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Abstract

The flexibility and feasibility of a 5 kW SOFC generator designed for natural gas and fuelled by a

of-Plant_(BoP) units considered are the reformer, the recirculation system based on an ejector, the .-~ { Deleted:

tubular cells_bundles constituting the stack unit, the after-burner zone and the air blower. The
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maintains generator performance good, while only slightly reducing the system AC efficiency from

after the fuel is switched from natural gas ehtanol. The stack thermal management js analysed in

detail and related to the system performances, showing how a high endothermic fuel reforming

reaction is required fo maintain the overall system efficiency. A preliminary experiment with

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —_—

monitored by several measured parameters and the system regulation is explained.

1. Introduction
Natural gas_(NG) is considered the major fuel for SOFCs due to its widespread availability, well-
known catalytic reforming techniques to produce hydrogen and carbon monoxide, and reduced
costs. Several SOFC systems running on natural gas are already installed, and some of them have
already achieved several operating hours with high conversion efficiency rates for electricity
production [1,2]. Still, natural gas is a fossil fuel, and its consumption to produce energy jmplies

having a net balance of CO, emissions. One attractive feature of SOFC technology is the possibility

oxidised in _a SOFC yo produce electricity).
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Among the others, fuels that can be derived from a biological path (e.g. biogases or bio-fuels) are of

device for the catalytic reforming (preferably internally integrated into the stack) has to be selected

in order to assure both an adequate conversion of the hydrocarbons or alcohols, as well as to prevent
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The physical status of a fuel at environmental pressure and temperature is also a feature to consider

when selecting a fuel. The general advantage of liquid fuels is the high specific energy density,
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ethanol, DME) in an SOFC generator with jnternal or in-stack fuel reforming fo provide power to -~ { Deleted

high energy-demanding auxiliary units [3]. Methanol is a good candidate, since it is readily
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available, but usually a fossil fuel such as natural gas or coal is used as the initial feedstock.

Moreover, methanol is toxic and special handling and safety issues must be considered. Ethanol is a

In general, an important jssue arising when considering bio-fuels, either, gaseous or liquid, is how - {De|eted:
77777777777 S

much energy is actually spent to produce a certain available amount, fuel starting from the biomass;

Well-to-Tank (WTT) value of the first-generation bio-ethanol, is around 1.51 MJ/MJ (mean value
obtained from different production pathways), which is still far from the values reached by the

traditional fossil fuels (e.g. 0.19 for natural gas) [4]. It has recently been reported [5] that corn

ethanol is energy-efficient, as indicated by an energy output/input ratio of 1.34, while other studies

state that producing ethanol requires more energy than that stored in the final fuel [6]. Of course

this clearly depends strongly on the specific production pathway selected and the type of starting

biomass.

There is still of course a great opportunity to improve the production and distribution paths of bio-

fuels, and the second generation is developing fast. In addition, bio-ethanol could reach a good

performance level in terms of the «generalised» Tank-to-Wheel (7TW) ratio. As shown in the

results of this paper, a good electric and CHP efficiency can be reached when a SOFC is used as the

device converting the bio-fuel into electricity and heat.
3
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|
eventually the hydrolysis of the starch-containing compounds to the corresponding sugar). ¥

The standard path from sugar (glucose) follows the basic overall reaction: ¥

C,H,,0, -2 CH,CH,0H +2CO,

feedstock biomass and the two have different ethanol yields per kg of biomass. o

NI
i\
\

Through hydrolysis, a cellulosic biomass is feasible as well, since enzymes capable of hydrolysing

\

[

\\\\
\

\\

L
R
cellulose and preparing it for fermentation have been widely discovered and selected. This “\\\\\
Y
\\

technology could turn a number of cellulose-containing agricultural by-products such as corncobs,

\
Vo
\
\\\
. M
straw, and sawdust into renewable energy resources. Some enzymes are able to hydrolyse \
\
\

agricultural residues such as corn stover, wheat straw, and sugar cane bagasse as well as energy

| Nevertheless,
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(100 um) layer are successively deposited onto the cathode surface by atmospheric plasma-spraying

technique. A thin protective interlayer of CeO, is deposited between the cathode and the electrolyte
using an impregnation technique.

inside of the cells. Each cell has an uncovered portion of cathode (where nor electrolyte or anode
are deposited) where the interconnector layer is placed. A nickel felt is attached onto this layer to_
provide electrical connection with the other stack cells.

Once the cell geometry and materials are defined, the cell voltage characteristics have been
modelled as a function of the current load with a detailed polarisation model. Many models of

SOFC single cells exist in the literature; those used here as references are reported in [9-11].

The Nernst potential has been calculated as:

channel
R M T p 0, ,cat
VNernst = 4 . F log{ pgfzzel ] il (2)

where the oxygen partial pressures are evaluated respectively in the fuel and air channels, before the
gas mixture enters the diffusion zone inside the porous electrodes. The losses arising from the
diffusion of reacting and produced species inside the anode and cathode layers are evaluated as
concentration losses, as later described.

inside the cells’ active layers due to the particular cylinder shape of the cells have been calculated,

along with ohmic losses arising in the Ni-felts and the interconnector contact layers between one
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H,0, CO,, 0s, N»), detailed polynomial fitting functions for the specific heats, enthalpies, entropies

and Gibbs function values are considered according to the thermochemical data available from the

literature [26, 27)., .~ { Deleted:

4.3.1 Ejector,
The ejector is one of the most important components of the BoP since a proper management of
anode recirculation mechanism is crucial to safely operate the generator. The ejector is required to
provide the reformer with a sufficient amount of steam, which has to be enough to fully reformate

the NG hydrocarbons (of which CH, is the most abundant) as well as to avoid carbon deposition on

the catalyst present in the reformer or jn the piping within the generator. The ejector behaviour for

NGEtOH/H,0 as in our case) is injected at a relatively high pressure and accelerated at sonic
velocities_(Ma > 1). The fuel flow (‘primary flow’) is thus able to entrain a secondary flow, which

T - o ANy Y = Y Y L e ) Ty T

is a fraction of the total anodic exhaust produced into the stack. The entrainment is mainly due to

the combined effects of viscous forces and a local pressure differential occurring at the nozzle outlet

between the primary and the secondary flows. The model considered solves the conservation

equations (of mass, momentum and energy) at the main sections of the ejector. The assumption of

the fuel reaching a Ma > 1 at the nozzle outlet is used to determine the velocity profile of the

secondary flow between the primary/secondary streams boundary and the wall. This assumption

was verified observing that the inlet fuel pressure measured at the nozzle inlet was always such to

enable a critical flow through the nozzle, which indeed means having a Ma = 1 at the nozzle throat.

Further detail on this aspects are nicely reported in the extensive work on ejectors developed by De

Chant [31]. The mass flow of the entrained secondary stream is finally determined integrating the

radial velocity profile over the available flow area and multiplying it over the density [28].
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space enough to get homogeneous before entering the reformer/stack zone, and a diffuser which

converts part of the dynamic pressure of the flow into static pressure in order to overcome the

reformer and stack fuel compartment pressure drops. A schematic design of the ejector is reported

in Figareg,
Figure 6 - Ejector scheme

The primary flow is accelerated in the nozzle (just convergent in our design) to obtain high

entrainment ratios of the secondary flow: the anodic exhaust. The molar entrainment ratio of the

ejector is hence defined as the ratio between the recirculated flow (a fraction of the total anodic

exhaust) and the incoming fresh fuel:
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(where A, represents the throat area of the nozzle), once provided the thermodynamic properties of
the fluid. By substituting the ideal gas law into the density term, the pressure term becomes explicit.

As stated before, the ejector has the task of providing enough steam for yeforming the NG. Rather

than using an external water source, the steam produced by the electrochemical oxidation of H; is

internally “recycled”, and part of it is transferred from the stack zone to the reformer zone. At the

of the anodic exhaust to reach the ejector. The exhaust anodic gas consists of a mixture of unspent

fuel (H,, CO), whose quantity depends on the FU of the generator, and by-products of the
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course is the catalyst chosen inside the reformer that determines the reactions taking place inside it,

Our assumption is therefore supported by the particular catalyst known to be available in the

The after-burner section is the region where the hot exhaust cathodic air and the non-recirculated
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combustion, which is highly representative of what actually takes place in the after-burner region of
the generator.

A final consideration has to be made for some internal combustion of H, and CO inside the stack,
which introduces the concept of fuel consumption (FC). Inside a stack, some air leaks into the
anode chamber due to imperfect sealing between the anode and cathode compartments. This
phenomenon is due to the alumina structure holding the tubes in place, which is not completely gas-

tight. The FC is defined as the overall fraction of H, and CO consumed inside the stack, either by

amount of H, and CO burning inside the stack. This kind of direct internal combustion inside the
stack has a detrimental effect not just in terms of wasted fuel, but also in terms of thermal

management of the stack itself. The combusted H, and CO generate more heat that if they were
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converted electrochemically. We accounted for this phenomenon in our model, and its effect on the
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170 A. The voltages predicted by the model reproduce the experimental ones with a maximum
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5 System simulation results

The model described in the previous section was solved iteratively as to compute the ejector
step, the exhaust molar composition is corrected and updated until convergence is reached. A
schematic diagram of the iteration step within the system model is shown in Figure 7, P

Figure 7 - Schematic sheet describing the iteration step for determining the molar

composition of the anodic exhaust
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The results of the system model numerical simulations that illustrate the main energy fluxes

exchanged within the SOFC generator with two different fuels feeding, methane and ethanol, are
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The system simulation results of the generator running on natural gas are reported in Figure 8. It
can be observed how the generator is working with a safe STCR, over 2.5, and an air excess ratio
that is relatively low due the highly endothermic reaction of the methane reforming. The power
ratio of the plant (defined as net AC electrical power output over thermal one) is ~ 1.15.

Figure 8 - Detailed flow-sheet with natural gas reference case

The net electrical AC efficiency is over 48%, which is close to the value observed in the real plant.
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ejector model to correctly evaluate the thermodynamic state of the inlet flows.
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end the lower local FU obtained with the ethanol feeding is responsible for the more pronounced

local Nernst voltage drop (see section 5.3 for a detailed explanation of the local FU).

Figure 10 - Comparison of the calculated Nernst voltage along the fuel channel (cell tube

length) for both natural gas and ethanol feeding

A _

With reference to the ethanol feeding case, the ejector recirculation system is_able in principle fo

provide enough water for the reforming reaction, thus avoiding the need for an external water

source; as explained with further detail later in this section, the lower STCR achieved by the ethanol

fuel is essentially due to a different exhaust molar composition (richer in CO) established in the

anodic exhaust.

The lowered STCR achieved is enough to avoid carbon deposition from equilibrium

changing the ejector design, could be directly mixing some water with the ethanol feeding stream.

Since water and ethanol have very similar vaporisation points, they could be easily mixed together

when in the liquid phase, and subsequently vaporised and conveyed together to the ejector nozzle

(this will be actually the solution adopted by the Authors in the experimental part of this work).

rom the simulations results obtained, a mass entrainment ratio of ~8 is obtained with NG, while a

much lower value of ~3 is obtained with EtOH. The main reason is that when EtOH is used as a

fuel, the primary flow in the ejector nozzle is almost doubled on a mass basis, consequently the

available flow area for the secondary stream is significantly decreased, and eventually a reduced

obtained for NG and EtOH).

The following considerations explain with some more detail why the primary flow increases while

chainging the inlet fuel. Ethanol and natural gas have a molecular weight ratio of 46:16, while 2:3 is

the ratio established to produce the same amount of electricity regardless of the fuel used (for a
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essentially the same. The fact of having a lower STCR for the ethanol is only due to the higher

amount of CO present in its anode exhaust gas, as already mentioned before.

Table 2 - Molar compositions of the recirculated flow entrained by the ejector and total

steam fraction recirculated normalised to the primary flow entering the ejector itself
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ITOT
Fu=-2E_ E N
nH;CO

Combining Eqgs. 35 and36, yields the expression reported in Eq. 34,

Yoo o oo T T e——

where an anodic exhaust ‘recycling’ (or recirculation) is carried out. Since the ethanol-fuelled

-

generator brings a lower recirculation fraction of the anodic exhaust, a less diluted fuel enters the

stack. This has a positive effect on the Nernst voltage (as pointed out before). At the same time, the

Nernst voltage is sensitive to the FU (the latter jncreasing, the former decreasing), The local Nernst

voltage behaviour for the ethanol fuel (as observed in Figure 10).brings with it exactly these two

contrasting effects (higher local FU, but with a Jess diluted fuel),,

6 The preliminary experiment with ethanol fuel

the experiment, the ethanol mixture has been progressively replacing the NG nominal flow, The

latter can be calculated, once the stack DC current, operating FU and fuel composition are known.

The overall fuel flow required by the stack at a specified current load and FU js given by the

following formula:

= 2 F Hreforming . FU £3_7L ¢//

2.eq

equivalents js a value characteristic of each fuel or fuel mixture, By definition, the number of H,-

equivalents expresses how many reactive moles are obtained by an un-reformed fuel mol
undertaking a complete steam reforming reaction:

C.H,+x-H,0—>x-CO+(y/2+x)-H,
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estimated to be less than 1% in the evaluation of the system efficiencies.
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the water content in the mixture is already enough to suppress carbon deposition at temperatures

above 600 °C.

Figure 11 - Equilibrium compositions of an ethanol/water mixture in a volumetric ratio 60/40
at different temperatures

At the stack’s nominal operating condition (120 Amps), the ethanol supplied was ~ 3.5 SLPM,

while the total EtOH/H,O mixture was almost 11 SLPM; the NG flow was correspondingly

decreased to less than 6 SLPM.

The EtOH/H,O mixture has been supplied through the steam line of the generator; this line was

schematic view of the experiment set-up is shown in Figure 12.

Figure 12 - Schematic view of the 5 kW Generator to respect of the fuel and air feeding flows
The choice of passing the EtOH/H,O mixture into the ejector is worthy of discussion because the
steam already present in the EtOH mixture is enough to suppress carbon deposition at the reformer
temperature, as mentioned before. Figure 13 reports the carbon boundary of the ethanol steam

mol of H,O are sufficient to suppress carbon deposition, while even less are required as the

meaning that a high amount of H,O to suppress carbon deposition was voluntarily injected along

with the EtOH_fuel. The extra steam provided with the exhaust flow recirculated by the ejector
26
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normalised molar steam flow entrained by the primary flow is constant was assumed, In Figure 15, - -
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provide the requested current. This represents only a preliminary result and longer experiments
should be carried out to fully demonstrate the fuel flexibility of the generator. The durability of the
reformer against a new fuel and the possible formation of carbon deposits in a long-term period are

aspects that should addressed with more detail in the future.

The 1 V loss could be also partially ascribed to a not proper or full conversion of the EtOH stream

inside the reformer and the stack. Nevertheless, the increased water dilution of the fuel seems to be

a much more plausible explanation. If a not proper catalytic conversion of ethanol was occurring, a

more pronounced stack voltage loss and instable generator behaviour would have been observed.
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Figure 17 - Comparison of string voltages during the EtOH/H20 feeding experiment
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Nomenclature

throat area of fuel nozzle inside the ejector / m’

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A

BoP balance-of-plant
D mean tubular cell mean diameter / m
D; diffusion coefficient of species i / cm’ s’
D,.K Knudsen diffusion coefficient of species i / cm’ s’
E activation energy /J mol ™"
EtOH abbreviation for ethanol
F Faraday constant / 96485 C s
Sioss frictional loss coefficient
Frocire recirculated fraction of the anodic exhaust
FU (global) fuel utilisation (referring to the inlet NG flow)
FUjpcar effective fuel utilisation experienced by the stack
G an,exhaust exhaust anodic flow exiting the stack / kg st
Giicel fuel flow into the ejector / kg st
G mixed fuel flow entering the reformer / kg st
Gistack inlet reformed fuel flow entering the stack anode side / kg st
H> .4 H,-equivalents

selected fuel

)/ A

cells Ice/l

1 electric current / A

Icerr electric current of a single cell / A

Iror total current requested/produced by all the stack cells (= 71
j current density /A cm™
Jo.an anodic exchange current density / A cm™
Jo.cat cathodic exchange current density / A cm’™

k isentropic coefficient of the ideal gas

[ cell layer thickness / m

LHV low heating value / W

M molecular weight of species i / g mol”

Ma Mach number

Reells total number of tubular cells inside the stack ( = 88)

N total number of discretised steps for solving the 1D cell domain
NG abbreviation for natural gas

n; molar flow of species i / mol s

P absolute pressure / Pa

Qcomb heat generated from the combustion of exhaust H, and CO in the after-burner / W
Qevap heat required fo evaporate the liquid fuel in the tank / W

Olel heat required to heat the fuel at the stack temperature / W

Quoss ______ heat generated by irreversibilities of the stack polarisation/W__
Oreact heat generated by the oxidation of H, and CO inside the stack / W
Orer heat required by the reformer / W

Osrack overall internally heat produced by the stack / W

r mean pore radius / m

SLPM standard litre per minute

STCR steam-to-carbon ratio

Tstack operating temperature of the stack / °C

% voltage / V

w interconnector width / m
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available thermal power form the stack / W

molar fraction of species i

electrode porosity

cell overvoltage / V

air excess

gas density (kg m’) / electronic resistivity (ohm m) in Egs. 3-6
electrode tortuosity

ejector molar entrainment ratio

Subscripts and superscripts

act

an

cat
channel
diff

ely

eq
felt
int
inter

pore
recirc

activation

anode

cathode

gas channel (outside the electrodes diffusion layer)
diffusion

electrolyte

equivalent

Ni-felt

interface (electrode/electrolyte)

interconnector

oxidant
electrode pore
recirculation
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similarly to that of the after-burner. The reformer temperature is governed by the fuel
inlet temperature and the anodic exhaust temperature. If we consider the fuel inlet
temperature to be constant, the anodic exhaust temperature is the one really affecting and
governing that of the inlet reformer zone. We should also consider that the anodic
exhaust has basically the same temperature of the stack at the upper region. That is why
there is a correlation between the stack upper temperature and the after-burner
temperature. Thus, we can conclude that the latter temperature depends on what comes
from the stack in terms of anodic exhaust, and the observed matching trend between the
inlet reformer and after-burner zone temperatures finds its explanation. Of course a gap
subsists between the two, and it is due to the combustion taking place in the after-burner.

Figure 21 - After-burner and stack temperature behaviour
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Table 1. Molar compositions of the recirculated flow entrained by the ejector and total steam

fraction recirculated normalized to the primary flow entering the ejector itself

Ejector volumetric entrainment ratio ‘NG feeding':

5.53

Anodic molar exhaust composition:

Hp [%] CO [%]

16
Mol(H,0)/Mol(fuel_in):

Ejector volumetric entrainment ratio 'EtOH feeding':

4

H,0 [%]
52
2.9

CO, [%]
28

5.39

Anodic molar exhaust composition:

Ha [%] CO [%]

5
Mol(H,0)/Mol(fuel_in):

13

Wiley-VCH

H,0 [%]
56
3.0

CO; [%]
26



Page 69 of 90

©CoO~NOUTA,WNPE

Fuel Cells

Tubular Cell - Model Parameters

Cathode inner diameter / mm 21.7

Mean tube diameter / mm 24

Cathode thickness / um 2200
Electrolyte thickness / um 40

Anode thickness / um 100
Interconnector thickness / um 100
Interconnector width / cm 1.3

Ni-felt thickness / cm 0.5

Tubular cell length / cm 75

Cell active area / cm’ 400

Pel,car! 2m 0.008114 x exp(500/T)
Peley! Qm 0.00294 x exp(10350/T)
Pelan! QM 0.00298 x exp(-1392/T)
Petinter! M 0.1256 x exp(4690/T)
Peiferr! 2m -

Yan! A M 7x 10°

Year! A M 55x10°
Eeran! KJ mol™ 100

Eoetcar/ KJ mol”! 120

&., (anode porosity) 0.3

7., (anode tortuosity) 5

&car (cathode porosity) 04

7., (cathode tortuosity)

Tpore.an (Mean cathode pores radius) 3

Tpore,car (Mean cathode pores radius) 15

Table 2 — Parameters for the cell electrochemical model
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Figure 1. Installation of the SkW Siemens Generator in Turbocare Spa.
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37 Figure 2. Basic BoP design of the SOFC generator analyzed
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Figure 3 — Ohmic losses in the tubular cell
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Figure 4 - Fuel and air flows along the tubular cell
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Figure 5 - Cells arrangement inside a bundle
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Figure 8. Detailed flow-sheet with natural gas (reference case)
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Figure 9. Detailed flow-sheet with ethanol feeding
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Nernst voltage behaviour along the tubular cell
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38 Figure 10. Comparison of the calculated Nernst voltage along the fuel channel (cell tube length) for
39 both natural gas and ethanol feeding
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Figure 11. Equilibrium compositions of an ethanol/water mixture in a volumetric ratio 60/40 at
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Figure 12. Schematic view of the 5 kW Generator to respect of the fuel and air feeding flows
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Figure 13. Carbon boundary for the ethanol steam-reforming
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Figure 17. Comparison of string voltage during the EtOH/H20 feeding experiment
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Figure 18. Stack voltage and current behaviour during the EtOH experiment
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Figure 19. Reformer temperature drop during the ethanol experiment
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Figure 21. Generator electrical AC efficiency behaviour during the EtOH experiment
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