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Microfabricated fuel cell systems are a promising alternative to batteries for man-
portable power generation. These devices are potential consumer products that constitute
a more or less complex chemical process, and can therefore be considered chemical
products. A great variety of potential devices are being considered in various research
institutions and thus there is a need for a systematic product design methodology,
including comparison of alternatives and examination of the influence of technological
parameters. The design of these product/process hybrids is inherently different from
macroscale process design because of the differing design specifications, objectives, and
constraints, as well as the relative importance of the underlying physico-chemical phe-
nomena. Heat losses substantially influence the process performance, so the processes are
highly spatially integrated. Consequently, flowsheet design and layout need to be consid-
ered simultaneously. In this paper we present our methodology and perform a number of
case studies, including studies of scaling of the processes and effects of layout options and
relevant technological parameters. © 2005 American Institute of Chemical Engineers AIChE J,
51: 2199-2219, 2005
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Introduction

The ever-increasing use of portable electric and electronic
devices increases the need for efficient autonomous man-por-
table power supplies.’> Currently, batteries are the predomi-
nant technology in most applications. However, batteries have
a substantial environmental impact, high cost, and relatively
low gravimetric (Wh/kg) and volumetric (Wh/L) energy den-
sities. State-of-the-art primary batteries reach up to 1300 Wh/L
and 700 Wh/kg and rechargeable up to 400 Wh/L and 300
Wh/kg.3# The upper limit on battery performance is now being
reached as most of the materials that are practical for use as
active materials in batteries have already been investigated and
the list of unexplored materials is being depleted.>3
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There is both military® and civilian interest in alternative
power generation. Out of the many technologies that are the-
oretically possible, microfabricated fuel cell-based systems
have attracted much interest in recent years because fuel cells
have the capability of achieving high efficiency, have few or no
moving parts, and run silently. Companies such as Motorola,
Toshiba, Casio, NEC, and Sanyo have research projects with
the aim of developing miniature fuel cells®? and several mul-
tidisciplinary research projects exist at universities, such as
MIT® and UIUC.?

There are two main approaches for fuel cell systems: (1)
direct fuel cells running on stored hydrogen, methanol, formic
acid, or medium-sized hydrocarbons; and (2) fuel processing
for hydrogen or syngas generation and subsequent oxidation of
these intermediates in a fuel cell. Micropower generation de-
vices based on either approach are products that constitute a
more or less complex chemical process. There is a plethora of
possible processes and process combinations, as well as a wide
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variety of applications and consumers, ranging from cellular
phones and laptops for home use to the power needs of the
dismounted soldier; thus it is plausible that the optimal device
configuration will depend on the product specifications char-
acterizing particular applications. This necessitates a flexible
methodology for the comparison of different technology alter-
natives that can facilitate product engineering of these devices.
Since our preliminary study,'® various articles dealing with
modeling aspects'!-!3 have appeared, although their focus is on
detailed modeling of specific device designs rather than a
comprehensive investigation of the system-level issues.

In macroscale processes plant layout is typically addressed
independently of, and subsequently to, the design of the flow-
sheet; the main considerations for the layout are flow-driving
forces from one unit operation to another (which sometimes
leads to unit operations positioned with a height difference) and
sufficient spatial separation (for safety reasons). This decom-
position strategy—which is possible because the unit opera-
tions are virtually independent from each other—relies on an
effective means of transferring heat between units, a problem
that is solved with the methodology of heat-exchanger network
synthesis.'* At the microscale, on the other hand, the process
components are highly integrated and heat losses significantly
influence the process performance'® and possibly the optimal
design, so that the problems of flowsheet design, physical
layout, and integration of heat sinks and heat sources need to be
addressed simultaneously. A very promising approach is to
couple two or more unit operations thermally in a near-isother-
mal stack.'s

The devices considered need to operate independently of
external heat sources, despite, say, the use of endothermic fuel
processing reactions or high operating temperatures that lead to
high heat losses. The simplest approach to provide the neces-
sary heat is to use part of the fuel in a combustion or catalytic
oxidation reaction, although a more promising approach is to
use a fuel combination. The motivation is that one fuel can be
used for reforming (hydrogen production) and another for
combustion/heat generation. Using multiple fuels is of partic-
ular interest in the case that a low energy-density fuel (such as
ammonia or methanol) is used for hydrogen production, espe-
cially when an endothermic reaction is used (such as cracking).

The study reported here builds on the preliminary study,'©
considering a significantly increased set of possible processes;
examples include more fuel options, allowing fuel combina-
tions, more fuel cell types, and more recycling options. The
models are more detailed while remaining general enough to be
independent of the geometry and catalysts used; examples of
increased detail are the calculation of system energy densities
as opposed to fuel energy densities and considerations of water
permeation. A completely new contribution is the introduction
of idealized layout options, which allows for simultaneous
flowsheet and layout design without specifying a detailed ge-
ometry; this is necessary because of the pronounced effect of
heat losses at the microscale. The case studies clearly show that
product specifications and advances in technology influence
not only the process performance but also the optimal design.

Product Specifications
Micropower-generation devices can be considered chemical
products because they affect chemical change.'® Unlike tradi-
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tional chemical products, their characteristics do not depend on
the molecular structure or microstructure but rather on the
performance of the underlying chemical and electrochemical
unit operations. Most of the methodologies proposed for prod-
uct design'®'? include a step identifying the customer’s needs
before inventing and analyzing alternative products that can
fulfill these needs. The final step in product design is to analyze
the manufacturing alternatives to make this product, which, in
the case of micropower-generation devices, calls on MEMS
(micro-electro-mechanical systems) fabrication technology.
Although this paper focuses on a methodology for comparison
of fuel-cell-based device alternatives, in this section we briefly
characterize the product specifications for different applica-
tions. Manufacturing of the devices is not the topic of this
paper, but the alternatives considered are limited based on
manufacturing considerations.

There are several metrics for the assessment of portable
power-generation devices and, depending on the application,
they can be formulated as design objectives or constraints. For
most applications, design objectives include minimizing
weight and/or volume of the power generation device plus fuel.
An interesting differentiation is between rigid and flexible
volumes: for certain applications a flexible shape is desirable;
for other applications a collapsible fuel container could be
useful, so that the volume is reduced with time. The lifetime
(measured in hours) of operation before the device needs
replacement, recharging, or refueling can be either a design
objective or constraint. Economical and environmental costs
are important criteria that are dominated by the materials used
in devices and the fabrication and recycle/disposal of pro-
cesses, rather than the fuel used, and therefore are not the topic
of this paper. Design constraints include reliability, safety, and
flexibility to ambient conditions. Reliability should in general
be at least as high as that of the devices one wants to power.
From a consumer’s perspective, the power-generation device
must have a relatively simple way of recharging, refueling, or
replacing. Power generation is coupled with heat generation
arising from irreversibilities; the heat generation increases as
the overall system efficiency decreases.?® For highly inefficient
processes the heat generation can render the device uncomfort-
able or even unusable, such as a cellular phone getting hot or
an undesired heat signature in the battle field. For rechargeable
and refuelable devices an important metric is the maximal
number of operating cycles, as well as the performance degra-
dation with increasing number of cycles.

A substantial number of devices, with different characteris-
tics, currently require man-portable power production. Cellular
phones currently use Li-ion rechargeable batteries with a mass
of about 100 g, a cost of around $20, standby operation of
many hours, and runtime of at most a few hours. Digital
camcorders have a power demand of a few watts and typically
use rechargeable batteries with a cost of $20-50. Laptop com-
puter batteries are rechargeable (typically Li-ion), have a mass
of at most a few kilograms, and typically have a capacity of
under 100 Wh/kg, resulting in a few hours of power supply at
around 5-10 W; they cost around $100-200 and have a life-
time of nearly 300 charge/discharge cycles. Flashlights and
toys operate with different types of batteries, either recharge-
able or primary, with a power supply of 1-10 W; the battery
weight and operating time vary significantly with an operating
cost on the order of $5/h. On the limit of portability are
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electrical vehicles for the elderly and handicapped, which typ-
ically use lead—acid rechargeable batteries with a mass of
several kilograms and a mission duration of many hours. It is
to be expected that in the near future new power-consuming
devices, with possibly drastically different specifications on the
power demand, will come to the market. An example is so-
called exoskeletons (also dubbed power pants, power elbows,
etc.): robotic suits with the promise of multiplying the force of
soldiers or rescue workers or even allowing motion to disabled
people.?!-23 These devices will probably be characterized by a
very low power demand during stand-by operation, for moni-
toring purposes, and a spike in the power demand, reaching
tens or hundreds of watts during the actual operation. Other
power-consuming devices that are likely to become interesting
applications for man-portable power generation include porta-
ble medical devices and robots.

Both the power-consuming device and the customer influ-
ence the specifications on the power-generation device and,
because potential customers range from children to a dis-
mounted soldier, there is a great variety of needs. Power-
generation devices for children need to be inherently at least as
safe as current batteries and nontoxic, even when operated in a
manner different from that specified; the price is very impor-
tant, whereas the performance and reliability are not crucial.
Men and women in business, wanting to travel with their
electronic devices, need power-generation devices that can be
carried and operated on airplanes, and refueling in different
countries must be possible; performance and reliability are
more important than price for this potential customer. Moun-
taineers need power-generation devices that can operate under
extreme conditions for long mission durations; reliability is
extremely important and performance largely outweighs price
considerations. The dismounted soldier can be trained for
safety and is already exposed to dangerous materials, and
therefore safety requirements are less important than those in
civilian applications; performance and reliability are the main
criteria and cost considerations are almost negligible. Design
constraints for the dismounted soldier may include operation
without noise generation or a thermal signature, whereas op-
eration under extreme conditions is possible.

Methodology

Most power-consuming devices are not operated constantly
and have rapidly changing power demands, and therefore the
dynamics and operation of power generation devices are very
important. Similar to the electric vehicle application,>* a fast
start-up procedure, at most on the order of minutes, is required.
Assuming that the devices will be able to respond rapidly to
power demands, the average performance will most likely be
dominated by the steady-state behavior of the devices. The
comparison of alternatives discussed herein is therefore per-
formed considering steady-state processes; the calculation of
system energy densities is described in the Appendix.

Steady-state design at the macroscale is usually performed in
stages,'+2> by first specifying the input—output structure of the
process, then the recycle structure, then the separation system,
and finally the heat-recovery network. The physical layout is
performed in the very late stages of process design. This
hierarchical decomposition is possible because different units
can operate independently from each other, a fact that has led
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to the unit-operations paradigm. At the microscale a different
design paradigm is necessary: that of closely interconnected
components of an integrated process. It is therefore necessary
to consider heat integration and layout in the early stages of the
process design together with the input—output structure.

We consider hundreds of alternative processes, chosen with
the constraint that the realization of the processes is either
currently under investigation or foreseeable in the short-term
future (coming years). To describe the alternatives, we use a
conceptual flowsheet superstructure (Figure 1), with the sym-
bols explained below in Figure Al of the Appendix. We want
to emphasize that the superstructure is only conceptual, and
several of the “units” can actually be physically combined. Our
models account for thermal integration of the processes, as
described in detail in the layout section of this article. Although
kinetic data exist for special catalysts'!-2¢ that allow for detailed
modeling, our intention is to have a general methodology that
can cover various geometries and reactor types (PFR, CSTR,
packed bed, and so on) and be independent of the specific
catalysts used. Our models are thus based on user-specified
efficiency parameters in the various units such as conversion,
electrochemical efficiency, and separation efficiency. Once
these parameters and the operating conditions have been spec-
ified, the performance of the system is calculated. As a conse-
quence of the generality of the models, some important aspects
cannot be addressed in detail; an example is the exact influence
of the operating temperature on heat losses: on one hand, an
increase in operating temperature increases the heat losses per
unit surface area but, on the other hand, it also greatly increases
the reaction rates and therefore decreases the size of the device.
The physical properties used are described in Mitsos et al.!°
The implementation and convergence scheme is described in
the Appendix.

The basic requirements for fuels are discussed in Mitsos et
al.’® The set of model fuels that we consider consists of
ammonia, methanol, and propane/butane mixtures and we have
also included compressed hydrogen as well as a relatively
broad class of hydrogen generators, described in detail in the
Appendix. In terms of oxidizing agents we include atmospheric
air, compressed oxygen, and compressed air as well as oxygen
generators, which can offer a significant increase in volumetric
energy density compared to that of compressed gases. The
modeling of the oxygen generators is described in the Appen-
dix.

The first design choice is to choose the fuel that will be used
for power production and whether to perform fuel processing in
a reactor or to directly feed the fuel to a fuel cell. Based on the
process design heuristic for simplicity?’ the postulated super-
structure contains only one reactor. The next design choice is
whether this fuel or another fuel will be fed into a burner for
heat generation. The heat produced from burners serves to
compensate for stream preheating, heat losses, endothermic
reactions, or even heating of the system at start-up.

Depending on the fuel-processing reaction a secondary feed
of water or oxygen to the reactor is necessary. If desired, we
can split part of the reactor products and burn it to supply heat,
in which case a stream split is necessary. As described in
Mitsos et al.,'® simply recycling the reactor products does not
seem a promising option and no recycling after separation is
considered here.

Certain components, such as carbon monoxide, have delete-
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Figure 1. Conceptual process superstructure.

rious effects on some fuel cells [such as polymer electrolyte
membrane (PEM)], and it may thus be necessary to perform a
gas purification. We assume that the purification will lead to
two streams, one of essentially pure hydrogen along with a
waste stream. We consider a partial loss of the hydrogen in the
waste stream, but we neglect any energetic penalty for the
purification and the effect of a sweep stream, which may be
necessary for the operation.?® The purification could either be
sequential to the reactor, or the reactor and the membrane could
be combined into one unit, allowing for higher selectivity of
the reactions toward hydrogen.?*-2¢ The separation waste can be
either discarded or burned. If desired, the purification product
(H,) can be split, and a part can be fed into a burner.

We consider a variety of fuel cells: either a solid oxide fuel
cell (SOFC) with the option of internal reforming; a proton
ceramic fuel cell (PCFC); a hydrogen-operated PEM fuel cell;
a single-chamber fuel cell operating with hydrogen and carbon
monoxide; or finally a direct methanol fuel cell (DMFC). A
SOFC has the benefit of fuel flexibility, although it is operated
at a high temperature, which leads to substantial heat losses and
problematic start-up. PEMs are run at low temperatures but
cannot tolerate impurities, and water management is an issue.
Single-chamber fuel cells are potentially easier to fabricate,®
but have the drawback that they are operated with premixed
gases that potentially can lead to explosions and require cata-
lysts with high selectivity. A PCFC, which is a relatively new
concept,?' has the potential of fuel flexibility while operating at
slightly lower temperatures than those of SOFCs. A DMFEC is
a PEM-based fuel cell in which a dilute methanol solution in
water is reformed at a relatively low temperature, around 350
K; major technical challenges include methanol crossover and
water management. The reader is referred to the literature for
extensive discussions about the technology differences in the
fuel cells.32-34 Details concerning the fuel cell modeling used in
this paper are found in the Appendix.
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The conversion in the fuel cells (also denoted “fuel utiliza-
tion”) is not complete, and the unreacted part of the fuel can
either be burned or recycled, and this basic recycling option
was analyzed in Mitsos et al.!'® A more promising recycling
option would be recycling after separation, such as separating
the hydrogen of the fuel cell effluent and recycling it to the fuel
cell, or separating the steam/water and using it for reforming
reactions and to prevent coking. These options are very appeal-
ing from the perspective of minimizing the mass, but separa-
tion might be very difficult to implement in the general case.
We allow for the option of separating the liquid and gaseous
components of the anode and cathode effluents in a flash at a
given temperature, most likely near-ambient, and recycling a
fraction of the liquids (mainly water and methanol) to the
reactor or the fuel cell anode. Depending on the implementa-
tion of the recycle stream, a pressure-increase mechanism may
be necessary (such as a microfabricated pump), and we con-
sider an energetic penalty in terms of a compression power.
The remaining liquid components constitute a purge stream.
The gaseous components can be recycled to the reactor, mem-
brane, or fuel cell as in Mitsos et al.!¢

The cathode effluent stream of the fuel cell can be reused to
provide oxygen for a burner because it is plausible that the fuel
cells will be operated at a relatively large oxygen excess.
Reusing excess oxygen is most advantageous in volume-criti-
cal applications where the oxygen cartridge may occupy a large
fraction of the total system volume. In addition, the tempera-
ture of the cathode effluent stream is higher than the ambient,
so this reduces the energetic requirement of preheating the
oxygen feed to the burner. However, in circumstances where
the fuel cell discard temperature is substantially lower than the
operating temperature of the burner (that is, for a PEM or
DMEFC), preheating is still necessary. The cathode effluent also
contains nitrogen, and in some cases (such as a PEM) steam,
and heating of these components to the burner operating tem-
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perature may outweigh the advantage of using preheated oxy-
gen.

Integrated Layout and Thermal Management

The graphical representation of the superstructure (Figure 1)
does not contain information about the physical layout. In
Mitsos et al.'® we demonstrated the pronounced effect of heat
losses on process performance and the importance of thermal
management for high-temperature micropower-generation de-
vices. A very promising approach for thermal management is
to thermally couple two or more units in a near-isothermal
stack.?> In this manner direct heat transfer between heat sinks
and heat sources is possible, as well as heat recovery of the
effluent streams; thermally coupling two units also reduces the
surface area and, as a result, the heat losses. Combining units
is thus a layout consideration that influences the process per-
formance. As a consequence, the problems of flowsheet design,
physical layout, and heat integration need to be solved simul-
taneously.

In the following description, we will refer to individual
process components (that is, fuel cell, reactor, burner, and so
on) as “units,” although they are not independent in the sense
of the unit-operations design paradigm. Specification of the
process layout requires an indication of the relative location
and connectivity of every unit present in the selected flowsheet
of the superstructure, for example, is the fuel cell in thermal
contact with the reactor? We propose an idealization of the
layout considerations, allowing for only two extremes, imple-
mented using logical decisions for the connectivity of each pair
of units; this simplification is made for the same reasons that
we used generic models for the reactor and the fuel cells. One
extreme is that the units are thermally connected, so that they
share the surface that results in heat losses, and one energy
balance is sufficient. Within these “stacks,” flow streams pro-
ceed directly between units, so that heat losses between units
are neglected. Because of the small length scales associated
with these microdevices, conduction is rapid in these stacks,
thus necessitating that all units within a given stack operate
with small temperature differences between them. Although
our models allow for unit operating temperatures to be defined
separately, this temperature constraint must be considered
when deciding to combine two units. It is unlikely to find a way
to use the heat excess of units operating at low temperatures,
such as PEM or DMFC, and thus we do not allow the possi-
bility of connecting these units with any other units. The
combination of units may also be limited by fabrication pos-
sibilities that are not the subject of this study.

The other extreme that we consider is that the units are
separated, so that each one has separate heat losses to the
ambient and significant heat losses occur when mass or heat is
transported between the units. In the case of a stream flowing
from unit 7 to unit j, the temperature inlet to unit j is calculated
as

T} = T[ - X/emp(Ti - Tamh)

where the energetic penalty (“temperature loss factor”) x,,,,,, €
[0, 1] is a given parameter. In addition, heat exchange is
inefficient, if not impossible, if the units are not integrated into
stacks. We do allow for the option of heat exchange from
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burners that are not thermally coupled to the heat sink, but we
impose an energetic penalty. The heat input to unit j is taken as
a fraction of the heat output from unit ;

Qj,in = (1 - Xhml)Q[,zml

and the difference between Q; ,,,, and Q; ;, is assumed to be lost
to the ambient. We do not account for details of the heat
exchange; possible realizations of heat exchange are radiation
or conduction along a rod connecting the units, or preheating of
inlet gases to one unit by the heat excess of the other. The
parameters Xj,.., and X, are design dependent.

In Figure 2 the two extreme cases of layout are illustrated for
a process in which butane is partially oxidized and the syngas
produced is fed into a SOFC, whereas the cathode effluents are
used to oxidize the unburned syngas from the anode for heat
generation. In one extreme case the SOFC, reactor, and burner
are assumed to be thermally coupled, whereas in the other
extreme case, all three units are separate, with remote heat
exchange between the burner and the SOFC. It should be noted
that Figure 2 is conceptual and not an actual design.

Although layout options including many stacks are conceiv-
able, we allow a maximum of two theoretical stacks, each of
which can have up to five individual units. This restriction is
motivated by the fact that the superstructure has up to two main
units—the reactor and a fuel cell—and by this restriction an
explosion in the number of logical choices is avoided. The five
units potentially available for each stack are the fuel cell
effluent burner, the membrane waste burner, the reactor, the
fuel cell, and either a fuel burner (a reactor products burner) or
a membrane products burner. We assume only one instance of
the former four units and therefore they can be present in only
one stack; we do allow for the possibility of splitting the fuel,
reactor products, and membrane products streams, however, so
that the latter units may be present in both stacks.

In the case that multiple burners are present in a stack, it is
possible to combine them into a single unit, by mixing the inlet
streams and producing a single waste stream. This may be
easier from a fabrication perspective, or may result in a higher
average conversion. According to the constraints on the num-
ber of units and stacks, there can be at most three burners in a
single stack. In this case there are three possible ways to
premix the burner streams: combine all three streams (one
burner), combine two streams and leave the third stream sep-
arate (two burners), or leave all three streams separate (three
burners). Our models allow for all three possibilities.

In our previous models,!® we required that the system as a
whole be autothermal (heat load negative or zero). We now
impose the more detailed requirement that each stack be auto-
thermal (heat load on each stack is negative or zero). Because
we assume perfect heat exchange within the stack and heat
exchange from noncoupled units subject to an energetic pen-
alty, Xp.o € [0, 1], the energy balance around a single stack
with components i, inlet streams j, and outlet streams k is given

by

> 2 NGH(T) =2 > N H (T) + Q, = Qs + PWyc

i k i j
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We require that the sum of the heat duty Q, of the stack and
the effective heat exchange (1 — Xjou)Qremore frOM remote
units, is less than or equal to zero

Qp + (1 - X/wat)Qr@mal@ =0

In general heat removal can be problematic,?°-3¢ but we assume
that for the processes considered it will be possible by reducing
the insulation, introducing a heat sink element, or increasing
the oxygen excess. We currently do not directly account for the
(presumably small) decrease in the system performance by
implementing these options.

In a similar vein to the combination of units, we also con-
sider the option of combining fuel cartridges. This may be
more difficult to fabricate, but has the advantage of minimizing
the cartridge volume. We allow for the option of combining all
fuel cartridges, combining the cartridges that go to burners, or
keeping all the cartridges separate. In the case that compressed
oxygen or an oxygen generator is used, we consider only the
option of a single oxygen cartridge.

Case Studies

The number of processes considered is so large that an
exhaustive comparison and study of the parameter dependency
is not possible within the scope of this article. Instead, we
choose to compare a small set of alternatives in terms of
different metrics as well as to study the influence of key
parameters (different for each alternative). These studies show
the capabilities of the methodology developed and present
insights into the product design of portable power-generation
devices. It should be noted that the quantitative results depend
on the values of the operating and modeling parameters used.
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Influence of Product Specifications on Hydrides
and Hydrocarbons

In Figure 3 we compare one SOFC-based and two PEM-
based processes as a function of relevant technological param-
eters using two different metrics: volumetric and gravimetric
energy density. For simplicity, we base the densities only on
the amount of fuel needed, which dominates over the device
size for long mission durations; these are referred to as gravi-
metric and volumetric fuel energy density, respectively. In the
first process, denoted “Hydride,” hydrogen is released by a
hydride and fed directly into a PEM. For the gravimetric
energy density we use a hydride density of 0.2 g H,/cm® and
vary the weight percentage of hydrogen, whereas for the volu-
metric energy density we use a value of 8 wt % and vary the
hydride density. In the second process, denoted “POX-PEM,”
the propane/butane system is partially oxidized, and the hydro-
gen is separated with a varying recovery m),, and then fed into
a PEM. Finally, in the SOFC-based process, denoted ‘“POX-
SOFC,” the propane/butane system is partially oxidized and
fed into a SOFC and the fuel cell effluents are used in a
combustion chamber to provide sufficient heat for the high
operating temperatures; the reactor, burner, and SOFC are
assumed to be in thermal contact; carbon monoxide and hy-
drocarbons are assumed to be consumed in reforming reactions
in the SOFC. For the PEM-based processes there is always heat
excess and the decision of oxidizing the fuel-rich streams
depends on the product requirements; they should be oxidized
in an environment with strict requirements on toxic or danger-
ous emissions, and should not be oxidized when heat removal
or heat signature are of concern.

Table 1 summarizes the parameters used. The main obser-
vation is that the optimal design depends on the relative im-
portance of objectives, that is, maximal volumetric or gravi-
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Figure 3. Comparison of hydride-based and hydrocarbon-based processes in terms of volumetric and gravimetric

fuel energy density.

metric energy density, as well as advances in technology, that
is, membrane efficiency and hydride density. It is therefore
plausible that different applications will require a different
power-generation device and that the optimal design can
change with technological improvements. Regarding the actual
comparison of hydrides and hydrocarbons, the qualitative be-
havior is that highly concentrated hydrides can compete with
hydrocarbon-based processes in terms of volumetric energy
density, whereas in terms of the gravimetric energy density
they cannot. We reiterate that the exact numbers depend on the
parameters used. Hydrogen recovery is very important but,
even with complete recovery, the loss of the chemical potential
of carbon monoxide makes PEM-based processes less attrac-
tive than those using a SOFC.

Although the exact device size depends on fabrication and
packaging technologies, it is to be expected that the processes
that use hydrocarbon processing will result in a larger device
than hydride-based fuel cells because of the presence of a
reactor. Therefore for small mission durations and/or power
requirements the hydride-based processes might be the optimal
choice. On the other hand, for longer mission durations and
high power requirements, the fuel size dominates over the

device size and one would expect that hydrocarbons will be the
fuel of choice.

Effect of Oxygen Generators

In Mitsos et al.’® we analyzed the effect of using compressed
oxygen for cases where atmospheric air is not available (for
underwater operations such as recreational diving). The vol-
ume of the compressed oxygen is very large and consequently
the volumetric energy density is low. Here we compare the
process of the previous design based on partial oxidation of
propane/butane in combination with a SOFC for a mission
duration 7,,,, = 30 h using either an oxygen generator or
compressed oxygen as the source of oxygen. For the case of
compressed oxygen we assume a plastic fuel storage material
with a maximal allowable tensile stress of 100 MPa and a
density of 1.5 kg/L. and no minimum thickness requirement and
we vary the storage pressure in the range 10—1000 bar. For the
case of hydrogen peroxide we again use a cartridge density of
1.5 kg/L and vary the hydrogen peroxide weight fraction for
two cartridge wall thicknesses, 1 and 10 mm. The properties for
the storage materials were based on the range given in Perry

Table 1. Process Parameters for the Comparison in Figure 3

Ambient temperature T = 298 K Power output PW=1W
Reactor temperature T,, = 1000 K Reactor outlet temperature T,., = 500K
Conversion in reactor =09 SOFC temperature T,, = 1000 K
Residence time in reactor 7= 1ms Discard temperature from SOFC T,., = 500K
Conversion in burners ¢ = 0.95 PEM temperature T,, =350 K
Residence time in burners 7= 1ms Discard temperature from PEM T,.,=350K
Air excess in burners o =12 Conversion in fuel cell =038
Overall heat loss coefficient U=3Wm K Residence time in fuel cell T =20 ms
Emissivity (incl. view factor) e =02 Efficiency of fuel cell Nee = 0.7
Air excess in fuel cell D =12 Compression parameter for the air feed Ke=10J mol ' K™!
Burner temperature T,, = 1000 K Discard temperature from burner T,. = 500K
Water factor in fuel cell V=1 Propane molfraction in feed 0.5
No air excess in reactor o =10
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Figure 4. Comparison of hydrogen peroxide and compressed oxygen in terms of the volumetric system energy

density.

and Green?” for epoxic and polyesteric materials. As metrics
for the comparison of the processes we use the volumetric and
gravimetric system energy densities, where the system includes
the power-generation device and the stored fuel, as described in
the Appendix. Either metric can be more important depending
on the application; for a mountaineer minimizing weight is
more important than minimizing volume, whereas for a diver
minimizing the mass is not as crucial because of buoyancy
effects. The start-up time was assumed to be 7, = 60 s with
an auxiliary battery with a gravimetric energy density of 200
Wh/kg and a volumetric energy density of 200 Wh/L; the
volume factor for the device is assumed to be 10 and the device
density 1 kg/L. The influence of these parameters on the system
volume and mass is insignificant, given that the volume and
mass are dominated by the oxygen storage device.

In terms of the volumetric system energy density (Figure 4),
relatively dilute oxygen generators can reach the performance
of highly compressed oxygen. In terms of the gravimetric
system energy density (Figure 5), only very concentrated hy-
drogen peroxide can outperform the compressed gas. The
gravimetric system energy density in the case of compressed
oxygen is decreasing with pressure because the required car-
tridge wall thickness increases superlinearly with the storage
pressure, whereas the cartridge volume decreases linearly. The
volumetric system energy density increases with storage pres-
sure because of compression, but for greater pressure to allow-
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able stress ratio the wall cartridge thickness increases so much
that the cartridge volume becomes significant. In terms of the
optimal product there is a trade-off between the safety require-
ment and the objective of minimizing weight and/or volume;
safe operation requires thick cartridges and a dilute oxygen
generator or moderate storage pressures, whereas energy den-
sity maximization requires a highly concentrated oxygen gen-
erator or high storage pressures using thin-walled cartridges.
Depending on the relative importance of the objectives, either
the oxygen generators or compressed oxygen may be the op-
timal choice. It can also be seen that the comparison with
state-of-the-art batteries regarding the energy density is not
very favorable and only highly efficient processes will be able
to compete with batteries with respect to this metric.

Effect of Scale on Process Performance

The scalability of micropower-generation devices is partic-
ularly interesting because there are two major scales. One is the
nominal power output, which is mainly associated with the
device size, and the other is the time between refueling (mis-
sion duration), which is associated with the fuel cartridge size.
In this case study we present the influence of these two scales
on achievable system performance using the volumetric and
gravimetric energy densities as metrics. We use the same
parameters as in Table 1, a volume factor of 10, and a device

Vol. 51, No. 8 AIChE Journal



Oxygen cartridge pressure [bar]

500 0 100 200 300 400 500 600 700 800 900 1000
Hydrégen peroxlide, cartriclige thicknéss Tmm L I I
Hydrogen peroxide, cartridge thickness 10mm --------
450 + Compressed oxygen --—- .
'S 400 - i
<
2
> 350 + .
‘@ ™~
5
© 300 T .
> ~a
> S
$ 250 - e -
£ el
3z T
® 200 | e -
n -\-\.
Q ~.
T 150 -
£ sl
S N
E \.\.\ ______________
G 100+ T Sl -
50 - .
0 ] I 1 1 i -
0 20 40 60 80 100

Hydrogen peroxide weight %

Figure 5. Comparison of hydrogen peroxide and compressed oxygen in terms of the gravimetric system energy

density.

density of 1 kg/L. The fuel cartridge thickness was taken to be
1 mm and the density 1.5 kg/L. The start-up time was assumed
to be 74, = 60 s with an auxiliary battery with energy

densities of 200 Wh/kg and 200 Wh/L. As metrics for the
scalability we use the volumetric and gravimetric system en-
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ergy densities, where the system includes the power-generation
device and the stored fuel, as described in the Appendix. Figure
6 shows the achievable energy density in Wh/(L system) and
Wh/(kg system) for the SOFC-based process.

For low power outputs the heat losses dominate over the
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Figure 7. Volumetric and gravimetric system energy density of hydrocarbon partial oxidation in combination with a
PEM as a function of mission duration and power output.

exothermicity of the fuel processing and burning of the fuel cell
effluents as well as part of the fuel is needed (Design I).
Because the heat generation scales linearly with power output,
whereas heat losses scale sublinearly (with a power of 2/3), the
achievable energy density increases significantly with the
power output. At a power output of about 0.6 W a kink is
observed because for higher power output the heat generation
from burning the fuel cell effluents is sufficient (Design II).
Above approximately 1.6 W the process is sufficiently exother-
mic, so that the fuel cell effluents need not be oxidized (Design
III). It should be noted that these designs were obtained by
comparing different designs through simulation rather than
mathematical programming. The system energy density in-
creases with mission duration and approaches the energy den-
sity with respect to the fuel volume/mass because the device
size becomes negligible. This case study demonstrates that the
influence of scale on process performance is significant; given
that different processes generally scale differently, the optimal
design is also likely to be influenced by the scale.

An interesting aspect regarding the performance of the in-
dividual “units” is their volumes, which determine the respec-
tive power density (W produced/volume). In this case study the
fuel cell volume predominates over the volumes of the reactor
and burner largely because of the residence times assumed.
This volume ratio suggests that improvements in the fuel cell
performance would have a much greater influence on device
size than improving the reactor technology would. The power
density for the SOFC is in the order of 700 W/L, whereas for
the reactor approximately 15,000 W/L; it should be noted that
these values are relative to the inner volume and do not include
packaging of the devices.

The trend shown in Figure 6 is general and Figure 7 shows
the scaling of the PEM-based process assuming a membrane
efficiency of 0.8. The heat generated from the partial oxidation
is sufficient to maintain the high operating temperature in the
reactor and no oxidation of the membrane waste or fuel cell
effluents is necessary from the perspective of heat balance; we
here assume that emission of these gases is tolerated. The
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dependency on power output is mainly explained by the fact
that small cartridges have relatively thicker walls than those of
larger ones and is not as pronounced as in the SOFC case.

Effect of Fuel Combinations and Layout

In this case study we investigate the effect of using a second
fuel for heat generation as well as how different layouts can
yield significantly different system performances. A process
that has been proposed?® is ammonia decomposition to nitrogen
and hydrogen and subsequent oxidation of the hydrogen in a
PEM fuel cell. A major drawback of this process is that
ammonia is corrosive and extremely toxic. From a technolog-
ical perspective this process has the benefit that the ammonia
does not contain carbon, and thus poisoning of the PEM can be
avoided without the need for a separation after the fuel pro-
cessing. However, the process has many drawbacks, including
high operating temperatures for the fuel processing reactor and
an endothermic fuel processing reaction, so that burning the
fuel cell effluents may not provide sufficient heat.'® Perfor-
mance improvements can be achieved by the use of a second
high energy fuel, such as hydrocarbons, for heat generation.
We consider two extreme cases of layout: that either the two
burners are separate and we have remote heat exchange or that
the two streams to be burned are combined in a burner that is
in thermal contact with the reactor. In Deschmukh et al.!! it was
demonstrated that conversion for the ammonia cracking reac-
tion is essentially complete for residence times in the order of
milliseconds and a fuel processing temperature of 650°C. Here
we assume complete conversion of ammonia in the reactor and
vary the residence time in the reactor in the range 0—100 ms.
Table 2 summarizes the parameters used and Figure 8 shows
the results in terms of the fuel energy density.

Even for low residence times combining units into a stack
has a significant impact, and thermal integration seems neces-
sary. This case study illustrates that flowsheet design and
thermal management, including combination of heat sources
and heat sinks, need to be considered simultaneously. The use
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Table 2. Process Parameters for the Ammonia Cracking Case Study, Figure 8

Ambient temperature T = 298 K
Reactor temperature T,, =923 K
Conversion in burners ¢ = 0.95

Residence time in burners T=1ms

Air excess in burners o =12

Overall heat loss coefficient U=3Wm 2K
Emissivity (incl. view factor) g =102

Air excess in fuel cell o =12

Burner temperature T,, = 1000 K
Temperature loss factor Xeemp = 0.6

Power output PW=1W

Discard temperature from reactor T,.= 623 K

PEM temperature T,, =350 K

Discard temperature from PEM T,. = 350K
Conversion in fuel cell (=038

Residence time in fuel cell 7= 20 ms

Efficiency of fuel cell Npe = 0.7
Compression parameter for the air feed Ke=10J mol ' K™!
Discard temperature from burner T,,= 500K

Heat loss factor Xnea: = 0.6

of ammonia oxidation for heat generation in separate units
becomes essentially impossible for long residence times be-
cause of the resulting increase in heat losses. The choice of a
single fuel or a fuel combination is not obvious; from the
perspective of maximizing the energy density the fuel combi-
nation is very advantageous, but it bears the logistic difficulties
of carrying two fuels. This trade-off implies that for different
applications a different design will be used.

Water Management in DMFC

It is well known that water management is a key consider-
ation in direct methanol fuel cells.?* Here we investigate the

Combined units, burning ammonia ~— -~~~

effect of internal (through diffusion from the cathode to the
anode) and external (through flash separation of the fuel cell
effluents) recycling of water. We use an operating temperature
of T = 350 K, a conversion of methanol equal to { = 0.6, a
diffusion factor for hydrogen ki{"* = 1, a methanol transport
coefficient k¢yy on, and a water factor ¥ = 2, as defined in the
description of the DMFC model in the Appendix. The flash for
the fuel cell effluents is assumed to operate at the ambient
temperature 7, = 298 K. As a figure of merit we use
gravimetric fuel energy density, because we currently do not
have accurate estimates for the sizing of mechanisms for ex-
ternal recycling, such as flash and pumps; in Figure 9 the
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energy density is plotted as a function of the overall transport
coefficient for water kiy’s = —0.7-3.

We consider four possible product designs. In the simplest
case (Design I) no separation or recycling is performed, but
rather the fuel cell effluents are directly wasted; in this case the
energy density decreases substantially with increasing water
transport coefficient, and the DMFC can operate efficiently
only in the presence of internal recycling kij'(, < 0. Design II
assumes that half of the liquid part of the fuel cell effluents can
be recycled to the anode with a negligible energy penalty; again
the energy density greatly depends on the water transport
coefficient, but there is a wider range where the fuel cell can
operate efficiently; for k;;gg <0, the internal recycling provides
sufficient water to the anode. Finally, for Designs III and IV we
assume that effective external recycling can be achieved (90%
of the liquid fuel cell effluents); in Design III without an
energetic penalty and in Design IV with the extremely large
energetic penalty of K, = 1 X 10° J/L; in both cases the fuel
cell performance is efficient for a wide range of values for the
water transport coefficient; the effect of the energetic penalty is
relatively small because of the small volume of the liquid
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streams. For different values of the water excess factor W,
corresponding to a different composition of the fuel cell feed,
the same qualitative behavior is observed with a shift in the
achievable energy density and the range of values for the water
transport coefficient. It should also be noted that although
external recycling, if at all possible, can improve the process
performance, there is a trade-off of increase in the device size
and complexity. Whether recycling should be pursued depends
on the product specifications and objectives, such as the power
output and mission duration and the requirements on process
performance, as well as on advances in the technology, such as
the water transport coefficient.

Water Management in Water-Reforming
Reactions

Steam reforming is widely used in stationary applications.3®
This is an interesting alternative because a water/steam system
is relatively inexpensive, and in the case of fuel cells operating
at high temperature the heat excess from the fuel cell can be
used for the fuel processing reaction. In portable applications,
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Table 3.

Process Parameters for Water-Reforming Study in Figure 10

Ambient temperature T, = 298 K

Reactor temperature T,, = 1000 K
Conversion in reactor =09
Residence time in reactor 7= 10 ms
Conversion in burners (=095

Air excess in burners =12
Overall heat loss coefficient U=3Wm?K!
Emissivity (incl. view factor) e =02

Air excess in fuel cell =12
Burner temperature T,, = 1000 K
Water factor in fuel cell V=1
Propane molfraction in feed 0.5

Power output PW=1W
Reactor outlet temperature T,. = 1000 K
SOFC temperature T,, = 1000 K
Discard temperature from SOFC T,. = 500K
Residence time in burners 7= 1ms
Conversion in fuel cell =038
Residence time in fuel cell T =20 ms
Efficiency of fuel cell Nee = 0.7
Compression parameter for air feed Ke= 10T mol ' K™!
Discard temperature from burner T,, =500 K
Pump parameter K, = 100 J/L

on the other hand, carrying the water significantly decreases the
energy density, and therefore steam-reforming reactions are not
necessarily the optimal fuel processing path. Water separation
and recycling constitute a task that may be impossible to
implement at the microscale, but it has the promise of signif-
icant improvements in performance because it can minimize
the size of the water cartridge. On the other hand, reforming
reactions are operated at relatively high temperatures, and

waste

therefore recycling of water is associated with a large energetic
penalty for vaporization and heating; also recycling an excess
of water dilutes the fuel and increases the required device
volume, resulting in increased heat losses. The trade-off be-
tween these considerations leads to an optimum recycle ratio
for a given requirement for water in the reactor feed.

Here we consider a process based on the combination of a
hydrocarbon reforming reaction with a SOFC. The water re-
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quirement in the reactor feed is specified according to an excess
factor W, relative to complete reforming reaction

NHzO,in = \P(3NC3Hx,in + 4NC4Hm,in)

The gaseous components after the flash separation are com-
busted, and the energy balance is closed by burning hydrocar-
bons. The reactor, fuel cell, and burner are assumed to be in
thermal contact, and carbon monoxide and hydrocarbons are
assumed to be consumed in reforming reactions in the SOFC.
Table 3 summarizes the parameters used.

Figure 10 shows the effect of recycling for different stoichi-
ometric compositions of the reactor inlet as a function of the
recycle ratio. Because we consider a constant residence time,
the reactor size increases for recycle ratios greater than the
optimal one. Depending on value of the water factor W, the
optimum is observed at a recycle ratio of about 0.5-0.8. In a
similar vein to the case of recycling in a DMFC there is a
trade-off between an increase in the device size and complexity
and the improvement of product performance.

Conclusions and Future Work

Micropower-generation devices based on fuel cells are prod-
ucts with the potential of outperforming batteries for man-
portable power generation by an order of magnitude in terms of
energy density. There is a plethora of conceivable applications
and processes and this results in the need for product engineer-
ing. We have presented a methodology for the comparison of
the alternatives and investigation of the influence of techno-
logical parameters. We have implemented the methodology as
a tool available in the form of a web interface,*® which allows
for facile use by remote users who are unfamiliar with the
modeling language and the details of the models. Upon request
and subject to approval this web interface can be made avail-
able for academic purposes.

At the microscale, process components are highly integrated
and the heat losses substantially influence the optimal design,
so that the problems of flowsheet design, physical layout, and
integration of heat sinks and sources need to be solved simul-
taneously. The optimal process design depends on product
specifications and technological advances. The performance of
water-consuming reactions depends strongly on the ability to
separate and recycle the wastewater.

Under the assumption that rapid start-up is possible, the
average performance mainly depends on the steady-state per-
formance of the processes; nevertheless, the transient behavior
is extremely important and needs to be addressed in the future.
It is likely that certain processes exhibiting poor transient
behavior must be excluded. It might also be necessary to
oversize certain units relative to optimal steady-state design, or
even add additional units with the sole purpose of start-up, such
as a catalytic oxidation reactor to generate heat for start-up.
These considerations lead to an interaction between the design
and operation and we have started considering this.*! The large
number of flowsheet and layout options suggests that the ap-
plication of mixed-integer (parametric) optimization tech-
niques will lead to useful insights. Another important aspect is
that of pressure considerations, including pressure drops and
dependency of the process performance on the ambient pres-
sure (such as that at high elevations). Currently, we have no
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good estimates for the size of peripheral devices, such as valves
and pumps, but in contrast to the macroscale the energy con-
sumption and influence of these components may be substantial
and should be considered. Our modeling framework is flexible
and we are considering the inclusion of more fuels, such as
ethanol and formic acid,*? or different fuel-processing mecha-
nisms, such as autothermal reforming.3?
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Appendix
Calculation of energy densities

When comparing the devices, with respect to batteries in
terms of energy densities, it is necessary to consider the whole
system, that is, the device including the process units, the
packaging, the fuel, and the fuel cartridge. In our previous
publication!® we considered only the fuel and defined the
energy density as the power output over the gravimetric or
volumetric flow rate, as PW/Z,; ; MW,N, 1,,,;- This metric has the
advantage that it is independent of the mission duration, but is
a valid approximation to the system energy density for only
long mission durations when the fuel size dominates over the
device size.

To calculate the system size (mass and volume) the mission
duration T, that is, the time period between refueling,
needs to be specified. The required fuel volume/mass is the
product of the mission duration and the volumetric/gravimetric
flow rate. For supercritical components (N,, O,, H,) the molar
volume is calculated assuming ideal gas at a given storage
pressure, whereas for subcritical components the liquid molar
volume is used. For the supercritical components the storage
pressure is a specified parameter, whereas for subcritical com-
ponents it is calculated as a function of the ambient tempera-
ture. A cylindrical cartridge of a given aspect ratio is assumed.
For liquids and solids a constant wall thickness is assumed,
whereas for gases and subcritical components the wall thick-
ness ¢ is calculated according to the ASME Boiler and Pressure
Vessel Code#?

Plon 4, Plo, = 0.385
= — — . <
L= 1 =0.6Plo, 2 " min o4 =0
(P d Plo, > 0385
“\\N1=pro, )2 o0 Ploa=0.

where d is the inner diameter of the cartridge and o, is the
maximal allowable tensile stress, an input parameter. For the
special cases of hydrogen and oxygen generators a different

Burner Feed

Reactor Design decision

Component separation D Compressor
Stream splitter Fuel cell

ORI N

Flash

~

Figure A1. Explanation of the symbols used.
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Table A1. Nomenclature

Abbreviation Property Unit
A Surface m*
d Cartridge inner diameter m
eg‘,’fw Gravimetric energy density of Wh/kg
auxiliary battery
ebat Volumetric energy density of Wh/L
auxiliary battery
H;; Molar enthalpy of component i J/mol
in stream j
G, Molar Gibbs free energy of pure J/mol
component i at reference
pressure
AG Gibbs free energy of reaction r J/mol
at system pressure
ke Transport coefficient for (mol/s)/(mol/s)
component i
Kc Compressor parameter Jmol ' K™!
Kp Pump parameter J/L
M Mass kg
MW, Molar weight of component i kg/mol
m; Mass of component i kg
n; Mol number of component i mol
Ny Initial mol number of component mol
i
N;; Molar flow of component i of mol/s
stream j
N; ayr Diffusion rate of component i mol/s
P Pressure bar
P, Reference pressure bar
PW Power W
Qoss Heat losses w
» Heat load of unit p w
iin Heat exchange into unit i w
i out Heat exchange out of unit ¢ w
remote Heat exchange from remote units w
Gas constant Jmol ' K™!
t Cartridge wall thickness M
T Temperature K
T o> Ambient temperature K
U pss Overall heat loss coefficient Wm 2K
v Volume m?
w; Weight fraction of component i kg/kg
«a Split ratio (mol/s)/(mol/s)
e Product of emissivity and view (W/m?)/(W/m?)
factor
Naigy Diffusion efficiency (mol/s)/(mol/s)
Nads Adsorption efficiency (mol/s)/(mol/s)
Ny Membrane efficiency (mol/s)/(mol/s)
Nee Fuel cell efficiency W/W
. Conversion of reaction r mol/mol
v Stoichiometric coefficient of
component i in reaction j
¢, Extent of reaction r mol/s
p; Density of component i kg/m?
T, Maximal allowable tensile stress Pa
T Residence time S
Tynission Mission duration (time between S
refueling)
Totartup Process startup time S
Air ratio (mol/s)/(mol/s)
Xeemp Temperature loss factor K/K
Xnear Heat exchange loss factor W/wW
v Water excess coefficient (mol/s)/(mol/s)

calculation is undertaken, described in the respective subsec-
tions.

During the mission duration the mass of the fuel is con-
stantly decreasing, whereas typical batteries have a constant
mass, and the mass of zinc—air batteries increases with time as
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the metal is oxidized. We calculate both the initial and the
average (1/2 the initial) fuel mass. We assume a rigid fuel
cartridge and therefore the whole cartridge volume is consid-
ered. The device volume is estimated by calculating the nec-
essary volume for the units and multiplying with a factor, order
of magnitude 2-10, accounting for the volume necessary for
the packaging of the devices. The device mass is then calcu-
lated with a given density.

It is most likely that the devices will be coupled with a
relatively small, most likely rechargeable battery, for start-up
and shutdown operations; the function of the battery will be to
provide the required power and possibly to heat the fuel cell
and reactor stack. We calculate the battery size based on a

given start-up time period 7, and energy densities
bat __ bat
M = PW(Tstartup/egrav

bat _ bat
v =p W(Tsturtu €yol

Oxygen generators

In volume-critical applications where atmospheric oxygen is
not available, chemical oxygen generators can offer a signifi-
cant increase in volumetric energy density compared to com-
pressed air or compressed oxygen. This increase in volumetric
energy density, however, is coupled to a decrease in gravimet-
ric energy density as a result of the added mass of the gener-
ator. We consider hydrogen peroxide as an example of such an
oxygen generator. Because of its extensive current use, many
of the safety concerns and transportation issues are already well
understood.*+*> No special regulations apply to the transport of
dilute solutions (=8 wt %) of hydrogen peroxide, whereas
concentrated solutions (=40 wt %) are not admitted for air
transport.*® Hydrogen peroxide decomposes when heated, re-
leasing oxygen according to

H,0, — H,0' + 0.50%

We consider a single cartridge that feeds all the units. For a
given mission duration T, the total moles and mass of

mission>

hydrogen peroxide needed are given by

nHzOz = 2Tmi3xianNOz,total

My,0, = nHZOZMWHZOZ

where No, 110, 18 the molar flow of oxygen necessary for all
units and the factor 2 comes from stoichiometry. For a given
weight fraction of hydrogen peroxide (wg,0) in solution with
water, the mass of solvent water is calculated as

Myo,(1 — Wio,)

WH,0,

mHzO,solvenl -

The total volume of solution is calculated as

My,0,

V&'olution =
WHzngmlution

Vol. 51, No. 8 AIChE Journal



where the solution density p,,j.ion 1S assumed to depend lin-
early on the peroxide weight fraction*’

Pyotution = Pro T WHzOz(pHgOz - PH;O)

We do not account for the kinetics of hydrogen peroxide
decomposition by assuming that they are sufficiently fast, nor
do we account for the energy requirements by assuming that
any required heat can be provided by ambient heat or by sweep
gases from the fuel cell or reactor effluent streams.

Hydrogen generators

Using hydrogen as a primary fuel is an appealing alternative
because of its high gravimetric energy density and the efficient
operation of fuel cells with H,. However, given that hydrogen
is supercritical at ambient temperature, it cannot be liquefied
and gaseous hydrogen storage requires a large volume, result-
ing in a low volumetric energy density. These limitations,
along with difficulty in storage and safety issues of pure hy-
drogen, have led to the consideration of safer, low-volume and
low-pressure methods of hydrogen storage. As with oxygen
generators, these hydrogen generators offer significant in-
creases in volumetric energy densities but impose a penalty in
terms of gravimetric energy densities. We consider the option
of generic hydrogen storage in a single model, approximating
many technological alternatives based on either physisorption,
such as metal hydrides or carbon nanotubes,*® or even chemical
hydrides that do not require the addition of water for decom-
position.*>0 As parameters we use the hydrogen density py, =
gH/em? storage and hydrogen weight fraction wy,. The range
for these parameters is known for common metal hydrides*s:5!

pu, = 0.02 — 0.2 g/cm’
Wi, = 0.01 — 0.08

The mass of hydrogen my,, required over the mission dura-
tion is calculated as

my, = TlniSJiOﬂNHZMWHz

where Ny, is the flow rate of hydrogen required for the given
power output. The mass of void hydrogen generator (that is, the
residual hydrogen storage material) needed for the mission
duration is determined by the hydrogen weight percentage

mHz(l - WHZ)

Wy

mHzgen =
2

This mass is constant and must be carried for the entire mission
duration. The mass of stored hydrogen will decrease from myy,
to zero as hydrogen is released over the course of the mission.
The volume required to store the hydrogen generator depends
on the density of hydrogen py and initial stored mass of
hydrogen: i
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mHZ
VH:ge'n -
H>

Similarly to the oxygen generators we do not account for
kinetics or energy requirements.

Unit models

In this section we describe all the unit models that have been
added or modified since the publication of the report by Mitsos
et al.’° (For the models of the reactor, burners, and membrane
the reader is referred to Mitsos et al.!?) For all fuel cells we
assume that the produced fuel cell power (PW) is proportional
to the Gibbs free energy of reaction for the electrochemical
reactions

PW = mgc 2 EAG

r

where the Gibbs free energy of reaction is given by

P
AG = v,-.,[ GAT) + RTln(P>]

ref,

We neglect the mixing term because this would require
knowledge of the composition along the fuel cell, which de-
pends on the geometry. With the exception of the SOFC, only
the final hydrogen reaction is considered to contribute to the
produced power, by using the notion of equivalent hydrogen.3?
A heat balance over the fuel cell yields

E Ni,{)ut(‘Hi,rmtc(Trmtc) + 2 Ni,outaHi,outa(Tauta)

i

= Z Ni,incHiA,inc(Tim‘) + ZNi.inaHi,irla(ﬂna) + Qp - Qloss + PW

i i

where Q,,,, is calculated as described in Mitsos et al.'® In all
fuel cells we allow for specification of a minimum water feed
to the anode; this is calculated on the basis of the water
required for complete reforming reactions and water perme-
ation, multiplied by the water factor 'V, a given excess param-
eter; this factor is defined for each fuel cell in the following
subsections.

Proton Ceramic Fuel Cell (PCFC). In this type of fuel cell,
oxygen vacancies in a ceramic membrane allow for protonic
conduction from the anode to the cathode and water conduc-
tivity3! allows for water management by diffusion from the
cathode to the anode. We assume that the mechanism described
for methane reforming in Coors3' can be extended to arbitrary
hydrocarbons and to methanol, but we do not consider ammo-
nia conversion in this fuel cell model. We allow the direct feed
of fuels to the PCFC, as well as feed of reactor effluents. We
assume that hydrocarbons, methanol, and carbon monoxide
each undergo one net reaction, resulting in the production of
carbon dioxide and hydrogen based on given conversions
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C11H2n+2(g) + 2nH20udx - nCO2(g) + (6"1 + Z)Haa’s

gal = gfuelNCnszz‘feed

CH,0H(g) + H,0,,, — CO,(g) + 6H,,

En= gfuelNCH,xOH,feed

CO(g) + HyO,y — CO,(g) + 2H,, &3 = LcoNco feea

Hydrogen from the feed has to adsorb to and diffuse through
the membrane. We assume that only a fraction (n,,,) of the
inlet hydrogen will adsorb to the membrane, and a fraction
(Nayp) thereof will diffuse to the cathode. Any hydrogen pro-
duced from reforming is produced as adsorbed hydrogen, so a
fraction m,; of it will diffuse. For both cases, we assume that
the fraction of adsorbed hydrogen that does not diffuse fully
deadsorbs from the membrane because we do not allow accu-
mulation. Based on these assumptions, the amount of diffused
hydrogen that is available on the cathode side is given by

N H.diff — Mdiff 2 fa,rVHud,,,u,r + 2N Mg Ha feeda

a,r

where the summation is over all reforming reactions at the
anode a. We assume that all diffused hydrogen reacts with
oxygen at the cathode side by

4Had: + OZ(g) - 2H20ads

with an extent of reaction given by the diffusion rate of hy-
drogen

1
£= Z N H.diff

The modeling assumptions have the consequence that the
rate of water production at the cathode is larger than the rate of
water consumption at the anode. We further assume that the
anode inlet stream does not contain a sufficient amount of
water to reverse the presumed concentration gradient, and that
all water for the reforming reactions will diffuse from the
cathode to the anode, which defines

NHzO,dijf = - 2 fa,rVHzo,a,r

a,r

where the summation is again over all anode reforming reac-
tions. Therefore, a mass balance on the cathode side yields

NHz,outc = NHz,inc =0
Nuo,0uc = Niyo,ine T € — NHzO,d[j]'
Ni,uut(: = Ni,in(' + g{'yi l 7E H29 H2O

Similarly for the anode

2216
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NHz,outa = NHz,ina + E éa,rVHz,r - NHz,diff

a,r
NHzO,outa = NHzO,ina

Ni,(rum = Ni,iml + 2 ga,rvi,a,r l ;t HZ! HZO

a,r

The oxygen feed to the cathode is specified relative to the
stoichiometric requirement to oxidize the diffused hydrogen
completely

No,feede = ®E,

We allow for a specification of water feed to the anode by
requiring

- VHzO.rga,r
é‘. - N H20.diff

i

NHzOf()eda = \I’ E

a,r

where the reforming reactions are assumed to be complete.
Strict inequality is observed when recycling streams or the
reactor effluent stream provides sufficient water.

Solid Oxide Fuel Cell (SOFC). We simultaneously con-
sider the possibilities of internal or external reforming, with the
option of bypassing the reactor and feeding fuel directly to the
fuel cell. A common presupposition3? is to assume that carbon
monoxide, hydrocarbons, and alcohols are consumed in re-
forming and water gas-shift reactions rather than in direct
oxidation

CO(g) + H,0O(g) — CO,(g) + Hay(g) & = LcoNcofoea

C.H,,.,(g) + 2nH,0(g) — nCO,(g) + (3n + 1)H,(g)

gZ = é’fuelNCnHzmzxfeed

C,H,,,0H(g) + (2n — 1)H,0(g) — nCO,(g) + 3nH,(g)

&= é}uech,,HanOH,feed

To model a fuel cell that is not capable of internal reforming,
one must set ., and/or {-q equal to zero. We use the notion
of “equivalent hydrogen,” which accounts for direct hydrogen
feed as well as hydrogen produced from internal reforming of
CO, hydrocarbons, or alcohols3?

3
NHz,equiv = gHzNHz,feed + E VHz.rgr
r=1
The hydrogen reacts with oxygen according to
2H, + O, — 2H,0
with an extent of reaction defined by the equivalent hydrogen
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1
54 = 5 NHzA,@quiv

The other extreme possibility is to assume that all compo-
nents are directly oxidized in an electrochemical reaction

2CO(g) + 0, — 2CO,(g) & = LcoNco e

2C,H,,.»(g) + 3n + 1)0,(g) — 2nCO,(g)
gfml

+(2n + 2)H20(g ) & = ) N, CuHonsa.feed

2CnH2n+IOH(g) + 3n02(g) i 2nCO2(g)

gfuel
) N¢ Ho,+ 1OH feed

+ (2n + 2)H20(g) &=

gfu( 1

4NH;(g) + 30, — 2N,(g) + 6H,0 &= 4 Nuts feed

We allow for either extreme; in the case of direct oxidation
all electrochemical reactions are assumed to contribute to
power generation

8

PW = nc 2 EAG

r=4

whereas in the case of intermediate reforming reactions only
the hydrogen oxidation is assumed to produce power

PW = npc6,A,G

The amount of oxygen fed to the cathode is calculated relative
to the stoichiometric requirement, assuming that all diffused
oxygen will react in the anode

@Ea

NOzifeedc (I)NOz diff —

To prevent coking, an excess of water may be necessary. The
water feed to the anode is set according to

VHzO rga r

N, H20 feeda = =¥ E §4VH20,4

where the reforming reactions are assumed to be complete, and
the produced water is assumed to be available for reforming
reactions. Strict inequality is observed when recycling streams
or the reactor effluent stream provides sufficient water. A mass
balance on the cathode yields

Ni,uulc = Ni,im' 1= 02
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NOz,uutc = NOz,inc -

N O, diff
and for the anode
4

Ni,aula = Ni,ina + Z grvi,r

r=1

i# 0,

4
= NOz,inu + E ngi,r + NOZvdI..ff

r=1

N O2,0uta

Single-Chamber Fuel Cell. We consider the option of a
single-chamber fuel cell that uses external reforming, resulting
in an inlet feed rich in H, and CO. The unreacted fuel is
assumed to be inert. Inlet CO is reformed by the water gas-shift
reaction with extent of reaction &, according to

CO(g) + H,0(g) — CO,(g) + Hay(g)

& = gCONCO,/'aed

We again use the notion of “equivalent hydrogen,” 32 here
calculated as

NHz,equiv = gHzNHzJeed + gl

All equivalent hydrogen reacts with oxygen with an extent of
reaction &, according to

2H, + 0, — 2H,0

1
gZ = 5 NHz,equiv

The water is set relative to complete reforming reaction of all
components

NHzO,feeda = q,(NCOA,in + NCH}OH + 6NC3Hx,in + 8NC4H10,!')1)

-& Y02

and the produced water is assumed to be available for reform-
ing reactions.

Direct Methanol Fuel Cell (DMFC). In this type of poly-
mer electrolyte—based fuel cell, an inlet stream of methanol
and water is fed to the anode, where methanol is reformed at a
relatively low temperature, around 350 K. No external reform-
ing is required and we therefore consider only direct feed of
water and methanol. Operating requirements include relatively
dilute solutions of methanol in water, and major technical
challenges include methanol crossover and water manage-
ment.>* At the anode we assume methanol reforming with an
extent of reaction &, based on a given fuel conversion {j,,,

CH,OH + H,0 — CO, + 3H,
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&= § fueIN CH3OH feeda

A fraction kﬁz’” of the hydrogen produced by this reaction is
assumed to diffuse to the cathode side

trns trns — trns
N = K, & Vi, = 3kij

h Sl

The hydrogen diffusion occurs in protonic form, and electro-
osmotic drag results in water transport from the anode to the
cathode.’> On the other hand, concentration gradients may
result in water diffusion from the cathode to the anode, whereas
electro-osmotic drag and diffusion lead to methanol transport
from the anode to cathode.5>-5* For the water transport we use
an effective drag coefficient that includes the electro-osmotic
drag and diffusion and the overall transfer rate of water is
defined relative to the proton flux

trns 2 fimms diff
H0 ™ H> H»

The coefficient k{i"3 can be negative or positive. We assume
that a fraction ’C’ﬁ‘:OH of the unreacted methanol will diffuse

from the anode to the cathode

trns — s

CH3OH — CH;OH(l - gfuel) NCH}OH,feeda

We assume that methanol present at the cathode will be
completelys? oxidized to CO, with an extent of reaction &,

CH;0H + 20, — CO, + 2H,0
&E=N tcrilfzox-l

Similarly we assume that all diffused hydrogen reacts with
oxygen at the cathode with an extent of reaction &

2H, + 0, — 2H,0

trns

_ — _ ptras

53 - VHZJ - 2 H, gl

Mass balance on the cathode side yields

Ni,uut(f = Ni,im: + 2 grvi,r + MMS

r=2,3

i = H,, H,0, CH,0H

Ni,mur = Ni,inc + 2 grvi,r

r=2,3

i # H,, H,0, CH,OH

where the summation is over the two cathode reactions. Sim-
ilarly for the anode

Niowa = Nijna + Evin — N™ i = H,, H,0, CH;0H

Ni,outa = Ni.ina + gl vi,l l ;& H29 H2O9 CH'*SOH
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The oxygen feed to the cathode is specified relative to the net
stoichiometric requirement of the two oxidation reactions

NO;J'eedc = _(D(ngoZ,z + §3V02,3)

The water feed to the anode is set as a multiple of the
maximal water needed

~ Vo1&l

- rns rns
NHzOfceda = ‘I’ g + HO HxO < O

1

~Vio0.1éi

’ rns trns
NHzOfeeda = q’( g + H>O 15610) > O

1

where the reforming reactions are assumed complete.

Water Management. Currently direct methanol fuel cells
operate with relatively dilute solutions of methanol in water,
but storing a diluted methanol solution substantially reduces
the energy density. Therefore, water management becomes
almost mandatory; at least in theory it is possible to use the
produced water to run the methanol reforming reaction. This
can be done either by ensuring that diffusion of water from the
anode to the cathode matches the water requirements for the
methanol reforming and the electro-osmotic drag of water, or
by recycling water from the cathode and/or anode effluents to
the anode. The latter possibility is included as an option in the
superstructure, and our model allows the first option by spec-
ifying a negative drag coefficient kiy’. The overall transport of
water from the cathode to the anode is limited by the produc-
tion rate of water in the cathode; with simple algebraic manip-
ulations the requirement

K1 — O+ 3K

H0 — 6 ]_’i}zﬂ é«

can be calculated. Water management is essentially achieved
when the effective transport of water from the cathode to the
anode covers the water needs for the methanol reforming
reaction; in the absence of external recycling this is achieved
for

trns
kHzO =- 6 ns
Ha

There are regions in the parameter space spanned by k’C’ﬁ:OH,
kii"*, and { where water management is possible only through
external recycling of the anode liquids, but these are for low
values of the transport coefficient k;ﬂ’s = 1/3, in which case the
DMFC would not operate efficiently anyway.

Changes to the hydrogen polymer electrolyte fuel cell
(PEM)

For the hydrogen-based PEM fuel cell we are essentially
using the model described in Mitsos et al.!® We have added the
option of net water transport

trns 2 firms diff
H0 ™ H,O' YHa
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from the anode to the cathode. We require a water feed to the
anode relative to this net transport

s
N0 eeds = VN0

Flash for separation of fuel cell effluents

We assume that the liquid and gaseous stream are in equi-
librium and that the liquid stream is split into a purge stream
and a recycle stream, as follows

— 1
Ni,re(' - aNi

N, =N —N

i,purge i,rec
where « is a given split ratio. For simplicity, ideal liquid and
gas phase are assumed, with supercritical components present
only in the gas-phase N = 0, neglecting solution in the liquid
phase according to Henry’s law and using the Wagner equa-
tion>3 for the subcritical components. Depending on the imple-
mentation of the recycle stream, a pressure-increase mecha-
nism (such as a pump) may be necessary. We impose an
energetic penalty in terms of a compression power

PW =K, >, V,.N,

i

where K is a parameter that needs to be specified before the
simulation. K can be estimated by knowledge of the pressure
ratio that is to be achieved and the compression efficiency.

Implementation and convergence scheme

The alternatives considered are represented as a steady-state
simulation model using our in-house software packages ABA-

CUSS 1II°%57 and DAEPACK.>%5° The mass and energy bal-
ances are formulated within the process simulator ABACUSS
II, whereas the physical property calculations are performed in
Fortran external procedures. The design choices are imple-
mented within the ABACUSS model using integer variables.
To facilitate the use of the model we have embedded the
simulation in a web interface.*® The requirements for the en-
ergy balance result in disjoint conditions:

IF 0<0 THEN burn no fuel ELSE burn enough fuel to set
0=0 ENDIF.

Similarly the water requirement (Ny,0 ;= Np,0,min) tesults in
a condition Ny, = max(0, Ny,o ) Both formulations lead
to nonsmooth residuals and currently the solvers have no
convergence guarantees for nonsmooth functions. One way for
dealing with a nonsmooth function is to use a smooth approx-
imation,'# but our experience shows that the water requirement
does not pose significant convergence problems, whereas the
energy requirement would be too difficult to formulate as a
smooth function. To ensure robust convergence we remove the
disjoint constraints for the energy balances and use the amount
of fuels or products to be burned in each stack as a guess
variable. The case of one guess variable is easy to solve
because the heat load is monotonically decreasing with the flow
rate and a secant method can be used. For the case of two
variables we use a Broyden-like algorithm'4; when the Broy-
den method calculates guess values outside the variable
bounds, these guesses are replaced by the bounds. We initialize
the approximate Jacobian by the negative identity matrix. This
choice is motivated by the fact that the diagonal elements
predominate, and the heat loads decrease with increasing guess
variable (df/dx < 0). The convergence is sufficiently fast and
robust, so that we did not implement any line search method
(such as the Armijo rule).
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