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Overview of Advanced
Hybrid Concepts

Realizing Vision 21 with fuel cell / gas
turbine hybrids




Achieving high efficiency AND low cost together
Fuel flexibility
Synergistic revenue streams

Load flexibility — the generation mix in a Vision 21 world

Conclusions
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Fuel cell hybrids
Reducing $/kW for SOFC in general

Cost benefits of pressurised operation at high
temperature

Comparison of atmospheric and pressurised systems

Configuration , FMEA and the need for specialist
turbomachinery
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Air side of fuel cell enclosed in gas
turbine

Recuperator (Heat exchanger)
allows air in to be heated by air out

Heat from fuel cell converted into
electrical power by alternator

Heat from fuel cell provides
compression for free

High efficiency (55-70+%)
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Simple pressurised SOFC/GT hybrid
showing air side flows only




Reduce $ Increase kW

Improve system integration Increase stack efficiency
Increase stack power

Increase system power and

_ _ efficiency
Reduce stack size and weight

Increases in kW show up twice
In cost of electricity
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Benefits of close integration for pressurized

hybrid

Non-Integrated

Hot pressure balanced bellows
Many high AP joints

Much insulation

Integrated

L\ - Few high AP joints
Careful thermal zoning
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SOFC can use cheap electrode
NEEIETS

Anode exhaust provides water
for reforming

Easy to use heat output from
stack

Hard to poison high temp stack
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Simple fuel processing - Internal
reforming benefits

Close integration of fuel
processing cuts cost

Affordable fuel flexibility




Pressurisation reduces pressure
drops caused by flows

Pressurisation reduces pumping
work required to overcome pressure
drops

Reduces area and cost of heat
exchangers

Increases cell performance
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Direct effect of pressure on key
parameters

Pressure drops

Pump work 1/ P?

Heat exchanger area | 1/P%> —
(based on Upress/Uamb) 1/P0'8

Cell performance

59 log Pr
AV mV




High temperature provides
work to drive air through stack

Reforming at pressure needs
temperature
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Incoming flows can be
heated by

Fuel cell exhaust can be
brought down in temperature

by

Heat exchange is low
velocity process (m/s)
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Turbomachinery uses high
velocities (300+m/s)

Turbocharging of fuel cell
provides blower function




Small turbine brings down flow _
temperature to suit low cost Recuperator materials
heat exchanger materials and pressure

Temperature drop increases
with system pressure

Heat exchanger cost at high
temperatures exacerbated by
welding in heat exchanger

Lower stack temperature?
HX cost only benefits when
stack temperature hits 650C

Refactory

Nickel
Alloys
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Identical stack in pressurised
and atmospheric configurations

$/kW better by 684/1051 = 0.65
at pressure if $ cost identical
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Efficiency
Net AC LHV

Net power
KW

Recuperator
hot inlet

temp °C




Atmospheric system is very little
simpler than pressurised hybrid

Savings on heat exchanger cost
cover cost of turbine and
pressure vessel

Reduced volume of mature
pressurised stack offers
potential for pressurised hybrid
cost below atmospheric system
cost
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System cost
FOB $/kW

Net AC
efficiency
LHV

c/kWh

Other
parameters

Calculations are for
hypothetical hybrids
using commonly quoted
costs and performance

Cost of electricity
estimates (c/kwWh) are
for ~MW sized units
except last case

Last case is long term
for 20MW+ scale unit




System configuration’s are driven by
Failure Mode and Effect Analysis
Keeping configuration simple is key to
lowering cost

Turbomachinery needs to be designed

with failure modes to suit fuel cell
system

Turbomachinery will need to be
optimised to suit hybrid system cycle

Significant work in this area at
Indianapolis, Derby
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Widening primqry fuel range Sulphur tolerance has a
of fuel cell hybrids key to sting in the tail

strategic energy objectives

Only methane can tolerate
the stack environment of an
efficient hybrid

Need specialist pre-
reforming outside stack that
can convert C,, C; etc to
methane + CO + H,
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Thin flat tubes in Rolls-Royce IP-SOFC

Good starting point for fuel flexible cell
(although we’re focused on natural gas)

Sealing Is easier at pressure

Good for round holes
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Benefits Challenges

Unused reformate can form Taking hydrogen bearing
basis for feedstocks either mixture out of stack core
directly as reformate or after significantly complicates a
processing to add value power generation focussed

Sequestred CO, could have plant design

significant future value with Nitrogen present in fuel
carbon trading makes sequestration much

Concentrated anode stream more challenging

from high temperature fuel
cell makes both more
attractive
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Turbogenerator
rundown

Power output, kW
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In a world with advanced hybrids there will be market
demands to use hybrids for increasing degrees of load

following
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Stack power Turbogenerator
at 110%) speed

140.0

Plant efficiency

SOFC/GT hybrids
have unigque part
load efficiency
Significant
development effort
will need be
expended on
developing hybrid
dynamics
Conventional planar
stacks could be
limiting element
unless other designs
developed




Pressurised fuel cell hybrid costs benefit directly and
Indirectly from pressurisation

Combined efficiency and $/kW potential for pressurised
hybrids is exceptional

Pressurised hybrids have greater potential to exploit
benefits of mature fuel cell technology

Highly integrated systems will be needed and these
cannot be built from off-the-shelf components
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Additional revenue streams are attractive but will draw
plant design in different direction to modular standardised
designs used for DR/DG

Fuel flexibility may push stack operating temperatures up

Dynamics for load following will drive stack designs away
from conventional planar design

Specialised stacks for hybrid use need to be developed in
parallel with the hybrid system
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