiplying by the distance of the base mission, 4,139 km (2235
nm), gives a base mission fuel burn of 26,794 kg (59,070 Ib). This method will surely give a high number,
since as the Breguet equation shows, on a maximum range flight proportionally more fuel is needed to
carry the fuel than on the base mission.

For another estimate of fuel burn, Boeing claims the 787 to be 20% more efficient than a 767 [4, 24].
This efficiency gain can be combined with a Boeing report that shows that the fleet-wide average fuel
consumption for all 767s to be 1.45 kg/s (11,537 Ib/hr) [25], resulting in a predicted 787 average fuel
consumption of 1.16 kg/s (9,229 Ib/hr). For the base mission of 5 hrs, this comes to 20,933 kg (46,150
Ib).

Combining these two estimates, a reasonable assumption is that the base mission will require about
50,000 Ib (22,680 kg) of fuel to be burned.

A typical reserve fuel amount (Wk esene) is based on a recent newspaper article showing that American
Airlines has historically used a fleet average of between 88 to 95 minutes of reserve fuel on their flights
[26]. Therefore, 90 minutes is used in this study, which for a 5-hr base mission gives a value of x = 1/3 in
Eq. (4) and a reserve fuel amount of 7,560 kg (16,667 Ib).

Adding all these components together gives a total airplane weight of 173,998 kg (383,598 Ib) at takeoff
(W;), and 151,318 kg (333,597 Ib) at landing (W,).

The change in operating empty weight (AWyey) is simply the weight of the entire fuel cell system minus
any weight savings. The weight of the fuel cell system includes the fuel cell, hydrogen storage, heat
exchangers, pumps, blowers, piping, and accessories. It also includes additional Jet-A needed to provide
the increased demand for pressurized air required by the fuel cell. Weight savings that are considered in
this study are reductions in engine generator size, reduction in the amount of water carried (due to

! Conversation with Andy Bayliss of Boeing, Nov. 3, 2010.
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production of water from the fuel cell), and reductions in Jet-A carried that is no longer needed for
generating the heat and/or electricity that the fuel cell provides. Details of how the fuel cell system
component weights were determined and the specific values used are given in Chapters 3 and 6.

Using the above numbers and solution procedure, Eq. (12) shows that every 1 kg (or |b) increase in
operating empty weight will require an additional 0.16 kg (or 0.35 Ib) of Jet-A fuel to accomplish the
same mission as the base airplane.

2.7.2.2 Determining the Drag and Change in Drag

Equation (5) revealed that drag is made up of two major components: drag induced by the lift force, and
parasitic drag. Parasitic drag is made up of many components: Roskam and Lan [23] have an 11-
component equation of which the last term is “miscellaneous” and accounts for at least eight more
components. It is beyond the scope of this report to detail all these different drag components.
However, because the airplane with the fuel cell system is assumed to have the same shape and
structure as the base airplane, all of these components are considered constant with one exception: the
drag due to cooling air. The need for cooling air was explained in Sections 2.1.3 and 2.2, but to
summarize:

e Any heat generated within the airplane, including the fuel cell waste heat, must be rejected to
the environment or the cabin will become intolerably hot.

e Heat transfer through the skin of the airplane is small due to the low density of air at flight
altitudes and the composite structure of the 787.

e Except for the small amount of heat lost through the skin, all heat must eventually be rejected
to the atmosphere by ram air cooling.

e Ram air cooling adds parasitic drag to the airplane.

The key idea is that every watt of heat generated on the airplane requires some ram air cooling, which
adds to the parasitic drag of the airplane.

Cooling drag is not a major part of overall drag and accordingly estimates of its magnitude are not
available in the literature. Even airplane designers may not be sure of this number: according to
Roskam and Lan [23], typically drag from the “major contributors” is calculated or measured if possible,
then the drag of the entire airplane is measured and the difference between these is attributed to the
“miscellaneous” category without too much concern for how that is distributed.

In light of this, we must estimate the cooling drag from what is known, by the following procedure:

1. Assume the total drag coefficient (Cp) for the 787-8 is 0.022. This is in the range for jet transport
airplanes. It less than the older A-300B (0.024 according to Roskam and Lan [23]) and at the
limit of current technology according to Fillippone [27].

2. Assume parasitic drag (Cpo) accounts for 60% of total drag®. This gives a parasitic drag
component of 0.0132. This seems reasonable when compared to other transport airplanes:

? Conversation with Andy Bayliss of Boeing, October 29, 2010.
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0.0131 for a Boeing 707-320, 0.0165 for an Airbus A-340, and 0.0135 for a Boeing 767 [23].
Being lower than the similarly-sized 767 is expected since the 787 is claimed to have utilized
several drag reduction strategies [28].

3. Assume miscellaneous drag accounts for 7% of parasitic drag. This is an average of the
estimates from Roskam and Lan (9%, Ref. [23]) and Fillippone (5%, Ref. [27]).

4. Assume cooling air drag accounts for 5% of the total miscellaneous drag. This is an engineering
estimate based on consideration and knowledge of the other components of the miscellaneous
drag category. This results in a drag coefficient of 0.0000462 due to ram air cooling for the base

airplane.

To relate the drag number to an amount of heat rejection, we need to estimate how much heat is
rejected in the base airplane. Again, this number is not known but must be estimated. The generated
heat that must be rejected by the ram air cooling system is divided into three categories:

1. Heat generated by passengers, absorbed by the cabin air and rejected through the air
conditioning units,

2. Heat generated by electronics and galley equipment in the cabin, that is absorbed by cabin air
and rejected through the air conditioning units, and

3. Heat generated by electronics and galley equipment that is absorbed by the liquid cooling
system (power electronics cooling loop, PECS).

Estimates of the magnitudes of these categories are given in Table 2. It shows that approximately 360
kW of heat must be rejected through the current ram air cooling system. To relate this to the drag
coefficient, it is assumed that there is a linear relationship between the drag coefficient and the heat
rejection. This results in a drag coefficient of 0.000000129/kW. Therefore, given a change in cooling
demand, we can calculate the change in parasitic drag (ACpo) by this relationship and solve Eq. (12) to
find the corresponding change in fuel requirements. This reveals that every 1 kW of additional heat to
be rejected will require an additional 0.15 kg (0.33 Ib) of Jet-A to overcome the additional parasitic drag
as a result of fuel cell deployment and achieve the same performance as the base airplane.
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Table 2: Source and estimated magnitudes of heat generation on board the base airplane that must be rejected to the
atmosphere through the ram air cooling system.

per of Pa ENEgE ed per Pa enge ed ene e0

375 (maximum design) 100 W 37.5 kW

or:le e al De dlNG e ed enerated
IFE 20 kW 50% 10 kW
115 VAC 140 kW 50% 70 kW
Galley 120 kW 75% 30 kW
Line Ohmic Heating 280 kw 96% 11.2 kW
SUB-TOTAL 121.2 kW
Liquid-cooled Electronics and Galley
Load Electrical Demand Efficiency Heat Generated
ATRU 432 kW 90% 43.2 kW
ECS Motor Controller 360 kW 80% 72 kW
Hydraulics Motor Controller 40 kW 80% 8 kW
Ram Air (ECS) Fan 32 kW 50% 16 kW
Galley Refrigeration Unit n/a n/a 60 kW
SUB-TOTAL 199.2 kW

TOTAL RAM AIR HEAT LOAD 357.9 kW
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3 Fuel Cell System Hardware and Concepts
The purpose of the engineering analysis was to determine the feasibility of a PEMFC system on board a
commercial airplane with respect to:

e Major component options and sizes

o Fuelcell

o Hydrogen storage

o Heat exchangers, blowers, and water pumps
e Waste heat recovery methods
e System location possibilities

Our analysis is meant to be a rather rigorous “first-cut” at determining the feasibility. Due to limitations
in scope, we were unable to delve into some topics in great depth. Nonetheless, the analysis below
provides sufficient detail that this study can be used to reliably assess the impacts of using current PEM
fuel cell technology onboard commercial aircraft for the purposes indicated.

3.1 Fuel Cells

An excellent review of fuel cell systems can be found in Larminie and Dicks [29]. A fuel cell provides, in
an electrochemical environment, a way to combine gaseous hydrogen and oxygen to form water
(typically as a liquid), as indicated by Eq. (13):

2H,(g) + 02(g) » 2H,0(D) (13)

The hydrogen fuel is not literally burned. Rather, the reaction proceeds electrochemically, producing
electrical energy and waste heat. The efficiency of the electrochemical process can be significantly
higher than traditional combustion. Lutz et al. [30] compared conventional H,/O, combustion with the
“electrochemical combustion” provided in a fuel cell. Whereas traditional combustion has a thermal
efficiency of = 35%, limited primarily by the temperatures achievable in traditional combustion systems,
the thermal efficiency of the electrochemical process can be = 50%. Wright [31] has also compared fuel
cell efficiency with that of heat engines.

Over the years, there have emerged five general classes of fuel cell systems, which are viable and
commercially available. Table 3 briefly describes these five types.

Table 3: Types of fuel cells

Fuel Cell Type Mobile lon Operating Temp
Proton exchange membrane (PEM) H 50—100 °C (122 — 212 °F)
Alkaline (AFC) OH™ 50 -200 °C (122 — 392 °F)
Phosphoric Acid H = 220°C (430°F)
Molten Carbonate Co,” = 650°C (= 1200°F)
Solid Oxide o* 500 — 1000 °C (930 — 1832 °F)
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The fuel cell types can be divided into two regimes of operating temperature: low-temperature fuel cells
that operate in the range 50°C to 220°C (122 — 392°F) (proton exchange membrane, alkaline, and
phosphoric acid fuel cells), and high-temperature fuel cells that operate above 650°C (1200°F, molten
carbonate, and solid oxide fuel cells). In a related study being performed by the Pacific Northwest
National Lab (PNNL), solid-oxide high temperature fuel cells are being examined for their usefulness on-
board commercial aircraft.

In this study, we examine the low temperature fuel cells. Alkaline fuel cells are damaged by the small
amounts of CO, in the air and are not practical for this application. Phosphoric acid fuel cells have
typically lower efficiencies and lower power densities than proton exchange membrane (PEM) fuel cells.
This leaves a PEM fuel cell as the only practical fuel cell candidate for low-temperature fuel cell
operation on-board a commercial aircraft. A description of the PEM fuel cell is found below.

3.1.1 PEM Fuel Cell: Background

Figure 8 below shows the relevant reactions in a PEM fuel cell. At the PEM anode (site of oxidation)
hydrogen gas ionizes (oxidizes), releasing protons and electrons for the external circuit. Simultaneously,
at the cathode (site of reduction), oxygen molecules are reduced in an acidic environment by electrons
from the circuit, forming water molecules. Protons pass through the proton exchange membrane, from
anode to cathode, completing the circuit.

PEM fuel cells deliver high power density and offer lighter weight and smaller volume than other fuel
cell systems. Traditional PEM fuel cells use a solid proton conducting polymer membrane called Nafion,
a type of polyfluorinated sulfonic acid (PFSA) material, which allows proton transfer between the anode
and cathode. Porous carbon electrodes containing a platinum catalyst act as the membrane electrode
assemblies (MEA). PEMs require only hydrogen and oxygen to operate and water to humidify the
polymer membrane.

H2
Anode 2H, — 4H* +4¢e
Proton Exchange Membrane \% Load
i
Cathode O, + 4e- + 4H* — 2H,0
02

Figure 8: Schematic diagram of a Proton Exchange Membrane (PEM) fuel cell.

40



Nafion-based fuel cells operate at low temperatures, around 80°C (180°F). The low-temperature
operation provides for rapid start-up, which is essential for aircraft power applications. However, for
temperatures at or below 80°C, the reaction product is liquid water, making management of liquid
water an important issue. The MEAs in PEM fuel cells require a Pt catalyst, which is sensitive to CO
poisoning. If properly designed, PEM fuel cells have a low sensitivity to orientation which is particularly
favorable for aircraft applications.

It is envisioned that further advances in PEM stack design, materials, and new PEM materials may
enable fuel cell stack operation temperature in excess of 100°C (212°F) in order to increase its efficiency,
improve heat rejection, further decrease the size of the heat exchanger, and operate the stack at a state
where the water produced at the cathode is water vapor versus liquid. This would significantly reduce
the balance of plant (BOP), since gaseous water vapor is easier to handle than liquid water.

For this study, we will assume the current state of the commercial PEM systems for nearly all the
analysis, only considering planned technology in the final section to illustrate the impacts of
improvements in weight and volume reduction. Furthermore, we make no consideration of fuel cell
system cost, as this is likely to change drastically as fuel cells become more widespread and
manufacturing costs drop.

3.1.2 PEM Fuel Cell: Specifics for the Study

A survey of available PEM fuel cells from various manufacturers was conducted emphasizing those
products that offer high power density (Power/Volume) and high specific power (Power/Mass), are
available in capacities on the order of the loads in this study (> 10 kW), and are provided as modules
requiring only hydrogen fuel, ambient air, and external cooling. That is, they include all equipment
required for cathode air compression, heat management, and control.

The module chosen for the basis of the study is the Hydrogenics HyPM HD 12 Power Module. The
nominal power output of this PEM fuel cell is 12 kW and the specifics of its operating characteristics are
given in the Thermodynamic Analysis section (Table 7, Section 4.1.1). It should not be inferred that this
is the only product or manufacturer that will work for this application but is taken as the representative
technology and serves well the function of this engineering analysis.

To determine the physical sizes of the fuel cells required to meet the loads in this study, it was assumed
that an appropriately-sized module based on technology identical to the HyPM 12 could be built, and its
size would be proportional to its power in the same ratio as the HyPM 12. However, the maximum
rated capacity was not used to determine this ratio for the HyPM 12. This is because efficiency, and
therefore fuel consumption, changes with power so that a fuel cell operating at high power will
consume more fuel on a per kW basis than one at lower power (see Figure 9). This affects the hydrogen
storage system, changing its weight and volume. So the optimal operating point from a weight and
volume perspective must consider the combined fuel cell + hydrogen storage system and not just the
fuel cell itself.

In light of this, the lightest system (hydrogen and fuel cell) mass and lowest system volume operating
point for the fuel cell was calculated to be that which gives an efficiency of nuuy = 40.9% (1w = 48.4%),
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Figure 9: Typical operating performance for the HyPM 12 power module. The left-hand chart shows voltage (blue line) and
power (green line) as functions of current. The right-hand chart shows efficiency (LHV-basis) also as a function of current.
Comparing the two figures reveals that the highest efficiency occurs at a low power level, and efficiency decreases as power
increases. Note: “Available Current” and “User Current” are the same. Figure from [32].

which corresponds to a power of approximately 12.8 kW for the Hydrogenics module. This in turn gives
the specific power of the fuel cell module is 149 W/kg (67.6 W/Ib) and the power density is 103 W/L
(2,920 W/ft?). These values may be lower than stated for some manufacturers’ products but it must be
emphasized that not only is the modeled module a “high power” unit and contain the necessary
accessories in addition to the stack but also the fuel cell is not operating at its maximum rated power.

This study also examines the use of DOE-target technology for the fuel cell system. The 2015 targets for
80 kW integrated transportation fuel cell power systems operating on direct hydrogen are 650 W/kg
(295 W/Ib) gravimetric density and 650 W/L (18,400 W/ft*) volumetric density [33], and these values are
used in the DOE Target Technology Analysis (Section 6.2.4).

Once the gross fuel cell power required for a given system was determined from the thermodynamic
analysis, the relationships (given above) for mass and volume were used to calculate the necessary size
of the fuel cell module.

3.2 Hydrogen Storage

The hydrogen storage options considered are:

1. Metal Hydride
2. Liquid
3. Compressed gas: 350 bar (5,000 psi) and 700 bar (10,000 psi)

Figure 10 and Figure 11 provide comparisons between these options in terms of storage mass and

volume, respectively, for given amounts of hydrogen stored. Each of these options is described below in

this context.
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Figure 10: Mass of different hydrogen storage tanks as a function of the mass of hydrogen stored. Compressed gas storage
at 350 bar (5,000 psi) offers the lowest mass solution for currently available methods. The proposed liquid storage methods
are promising improvements for the future. References: [34-42].
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Figure 11: Volume of different hydrogen storage tanks as a function of mass of hydrogen stored. The compressed gas
options require a larger volume than either the liquid or metal hydride options [34-41].

3.2.1 Metal Hydride

An alternative to storing hydrogen as either a gas or liquid is to store it in a compound as a metal
hydride. Metal hydrides have been investigated for many years for their interesting technical properties
[43]. Over the years, a number of classic “interstitial” metal hydrides have been studied, and are
commercially available. Examples include LaNis, Fe-Ti-V alloys, and many others. These materials are
kinetically fast, fully reversible, but typically their gravimetric capacity is low (typically about 2%),
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because heavy metals are employed. This poor gravimetric capacity is particular troublesome for
applying classic metal hydrides in weight-sensitive application, for example in automobiles or on-board
aircraft.

More recently, metal hydrides have been investigated as a way of storing hydrogen for automobile
applications. For example, Sandia has been the lead laboratory for The Metal Hydride Center of
Excellence (MHCoE, www.ca.sandia.gov/MHCoE/), a DOE-funded center comprised of nine universities,
six national laboratories, and four companies, all collaborating to develop advanced materials for
automotive applications that reversibly store hydrogen with high weight percent and improved
volumetric density. A number of interesting high capacity materials have been developed, for example
AlH; (10 wt. %) and Mg(BH,), (14 wt. %). All of these materials are at this point research materials only,
not ready for use in a practical near term aviation system. One of the best-known of the higher capacity
metal hydrides is Ti-doped sodium alanate, NaAlH, [44]. As a practical matter, only a maximum of
approximately 4.5 wt. % percent is released from the material. This gravimetric capacity is an
improvement over the classic metal hydrides with a weight percent typically of 2 wt. %.

In order to release hydrogen from NaAlH,, one needs to heat the material to temperatures around
150°C (300°F). Recently, Sandia has completed a project in which the engineering issues associated with
building a 5 kg (11 Ib) NaAlH, automotive tank, with all the attendant heat transport and kinetic issues,
have been worked out [45]. However, such a tank is at an R&D stage, and not really ready for a near-
term commercial aviation applications.

The only metal hydrides that are readily commercially available are the interstitial metal hydrides, and
so, we report on the weight and volumetric capacities of a commercially available metal hydride (OV
679) made by Ovonic Hydrogen Systems. It is a proprietary mixture of nominal formula AB,H;, where A
=Tiand Zr, and B =V, Cr, and Mn. The weight and volume estimates we make also include the tank shell
and internal structure including heat exchange tubing. A picture of the system used for the data is
shown in Figure 12. We do not go into detail on these considerations, as it can be seen from Figure 10
that metal hydrides are simply too heavy to be reasonably used for an on-board aviation application.

3.2.2 Liquid

Hydrogen has been stored for decades in large quantities as a cryogenic liquid (“LH,”) for industrial and
space applications. For much smaller quantities of hydrogen, there are no liquid hydrogen storage tanks
suitable for transportation applications that are available on the open market. However, some LH,
storage systems have been demonstrated in either prototype form or in small quantities. The size
characteristics of these are labeled as “Liquid (Current Technology)” in Figure 10 and Figure 11 and it is
assumed that these could be produced if needed. It can be seen that the current technology of liquid
tanks is comparable to the 350 bar pressurized tanks in terms of weight, and less than either pressurized
tanks in terms of volume.

There are two categories of liquid storage. The first is where the hydrogen is stored at approximately 20
K (-424°F), but the pressure above the liquid is simply the equilibrium vapor pressure established by the
LH, at that temperature. A second type of liquid storage is one in which the tank containing the liquid
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Figure 12: Picture of Ovonics metal hydride storage tank. The nameplate indicates the system shown can store 3 kg (6.6 Ib)
of hydrogen, has a mass of 190 kg (419 Ib), and a volume of 60 L (2.1 fta). From Chao et al. [36], see for more details.
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Figure 13: Cut-away view of one of the current technology cryo-compressed hydrogen storage tanks. This design can store
10.7 kg (23.6 Ib) of hydrogen at 345 bar (5,000 psi) with tank-only mass of 155 kg (342 Ib) and volume of 297 L (10.5 ft3).
Figure and data from [34].

hydrogen is pressurized and the hydrogen exists as a supercritical fluid. The latter is referred to as cryo-
compressed and offers improved gravimetric and volumetric storage density over an atmospheric
pressure LH, vessel. A current version of the cryo-compressed tank is shown in Figure 13.

There are several improvements to the cryo-compressed tanks that are under development, and they
are included in the “Liquid (Proposed)” category in the figures. These proposed liquid tanks offer a large
weight reduction over other storage methods, being approximately half the weight of the current liquid
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technology. The improvements to this new technology , namely optimizing the pressure vessel and shell
designs thereby reducing wall thicknesses and changing to lighter materials, are rather straightforward,
and should lead to robust commercially available cryo-compressed hydrogen tanks in the future.

One potential drawback of a liquid hydrogen storage system is the fact that the liquid will absorb heat
from the surroundings and evaporate, leading to pressure rise within the vessel. When the pressure
builds to the maximum level allowed, the hydrogen is vented to the atmosphere so an un-used liquid
hydrogen tank will exhaust itself over time. However, the cryo-compressed design averages less than
0.5% loss per day. Furthermore, this loss becomes negligible in the airplane application where the
hydrogen only needs to be stored for the several hours to complete the mission. Of course another
consideration for LH, is the fact that it takes a lot of energy to liquefy hydrogen: up to 30% of the
combustion energy of LH, must be consumed in order to produce hydrogen at T = 20K. This represents a
drawback from LH, being widely available as part of a growing H, infrastructure.

Cryo-compressed hydrogen offers promise for future systems, especially if the issues of liquid hydrogen
generation, storage, and refueling are satisfactorily solved. However, for this study even these
potentially minor issues are not worth the slight increase in gravimetric storage density vs. compressed
gas (see Figure 10), and the cryo-compressed storage option was not considered further.

3.2.3 Compressed Gas

The compressed gas storage tanks analyzed for this study are composite tanks with polymer liners, also
known as Type IV tanks. They are the highest pressure, lightest weight tanks available on the market.
The data for the 350 bar (5,000 psi) and 700 bar (10,000 psi) tanks shown in Figure 10 and Figure 11
come from two commercial vendors, Lincoln Composites and Quantum Technologies. Pictures of the
Lincoln and Quantum tanks are shown in Figure 14. Compressed gas at 700 bar (10,000 psi) was
eliminated during preliminary screening because although it has a smaller volume than 350 bar (5,000
psi) tanks, the weight is more and it has additional safety and fuel logistics concerns. The 350 bar tanks
are feasible for use on-board the airplane and were selected for use in the engineering analysis.

For use in this study, 350 bar compressed gas hydrogen tanks were sized according to the linear trend
observed in Figure 10 and Figure 11. It is assumed that a custom-designed tank would be used for the

Figure 14: The compressed gas hydrogen tanks from Lincoln Composites (left) and Quantum Technologies (right).

46



airplane application and it would have similar characteristics to the off-the-shelf models that are
depicted in the figures. Therefore the equation used to size the tank mass is the one used to linearly fit
the manufacturers’ data:

Tank Mass = 16.19 * H, Mass + 0.3862 (14)

For 6 kg (13.2 Ib) of hydrogen, this leads to a tank mass of 98 kg (216 Ib), or about 6.1% gravimetric
density. Similarly for volume, the linear fit to manufacturers’ data shows that the relationship between
hydrogen mass and volume for the 350 bar (5,000 psi) compressed gas tanks is 17.0 gH,/L (1.06 Ib/ft?).

This study also examines the use of DOE-target technology for the hydrogen storage system. The
“ultimate” targets of on-board hydrogen storage systems for light-duty vehicles are 7.5% gravimetric
density and 70 gH,/L (4.37 Ib/ft3) volumetric density [46], and these values are used in the DOE Target
Technology Analysis (Section 6.2.4).

Once the amount of hydrogen required for a given system was determined from the thermodynamic
analysis, the relationships (given above) for mass and volume were used to calculate the necessary size
of the storage tank.

3.3 Heat Exchangers, Blowers, and Water Pumps

A fuel cell system requires a number of components for operation, including pumps, blowers, fans, and
heat exchangers. The primary method to determine the fuel cell system component sizes (weight and
volume) was to use the thermodynamic analysis of the system to find the performance requirements,
and then consult with manufacturers for the appropriate available or planned product that will satisfy
those requirements.

Representative heat exchanger sizes were found by consulting with Lytron Inc., a manufacturer that
offers a standard and custom products for both air/liquid and liquid/liquid applications. Although sizes
may differ from one manufacturer to another, the differences are expected to be small given the
thermodynamic and heat transfer constraints of typical heat exchangers. In the sizing process, the type
and flow rates of both fluids along with the ratio of required heat transfer to initial temperature
difference (Q/ITD) were taken from the thermodynamic analysis. These numbers were used to find the
appropriate heat exchanger from the Lytron catalog and its associated weight and volume.

Blowers are used to feed air into the cathode input on the fuel cell, and for supplying cooling air in the
air-cooled system cases. Representative blowers were sized by using the required pressure rise and
flowrate from the thermodynamic analysis to find commercially available blowers that would meet
these needs. The product line available from Ametek Technical & Industrial Products, a supplier of a
variety of blowers including those specific for fuel cell applications, was taken as representative of the
type that would be deployed in an actual system.

For the pumps, water flowrate and required pressure head were calculated by the thermodynamic
model. Similar to the blower, appropriately-sized, commercially available water pumps from Ametek
were used as representative of the size of pump that would be deployed in the actual system.
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3.4 Electrical Load and Components

The fuel cell size depends on the power load that it must serve, and the hydrogen tank depends on the
amount of energy it must store to meet that given load for the specified time. Because all other
components in the system must be sized to go along with the fuel cell’s requirements, they also depend
on the load. Therefore, to find the system size and performance, it is necessary to specify the load for
which it is designed. Table 4 shows the nine load scenarios that considered in this study. More
information on each load can be found in Section 2.3 (galley), Section 2.5 (IFE), and Section 2.6 (peaker).

The choice of distribution voltage and type (AC or DC) can impact the number and size of the wires
required, so this must be determined before wire mass and volume is estimated. Three possible
distribution methods were considered:

1. Low voltage (50 Volt) DC. A DC system has the advantage of not requiring a DC-AC inverter and
needs two wires compared to a three-phase AC system. A voltage lower than 50 V provides
safety and maintenance advantages. However, wire diameters will be the largest of all options.
The 787 does not currently have a 50 VDC distribution system (see Figure 7 in Section 2.6), so
this option is mainly considered for stand-alone configuration (a dedicated fuel cell and load
circuit independent of the existing electrical system).

Table 4: The nine different load scenarios considered in this study.

ID Load Description Maximum Electrical Demand Phases of Flight

1 In-flight entertainment (IFE) 20 kW All

2 Mid-galley 20 KW Initial taxi, takeoff and climb, and
cruise

6 Fornverd sl 40 kW Initial taxi, takeoff and climb, and
cruise

4 Aftgalley 60 KW Initial taxi, takeoff and climb, and
cruise

5 Al galleys combined 120 kW Initial taxi, takeoff and climb, and
cruise

6 Single peaker 75 kW Descent and landing

7 Both peakers 150 kW Descent and landing

All galleys (5) and both 120 kW during initial taxi, takeoff

8 eakers (7) 150 kW and climb, and cruise; 150 kW
P during descent and landing
140 kW during initial taxi, takeoff
9 Allloads (1,5, and 7) 170 kW and climb, and cruise; 170 kW

during descent and landing, 20 kW
during final taxi
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2. High voltage (+270 Volt) DC. This system has the advantage of being DC, but requires more
attention to safety during maintenance than the 50 VDC system. The 787 already has a +270
Volt distribution bus (see Figure 7) so this will not add any additional requirements and will
allow the fuel cell system to tie directly into the existing system.

3. 230 Volt AC. This is the main electrical distribution bus on the 787 (see Figure 7). While this
system requires a DC-AC inverter, the electricity from the fuel cell sent to this bus can be used in
all airplane loads.

Table 5 shows the amperage requirements for the three options and the different possible loads. The
AC current calculations assume a 0.95 power factor. Note that 3-phase AC power inherently requires
less current per wire than equivalent DC power. The 50 VDC option has very large currents, and high-
current DC may not allow application of proper switching and protection equipment. Therefore, 50 VDC
is eliminated from further consideration.

Table 6 shows the appropriate wire sizes based on the design current. It is assumed that an AC

Table 5: Design current required for the three electrical distribution options. The 50 VDC option would require currents that
are too high for switching and circuit protection equipment.

Design Current (150% Rated Amps)

Load (kW) 50 VDC +270 VDC 230 VAC
75 2250 417 297
60 1800 333 238
40 1200 222 159
20 600 111 79

Table 6: Wire sizes for the 270 VDC and 230 VAC distribution systems.

+270 VDC Wire Selection

Load Number of Ib per

(kw) AWG  Conductors 1,000 ft. Dia (in)
75 4/o 2 486.8 1.238
60 3/o 2 404.0 1.134
40 1 2 216.7 0.81
20 6 2 79.4 0.496

230 VAC Wire Selection

Number of Ib per
(kw) AWG  Conductors 1,000 ft. Dia (in)

75 2/o 3 321.4 1.02
60 1/o0 3 258.4 0.91
40 2 3 171.5 0.734
20 6 3 79.4 0.496
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distribution system will utilize the existing grounding bus running throughout the 787, so only three
conductors are needed. Note that there would be two 75 kW units for the Both Peakers load, resulting
in a total of four conductors for the DC case and six conductors for the AC case.

Because of the difference between the two system types (DC vs. AC), it is necessary to also consider the
difference in equipment; that is, the size of the DC-DC converter for the DC system vs. the size of the DC-
AC inverter for the AC system. Commercially available equipment was used to estimate these sizes. For
the DC-DC converter, we used an aviation-optimized 60 kW unit manufactured by AeroVironment has a
specific power of 3.8 kW/kg and a power density of 2.8 kW/L [47]. For the DC-AC inverter, we used a 30
kW transportation unit manufactured by US Hybrid has a specific power of 1.07 kW/kg and a power
density of 1.12 kW/L [48]. These values were linearly scaled by the power of each load to find the sizes
for this study.

3.5 Piping and Tubing

Gaseous hydrogen is assumed to be distributed at approximately 446 kPa (50 psig) by stainless steel
(type 316L or 304L) seamless tubing with a low pressure drop over the length of the run. This resulted in
nominal tubing sizes of %-inch and %-inch OD (outside diameter). Standard tubing wall thicknesses of
0.035 inch and 0.045 inch for the %-inch and %-inch diameter tubing, respectively, were used. This
provides a minimum design pressure of 13,890 kPa (2,000 psig). Although this is well above the
intended distribution pressure, it provides a safety margin in case of regulator failure, and mitigates the
effect of possible tubing wear in the high-vibration environment of an airplane. As customers and
passengers feel more comfortable with hydrogen safety, it may be reasonable to reduce the wall
thicknesses or possibly switch to a non-metallic tubing to optimize the weight.

Supply and exhaust air streams are assumed distributed by 4-inch (nominal diameter) PVC ducts, and
water by %-inch (nominal diameter) nylon-reinforced silicone tubing. Either medium could be used to
transfer heat from the fuel cell to the heat load, but preliminary analysis revealed that conveying heat
via hot water greatly reduced the weight and volume of the piping compared to using hot air.
Furthermore, heat exchangers and fans/pumps are more efficient when handling water. For these
reasons, conveying heat via hot air was rejected and not considered in any further analysis.

The size of the regulator is taken to be 0.6 L (36.6 in3) and weigh 2.3 kg (5 Ib). Each hydrogen tank is
assumed to have one regulator, and to find the number of regulators required, it is assumed that the
maximum capacity per tank is 7 kg (15.4 Ib).

3.6 Fuel Cell Waste Heat Recovery Options

The PEM fuel cell generates two streams of waste heat. One is the exhaust of oxygen-depleted air after
it passes through the electrochemically active portion of the stack (the cathode), and the other is the
hot liquid in the cooling loop that is used to maintain stack temperature at an acceptable level. In this
study, the stack was assumed to operate at 70°C (158°F) meaning that both the air and hot cooling
water are expected to come out at this temperature. The cooling water carries a significantly higher
proportion of the heat load: over 90% of the total heat rejected is through the cooling water.
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The fuel cell also releases a small amount of hydrogen. In modern stacks this amount is so small that it
is safely mixed with the oxygen-depleted air within the fuel cell module and released with that stream.
One additional concept that was considered is taking this small amount of hydrogen and, instead of
combining it with the air exhaust, burning it in a combustor to create a high-temperature waste heat
stream. Because the combustor would realistically need to be located in the fire-rated tail section, the
application of this concept is limited to the heat loads in the rear of the aircraft.

The remainder of this section describes the places on the airplane that may be able to utilize fuel cell
waste heat, and options for fuel cell system configurations that supply varying degrees of waste heat.

3.6.1 On-board Uses of Waste Heat

There are few places on the airplane that require heat. The largest load is for wing de-icing. On the 787
this is handled by electrical resistance heaters on the leading edges of the wing, with an electric demand
of 30-85 kW per wing®. While heating the leading edges with hot air is common on commercial aircraft,
doing this on the 787 using the hot air derived from fuel cell waste heat would require a significant re-
design of the wing. Therefore, this potential use of waste heat was not considered.

In the cabin, there are three uses of heat: (1) hot water for washing in lavatories and galleys, (2) hot
water for beverages, and (3) food service ovens. Low-grade waste heat from the fuel cells could provide
wash water at an acceptable temperature (45°C, 115°F), and could pre-heat the beverage water and/or
the food service ovens. The high temperature waste heat concept (burning the hydrogen, described
above) could be constructed using a hydrogen-fueled furnace arrangement, with the resulting hot air
stream used to fully heat the galley ovens, completely replacing their electrical needs. (The
effectiveness of this concept is analyzed for the rear galley ovens as Case 5 in this report, see Section
6.1.)

It should be noted that the air conditioning needs of the cabin are entirely cooling-related, as the heat
released from passengers is in excess of that naturally lost to the surroundings. This effect is
compounded in the 787 due to its all-composite fuselage which is more insulating than the traditional
aluminum structure. The transition to the more electric airplane architecture has also added heat loads
in the form of the inefficiencies of increased electronics and power handling equipment. In fact, the 787
differs from other commercial airplanes in that it employs a liquid cooling loop extending throughout
the fuselage to help reject the large amount of generated heat (see Section 2.2).

If liquid hydrogen (LH,) storage is used, it is required to add heat to the storage tank to maintain the
pressure at a level high enough for fueling and to pre-heat the hydrogen from its 20 K (nominal) storage
temperature to that usable by the fuel cell. As an example, simulation results (described in Chapter 6)
show that a 20 kW fuel cell system requires approximately 345 g/s (2740 Ib/hr) of hydrogen gas.
Thermodynamic calculations reveal that this flow rate requires 1.22 kW to heat the hydrogen from 20 K
to 300 K (-424°F to 80°F), and an additional 0.12 kW of heat is needed to maintain the storage tank
pressure (using data from Ahluwalia et al. [35]), for a total of 1.34 kW of heat required. The 20 kW fuel
cell module produces approximately 20 kW of waste heat, so using some of this heat to pre-heat the

* Conversation with Joe Breit of Boeing, July 21, 2010.

51



cold hydrogen fuel is beneficial from a system standpoint, as less of the fuel cell’s waste heat needs to
be rejected to the surroundings. However, the heat requirement is small compared to the amount of
waste heat the fuel cell produces (approximately 7% of the waste heat is needed), and the heat
exchangers required for this will add to the system weight and volume. Thus, the overall effect of using
the waste heat to warm the hydrogen gas from the liquid hydrogen supply system is ignored in this
work.

A remaining use of heat is to heat the airplane’s propulsive fuel (Jet-A). Any addition of heat to the fuel
will decrease the amount of fuel burned by the engines, resulting in an efficiency gain. Military aircraft
commonly use this strategy with a variety of on-board heat sources, while on commercial airplanes the
practice is common within the engines themselves, where the fuel is pre-heated by the engine oil. The
only drawbacks are a slightly higher pressure drop in the fuel system due to the heat exchangers, and
the danger of volatilizing the fuel if its temperature becomes too high. The former problem can be
easily solved by appropriately sizing the fuel pump. For the latter issue, simulation results in this work
reveal that for a 20 kW fuel cell system and the flight-averaged Jet-A flowrate of 1.26 kg/s (24.9 gpm),
the fuel temperature would increase by about 7 °C (13 °F). For a 170 kW fuel cell, the fuel temperature
would increase be about 54 °C (97 °F). Jet-A begins to boil at approximately 200 °C (392 °F) [49], so Jet-A
volatilization should not be a concern except for much larger fuel cell systems.

3.7 Location Options for On-board Fuel Cell Systems
There are five main location categories that were considered in this study:

Fuel cell and hydrogen near load (base case)
Fuel cell and hydrogen in fairing or “pack bay”
Fuel cell and hydrogen in tail

Hydrogen in the fairing, fuel cell at the loads

el

5. Hydrogen in the tail, fuel cell at the loads
A dimensioned outline of the 787-8 is given in Figure 15 showing each of these locations.

The issues influencing the choice of the optimal location of a fuel cell are:

Available space on the airplane

Safety of the installed systems

Tubing, ducting, and wiring mass and volume

Fuel cell waste heat recovery

Rejection of waste (warm and moist air from the cathode, condensed water, hot coolant, and/or

vk wN e

excess hydrogen)
These factors are described below, along with the screening procedure

3.7.1 Available Space on the Airplane
There are two locations on the airplane where there is a significant amount of empty space due to the

aerodynamic requirements of the airplane shape: the fairing (where the wing joins the body) and the tail
cone. These two locations have the advantage of being able to host excess equipment volume without
compromising interior space or changing the external shape.
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Figure 15: Dimensioned outline drawing of the 787-8, showing location of the loads and options for the fuel cell and
hydrogen storage. Dimensioned drawing (without locations) from [11].
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If the fuel cell and/or hydrogen is located outside of the fairing or tail cone, and instead is located near
the load, it must displace an existing or planned piece of equipment such as part of a galley, overhead
storage, under-floor cargo space, or passenger seat space. The inconvenience to an airline customer
may make this option less attractive. For example, a typical galley cart occupies approximately 240 L
(8.5 ft’). The 40 kW system sized for the forward galley would occupy approximately 1150 L (40 ft?),
meaning it would displace an equivalent of nearly five galley carts. By comparison, the available volume
in the tail cone area is estimated to be over 2,800 L (100 ft*), and possibly more in the fairing area.

3.7.2 Safety of the Installed Systems

While fuel cells and hydrogen storage systems have in many respects a successful safety record, the
aviation application exposes the travelling public to this technology in a very proximate way. The relative
locations of people and hydrogen technology hardware strongly influences where such technology
would likely be deployed on the airplane. From a safety perspective, the fire-rated section of the tail has
a significant advantage in that it is behind a firewall and the space is rated for fire hazards, such as might
be a concern for a hydrogen fuel — fuel cell system. This firewall does not currently exist in the fairing
area, although such an upgrade is certainly possible and reasonable. These safety issues will be
important considerations for early adoption onto an aircraft from both regulatory and customer
acceptance points of view.

The separation of hydrogen storage from the fuel cell requires hydrogen to be piped through the
airplane to the point of use. While all-welded tubing and fail-safe shutoff valves at the source should
mitigate the safety issues, the perceived increase in risk may make this option less attractive.

Fueling the system might be more difficult if the tank was located in the tail, which is approximately 5 m
(15 ft) above the ground, especially if liquid hydrogen is used.

3.7.3 Tubing, Ducting, and Wiring

The details of the tubing and ducting for hydrogen delivery and fuel cell thermal management systems
was described in Section 3.5, and the electrical wiring in Section 3.4. The location of the fuel cell system
relative to the hydrogen tank, the heat load, and the electrical load will affect the length of these
components and therefore the overall mass and volume. This impact for different location options is
quantified in the Results section (Chapter 6).

3.7.4 Waste Heat Recovery
The fuel cells generate a large amount of heat in the form of hot cooling water and gas exhaust streams.

Except for the case with the hydrogen combustor, the streams are hot enough to heat, but not boil,
water and would be suitable for heating tap water for washing, preheating hot water for beverages, and
pre-heating oven systems. The case with the hydrogen combustor can provide hot enough waste heat
for supplying an oven with all its thermal needs.

In all cases, the closer the fuel cell is to the load, the easier it is to utilize the waste heat. The reason for
this is that the uses of waste heat are near the electrical loads in many cases (for example the galleys
require both electricity for refrigeration and heat for hot water). The alternative is to pipe hot water or
air from the location of the fuel cell to the load. This adds a marginal amount of weight (see the Piping
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Weight and Volume section) but also reduced the amount of useful heat due to heat loss along the
length of the hot pipe.

3.7.5 Rejection of Waste Streams from the Fuel Cell
The fuel cell has between one and four waste streams (depending on the design):
1. Warm, moist, oxygen-depleted air from cathode.
2. Water condensed from the cathode stream (only if the cathode stream is subsequently cooled
below the dewpoint).
3. Hot cooling water (some fuel cells are cooled in other ways).
4. Small amount of excess hydrogen exhaust from anode (most PEM fuel cells do not exhaust any
hydrogen, or mix it with the large quantity of excess air from the cathode to present no fire
hazard).

As mentioned in the Waste Heat Recovery section (Section 3.7.4), the heat from (1) and (3) and energy
from (4) may be utilized for other purposes before discharged into the environment. This would reduce,
but not eliminate the waste generated by the fuel cell. There will always be oxygen-depleted air at
above-ambient temperature that needs to be discharged, and in most cases this will also contain a very
small amount of hydrogen (see Section 3.6). The amount of oxygen in this stream would typically not be
above 15% and probably 10% or lower for modern stack designs, meaning it is not breathable and could
not be exhausted into the cabin. Furthermore, exhausting it into the cabin would add to the heat load
on the cabin air conditioning system. So it must be sent overboard and should be ducted to the same
line which exhausts cabin air.

If the cathode exhaust is cooled before discharging, some water will condense. This water should be
“pure” although any contaminants in the air stream may also enter the water. However, a simple in-line
filtration system and, if needed, ultraviolet purification (as currently used for the potable water supply
on commercial airplanes) could be applied before sending this stream to the potable water storage tank
on board. The advantage of capturing this water instead of sending it to the waste tank is that it enables
the airplane to carry less water at takeoff, lowering its takeoff weight. As shown in the discussion of the
impact of weight on range and fuel consumption in Section 2.7.2.1, for every 1 L of water (= 1 kg) less on
takeoff, the airplane could carry 0.16 kg L less of jet fuel and achieve the same mission.

Over 90% of the heat generated by the fuel cell is carried away by its internal cooling water system. For
a typical PEM fuel cell operating condition, this amount can be approximated by the net electrical power
of the stack (e.g., for a 10 kW stack, approximately 10 kW of heat will be exhausted through the cooling

water). Because we assume the internal cooling system is closed-loop, this heat must be rejected to one
of the airplane’s cooling systems and/or to a waste heat recovery option.

Because the internal cooling system is closed-loop, this heat must be rejected to one of the airplane’s
cooling systems and/or to a waste heat recovery option.

The amount of hydrogen exhausted from the stack is small compared to the cathode exhaust containing
oxygen-depleted air and water vapor. Commercial fuel cells will simply combine this with the cathode
exhaust and send to the atmosphere. The resulting mixture will not be flammable due to the small
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amount of hydrogen and the reduced oxygen concentration in the cathode exhaust. Alternatively, the
excess hydrogen could be kept separate from the cathode exhaust stream and burned with an
appropriate amount of air in a combustor to eliminate this exhaust stream entirely. If waste heat
recovery is utilized, this has the added benefit of producing a high temperature waste heat stream.
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4 Thermodynamic Analysis Method

Thermodynamic analysis was performed by utilizing the Matlab Simulink modeling platform. Dynamic
(time-variant) modules coupled with the thermodynamic properties database and equilibrium
composition solvers from Chemkin (commercial software originally developed by Sandia) were modified
where needed and combined to model the complete aircraft PEM fuel cell systems. The system models
contain the following blocks, which are subsequently described in detail:

e Fuel cell module

e PEM fuel cell

o Fuel flow controller

e Cooling water block

e Air flow controller

e Hydrogen storage vessel

e Heat exchangers

e Furnace

e Efficiency calculator

e Compressor/blower

e Pump
In addition, the following basic components are commonly used. They are based on simple principles
and not described further:

e  Fluid stream mixer
e  Fluid stream splitter
e Separator (gas/gas or gas/liquid)

4.1 Fuel Cell Module
The purpose of the fuel cell module model is to accurately model and predict the hydrogen, air, and
cooling requirements of a fuel cell that provides the electrical power demand specified by the load.

4.1.1 PEM fuel cell

The PEM fuel cell model consists of electrochemical, heat transfer, and mass transfer calculations. The
electrochemical calculations follow the typical engineering equations as found in common references on
fuel cells [29, 50]. As a summary, on the single cell level the system of equations is:

VOperating =FE - VActivation - VOhmic - VMT (15)

where the Nernst voltage (E) is:

1
RT 2

E = E°+—In o) (bo,)

nkF PH,0

(16)

Where py is the partial pressure of species X, n is the number of electrons transferred per mole of
reactant (2 in the case of hydrogen oxidation), and F is the Faraday constant.
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The activation loss is (assuming a charge transfer coefficient () of 0.5):

2RT _i[
Vactivation = FSll‘lh [T] (17)
o
The ohmic loss is:

Vonmic = Tceu * { (18)

And the mass transfer loss is:
Viur = RT] [1 i] (19)

e T

The three semi-empirical parameters, i,, r, and i, are the exchange current density, internal resistance,
and limiting current density. The exchange current density is a measure of how electrochemically active
are the reaction sites, the resistance includes resistance of electrons through the electrodes and ions
through the electrolyte, and the limiting current is a measure of the mass transfer losses from the bulk
reactants through the electrodes to the reaction sites (and in the opposite direction for products).

These parameters can also be used as curve-fitting variables to match modeled and actual fuel cell
performance as measured by voltage-current (V-i) curve generation methods. As opposed to purely
mathematical curve-fitting methods, the advantage of using these three parameters along with their
associated equations is that they represent the actual construction of the fuel cell. This means that they
are relatively independent of operating condition and can be used to simulate cell performance at
conditions not represented by measured V-i curves.

While a wealth of V-i measurements is available in the literature, the vast majority of these are on
research-level and/or single cells at tightly controlled and optimized conditions. There will be some
differences introduced between the V-i curves (and thus iy, r, and i;) for single cells versus those for
stacks and modules even if they are made from the single cell: without exception, performance is
degraded once the cell is made into a stack. For these reasons, to capture realistic performance at the
stack level, the curve fitting should be done on stacks. And to make the study as practical as possible,
the stacks should be commercially available (or at pre-commercial status).

The stack chosen to model for this study is the Hydrogenics HyPM module. Relevant manufacturer’s
data for the Hydrogenics HyPM HD 12 Power Module, used as the scalable unit for this study, is shown
in Table 7. Voltage-current performance and efficiency at the stack level as given by the manufacturer
can be seen in Figure 9. Combining this with knowledge about the stack construction [51] and curve
fitting the data to the system of equations (15) through (19) produced the parameters shown in Table 7.
A comparison of the model based on these parameters and the manufacturer’s data can be seen in
Figure 16. It should be noted that other PEMFC manufacturers have similar-performing units so
choosing a different manufacturer for the fuel cell should not have a large impact on the results.
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Table 7: Data for the modeled PEM fuel cell. Manufacturer’s data from [32, 51].

Manufacturer’s Data

Model HyPM HD 12
Maximum Continuous Power 12.5 kW
Voltage Range 30 to 60 VDC
Maximum Operating Current 350 A
Volume 124 L (4.38 ft?)
Mass 86 kg (190 Ib)
. Water-cooled, includes pump, requires external

Cooling

heat exchanger
Air Includes blower
Number of Cells 60

Cell Active Area (approximate) 500 cm? (77.5 in%)

Modeled Data

Hydrogen Utilization - 95%

Oxygen Utilization 50%

Operating Temperature 70 °C (158 °F)

Anode, Cathode, and Coolant Exhaust 70 °C (158 °F)

Temperatures

Anode and Cathode Operating Pressure 1 atm (0.17 atm above ambient inside airplane)
Cathode Blower Efficiency 60%

Exchange Current Density (i,) 0.00045 mA/cm®

Cell Resistance (r) 0.00015 kQ*cm?

Limiting Current Density (i}) 740 mA/cm?

4.1.2 Fuel flow controller
The fuel flow controller specifies the mass flow rate of fuel to send to the stack depending on the power

demand and the fuel utilization through the equation:

1 MW, IN
iy, = ——— 2 (20)

Z_Uf nF

Where Uy is the fuel utilization, MW is the molecular weight, I is the stack current [A], N is the number of
cells in the stack, n and F are as described in the fuel cell section, and the flowrate is given in g/s. Uy for
commercial PEMFCs is typically close to 1, and in this study is assumed to be 95%.

4.1.3 Air flow controller

The air flow controller is designed similarly to the fuel flow controller in that it calculates the amount of
air to send to the stack depending on the power demand and the oxygen utilization Up,. The equation it
uses is:
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Figure 16: Comparison of the fuel cell model (blue solid line) using the parameters in Table 7, to the manufacturer’s data (red
circles) as derived from Figure 9. The agreement is satisfactory for the entire operating range.

1 MWy IN
Up nF

2

Myjr = (21)

Note that in this case n = 4 because it is considering the oxygen reduction reaction.

The air control block also incorporates a compressor/blower model to find the power required to supply
the calculated amount of air at 0.17 atm above ambient pressure at a specified efficiency. In addition,
to account for the range limitations of most blowers, a minimum airflow was set so that even if the stack
is operating at low load the blower must supply a minimum amount of airflow. This is common for
commercial stacks and is the reason for the large drop in efficiency as current is reduced (as seen in
Figure 9).

4.1.4 Cooling water block

The PEM fuel cell calculates the amount of heat that must be absorbed by the cooling system. The
cooling water block uses this amount of heat to find the amount of cooling water needed to absorb it.
Because the stack operates at 70 °C (158 °F) it is assume the cooling water out of the stack will be 65 °C
149 °F). With the inlet temperature a given, energy conservation is used to calculate the required flow
rate. A pump is also modeled to provide the pressure head required for the cooling water loop and the
power requirement of this pump is an output.
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4.2 Hydrogen storage vessel

The hydrogen storage vessel block integrates the hydrogen flow rate to find the total amount used for
the mission and adds additional un-used hydrogen to ensure that the tank pressure will be at a
specified minimum value (in this case, 100 psig) when the fuel needed is used up. It models the
hydrogen as a real gas and finds the required storage volume for the specified pressure.

4.3 Heat exchangers

The purpose of the heat exchanger block is to calculate the required heat exchanger performance that
can be used to find realistic weight and volume estimates from commercial products. The parameters in
the heat exchanger block are temperature in and out and mass flow for each of the two fluid streams.
Knowing any five of these parameters the block uses conservation of energy to calculate the sixth. It
also outputs the amount of heat transferred (Q) and the temperature difference between the two inlet
streams (initial temperature difference, ITD). The ratio Q/ITD is used as an indicator of the required
heat exchanger performance and to match the modeled heat exchanger with a realistic one for weight
and volume estimates.

A version of the heat exchanger with only one fluid stream is used to model the galley oven.

4.4 Furnace

The furnace block is used to find the high temperature waste heat stream that results from burning the
excess hydrogen. It has the input of fuel, air, and the desired outlet temperature. In the combustion
section of the block, it calculates the stoichiometric amount of air needed for complete combustion of
the fuel, and uses the specified equivalence ratio (Actual air/fuel ratio divided by stoichiometric air/fuel
ratio, 1.5 in this study) to separate that amount of air out of the inlet stream. It mixes the fuel and air
and performs an equilibrium calculation on the mixture to simulate combustion and outputs the
combustion products at the adiabatic flame temperature. The combustion products are then mixed
with a calculated amount of excess air to achieve the specified outlet temperature of the furnace. In
this way, the flowrate and temperature of the hot air going into the oven are determined.

4.5 Efficiency calculator
The efficiency of the fuel cell system is an important measure of performance. The equation used to
calculate the thermal efficiency (7) is:

P

= GRHY) e (22)

n

Here, P is the electrical and/or thermal power delivered by the system. That is, it includes both the
electricity supplied by the fuel cell and the heat generated by the fuel cell if it is utilized for a useful
purpose. (For example, if a fuel cell system delivers 20 kW of electricity to the load and rejects 20 kW of
heat to the environment, the heat rejected is not used so it is not included and P = 20 kW. However, if a
fuel cell system delivers 20 kW of electricity, and 10 kW of heat is used to heat hot water, and 10 kW of
heat is rejected to the environment, P = 30 kW.) m is the mass flow rate of hydrogen going into the fuel
cell, and HV is the heating value of hydrogen. Because the product of a PEM fuel cell often comes out in
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the form of liquid water, the higher heating value (HHV) of the fuel is usually used, and this convention
is followed in this work.

4.6 Compressor/blower

The compressor takes a specified inlet air stream, outlet pressure, and efficiency and uses variable
specific heat analysis to find the properties of the outlet (compressed) air stream and the compressor
work, ignoring changes in potential and kinetic energy.

4.7 Pump
The purpose of the pump model is to accurately account for issues of pressure drop and work associated
with circulating the cooling water. The pump model assumes that the fluid is incompressible. It uses
the following equation to calculate pump power given the required pressure rise and fluid flow:

(P — Py)

Ppump = mW (23)

Where m is the mass flow rate, v is the specific volume, P; is the pressure upstream of the pump, P, is
the pressure downstream of the pump, and 77 is the pump efficiency.
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5 Electrical System Analysis Method

The primary issue addressed in the electrical analysis is to assess if the fuel cell can indeed perform the
electrical function asked of it, and in a way compatible with the remainder of the airplane electrical
infrastructure. The dynamic behavior of any power system, including that of an aircraft, is influenced by
the dynamic interactions of its components. Therefore, even if a power system is stable in a steady
state, adding additional components may cause the system to become unstable. The objective of this
analysis is to analyze the consequences of integrating a fuel cell to the existing electrical generation and
distribution of an aircraft through modeling tools. Physical testing, although beneficial and critical, is
expensive and time consuming. The modeling approach in the initial scoping stage provides an early
indicator of the feasibility of fuel cell use on an airplane in addition to possible challenges that should be
addressed with hardware testing.

5.1 Approach

As previously stated (Section 1.2.1), an on-board PEM fuel cell system was considered for the galley and
IFE loads. An additional case where the fuel cell augments the power from the main engine and APU
generators during times when the load demand is high was also analyzed as a Peaker concept. The case
of the fuel cell powering only the galley loads and IFE loads is a simpler integration proposition, whereas
the Peaker concept presents greater challenges because it has to seamlessly integrate into the main
distribution bus and interact with the larger, more critical loads of the aircraft.

Initial analysis of the galley and IFE loads indicated that there may be advantages in designing the
distribution system for 28 VDC, and that is the voltage in the simulation of this system. However, the
electrical transient and stability results would be nearly the same for other DC distribution voltages
including +/- 270 VDC. The higher power requirements of the Peaker concept required higher voltages
of either 230 VAC or £270 VDC. Converting the native DC voltage of the fuel cell to AC imposes further
weight/space penalties to accommodate the DC/AC inverter. Consequently, the Peaker concept was
analyzed based on a £270 VDC network which eliminated the DC/AC inverter. (The analysis described in
Section 6.1.1.2 illustrates the impact of different distribution voltages on overall system weight and
volume.)

5.2 Major Model Components
This section describes the major components of the electrical system models, namely the fuel cell and
DC-DC converter.

5.2.1 PEM Fuel Cell Model

A PEM fuel cell stack model from the MATLAB/SimPowerSystems Toolbox library was used. The
MATLAB model implements a generic hydrogen fuel cell stack. Within the model there is the option of
using the simplified or the detailed model. The detailed model allows parameters such as temperature,
pressures, flow rates, fuel rates, etc. to vary. The simplified model was used for this project and
represents the fuel cell stack during nominal conditions. Figure 17 shows the equivalent circuit of a fuel
cell stack that is the basis for the simplified PEM fuel cell stack model within MATLAB/
SimPowerSystems.
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Figure 17: Equivalent circuit of a fuel cell (from SimPowerSystems online product documentation)

In Figure 17, T, is the fuel cell response time (seconds), N is the number of cells, A is the Tafel curve
slope, if. is the fuel cell current, Ey is the open circuit voltage and iy is the exchange current. More
information on the fuel cell stack model can be found in the SimPowerSystems documentation on the
MathWorks website.

Examination of the two models’ code and sample results revealed little difference when used for the
purposes of the electrical simulation study. Therefore, the simplified model was chosen.

5.2.2 DC-DC Converter

The purpose of the DC-DC converter is to convert and stabilize the variable DC fuel cell power to DC bus
power at a different, constant voltage. The DC-DC buck converter model used was replicated from one
of the MATLAB/SimPowerSystems demos and is shown in Figure 18. Slight modifications to the model
were made to convert it from a current-regulated to a voltage-regulated converter. The duty cycle is
controlled with a simple PI (Proportional-Integral) type controller, shown in Figure 19.
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Figure 18: DC-DC converter schematic.
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Figure 19: DC-DC converter controller.

5.3 Stand-alone Galley Model Description

The stand-alone galley model consists of a 60 kW fuel cell, a DC-DC converter and several galley loads. A
graphical representation of the system is shown in Figure 20. Figure 21 shows the system code as
modeled using MATLAB/Simulink/SimPowerSystems.

Fuel cell parameters used for the galley simulation can be found in Table 8. The DC-DC buck converter is
used to step down the fuel cell voltage from about 625 V DC to 28 V DC.

Table 9 lists the power consumption for each galley load type included in the simulation. The loads
were modeled as simple resistive loads and range between 1,600 and 4,340 Watts. The number of
galley loads turning on at any one time was limited to two. Supervisory controls to enforce this rule can
easily be implemented in the actual system and would ensure that the inrush currents resulting from
turning additional loads simultaneously would be minimized. This kind of sequencing would also be
transparent to the flight attendant.

Table 8: PEM fuel cell model parameters used in the stand-alone galley simulation.

Parameter Value |
Voltage at 0 A 900 V
Voltageat1 A 895V

lnom (A) 160

Voom (V) 625

lend (A) 230

Vena (V) 430

Fuel Cell Response Time 5 sec

Table 9: Galley loads considered in the galley electrical system simulation, from Refs [52-57].

Load Type Power Consumption (Rated) |
Endura Water Boiler 4,240 Watts
Thermoelectric Refrigerator 1,620 Watts
DS3000 Steam Oven 3,800 Watts
Espresso/Cappuccino Maker 1,600 Watts
Endura Beverage Maker 2,760 Watts
DF3000 Convection Oven 3,800 Watts
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Figure 21: Simulink code for the stand-alone galley model.
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The in-flight entertainment (IFE) system was also designed as a stand-alone system. The architecture of
the IFE system would be identical to the galley system. Therefore, no additional electrical model was
created for the IFE system, since its behavior would be nearly identical to the galley system model. In
other words, the electrical simulation results for the galley system are directly applicable to the IFE

system.
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5.4 Peaker Model Description

The Peaker system consists of a 75 kW fuel cell and DC-DC converter, and interacts with other larger and
more critical loads connected to the existing 2270 VDC bus of the aircraft. A graphical representation of
the system is shown in Figure 22. Figure 23 shows the Simulink code for the model. Recall that there
are two peaker fuel cell systems contemplated for the 787 airplane.

As stated earlier (Section 2.6), the function of the fuel cell as a peaking unit is to decrease power burden
on the main engines during periods of low engine power output. For example, during descent and
landing the main engine output decreases, thus reducing either the output from the two generators on
each engine or the stall margin on the compressor. Incorporating the Peaker concept would take some
burden off the main engines, allowing either a larger stall margin during this flight period, or a reduced
engine size for the same stall margin. In the Peaker function, the fuel cell will meet the power demand
only when the engine generator limits have been met, and the fuel cell does not operate when the loads
are lower than a pre-determined threshold.

Fuel cell parameters used for the peaker simulation can be found in Table 10. The DC-DC converter was
used to step down the fuel cell voltage from about 625 Volts to 270 Volts.

A generic aircraft electrical distribution model demonstration included with SimPowerSystems was
modified and used to model the £270 VDC bus of the aircraft. The aircraft electrical distribution model
consists of a signal representing the mechanical input (engine speed) going into the 200 kVA generator
and a Generator Control Unit (GCU) responsible for regulating voltage to 230 VAC (the main distribution
voltage). Only one generator was modeled but in reality there are two generators per engine. There are
also several components (transformer, rectifier, etc.) representing the Auto Transformer Rectifier Unit
(ATRU) that is responsible for rectifying the 230 VAC to +270 VDC.

The total peaker load was estimated to be between 50 kW and 100 kW based on information from
Boeing. Because the peaker ties into a bus, and the loads attached to that bus are widely varied, for
purposes of this simulation all of the loads were modeled as simple resistive loads and the load
increases varied between 25 and 35 kW. If motors or other inductive loads were modeled, the effect
would be slightly different but applicable; i.e., the transients would change but there would not be any
stability issues.

Table 10: PEM fuel cell model parameters used in peaker simulation.

Parameter Value
Voltage at 0 A 900 V
Voltageat1 A 895V
lnom (A) 120
Voom (V) 625
lend (A) 326
Vend (V) 230
Fuel Cell Response Time 5 sec
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Figure 23: Simulink code for the Peaker model.
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6 Results and Discussion

The main purpose of the first section in this chapter is to show whether or not a fuel cell system could
be feasibly implemented on board an airplane, and what some of the design aspects and trade-offs are.
This is done by examining different possible system configurations; that is, both how the components of
the system are arranged relative to each other and the arrangement of the whole system on the
airplane. This part of the study considers a fuel cell system supplying electricity to the in-flight
entertainment (IFE) load, a 20 kW load constant for the entire flight. Considering only one of the nine
possible load scenarios (see Table 4 in Section 3.4) is acceptable because the conclusions related to
feasibility are the same for all of them. Besides the basic determination of feasibility, another product
of this section is the recommendation of the three system configurations that make the most sense.

The goal of the second section in this chapter is to compare and contrast the effect of different loads on
the system, and therefore, overall airplane performance. This is done by analyzing the three
recommended system configurations from the first part in more detail, considering each possible load
scenario. This enables not only a recommendation of the preferred system configuration, but also the
preferred implementation strategy with regards to a specific load.

The goal of the last section of this chapter is to show what the possible performance benefits for the
airplane may be in the future, if DOE targets for the fuel cell and hydrogen storage technologies are met.
This is done by repeating the analysis of the second part, but using DOE target technology for the fuel
cell and hydrogen storage components as described at the end of Sections 3.1.2 and 3.2.3, respectively.

6.1 System Design and Feasibility
This section shows the results that deal with system location, design, and performance, all leading to a
determination of feasibility.

6.1.1 Location

Many of the concepts related to system location were covered in Section 3.7. This section shows the
quantifiable results that relate the effect of location on the mass and volume of tubing, ducting, and
wiring. Combining these results with the qualitative reasoning discussed earlier, a recommended
location is determined.

6.1.1.1 Tubing and Ducting

The tubing and ducting is used to distribute the fuel, air, water, and waste heat streams associated with
the fuel cell system. Depending on the location of the various system components, the required length
of each tube or duct was determined from the airplane dimensions (see Figure 15). A factor of 1.5 was
multiplied by this length to account for changes in elevation, bends and turns, fittings, and valves. The
resulting “effective length” was multiplied by the weight per length and volume per length to find the
size of each required tube or duct.

A summary of the piping mass implications of each arrangement is shown in Figure 24. First an overall
comment. The magnitude of the piping masses (< 50kg (110 Ib)) is not a very large addition to the mass
of the aircraft. Recall from Section 2.7.2.1 that the estimated takeoff weight of the base airplane is
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Figure 24: The effect of location of the fuel cell and hydrogen storage systems on the piping and tubing mass. The chart
reveals that the impact of not locating the fuel cell close to the load is small, but the mass increases several times when the
fuel cell and hydrogen are separated.

173,998 kg (383,598 Ib). So, for each fuel cell system, the plumbing mass is minor. Placing each fuel cell
and hydrogen system near the load it serves (blue bars) is the lightest option. However, the added mass
of locating both the fuel cell and hydrogen system either in the fairing (red bars) or in the tail (green
bars) is small and may be worth the convenience of utilizing existing empty space. The purple and
orange bars show the effect of separating the fuel cell from the hydrogen: the large increase in mass is
due to the long runs of stainless steel tubing that are required to distribute the hydrogen to the fuel cell.
Again, it may be possible to reduce the wall thickness of this tubing and/or change to a non-metallic
material. This would decrease, but not eliminate the penalty of separating the fuel cell from the
hydrogen.

The results of the corresponding analysis for volume are shown in Figure 25. The overall impact of the
piping and tubing on volume is rather small, with the worst case only adding approximately 18 L (0.64
ft®) of volume compared to the best case. However, some trends can still be observed. The volume has
less variation than the mass, mainly because the %” water tubing has a greater impact than the 4"
stainless steel tubing, whereas on the mass basis the latter is more important. However, on long runs of
hydrogen the volume increase is evident. The worst case is when the IFE and peaker hydrogen supply
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Figure 25: The effect of location of the fuel cell and hydrogen storage systems on the piping and tubing volume. The results
show that the differences between cases are relatively small. Similar to the mass analysis, the worst cases are when the
hydrogen and fuel cell are separated.

tubing is combined and the hydrogen is far from the fuel cell. These cases require %” tubing to keep the
pressure drop within acceptable levels, but the increase in volume is nearly double all other cases.

The mass and volume analyses shown assume the use of waste heat recovery. When there is no waste
heat recovery, the mass will decrease by about 2 kg (4.4 Ib) for the cases where the fuel cell is close to
the load, up to 10 kg (22 Ib) when the fuel cell is furthest from the load. The analyses also assume that
heat is distributed to the loads via hot water, not hot air. If hot air is used instead, the volume figures
will increase many times.

The overall result from the piping and tubing analysis is that the piping system mass and volume can be
minimized by keeping the hydrogen and fuel cell as close to each other as possible. The location of the
fuel cell relative to the load will impact the results but the overall change is small and other location
factors should be considered first.

6.1.1.2 Wiring

The combined masses of the wiring and DC-DC converter or DC-AC inverter for the different loads and
locations around the airplane are shown in Figure 26. The distances between locations were estimated
to be the same as in the piping and tubing analysis (previous section), including a factor of 1.5 to
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Figure 26: Mass comparison of the +270 VDC and 230 VAC systems, including wiring and equipment, assuming the fuel cell is
in the fairing area. The +270 VDC system has a lower mass in every case.

account for bends, connectors, etc. This assumes that the output of the fuel cell is converted to the
distribution system voltage right at the fuel cell module — there is no wiring allowance for the part
between the fuel cell and the conversion device.

From the figure it is clear that the 2270 VDC system has a lower overall mass than the 230 VAC system
in every case. This is mainly due to the difference between the size of the DC-DC converter and the DC-
AC inverter. While these results assume that the fuel cell is located in the fairing area, the trend is the
same for any fuel cell location.

Figure 27 is a comparison of the volume of the two distribution systems. From this figure it can be seen

that the £270 VDC system has a similar advantage in terms of volume as it did in terms of mass.

6.1.1.3 Summary of System Location Findings

A combination of the piping and wiring size analysis results is shown in Figure 28. The sum of all the
loads for the fairing and tail are 158 kg (348 Ib) and 148 kg (326 Ib), respectively, showing that the total
difference is small between these two options if all the loads are being considered. It can also be seen
that locating the fuel cell system next to all the loads can save nearly 150 kg (331 Ib) compared to
locating it in either the fairing or tail sections. This figure does not include the IFE or Peaker, because it
is assumed that the location of those loads is flexible and will be near the fuel cell no matter where it is
located.
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Figure 27: Volume comparison of the +270 VDC and 230 VAC systemes, including wiring and equipment, assuming the fuel cell
is in the fairing area. The +270 VDC system has a lower volume in every case.
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Figure 28: Combined mass of the piping, tubing, and wiring assuming that the fuel cell and hydrogen are located together

and that a 270 VDC electrical distribution system is used. Locating the system next to the load can save over 100 kg overall.
The cumulative difference between locating the system in the fairing (158 kg total) or tail (148 kg total) is small.
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Co-locating the fuel cell and hydrogen storage in either the fairing or tail section provides logistical
advantages to the deployment and maintenance of the fuel cell system. The fire-rated sub-section of
the tail offers an added safety, and possibly regulatory, benefit, but the space in this sub-section is
limited. The fairing may be safer for refueling activities since it is lower to the ground.

For these reasons, and the small difference in mass and volume between locating the system in the
fairing or tail, the fairing section is chosen as the location for the remainder of this study. Because the
differences in weight and volume between the fairing and tail locations are small, performing the
analysis assuming the system is located in the tail area would lead to very similar results.

6.1.2 System Design

Arrangement of the major components of a fuel cell system (see Chapter 3) into a practical working
system depends primarily on the method of fuel cell cooling and waste heat recovery. Many possible
configurations were attempted on paper and of these, eleven “Cases” warranted additional
investigation. These were considered as they all represent possible deployment configurations, with
different interfaces to the aircraft cooling systems and a variety of uses of the waste heat. In all of
them, it is assumed that any air needed by the fuel cell system, whether for cooling or for oxygen
supply, comes from the cabin. It is also assumed that all hot air coming out of the fuel cell module,
whether exhaust from the fuel cell or air used for cooling, is routed to the cabin exhaust system and
eventually rejected to the atmosphere.

Brief descriptions of the cases, followed by schematics, are:

e (Cases l1a (Figure 29) and 1b (Figure 30) are air-cooled PEM fuel cell modules, with and without
simple waste heat and water recovery.

e Cases 2a (Figure 31) and 2b (Figure 32) are water-cooled modules, with and without simple
waste heat and water recovery. In 2b, we are assuming the exhaust air stream from the fuel cell
is routed to an Air/Water heat exchanger, which is used to heat potable water.

e (Cases 3a (Figure 33) and 3b (Figure 34) are similar to 2a and 2b but limit the amount of
generated potable hot water to a reasonable level and as a consequence, require more cooling
from the airplane’s cooling system to fully dissipate the waste heat from the fuel cell. Case 3b
also shows the case for maximum potable water generation, as the warm, moist, oxygen-
depleted air stream from the fuel cell is cooled to condense the water, which is then sent to the
potable water system.

e Cases 4a (Figure 35) and 4b (Figure 36) do not limit the amount of hot water generated. Case 4a
does not require any cooling from the airplane’s system while case 4b requires cooling only to
condense the water from the warm, moist, oxygen-depleted air stream from the fuel cell.

e (Case 5 (Figure 37) is configured to generate high-grade waste heat via combustion of excess
hydrogen and use it for heating galley ovens and hot water (as described in the previous
section).

e Cases 6a (Figure 38) and 6b (Figure 39) are cooled by the airplane’s fuel system. Case 6b is the
same as 6a but with water recovery. This represents a particularly important configuration as
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we will see. Enhancing the energy content of the Jet A by adding the fuel cell waste heat
improves the turbine engine efficiency.

Case 1a: Air Cooled

Electrical
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PEM Fuel Cell l

Exhaust
‘ Pressure i Fuel L) (hot, O,-depleted,
Regulator Controller moist air)

) Cooling
System

H,
Storage

Cooling  Cooling
air (cold) air (hot)

Figure 29: Schematic for Case 1a, where the fuel cell’s internal liquid cooling system is air cooled and no heat recovery is
utilized.

Case 1b: Air Cooled, Hot Water
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Figure 30: Schematic for Case 1b. The fuel cell’s internal liquid cooling system is air cooled. The hot cooling air is combined
with the fuel cell exhaust and used to heat water.
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Case 2a: Water Cooled
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Figure 31: Schematic for Case 2a. The fuel cell’s internal liquid cooling system is cooled by the airplane’s liquid cooling loop
and no heat recovery is utilized.

Case 2b: Water Cooled, Hot Water
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Figure 32: Schematic for Case 2b. The fuel cell’s internal liquid cooling system is cooled by the airplane’s liquid cooling loop.
The exhaust air from the fuel cell is used to heat hot water.
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Case 3a: Water Cooled, Limited Hot Water
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Figure 33: Schematic for Case 3a. The fuel cell’s internal liquid cooling system is used to heat a limited amount of hot water,
and remaining heat is rejected to the airplane’s liquid cooling loop.

Case 3b: Water Cooled, Limited Hot Water, Max Water Recovery

Electrical

Load

~ " Exhaust
Fuel Cell Module (warm, O,-depleted,
moist air)
PEM Fuel Cell : .y Atlréxw:tir ;
Pressure Fuel eat Exchange

| Regulator “ Controller | | | Hot Water
L Storage/Use

Airplane

H Cooling Water/Water Equronics
Stor; o fluid (cold) Cooling et Ealiemmer Cooling Loop
2 fluid (hot)

Potable
Water
Supply

Water/Water
Heat Exchanger

Airplane

Electronics
Cooling Loop

Figure 34: Schematic for Case 3b. The fuel cell’s internal liquid cooling system is used to heat a limited amount of hot water,

and remaining heat is rejected to the airplane’s liquid cooling loop. The exhaust air from the fuel cell is cooled by the
airplane’s cooling loop in order to condense the water.
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Case 4a: No External Cooling, Max Hot Water, Water Recovery
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Figure 35: Schematic for Case 4a. The fuel cell’s internal liquid cooling loop is used to heat a quantity of water not
intentionally limited. Exhaust air from the fuel cell is used to pre-heat the water, and some water is condensed in the
process, thereby maximizing water recovery. This design does not require any cooling by the airplane’s systems.

Case 4b: No External Cooling, Max Hot Water, Max Water Recovery
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Figure 36: Schematic for Case 4b. The fuel cell’s internal liquid cooling loop is used to heat a quantity of water not
intentionally limited. Exhaust air from the fuel cell is used to pre-heat the water, and some water is condensed in the
process. The exhaust air is further cooled by the airplane’s liquid cooling loop to further condense and recover water.
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Case 5: No External Cooling, High-Grade Waste Heat, Max Hot Water

Electrical Hydrogen
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Figure 37: Schematic for Case 5. The fuel cell’s internal liquid cooling loop is used to pre-heat a quantity of water not
intentionally limited. The excess hydrogen from the fuel cell is kept separate from the air and instead combusted in a
hydrogen furnace to produce high-temperature waste heat which is used to heat the galley ovens. The oven exhaust further
heats the water. This design does not require any cooling by the airplane’s systems.
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Figure 38: Schematic for Case 6a. The fuel cell’s internal liquid cooling loop is used to heat the airplane’s fuel. No other
waste heat recovery is utilized, and none of the airplane’s cooling systems are needed.
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Case 6b: Fuel Cooled with Water Recovery
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Figure 39: Schematic for Case 6b. The fuel cell’s internal liquid cooling loop is used to heat the airplane’s fuel. Exhaust from
the fuel cell is also used to heat the airplane’s fuel, producing condensed water in the process. A secondary coolant loop is

used to prevent mixing of the airplane’s fuel with air or water. No other waste heat recovery is utilized, and none of the
airplane’s cooling systems are needed.

6.1.3 System Performance

The eleven different system configurations (“Cases”) were simulated to find the thermodynamic
performance when meeting the in-flight entertainment (IFE) load of 20 kW for the entire flight. Figure
40 plots the fuel cell system thermal efficiencies, which as explained in Section 4.5 is the ratio of
electrical and heat delivered by the fuel cell to the energy content of the hydrogen fuel. The highest
efficiency cases are the ones that utilize the most waste heat, either through heating water (Cases 4a
and 4b), heating galley ovens (Case 5), or heating the airplane’s fuel (Cases 6a and 6b).

Figure 41 summarizes the mass analysis including a component-by-component breakdown. The blue
outline bars show the net system mass. For comparison, the “standard passenger” used by the airplane
industry has a mass of 104 kg (230 Ib) including luggage. The mass analysis includes physical hardware
requirements and operating requirements. The physical hardware includes the fuel cell, hydrogen,
hydrogen storage, piping and accessories, heat exchangers, pumps, and blowers, and electrical
hardware and wiring. The increases in mass due to operating requirements includes increases in Jet-A
due to additional system mass, cooling drag, and electrical power required by the ECS system to supply
the necessary air for the fuel cell. The decrease in mass due to operating requirements includes a
decrease in Jet-A due to reduced electrical generation of the main engines (for supplying both electrical
and thermal loads), decreased Jet-A due to fuel pre-heating, and water production by the fuel cell
system. A reduction in mass due to smaller required engine generators is also calculated.

The figure reveals that, except for cases 1a and 1b, all the systems have very little difference in the
hardware portion (the fuel cell (blue), hydrogen storage (red), hydrogen (green), piping and accessories
(light purple), heat exchangers, pumps, and blowers (orange), and electrical (pink)). The largest
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Figure 40: Overall system efficiency of the eleven system case options for the 20 kW in-flight entertainment load. The cases
with the most waste heat recovery (cases 4-6) have the highest overall system efficiencies.
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Figure 41: Summary of the mass analysis for each case. The different colors in the narrow bars represent different
components. Quantities above the zero-line are for mass added to the system, and quantities below the zero-line are for
mass credits. The net change (the sum of the added mass and mass credits) is shown by the wide hollow bar. For
comparison, the “standard passenger” has a mass of 104 kg (230 Ib) including luggage.
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Figure 42: Summary of the volume analysis for each case. The volume of each component is shown by a different color. The

larger volumes of the air-cooled cases (1a and 1b) are due to the larger heat exchangers required in addition to the increased
fuel cell and hydrogen requirements. Because volume is most influenced by the size of the fuel cell and hydrogen tanks, the

differences between the other cases are relatively small. For comparison, a typical galley beverage cart has a volume of 240

L (8.5 ft’).

differences come from the additional Jet-A requirements and savings, and water recovery savings. For
this reason, a system that can reject little or no heat to the airplane’s cooling system and recover
potable water, such as case 4b, has a net mass advantage compared to others.

Figure 42 summarizes the volume analysis. For comparison, a typical galley beverage cart has a volume
of 240 L (8.5 ft°), with the available volume in the tail cone area estimated to be over 2,800 L (100 ft?),
and possibly more in the fairing area. This analysis only considers the physical hardware required for
the system, as it is assumed that the volume of the fuel or water tanks will not be changed and any
more or less Jet-A or water carried will have no effect on the volume. From this figure it is apparent that
all cases except for cases 1a and 1b have similar system volumes. The reason for Case 5’s difference in
volume is the hydrogen combustor/furnace, which has a large volume.

Figure 43 combines all of the effects of the fuel cell system to find the impact on Jet-A requirements for
each case. In this figure, the number in parenthesis represents the amount of additional Jet-A as a
percentage of total mission fuel. It can be seen that only cases 4a, 4b, and 5 resulted in a performance
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Figure 43: The overall effect of the fuel cell system on airplane performance, as measured by the amount of additional Jet-A
the fuel cell-equipped airplane needs to accomplish the same mission as the base airplane. The numbers in parenthesis
express this amount as a percentage of total mission fuel. Only Cases 4a, 4b, and 5 results in a performance benefit.

benefit to the airplane. All other non-air cooled cases led to similar results, and the air cooled cases (1a
and 1b) are considerably worse.

Recommended cases are chosen according to the following criteria:
e Feasibility
e Ease of implementation (low complexity)
e OQOverall impact on airplane performance as measured by the change in Jet-A requirements

Based on the results, Cases 2a, 3b, and 6a were determined to be the most feasible options for
implementation and selected for further analysis. The following sub-sections describe the details of
each case’s analysis.

6.1.4 Cases 1a and 1b: Air Cooled

Cases 1a and 1b are both air cooled. This requires 836 SCFM of cooling air, nearly 20-times the amount
of air needed for fuel cell operation. Because we assume the fuel cell provides the power needed by the
fan to move this amount of air, it places a parasitic load on the fuel cell module of 2.87 kW, more than
10% of the fuel cell’s gross power output. In turn, this requires a larger fuel cell and more hydrogen
storage. While the fuel cell operates at the same efficiency as all other cases (40.9%), the increased
parasitic load decreased the system efficiency to 35.76% for Case 1a.
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Case 1b was able to extract heat from the cooling air to heat water at 6.8 L/min (1.5 gpm), increasing its
system efficiency to 55.3%. However, this amount of water is 5- to 10-times that which is estimated to
be reasonably used on board the airplane (see Section 0).

Both of these cases placed large demands on the airplane because of the extra cooling air required,
which is equivalent to that needed for 70 passengers or 120% of the current maximum capacity. The
environmental control system must increase its design flow to handle this, adding electrical power
requirements to the compression system and cooling requirements to the air conditioning packs. The
added mass and volume of increasing the size of the ECS is not considered in this analysis but will
further contribute to the undesirability of these two cases.

These two cases were not selected for further analysis.

6.1.5 Cases 2a and 2b: Simple Water Cooled

Cases 2a and 2b reject heat from the fuel cell’s cooling system to the airplane’s power electronics
cooling system (PECS); no heat is recovered from the cooling water. However, Case 2b uses the heat of
the fuel cell’s warm, oxygen depleted exhaust air to heat water. The amount of heat that can be
extracted from this air is small, less than 400 W, so the thermal efficiencies are nearly the same at 40.9%
and 41.7% (Cases 2a and 2b, respectively). The extra heat exchanger required for Case 2b adds to the
system size so the overall difference between the two cases is negligible. This means that the added
heat recovery system has no real benefit to offset the added complexity and Case 2b should be
discarded.

Although Case 2a does not favorably benefit airplane performance, it is selected for further analysis
because of its simplicity and thus high ease of implementation.

6.1.6 Cases 3a and 3b: Water Cooled with Limited Heat Recovery

Cases 3a and 3b utilize the fuel cell’s rejected heat to make hot water, but hot water production is
limited to a maximum of 0.85 LPM (0.225 gpm). This was chosen as a reasonable amount based on
estimated actual hot water usage for both consumption and washing. However, the fuel cell generates
more heat than can be rejected to this limited amount of water, so the remainder is rejected to the
PECS. Case 3b additionally uses the PECS to cool the fuel cell’s exhaust stream and recover 30.8 L of
liquid water. Because the amount of waste heat recovered is the same for either case, the overall
efficiencies are the same at 46.4%.

Case 3b requires additional heat exchanger equipment, and has a slightly increased amount of Jet-A
required to provide the extra cooling to condense the water. However, the water credit more than
makes up for these penalties, indicating that water recovery adds an overall performance benefit to the
airplane. Both of these systems’ feature a reasonable amount of heat recovery leading to a
performance improvement over the case without any heat recovery (Case 2a). Case 3b is slightly better
performing than Case 3a and was selected for further analysis.
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6.1.7 Cases 4a and 4b: Water Cooled with Maximum Heat Recovery

Cases 4a and 4b are nearly identical to 3a and 3b except the amount of hot water generated is not
constrained. This also enables cases 4a and 4b to utilize the fuel cell’s exhaust heat to further heat the
water. Like 3b, case 4b further cools the fuel cell’s exhaust (rejecting heat to the PECS) to capture 37.9 L
of water. Both cases have the same overall efficiency of 86.6%.

Compared to Case 4a, the water capture of Case 4b requires extra equipment and Jet-A to overcome the
cooling load. As in Case 3b, the water recovered more than makes up for this extra burden.

In spite of being among the best performing systems, these two cases were rejected for further analysis
because of the impracticality of generating so much hot water on board the airplane. However, because
they are so similar to cases 3a and 3b except for the amount of hot water generated, it is useful to
compare the sets of cases to reveal the large benefit associated with fully utilizing the waste heat and
displacing electrical heating loads.

These cases also illustrate the potential of a heat sink that could be cooled or regenerated while the
airplane is on the ground. If all the heat from the fuel cell could be captured by a sink during flight, the
benefit to the airplane could outweigh the size of the sink.

6.1.8 Case 5: Water Cooled with High Grade Waste Heat Recovery

One problem with attempting to recover heat from a PEM fuel cell system is that the low operating
temperature produces low temperature waste heat. This reduces the effectiveness of heat exchangers
which limits the amount of heat that can be captured in a reasonably-sized heat exchanger. A potential
solution to this problem is to heat the exhaust stream by burning the small amount of hydrogen that is
wasted by the fuel cell. Case 5 examines this arrangement.

In Case 5, the hydrogen and oxygen-depleted air exhaust are kept separate when they exit the fuel cell.
The hydrogen is combusted with a portion of the air in a hydrogen furnace and the products are mixed
with the remaining air. This stream exits the furnace at 882 °C (1,620 °F) and is sent directly to the
galley ovens. The ovens are heated to 450 °F (232 °C), utilizing 1.7 kW of the heat energy from this
stream.

The oven exhaust stream is used to heat water at an unconstrained rate of 11.4 LPM (2.5 gpm). Prior to
being heated by the oven exhaust stream, the water is heated by the fuel cell’s heat.

Case 5 exhibits the highest system efficiency (88.62%) and its performance is only behind Cases 4a and
4b. However, it suffers the same drawback as them in that it produces an unreasonable amount of hot
water. Additionally, the overall performance is worse than Cases 4 and 4b because of the added
equipment (hydrogen furnace) and less water recovery.

One way to make Case 5 more practical in terms of hot water generation is to limit the amount of hot
water, similarly to Cases 3a and 3b. The effect of this will be nearly equivalent to the difference
between Cases 3a and 4a. That is, the performance will be close to but higher than Case 3a. The added
complexity compared to Case 3a combined with the worse performance makes this an option not worth
pursuing.
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6.1.9 Cases 6a and 6b: Fuel Cooled

Cases 6a and 6b reject all of the fuel cell’s heat to the airplane’s fuel (Jet-A). This arrangement does not
require any cooling from the airplane’s environmental systems (and thus does not add any cooling drag)
and has the added benefit of increasing the enthalpy of the fuel so that less fuel needs to be burned to
generate the same amount of thrust.

Case 6b additionally utilizes the fuel to cool the fuel cell exhaust stream and extract water. The
efficiency (84.4%) is slightly higher than Case 6a (81.9%) because of the extra heat recovered in this
process. However, the amount of water recovered is small (6.9 L) and the added equipment results in a
system with nearly the same overall performance benefit as Case 6a. In addition, there are potential
hazards associated with a leak developing in the heat exchangers and the mixing of fuel, air, and/or
water in either the fuel system or the potable water system.

These cases are the best performing “practical” cases (excluding 4a, 4b, and 5) and led to Case 6a being
selected for further analysis. Case 6b was rejected because of the increased complexity and hazard
potential without any performance benefit.

6.1.10 Summary
The following general observations can be made regarding system configurations:

e Air cooled systems are not preferred: they require large increase in current air handling units’
capacities, have large weight and volumes, and have large performance penalties.

e The uses of low-grade waste heat within the cabin are limited. The amount of hot water that
could be generated by the fuel cell’s exhaust heat is approximately 5- to 10-times of what could
be reasonably used on the airplane.

e Adding a heat exchanger to cool the fuel cell’s exhaust and recovering the water results in an
overall benefit despite the added equipment and cooling drag.

e The most weight-impactful non-hardware factors on the airplane’s performance are the
amounts of water and waste heat that can be recovered. However, waste heat recovery is
limited by available on-board uses while water recovery depends on the effectiveness of the
heat exchanger cooling the exhaust stream.

e The fuel cell and hydrogen are the most important (heaviest) hardware components.

Table 11 summarizes the three cases selected for further analysis. The results described above show
that any of these systems are technically feasible for on-board implementation.

6.2 System Performance with Current Technology

The three system configurations selected from the screening analysis (Cases 2a, 3b, and 6a) were
simulated using the thermodynamic model to meet each of the nine load scenarios summarized in Table
4 (repeated here as Table 12 for convenience). The goal of this part of the study is to see how different
loads impact the overall performance of the systems, thus enabling recommendations of not only the
best-performing system configuration but also the on-board load(s) to be powered by the system.
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Table 11: Summary of the three cases selected from the screening analysis. Each system is designed to meet a constant 20
kW IFE electrical load operating for all phases of flight.

Case ID _ 2a _ 3b _ 6a
Water cooled, limited
Description Simple water cooled hot water, water Fuel cooled
recovery

Overall System Efficiency 0 0 0

(HHV) 40.9% 46.4% 81.9%
Hot water: 0.225 .

Waste Heat Use None gpm @ 60 °C. Fuel pre-heating

Water Recovery None 0.027 gpm (0.1 LPM); None

30.8L
. . 20 kW heat rejected 17.4 KW heat

Cooling Load on Airplane to PECS rejected to PECS None

Total System Weight (kg) 274 282 281

Total System Volume (L) 597 606 605

Net Change in Jet-A required 4203 +13.1 +8.8

(kg)

Net Change in Jet-A required 0 0 0

(% of total mission fuel) +0.07% +0.04% +0.03%

Table 12: The nine different load scenarios considered in this study (Table 4 repeated for convenience).

Load Description Maximum Electrical Demand Phases of Flight
1 In-flight entertainment (IFE) 20 kW All
2 Mid-galley 20 kw Initial taxi, takeoff/climb, and cruise
3 Forward galley 40 kW Initial taxi, takeoff/climb, and cruise
4  Aft galley 60 kW Initial taxi, takeoff/climb, and cruise
5 All galleys combined 120 kW Initial taxi, takeoff/climb, and cruise
6 Single peaker 75 kW Descent and landing
7 Both peakers 150 kW Descent and landing
g Allgalleys (5)and both 150 kW 1c2“?nkg/'v a:l:jricrliii:eifiilst)a)k(i;vt?jﬁic:mfg

peakers (7) descent and landing

140 kW during initial taxi, takeoff/
9 Allloads (1,5, and 7 170 kW oot an aning, 20k
final taxi
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“Current Technology” refers to a PEM fuel cell with a specific power of 149 W/kg (67.6 W/Ib) and the
power density is 103 W/L (2,920 W/ft’) as described in Section 3.1.2 and a hydrogen vessel with
approximately 6.1% gravimetric density and 17.0 gH,/L (1.06 Ib/ft*) volumetric density as described in
Section 3.2.3.

6.2.1 Mass

Because the mass of the system affects overall airplane performance, the mass is analyzed first. The
mass analysis for each of the load scenarios for Cases 2a, 3b, and 6a are shown in Figure 44, Figure 45,
and Figure 46, respectively. These figures assume current technology for the fuel cell and hydrogen
storage.

For all cases, the overall trends are the same, and the dominant trend is that the fuel cell and hydrogen
storage vessel are responsible for a large fraction of the overall system mass. The next largest
component is the electrical hardware, primarily the DC-DC converter. It can also be seen that the mass
savings due to collecting the generated water reducing the amount of jet fuel required by the engines to
generate electricity can add up to a large amount, nearly the size of the hydrogen vessel.

Another feature is that, in general, the system mass increases with the size of the load. However, an
exception to this can be seen when comparing the “All Galleys” load scenario, which is 120 kW, to the
“Both Peakers” scenario, which is 150 kW. The reason the higher-power Both Peakers has a lower net
mass is because the peakers only operate for the descent and landing phases of flight (25 minutes total)
compared to the All Galleys which operate for initial taxi, takeoff and climb, and cruise (4 hours and 28
minutes). Thus, the hydrogen and hydrogen storage system required for the Peakers case is much
smaller.

Another feature of the different load scenarios that becomes evident through this analysis is the
complementary nature of the galley loads with the peaker load. For Case 2a, the All Galleys scenario has
a net mass of 1,506 kg (3,320 Ib) and the Both Peakers has a net mass of 1,244 kg (2,743 Ib). However,
combining these two loads in the Both Peakers and All Galleys scenario has a net mass of 1,858 kg
(4,096), or just 68% of the mass if these two systems were considered separately. The reason for this is
that the two systems operate at different phases of flight so they can share the same fuel cell.

6.2.2 Volume

A major assumption of this study is that the airplane shape will not change because of the fuel cell
system, but that the fuel cell system will be installed in areas with extra space. This means that the
volume of the system will not directly affect overall performance. However, the volume analysis is still
presented for completeness.

The volume analysis of the load scenarios for Cases 2a, 3b, and 6a are shown in Figure 47, Figure 48, and
Figure 49, respectively. These figures assume current technology for the fuel cell and hydrogen storage.
Differences in Jet-A and water savings or consumption is not considered because it is assumed that the
volume of the fuel or water tanks will not be changed and any more or less Jet-A or water carried will
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Figure 44: Mass distribution for Case 2a (water cooled, no heat recovery) for the different loads, using current technology for
the fuel cell and hydrogen storage. The different colors in the narrow bars represent different components. Quantities
above the zero-line are for mass added to the system, and quantities below the zero-line are for mass credits. The net
change (the sum of the added mass and mass credits) is shown by the wide hollow bar. For comparison, the “standard
passenger” has a mass of 104 kg (230 Ib) including luggage.

have no effect on the volume. The engine generator may decrease its size but its volume is already so
small compared to the overall system volume that any changes are negligible and are not presented.

The trends in volume are similar to those in mass. However, the large volumes of the hydrogen storage
vessels become more apparent, accentuating the difference between the systems that require more
hydrogen but have a lower power (e.g., All Galleys at 120 kW) and the systems that require less
hydrogen but have a higher power (e.g, Both Peakers at 150 kW) due to differences in operating times.
All but the largest systems should be able to fit within the tail cone area (volume estimated to be over
2,800 L (100 ft*)), and the fairing volume is estimated to be even larger.

89



2,500

-
]
2,000 M Jet-A:Cooling Drag
— S o Jet-A: Air Supply Elec
1,500 | Electrical

Heat Exchangers, Pumps, Blowers

E Piping & Accessories
E 1,000 L m Hydrogen
g B W Hydrogen Vessel
- — m Fuel Cell
200 | ™ Engine Generator
L B Jet-A: Electricity
0 | Jet-A:ElecHeating
= Water Production
- | ] -
Jet-A: Fuel Heating
-500 & et &t gt © & e L e O NetWeight Change
N (9%\ (o?}\ C‘;‘}\ (3%\24 Q@,gl- 6'31"6 b§@ \0"}
v D
& L > A N s
N voE S X
& ? &
e‘;s
&
Q
o
O
L)

Figure 45: Mass distribution for Case 3b (water cooled, water recovery, limited hot water) for the different loads, using
current technology for the fuel cell and hydrogen storage. The different colors in the narrow bars represent different
components. Quantities above the zero-line are for mass added to the system, and quantities below the zero-line are for
mass credits. The net change (the sum of the added mass and mass credits) is shown by the wide hollow bar. For
comparison, the “standard passenger” has a mass of 104 kg (230 Ib) including luggage.
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Figure 46: Mass distribution for Case 6a (fuel cooled) for the different loads, using current technology for the fuel cell and
hydrogen storage. The different colors in the narrow bars represent different components. Quantities above the zero-line
are for mass added to the system, and quantities below the zero-line are for mass credits. The net change (the sum of the
added mass and mass credits) is shown by the wide hollow bar. For comparison, the “standard passenger” has a mass of 104
kg (230 Ib) including luggage.
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Figure 47: Summary of the volume analysis for Case 2a (water cooled, no heat recovery). The volume of each component is
shown by a different color. For comparison, a typical galley beverage cart has a volume of 240 L (8.5 ft3).

5,000
4,500 -—
4,000
3,500
= 3,000 M Electrical Wiring and Hardware
E 2,500 Heat Exchangers, Pumps, Blowers
]
° Piping & Accessories
= 2,000
M Hydrogen Vessel
1,500 o Fuel Cell
1,000
500
0

Figure 48: Summary of the volume analysis for Case 3b (water cooled, water recovery, limited hot water). The volume of
each component is shown by a different color. For comparison, a typical galley beverage cart has a volume of 240 L (8.5 ft3).

92



5,000

4,500
4,000
3,500
= 3,000 M Electrical Wiring and Hardware
E 2,500 Heat Exchangers, Pumps, Blowers
:_g Piping & Accessories
2,000 M Hydrogen Vessel
1,500 o Fuel Cell
1,000
500
0

Figure 49: Summary of the volume analysis for Case 6a (fuel cooled). The volume of each component is shown by a different
color. For comparison, a typical galley beverage cart has a volume of 240 L (8.5 ft3).

6.2.3 Performance

All of the effects of the fuel cell system can be consolidated find the overall impact on Jet-A
requirements for the airplane, using the method described in Section 2.7. Figure 50 shows the change in
jet fuel that results from each of the three system configurations (Cases 2a, 3b, and 6a) and all of the
possible load scenarios. It is evident that, when considering current technology for the fuel cell and
hydrogen storage system, every possibility will require the airplane with the fuel cell to use more jet fuel
than the airplane without.

Other, more subtle effects are also discernable from this figure. While Figure 44, Figure 45, and Figure
46 showed that the Both Peakers scenario has a lower net mass than the All Galleys scenario, from this
figure it can be seen that the All Galleys scenario performs better. In fact, the Both Peakers scenario
(150 kW) has a worse performance than the All Loads scenario (170 kW), which includes the peakers!
The reason for this goes back to the fact that the peakers only operate for a short duration of the flight.
While this saves hydrogen storage mass, it does not allow the system to get any significant amount of
“credits” for generating electricity, water, or heat. In essence, the airplane has to spend fuel to carry the
peaker system without getting much benefit. On the other hand, the systems that operate for longer
periods generate large amounts of usable water and/or heat, offsetting the extra fuel that must be
carried to transport these systems. This observation can be generalized by saying that if a fuel cell
system is going to be carried on-board, the best overall performance will result from operating it as
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Figure 50: The overall effect of the fuel cell system on airplane performance, as measured by the amount of additional Jet-A
the fuel cell-equipped airplane needs to accomplish the same mission as the base airplane. The chart assumes current
technology for the fuel cell and hydrogen storage systems. As a comparison, the base airplane on the base mission is
estimated to carry 22,680 kg (50,000 Ib) of Jet-A at takeoff.

much as possible. The same observation was made by MacKay et al. [22]. However, there may be other
reasons to operate a fuel cell sparingly, such as in a peaker application, that outweigh the performance
penalty. For a fuel cell used all the time, fuel cell degradation would force the user to replace the fuel
cell more often, or to oversize it to achieve a length of service comparable to a gas turbine (Roth and
Giffin [58] estimate that fuel cell degradation would require over-sizing the fuel cell by about 4% to
achieve the same length-of-service (20,000 hr) typical for a gas turbine). Both options would add cost to
the system and the latter would also increase the mass penalty.

Another effect that can be partially found by examining this figure is the difference between saving mass
through water recovery and heat recovery to the potable water system, versus saving fuel through heat
recovery to the jet fuel. This can be seen by comparing Case 3b with Case 6a for any of the load
scenarios, looking at this figure and both Figure 45 and Figure 46. As an example, the All Loads scenario
is considered, and the relevant information is summarized in Table 13. While Case 3a has a 203 kg larger
mass savings compared to Case 6a, Case 6a has a 17 kg overall jet fuel savings. The reason for this
apparent discrepancy is that the type of savings matters. One kilogram of jet fuel saved through fuel
heating is a direct savings. But one kilogram of mass saved only saves about 0.16 kg of fuel because of
the relationship between mass and fuel requirement through the Breguet equation (see Eq. (12) and
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Table 13: Savings data for Cases 3b and 63, illustrating the more beneficial effect of saving Jet-A directly vs. saving mass.

Data (All Loads scenario) Case 3b Case 6a
Direct Jet Fuel Savings 176 kg 225 kg
Engine-generated Electricity 176 kg 173 kg
Jet Fuel Heating 0 kg 52 kg
Jet Fuel Savings Due to Mass Savings* 41 kg 9 kg
Total Mass Savings 262 kg 59 kg
Water Recovery 202 kg 0 kg
Engine Generator 60 kg 59 kg
Total Jet Fuel Savings 217 kg 234 kg

1Using the Breguet equation method to find the change in fuel due to a change in airplane mass
equal to “Total Mass Savings”. See Eq. (12) and Section 2.7.2.1 for more details on the method.

Section 2.7.2.1). To put it another way, it requires saving about 6 kg of mass to equal the savings of 1 kg
of jet fuel. Although Case 6a doesn’t save as much mass as Case 3b, it saves more jet fuel (through fuel
heating) and that is a more “valuable” savings than mass. The message is that a system that saves jet
fuel directly, such as through reducing the engine electrical load or fuel pre-heating, is more likely to
have a better overall performance than a system that only saves mass.

This also illustrates the importance of factoring in the mass of the system on overall airplane fuel burn.
As an example, Case 2a has a mass of 255 kg and an added Jet-A requirement of 47 kg for the IFE load
scenario. Of this 47 kg, 41 kg is due to the system mass and the Breguet relationship. Without taking
this into account, the performance of these systems would seem much better than they would have in
actuality.

6.2.4 Summary
The current technology analysis revealed the following:

e The fuel cell and hydrogen vessel are responsible for the majority of the system mass and
volume.

e Interms of jet fuel required to accomplish the mission, a system that will provide a performance
benefit to the airplane has not been found.

e A complementary effect between the peaker and galleys was discovered, allowing the same fuel
cell to be used for both applications.

e From a performance point of view, a system that operates at full load throughout the flight will
have a better benefit than one that does not.

e Saving jet fuel directly, through fuel heating or by reducing engine fuel consumption, provides a
more “valuable” benefit than saving an equal amount of mass by the ratio of approximately 6:1.

6.3 System Performance with DOE Target Technology

The analysis done in the previous section was repeated with the only change being the sizes of the fuel
cell and hydrogen storage vessel, in order to see what the effect of future technology might have on the
feasibility and performance of an on-board fuel cell system.
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“DOE Target Technology” refers to a PEM fuel cell with a specific power of 650 W/kg (295 W/Ib) and
power density of 650 W/L (18,400 W/ft?) as described in Section 3.1.2, and a hydrogen vessel with 7.5%
gravimetric density and 70 gH,/L (4.37 Ib/ft’) volumetric density as described in Section 3.2.3.

6.3.1 Mass and Volume

Mass and volume distributions are shown for completeness in Figure 51 through Figure 56. The trends
are nearly identical to those in the results for the current technology. The only exception is that the
fraction of total mass due to the fuel cell and hydrogen storage has decreased, as expected. In fact, the
electrical equipment surpasses the fuel cell in terms of mass in mass and nearly in volume.

Upon comparison to the analogous current technology graphs, it can be seen that the total mass has
decreased by nearly a factor of two, and the total volume by nearly a factor of four. Thus, achieving the
DOE targets for vehicles will result in drastically smaller systems for fuel cell electricity generation on
board an airplane. All systems should be able to easily fit within the confines of either the tail cone area
(volume estimated to be over 2,800 L (100 ft*)), and the even-larger fairing area.
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Figure 51: Mass distribution for Case 2a (water cooled, no heat recovery) for the different loads, using DOE target technology
for the fuel cell and hydrogen storage. The different colors in the narrow bars represent different components. Quantities

above the zero-line are for mass added to the system, and quantities below the zero-line are for mass credits. The net

change (the sum of the added mass and mass credits) is shown by the wide hollow bar. For comparison, the “standard

passenger” has a mass of 104 kg (230 Ib) including luggage.
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Figure 52: Mass distribution for Case 3b (water cooled, water recovery, limited hot water) for the different loads, using DOE
target technology for the fuel cell and hydrogen storage. The different colors in the narrow bars represent different
components. Quantities above the zero-line are for mass added to the system, and quantities below the zero-line are for
mass credits. The net change (the sum of the added mass and mass credits) is shown by the wide hollow bar. For
comparison, the “standard passenger” has a mass of 104 kg (230 Ib) including luggage.

6.3.2 Performance

Like the current technology analysis, the impact of the system on overall airplane performance, as
defined by the amount of jet fuel (Jet-A) added or subtracted from the base airplane to the airplane with
the fuel cell, was determined. Figure 57 is the result for all load scenarios and the three system
configurations, assuming DOE target technology for the fuel cell and hydrogen storage vessel.

From here it is evident that the fuel cell system is able to provide a performance benefit to the airplane
when the fuel cooled system (Case 6a) is implemented, and to a lesser degree when the water cooled /
water recovery / limited hot water system (Case 3b) is chosen. The simple water cooled system without
any heat or water recovery (Case 2a) still does not provide a benefit.

The amount of the benefit is also shown to depend on the load scenario. The trends are a little different
than the current technology analysis, and not so straightforward. For example, the benefit of Case 3b
increases with decreased system size, similar to the current technology results, but the All Galleys
scenario shows the opposite trend — a better benefit with a larger system. And comparing the IFE and
Mid-Galley scenarios shows a difference in the benefit in spite of the fact that both systems are 20 kW.
The reason for this is that the effects of load location become more important, as piping and wiring
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Figure 53: Mass distribution for Case 6a (fuel cooled) for the different loads, using DOE target technology for the fuel cell and
hydrogen storage. The different colors in the narrow bars represent different components. Quantities above the zero-line
are for mass added to the system, and quantities below the zero-line are for mass credits. The net change (the sum of the
added mass and mass credits) is shown by the wide hollow bar. For comparison, the “standard passenger” has a mass of 104
kg (230 Ib) including luggage.

masses become a larger fraction of the total mass (because the fuel cell and hydrogen mass has
decreased so much).

There are two ways to illustrate the benefit (or penalty) a fuel cell system provides to the airplane. One
way is to compare the total fuel required by the base airplane to the total fuel required by the airplane
with a fuel cell to accomplish the mission. In some ways this method is appropriate because this is what
may be most useful to an airplane customer as it reflects a “bottom line” effect. For example, looking at
the fuel cooled system configuration supplying electricity to all galleys, the fuel savings is 46 kg. That
means that while the base airplane requires 22,680 kg of fuel, the airplane with the fuel cell requires
22,634 kg, a decrease of about 0.2%. A customer could project a 0.2% fuel savings over their expected
usage and decide if it makes economic sense considering all the factors that affect their business.

Another way to illustrate the benefit (or penalty) is to compare the fuel cell system impact not to the
entire airplane, but just to the portion of the airplane that is directly impacted by the fuel cell system.
This can be done by comparing only the portion of jet fuel it takes the base airplane to supply the
electrical and heat loads to the amount of jet fuel required by the fuel cell system to do the same. (Note
that while the fuel cell system does not directly consume any jet fuel, it will increase the jet fuel
required by the airplane because of things like added weight, drag, and the electricity required by the
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Figure 54: Summary of the volume analysis for Case 2a (water cooled, no heat recovery) with DOE target technology. The
volume of each component is shown by a different color. For comparison, a typical galley beverage cart has a volume of 240
L (8.5 ft}).
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Figure 55: Summary of the volume analysis for Case 3b (water cooled, water recovery, limited hot water) with DOE target
technology. The volume of each component is shown by a different color. For comparison, a typical galley beverage cart has
avolume of 240 L (8.5 ft3).
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Figure 56: Summary of the volume analysis for Case 6a (fuel cooled) with DOE target technology. The volume of each
component is shown by a different color. For comparison, a typical galley beverage cart has a volume of 240 L (8.5 ft3).
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Figure 57: The overall effect of the fuel cell system on airplane performance, as measured by the amount of additional Jet-A
the fuel cell-equipped airplane needs to accomplish the same mission as the base airplane. The chart assumes DOE target
technology for the fuel cell and hydrogen storage systems. As a comparison, the base airplane on the base mission is
estimated to carry 22,680 kg (50,000 Ib) of Jet-A at takeoff.
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Figure 58: The amount of fuel required by the base airplane and the airplane with the fuel cell to generate electricity and
heat for the different load scenarios. The base airplane uses the main engine generator with a fuel-to-electricity efficiency of
34%, while the fuel cell assumes the fuel cooled configuration with DOE target technology. The numbers are presented
below in Table 14.

Table 14: A summary of the numbers plotted above in Figure 58, and the calculated percentages, comparing the fuel needed
by the base airplane and the fuel cell airplane to generate the required electricity. The percentage shows the amount of fuel
required by the fuel cell airplane relative to that required by the base airplane. Percentages below 100% show a fuel savings
of the fuel cell airplane, over 100% show a fuel penalty.

Fuel Required by Fuel Required by Fuel

Base Airplane (main Cell Airplane (fuel Percentage (fuel

engine generator, cooled system with DOE cell airplane /
Load Scenario 34% efficiency) (kg) target technology) (kg) base airplane)
IFE 33.2 22.5 67.9%
Mid-Galley 29.6 21.8 73.7%
Forward Galley 59.3 44.0 74.2%
Aft Galley 88.9 69.8 78.6%
All Galleys 177 132 74.1%
Single Peaker 10.4 49.3 475%
Both Peakers 20.7 95.3 460%
Both Peakers and All Galleys 192 167 86.8%
All Loads 225 187 83.2%
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pressurization system to supply the fuel cell’s air.) This method is appropriate because it is a direct
comparison of the two competing technologies as opposed to comparing the effect of a fuel cell system
to the entire airplane. It has already been noted that the base airplane weighs 173,998 kg at takeoff and
carries 22,680 kg of fuel, while the fuel cell system weighs (worst case: largest system with current
technology) about 2,000 kg and adds about 150 kg of fuel, or only about 0.1% of the respective totals.
So while the “bottom line” method as described is appropriate in some case, changes to the fuel cell
system become nearly lost in the small overall numbers, whereas comparing the fuel cell system to the
current electrical system allows for more insight into the effectiveness of the systems themselves.

To that end, Figure 58 compares the amount of fuel required by the base airplane to generate electricity
to the amount required by the fuel cell to do the same. This chart is for the fuel cooled system using
DOE target technology. The efficiency of the airplane to generate electricity from the main engines is
taken as 34%. This is possibly lower in practice, down to 25% depending on the electrical system. And if
the auxiliary power unit is used, the efficiency will be about half that of the main engines. Using lower
efficiency numbers would have the effect of increasing the amount of fuel needed by the base airplane
to generate electricity (the blue bars) while not affecting the fuel cell’s requirements (the red bars).
Table 14 summarizes the numbers and also shows the differences in terms of percentages. In the case
of galleys, the fuel cell system saves around 25% of the jet fuel compared to the base airplane. For the
peakers, the fuel cell system results in a large penalty (nearly 5-times the fuel required).

The results can be cast in another way, and that is by putting the fuel savings in terms of CO, emissions.
This is shown in Figure 59, where “avoided CO,” refers to the CO, emissions saved by comparing the fuel
cell airplane to the base airplane, using the fuel requirements given in Table 14. Here, it shown for
yearly emissions of a fleet of 1,000 airplanes each flying 150 base missions, and assuming there is no
contribution from hydrogen production to CO, emissions (i.e., renewable energy is used to generate the
hydrogen used in the fuel cells). Boeing currently has over 800 orders for the 787 [59], and predicts that
the market for 787-class airplanes (“small twin aisle”) will be 4,430 by 2029 [60], so 1,000 787-type
airplanes is reasonable. 150 base missions is equivalent to 750 hrs of flight time per year, which is what
was used in Ref. [25]. CO, is calculated by assuming complete combustion of C;,H,3, used to represent
the average hydrocarbon content of jet fuel, yielding 3.16 kg of CO, generated for every 1 kg of jet fuel
burned. The figure does not include either of the peaker load scenarios since those do not provide any
avoided emissions.

6.3.3 Summary
The DOE target technology analysis showed:

e OQverall airplane performance benefits can result from improved fuel cell and hydrogen
technologies in accordance with DOE targets.

e  While the performance as measured by fuel savings is small when compared to the entire
airplane’s fuel consumption, the fuel cell system can save over 30% of the fuel that is devoted to
electricity generation (Case 6a with the IFE load).
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Figure 59: Yearly avoided CO, emissions for a fleet of 1,000 fuel cell-equipped airplanes operating 750 hrs/yr, using a fuel
cooled fuel cell system (Case 6a) and renewable hydrogen, and comparing to the base airplane generating electricity via the
main engines at 34% efficiency.

6.4 Electrical System Behavior

The electrical system models described in Chapter 5 were used to determine if the fuel cell could
satisfactorily perform the desired functions. The electrical stability and transient characteristics of the
on-board fuel cell system were determined. Stability was measured by the ability of the system to
provide the power needed by the load in real-time as well as the ability to not cause un-necessary
transients or voltage fluctuations.

Acceptable transient behavior of airplane electrical systems is often dictated by the ability of the system
to meet the requirements of the Department of Defense Interface Standard — Aircraft Electric Power
Characteristics, referred to by MIL-STD-704F [61]. Although this is a Department of Defense standard,
this is used by commercial airplane equipment suppliers and integrators (such as Boeing) in the design
of their electrical system and components as well. The MIL-STD-704F transient requirements for 28 VDC
and 270 VDC systems are shown in Figure 60 and Figure 61, respectively. These black solid lines in these
figures show the maximum and minimum allowable voltages following a transient event.

Due to the complexity of the models and of the components within them, the models were only run for
10 seconds or less (simulated time) in order to obtain results within a reasonable amount of time. Ten
seconds is sufficient to capture the transients that are of interest.
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Figure 60: Allowed voltage transient for 28 VDC systems. During transients, the system voltage must not go higher than the
top solid line or lower than the bottom solid line. (Figure 13 in MIL-STD-704F [61].)
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Figure 61: Allowed voltage transient for 270 VDC systems. During transients, the system voltage must not go higher than the
top solid line or lower than the bottom solid line. (Figure 16 in MIL-STD-704F [61].)

6.4.1 Stand-alone Galley Model Simulation Results

As stated before, for the stand-alone galley scenario, no more than two loads were allowed to turn on at
once. The simulation starts off with the fuel cell serving a load of 12 kW. At 5 seconds a water boiler is
turned on, adding 4,240 Watts to the load. Several other loads are turned on at different times during
the simulation. Table 15 lists the loads that turn on during the simulation and the times at which they
turn on.

Although the galley was modeled as a stand-alone system and therefore is not required to meet the
MIL-STD-704F standards, these standards were used as a means to measure power quality of the
system. Figure 62 shows the voltage at the load during the simulation. The voltage transients at 5, 6, 7
and 8 seconds can be attributed to the increase in power demand from the load (see Table 15). It can
be seen from this figure that the system is stable with no unintended fluctuations or transients.
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Table 15: Load increases during stand-alone galley simulation.

Simulation Additional Power Total Power
Time (seconds) Load(s) Turned On Demand Demand
0 Initial Load 12,000 Watts 12,000 Watts
5 (1) Water Boiler 4,240 Watts 16,240 Watts
6 (2) Ovens 7,600 Watts 23,840 Watts
7 (1) Thermoelectric 1,620 Watts 25,460 Watts
Refrigerator
8 (2) Beverage Makers 5,520 Watts 30,980 Watts

To meet MIL-STD-704F standards, the voltage for a 28 VDC system must remain between 18 and 50 volts
at all times. It is clearly seen from Figure 62 that the voltage does not go below 18 Volts or above 50
Volts during any of the transients. At 6 seconds, when the load increase was 7,600 W, the voltage only
drops down to 19 Volts.

MIL-STD-704F standards also require that during a transient the voltage levels return to the steady state
values (22-29 Volts) within a certain amount of time: Figure 60 shows that if the voltage drops below 22
Volts (lower steady-state limit) it must return to at least 22 Volts within 0.085 seconds, and if the voltage
goes above 29 Volts it must return to at least 29 Volts within 0.07 seconds. Figure 63 shows the detail of
voltage at 6 seconds, and it can be seen that the voltage returns to 22 Volts in about 0.0001 seconds,
easily satisfying the MIL-STD-704F requirements.
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Figure 62: Stand-alone galley system simulation: voltage as measured at the load.
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Figure 63: Stand-alone galley system simulation: Detail of the voltage transient at 6 seconds, showing that voltage recovers
to more than 22 V within about 0.0001 seconds, easily satisfying the MIL-STD-704F requirements.
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Figure 64: Stand-alone galley system simulation: Power response from the fuel cell and the fuel cell + DC-DC converter
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The previous figures show that the fuel cell system for the stand-alone galley is capable of meeting the
transient response requirements in less than one millisecond, even though the fuel cell itself has a 5-
second transient time. To investigate this phenomenon, the power response from the DC-DC converter
was examined; this is shown in Figure 64. From this figure it becomes evident that the capacitor within
the DC-DC converter is used to aid the fuel cell in meeting the power demand as fast as possible.

6.4.2 Peaker System Model Simulation Results

Figure 65 shows the power demand and supply for the peaker system simulation. The figure shows the
power demand from the load (blue line, hidden behind black dashed line), the total power supplied
(black dashed line), as well as the power outputs from the engine generator (pink line), fuel cell (green
line), and DC-DC converter (red line).

The simulation starts off with the 200 KVA main-engine generator serving a base load of 150 kW (1.5 x
10° Watts in the figure). At 1, 1.5, and 2 seconds there are load increases of 15 kW, 15 kW, and 20 kW
respectively, bringing the total load to 200 kW. All three of these load increases are fully met by the
engine generator. At 4 seconds there is another increase in load of 50 kW. The generator can no longer
meet the power demand so the fuel cell supplies the power through the DC-DC converter, as evidenced
by the jump in the green and red lines. At 5 seconds a second load increase, this time 20 kW, is also
handled by the fuel cell and DC-DC converter.
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Figure 65: Peaker system simulation: Power responses.
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It can be seen from these results that the power stabilizes after the transients and the addition of the
fuel cell system to the existing electrical system does not cause any adverse effects. The fluctuations in
power following the transients at 4 and 5 seconds are due to the Pl (Proportional-Integral) controller
inside the DC-DC converter may be able to be minimized with proper tuning. Comparison of the initial
load increases that are handled completely by the engine generator to the load increases handled by the
fuel cell and DC-DC converter reveals that the fuel cell along with the DC-DC converter responds much
faster than the generator. This is due to the capacitor within the DC-DC converter and the
instantaneous power that it is able to supply. The addition of the fuel cell system in this case actually
improves the overall performance of the airplane’s electrical system.

Figure 66 shows the voltage at the load during the simulation. Although there are voltage dips during a
load increase, the voltage still remains within the limits specified by MIL-STD-704F (see Figure 67). The
largest voltage sags are during the simulation period when the generator picks up the load. Itis
important to note that the ATRU was modeled as a simple transformer-rectifier and it was not based on
the specification of a real system. Therefore, the voltage sags may not be an accurate representation of
a real system. As can be seen by comparing Figure 67 and Figure 68 (which both use the same scales),
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Figure 66: Peaker system simulation: Voltage at the load. Detail of the transient at 2 seconds (where only the engine
generator is supplying power) is shown in Figure 67. Detail of the transient at 4 seconds (where the fuel cell is supplying the
additional power) is shown in Figure 68. The system is stable and the transients are all within the MIL-STD-704F
specifications.
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Figure 67: Peaker system simulation: Detail of the voltage transient at 2 seconds as shown in Figure 66. This load change is
fully met by the engine generators. The transient recovers within the time specified by MIL-STD-704F.
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Figure 68: Peaker system simulation: Details of the voltage transient at 4 seconds as shown in Figure 66. This load change is
fully met by the fuel cell system. The transient recovers within the time specified by MIL-STD-704F, and has a much faster
recovery than that of the engine generator alone (Figure 67).
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the voltage sags of the fuel cell are far less significant than those of the generator and easily meet the
MIL-STD-704F standards. In Figure 68, the higher frequency small amplitude oscillations are an artifact
of the DC-DC converter switching, while the longer, higher amplitude result from the Pl (Proportional-
Integral) controller in the DC-DC converter and may be able to be minimized with proper tuning.

6.4.3 Summary

The fuel cell system can perform the required electrical functions for galley, IFE, and peaker power. It
does not adversely affect system stability and meets the requirement for transients as put forth by MIL-
STD-704F. Transient behavior is possibly better than the existing engine generator-based system, largely
due to the capacitors inherent in the DC-DC converters.
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7 Conclusions, Recommendations, and Future Work

This chapter presents the overall conclusions, recommended implementation strategies, and
suggestions for future work aimed at furthering the use of on-board PEM fuel cells to enable higher
energy efficiency for airplanes.

7.1 Conclusions and Recommendations
Implementation of an on-board PEM fuel cell system is feasible using today’s technology, and can be
done without disrupting the current airplane design or functionality.
e There is ample space on-board the airplane to install a fuel cell system. And in areas like the
fairing and tail, the fuel cell system could occupy space that is currently empty.
e OQverall, the weight of the fuel cell system (at most 2,500 kg) is very small compared to the
weight of the airplane (173,998 kg at takeoff for the base mission).
e However, a system made with today’s fuel cell and hydrogen storage technology will most likely
not be able to provide an overall performance benefit to the airplane.

It is necessary to consider the effect of the fuel cell system on the airplane to obtain the most realistic
evaluation.
e Any amount of weight or heat (and corresponding cooling drag) added to the airplane will
require more fuel to achieve the same mission (per the Breguet equation).
e Any additional air needed by the fuel cell will require more engine electricity, and corresponding
fuel use, to power the environmental control (pressurization) system if cabin air is used.
e Because a fuel cell system is nearly always more efficient than the main engines, not taking into
account the above penalties will give the appearance that fuel cell systems will nearly always
provide a benefit to the airplane, which is not the case.

The fuel cell and hydrogen storage should be located together in either the fairing area or the tail
cone area.

e Locating the fuel cell near the hydrogen supply saves hydrogen supply tubing, and locating the
fuel cell near the electrical load saves wiring. Doing both can save 50 to 100 kg in system mass.
However, the fuel cell systems are not small, so locating them near the load may cause existing
equipment to be displaced or require the use of cargo space.

Maximizing the use of waste heat increases the attractiveness of the fuel cell system.
e The main engines are required to produce less electricity, thus saving fuel.
e This is true even though waste heat recovery requires additional tubing and equipment.
e Rejecting the fuel cell’s heat to the atmosphere imposes a drag penalty on the airplane and adds
a corresponding fuel penalty.

Maximizing the recovery of water from the fuel cell exhaust also provides a benefit.
e This is true even though water recovery requires additional tubing and equipment.
e The gain is not as significant as for waste heat recovery.
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Recovering the fuel cell’s waste heat using the airplane’s fuel results in the best overall performance.
e No other currently available on-board use of waste heat can practically absorb all the heat that
the fuel cell produces.
e Not only will the jet fuel absorb all of the fuel cell’s waste heat, eliminating the drag penalty, but
also the increased jet fuel temperature provides an efficiency benefit to the main engines.

For maximum performance benefit, the fuel cell should be used at full load for the entire flight; loads
such as the in-flight entertainment and galley are attractive because of this.
e For partially operating systems, the benefit of heat and water recovery is limited to only the
portion of flight that it is operating, but the mass penalty takes effect for the entire flight.
e Installing a fuel cell for the peaker application only, which operates for less than 10% of the
flight time, leads to the worst overall performance of any load.
e Because they operate during different phases of flight, a complementary effect between the
peaker and galleys was discovered, allowing the same fuel cell to be used for both applications
and increasing the overall airplane’s performance.

A high voltage DC electrical distribution system results in the lowest system weight and volume and
should be considered.
e The system could be conveniently tied into the existing + 270 Volt DC bus.
e A high voltage DC distribution system saves mass and volume over the analogous AC system,
primarily because the DC distribution system does not require a DC-AC inverter.
e Low voltage distribution systems, although attractive from a maintenance and safety
perspective, require large currents and wires, making them unsuitable for even modest (e.g., 20
kW) load combinations.

It is feasible for the fuel cell to feed the existing 230 Volt AC distribution bus.
e Dynamic simulations showed no adverse effect on the airplane’s electrical system.
e The fuel cell system provides the potential benefit of a faster transient response than the
existing system.
o While heavier and larger than the £ 270 Volt DC system, the differences are small
(approximately 60 kg maximum) and the be

A future fuel cell system, comprised of DOE-target technology for the fuel cell and hydrogen storage,
will provide an overall performance benefit to the airplane.
o The fuel cell and hydrogen vessel are responsible for the majority of the system mass and
volume, so reducing the sizes of these has a large impact on the overall system.

A future fuel cell system would provide an electrical generation efficiency gain of over 30% in some
cases, even when considering the added mass and drag effects on the airplane. This could result in a
savings of over 20,000 metric tons of CO, emissions per year ifimplemented on a fleet of 1,000
airplanes such as the 787.
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7.2 Future Work

The following aspects were not part of the scope of this study but may warrant further investigation.

Analysis, Engineering, and Simulation
e Mechanical System
o Feasibiilty of on-board reforming of Jet-A, biofuel, or mixtures so that hydrogen is not
needed on-board.
o Feasibility of other possible, but not currently used, on-board heat recovery
technologies such as absorption chillers and heat sinks.
e Electrical System
o More exact modeling and simulation using accurate load profiles during entire flight
envelope, existing generator parameters, actual fuel cell and power conditioning unit
parameters.
e Transient and part-load analysis of the entire system, both mechanically and electrically.

Hardware Testing
e Mechanical system (fuel cell, hydrogen, and heat recovery)
e Electrical integration (utilizing the various sources and sinks at Sandia’s Distributed Energy
Technology Laboratory)
e Combined mechanical-electrical system
e Combined system on an airplane or mock-up

Optimization
e Hardware
o System Design

Sandia National Laboratories has the facilities and expertise to pursue these and other related pathways
to assist in enabling or discovering the various aspects of energy efficient airplanes.
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