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� Ammonia efficiently feeds solid

oxide fuel cells for combined

generation.

� Higher efficiencies are obtained

with ammonia rather than with

hydrogen.

� Area-specific resistance for

ammonia is larger than for

hydrogen.
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a b s t r a c t

Ammonia represents one of the most promising potential solutions as energy vector and

hydrogen carrier, having a higher potential to transport energy than hydrogen itself in a

pressurized form. Furthermore, solid oxide fuel cells (SOFCs) can directly be fed with

ammonia, thus allowing for immediate electrical power and heat generation. This paper

deals with the analysis of the dynamic behavior of commercial SOFCs when fueled with

ammonia. Several measurements at different temperatures have been performed and

performances are compared with hydrogen and a stoichiometrically equivalent mixture of

H2 and N2 (3:1 M ratio). Higher temperature led to smaller drops in voltage for both fuels,

thus providing higher efficiencies. Ammonia resulted slightly more performant (48% at

760 �C) than hydrogen (45% at 760 �C), in short stack tests. Moreover, different ammonia-to-

air ratios have been investigated and the stack area-specific resistance has been studied in

detail by comparing numerical modeling predictions and experimental values.
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Introduction

The need for transforming the global energy system is push-

ing researchers to investigate new, clean conversion tech-

nologies to mitigate climate change and meet the targets of

the Paris agreement signed in April 2016. The trend towards

decarbonization and renewable energy sources’ integration

should continue, considering that electricity consumption

will further increase by up to 40% until 2050 [1e4].

In this framework, most of the decarbonization potential

will come from Renewables, variable and intermittent by na-

ture. The potential of energy vectors lies in providing a solu-

tion for the Renewables variability, mainly wind and solar.

Hydrogen (H2) for fuel cells is potentially a zero-emission so-

lution to help leveling out the mismatch between energy de-

mand and supply. Surplus energy coming from renewable

sources can be stored in large quantities into chemical energy

with the aim of reinjecting it for end-use when needed. Today

hydrogen production is still predominantly fossil-fuel based,

obtained by steam-methane or oil reforming, and coal gasifi-

cation, thus avoiding carbon dioxide emissions only if

appropriate carbon capture and storage are undertaken [5,6].

The need for sustainable long-term energy storage raises

interest towards other chemicals than hydrogen, such as

carbon-neutral hydrogen derivatives. Among these, ammonia

(NH3) can be considered as one of the most attractive energy

vectors for both mobile and stationary applications. Like for

hydrogen, it can be produced both from fossil fuels with the

well-established Haber-Bosch process, or from renewable

sources by providing electricity to electrolytic cells. The in-

terest in ammonia comes from several advantages with

respect to hydrogen. First, the energy density of NH3 (18.85MJ/

kg) is comparable to that of fossil fuels, ranging from 20 MJ/kg

for low-ranked coals to 50 MJ/kg for natural gas. Hydrogen is

energy dense per mass (120 MJ/kg) but suffers from a volu-

metric disadvantage that imposes very high-pressure storage

tanks (hundreds of bars) or very low temperature for lique-

faction (close to 20 K at atmospheric pressure). Contrarily,

ammonia, that contains 17.6% in weight of hydrogen, can be

easily liquefied at ambient temperature by compressing at

0.8 MPa, thus avoiding issues in terms of physical safety

[7e13].

Ammonia can be found in nature almost uniquely as

ammonium salts and its original formation dates back to

volcanic activity or comes from the decomposition of

nitrogen-containing organic materials [14e16]. However, the

annual demand of ammonia is far from being supplied by

natural processes and NH3 remains one of the most produced

chemicals worldwide [17]. The leading pathway for ammonia

production is the Haber-Bosch process which catalytically

converts molecular nitrogen and hydrogen into ammonia

according to the reaction in Eq. (1):
N2þ 3H2 ⟶2NH3 Equation 1

Ammonia is currently produced and distributed at >200
million tons per year, mainly used for fertilizers [8]. The

remaining portion (close to 20% of the whole production,

depending on the specific year) is industrially utilized for

several applications ranging from plastics' production to

chemicals’ synthesis [7,18e20].

In this regard, handling, storage, transportation and dis-

tribution are far easier both in terms of cost-effectiveness and

regulations with respect to hydrogen. Indeed, two well-

established technologies for liquid storage of ammonia are

largely widespread.When dealing with large storage volumes,

atmospheric pressure vessels up to 50000t can be utilized

while for small quantities of ammonia (up to 1500t) the pres-

sure storage at ambient temperature is generally preferred for

economic savings [18]. Furthermore, reliable and efficient in-

frastructures for storage, transportation and distribution are

already established in terms of pipelines, rails, shipments and

others [7].

In the abovementioned conditions, handling ammonia

would be several times cheaper than hydrogen when

considering the same energy content. Storage of ammonia

over half a year would cost almost 0.54 $/kg-H2 while the cost

raises to 14.95 $/kg-H2 when dealing with pure hydrogen

[7,21]. The reason why this is the case lies in the fact that

ammonia has a much larger volumetric density than

hydrogen as shown in Table 1 [22,23].

Regarding the possibility of exploiting ammonia as fuel,

solid oxide fuel cells (SOFCs) result particularly interesting

thanks to their fuel flexibility allowed by high operating

temperature [22e38]. Additionally, these cells possess the

attractive advantage of not emitting dangerous or harmful by-

products. The schematic working principle of an oxygen ion

conducting SOFC is shown in Fig. 1. Ammonia can be exploited

as fuel in SOFCs since it can be preliminary cracked into its

primary constituents (molecular nitrogen and hydrogen) or

even directly fed into the cell. This last possibility refers to the

so-called Direct-Ammonia Solid Oxide Fuel Cell (DA-SOFC)

which do not require any external unit for fuel pre-treatment

[39e43]. The possibility of directly injecting ammonia in

SOFCs has been firstly investigated byWojcik et al. in 2003 [44].

The equilibrium ammonia molar fraction in the gas phase

reduces when temperature increases because of ammonia

decomposition [25]. When temperature is raised above

550e600 �C, NH3 is almost completely thermally cracked

(99.95%) into nitrogen (N2) and hydrogen (H2) regardless of the

pressure level [45,46].

Even if ammonia significantly decomposes already above

400 �C when only considering thermodynamic equilibrium,

the kinetics of the process are too slow for practical applica-

tions [47]. Due to this sluggishness, the temperature needs to
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Table 1 e Physical properties of ammonia, liquid hydrogen and gaseous hydrogen.

Ammonia NH3 Liquid hydrogen H2,l Gaseous hydrogen H2,g

Density 610.33 kg/m3 70.99 kg/m3 17.86 kg/m3 (@250 bar,20 �C)
Volumetric density 11.38 GJ/m3 8.49 GJ/m3 2.15 GJ/m3

LHV 18.85 MJ/kg 120 MJ/kg 120 MJ/kg

Energy density 11.5 MJ/L 8.491 MJ/L 4.5 MJ/L (@690 bar,15 �C)

Fig. 1 e Schematic design and principle of operation of high

temperature oxygen ion conducting solid oxide fuel cell.
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be considerably raised or efficient catalysts need to be

exploited. In the first investigations, Ag- and Pt-based elec-

trodes with iron catalyst in a tubular oxygen ion conducting

SOFC had been considered [44]. Successively, several studies

have revealed that Ni possesses appreciable catalytic activity

towards ammonia decomposition. Since Ni is effectively one

of the most common materials for SOFC anodes, this combi-

nation smoothly allows for ammonia feeding into such de-

vices [46]. Indeed, Fournier et al. studied the functionality of

Ni-, Pt- and Ag-based cermet anodes with ammonia, demon-

strating that more than 90% of NH3 was efficiently decom-

posed at 800 �C. Other elements such as Ag and Pt resulted

almost half less efficient.With a YSZ electrolyte, a peak power

density of 800mW/cm2 at 800 �Cwas demonstrated [48]. In the

last years, more studies have been published regarding SOFC
Table 2 e State-of-the-art of SOFCs in terms of material compon
and achievable power densities.

Electrodes An-Cat Electrolyte Operating tempera

NiO/YSZ - Ag YSZ 800

Ni/SDC - SSC/SDC SDC 500e700

NiO - BSCF SDC 550e650

Ni/YSZ - YSZ/LSM YSZ 750e850

NiO/SDC - SSC/SDC SDC 650

Ni/YSZ - LSM YSZ 700e900

Ni - SSC SDC 600

NiO - BSCF BZCY 450

Ni - BSCF BCGO 600

Ni - LSC BCGO 700

Pt BCG 700

Ni - LSC BCNO 700
performances with ammonia, summarized in Table 2 as

benchmarks. Currently, the highest maximum power density

of 1190 mW cm2 has been achieved by Meng et al. with

ammonia in an oxygen ion conducting SOFC with 10 mm thick

samarium-doped ceria (SDC) electrolyte, Ni-based anode and

Ba0.5Sr0.5Co0.8Fe0.2O3-based cathode at 650 �C [46,49,50].

Up to now, it has been demonstrated that ammonia-fed

SOFCs operate through successive NH3 decomposition (Eq.

(2)) and H2 electrochemical oxidation (Eq. (3)) [47,51,52].

2NH3/ N2þ3H2 Equation 2

H2þ O2- / H2Oþ2e- Equation 3

The catalytic decomposition of ammonia and electro-

chemical oxidation of hydrogen are the macro-processes

which are effectively resulting from a set of elementary re-

action mechanisms that involve adsorption and desorption,

surface reactions and charge transfers. Different works sug-

gested micro-kinetic models which confirm the two-step

cracking and oxidation of the fuel with a multi-step adsorp-

tion-desorptionmechanism of different gaseous species (NH3,

H2, N2). Fundamentally, adsorbed ammonia is step-by-step

deprotonated on the surface-active sites with further proton

and nitrogen recombination before associative desorption as

H2 and N2 respectively. These models were consistent with

experimental data, thus indicating reasonable insight into the

reaction pathway [51,61]. Furthermore, the ammonia decom-

position rate is sensibly dependent on the orientation of the

catalyst facets as well as on the catalyst's microstructure

[62,63].

Even if the electrochemical reaction is the same for both

H2- and NH3-fueled SOFCs, the open circuit voltage (OCV) is

still different for the two species. This phenomenon can be
ents for electrodes and electrolyte, operating temperatures

ture [�C] Power density [mW cm2] Reference

60 [48]

65e250 [53]

167e1190 [50]

299e526 [52]

467 [54]

38e88 [55]

168 [53]

135 [56]

147 [57]

355 [58]

25 [59]

315 [60]
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ascribed to the lower partial pressure of hydrogen at the

anode side when the cell is fed by ammonia. During ammonia

decomposition, gaseous nitrogen is also produced, thus

reducing the effect of the hydrogen partial pressure on the

equilibrium potential [55]. Even if the OCV is a decreasing

function of temperature, ohmic resistance and overpotentials

of SOFCs decrease as the temperature is increased. This is due

to many different reasons such as electrolyte conductivity,

faster kinetics and faster diffusion. Hence, the optimal tem-

perature during operation is a trade-off between reducing

OCV and lowering overpotentials [51].

All this considered, ammonia seems to be a promising fuel

for several applications ranging from automotive to stationary

power production. The main concern linked to the utilization

of ammonia regards the primary production. So far, the pro-

ductive pathway of NH3 is accompanied by considerable

amounts of greenhouse gases emissions. The hydrogen

source is mainly natural gas (72% of total production) which

necessarily involves CO2 emissions due to desulphurization,

methane steam reforming and water gas shift reaction. Via

this route, on average 3.45 equivalent tons of CO2 are emitted

per 1 ton of NH3 produced [17,64].

For this reason, green ammonia production processes can

be conceptualized and have raised scientific interest in the

last decades. Solid state ammonia synthesis (SSAS) is one of

the most promising techniques that seems to possess the

potential for obtaining ammonia without emitting any sig-

nificant GHG if the source of electrical power used for the

electrochemical process comes from renewables [14,65e68].

This paper aims to investigate the performance of com-

mercial oxygen-ion conducting solid oxide fuel cells (SOFCs)

when fueled with hydrogen and ammonia. The state-of-the-

art of ammonia as fuel for SOFCs is followed by the descrip-

tion and discussion of the experimental analysis. Particular

attention is paid to the performance comparison of three

cases where different flows feed the stack: hydrogen, a stoi-

chiometricmixture of hydrogen and nitrogen (3:1M ratio), and

ammonia. The current-voltage characteristics have been

evaluated for understanding the electrical behavior of the cell

stack when different fuels are supplied. Additionally, the ef-

ficiency of the stack with hydrogen is compared to the one

with ammonia, showing interesting results for this alternative

fuel. Finally, considerations on the effective resistance of the

stack are presented, with the scope of matching experimental

data with analytical models that are used for modelling and

simulating the cell behavior.
Experimental methodology

The tests on SOFC operation have been carried out at Fonda-

zione Bruno Kessler facility with the test bench SSTB-01,

provided by SOLIDpower S.p.A. The test bench is equipped

with a small stack furnace that can reach 800 �C. The inlet and

outlet gas temperatures are controlled via thermocouples in

proximity of the stack. The thermocouple sensitivity is in the

range of ±1.5 �C.
The gas interfaces are located at the rear of the bench

allowing for inlet fluxes of ammonia, hydrogen, nitrogen, air

and forming gas. The working pressure ranges between 3.0

and 5.0 bar while fluxes can vary from 0.1 to 10 NL/min for all

the gases apart from air which can reach up to 50 NL/min. The

inlet gas fluxes are mastered by Voegtlin mass flow controls

with instrument uncertainty fixed at 1% of themaximum flow

rates. In particular, the maximum flow rates for H2, N2, NH3

and air were 5, 50, 5 and 50 NL/min, respectively.

The fuel cell stack provided by SOLIDpower S.p.A. is

composed of 6 oxygen-ion conducting solid oxide fuel cells of

80 cm2 of active area. The polarization curves have been

recorded from 0 to 33 A and back to 0 when depolarizing, with

specific customization of current gradients and steps. This

current range was suggested by the supplier considering that

the nominal power point should be obtained at 0.4 A/cm2

(namely 32 A). Measurements have been performed with an

AGILENT N3300A electronic load, whose uncertainties are

0.05% þ 0.08 mV for voltage and 0.05% þ 0.06 mA for current.

Working parameters and variables can be controlled

through the TBCS software powered by LabviewTM. Different

temperatures were set during various measurements to

address changes in the stack functionality. Additionally,

fluxes and fuel utilizations were specifically changed with the

aim of investigating their effects on the SOFC operation. First,

hydrogen was supplied to the stack for evaluating standard

operating performances. Second, ammonia was injected to

effectively address the functionality of the cells with such a

fuel. Moreover, the effect of the endothermic reaction of

ammonia cracking on the cell performances has been evalu-

ated by performing tests with stoichiometric quantities of

hydrogen and nitrogen and comparing them with an equiva-

lent inlet of ammonia. The air flux has been fixed to 32 NL/

min, corresponding to an oxygen utilization of 0.1 at the

maximum current for all the tests.
Results

The firstmeasurements on the fuel cells have been carried out

with hydrogen as fuel with the intent of evaluating standard

performances and obtaining reference results for the com-

parison with other fuels. In order to investigate the response

of the stack with varying temperature, current-voltage curves

have been measured at 670, 700, 730 and 760 �C. The same

procedure carried out for hydrogen was then repeated for

ammonia.

Fig. 2a, b shows the current-voltage characteristics for

hydrogen and ammonia, respectively. The y-axis represents

the voltage of thewhole stack given as sumof the six single in-

series cells' voltages. In this regard, Fig. 3 shows the polar

representation of the voltages for each of the six cells

composing the stack for the three different fuels that have

been tested. The error values in the IV curves’ measurements

have been evaluated considering the experimental uncer-

tainty on voltage and current (0.05% þ 0.08 mV and

0.05% þ 0.06 mA, respectively). The resulting errors have

https://doi.org/10.1016/j.ijhydene.2021.06.139
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Fig. 2 e Current-voltage profiles at different temperatures for the tests with pure hydrogen (a) and pure ammonia (b). Voltage

uncertainty: <0.002 V; current uncertainty: <0.01 A.

Fig. 3 e Polar representations of voltages for the six cells of the SOFC stack for the tests with hydrogen (a), stoichiometric

mixture (b) and ammonia (c). Labels in the charts are to be read as 1 for the first cell at the bottom and 6 for the last cell at the

top of the stack, respectively.
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resulted to be several orders of magnitude smaller than the

experimental measurements for both current and voltage

(<0.01 A and <0.002 V, respectively). Therefore, for the sake of

clarity, error bars are not shown in the IV profiles. As far as the

error on power calculation is concerned, the uncertainty has

been evaluated by considering a first-order Taylor series

expansion for error propagation. Also in this case, the calcu-

lated error resulted significantly lower than the experimental

values (<0.1 W) and therefore is not reported in Fig. 8. These

small uncertainties in the experiments make the measure-

ments reliable and suitable for comparison with previous

works [22,26,30e37].

In order to understand the difference in operation when

feeding the stack with hydrogen and ammonia, the feed flux

has also been set as the stoichiometric composition in

hydrogen and nitrogen coming from ammonia cracking. With

hydrogen and nitrogen in 3:1 M ratio in NH3, the feed mixture

was composed of 1.726 NL/min in H2 and 0.575 NL/min in N2,

corresponding to an ammonia flux of 1.150 NL/min as in the

measurements with pure NH3.
Fig. 4 shows the comparison between hydrogen, ammonia

and the stoichiometric mixture at the different temperatures

used in the experiments. The curves for hydrogen and for the

mixture showhigher voltageswith respect to the ones relative

to ammonia. To compare and validate the results with avail-

able data from literature, the testing conditions were chosen

as similar as possible to the ones used in previous works.

Aiming to reflect such conditions, when the stack was oper-

ated at 0.35 A/cm2 (28 A), resulting cell voltages of 0.79 V for

ammonia have been measured at 750 �C. Considering the

values from other works at the same current density (0.35 A/

cm2) and equal or similar temperature range (700e800 �C) in
the voltage range from 0.76 V to 0.85 V, our results seem to

faithfully reflect the available literature data [22,26,30e37].

Deviations from the literature results can be attributed to the

specific operating conditions such as inlet ammonia fluxes or

fuel utilization.

Fig. 5 shows that at higher temperatures similar perfor-

mances are obtained for ammonia than for hydrogen.

Furthermore, in all the measurements with ammonia, the
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Fig. 4 e Comparison of the current-voltage profile for pure

hydrogen (red dots), pure ammonia (black squares) and

stoichiometric mixture of hydrogen and nitrogen (blue

triangles) at 760 �C. Voltage uncertainty: <0.002 V; current

uncertainty: <0.01 A. (For interpretation of the references

to colour in this figure legend, the reader is referred to the

Web version of this article.)

Fig. 5 e IV curves for ammonia feed at 730 �C (black

squares) and pure hydrogen at 670 �C (red circles) showing

a similar voltage drop. Voltage uncertainty: <0.002 V;

current uncertainty:<0.01 A. (For interpretation of the

references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Fig. 6 e Voltage profiles at 760 �C for hydrogen (grey

squares), stoichiometric mixture (red circles) and ammonia

(blue triangles) at high current values. The ammonia

voltage profile significantly departs from a linear trend,

showing that concentration losses are earlier observable

when ammonia is injected into the SOFC. Voltage

uncertainty: <0.002 V; current uncertainty: <0.01 A. (For

interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this

article.)
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polarization did not proceed smoothly for the whole polari-

zation ramp until 33 A as it had been set.

When the current was raised to 28 A at 670 �C and to 29 A

for the other temperatures, the voltage abruptly dropped

downwhen injecting ammonia. Fig. 6 shows the final tail of IV

curves for the three fuels used: H2, NH3 and the H2/N2mixture.

Linear trends are observed while using hydrogen and H2/N2

mixture as fuel while concentration losses are visible with

ammonia above 27 A. Such evidence highlights as the voltage

drop occurs for lower values of current when operating with

ammonia. This caused the interruption of the polarization

since a minimal threshold voltage of 0.68 V was fixed for each

single cell (4.08 V for the stack). Below such voltage, the stack

can be damaged since nickel in the anode can be subjected to
oxidation at high temperature, thus causing the transition to

nickel oxide which is no longer active for the electrochemical

oxidation of hydrogen [69e72].

Therefore, additional measurements with a larger

ammonia flux have been performed for obtaining further

insight regarding these performance limitations. Results are

shown in Fig. 7.

Fig. 8 shows the electrical power obtained by the SOFC over

the whole range of currents for all the tests. With hydrogen

and the mixture, the extractable power results close to 170 W,

larger than for ammonia (140 W).
Discussion

Performance comparison of SOFCs fueled with H2, H2/N2

(3:1) and NH3

For both fuels H2 and NH3, the voltage increases with the

temperature when the cell is delivering current. This phe-

nomenon is mainly attributed to the reduction in the internal

resistance of the stack when increasing the temperature,

which reflects the decrease in resistivity of the electrolyte in

the cells and in overpotential losses at the interfaces.

Single cell performances are not identical, among others

due to a thermal gradient in the furnace: bottom cells are at a

lower temperature than the ones at the top. For this reason,

the voltage increases for the top cells.

When comparing different fuels, the reason for observing a

lower voltage profile with ammonia than with the other fuels

can be ascribed to the reaction taking place in the furnace.
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Fig. 7 e Comparison between polarization curves with

different ammonia fluxes at 760 �C. Black-dotted curve for

20% increased ammonia flux does not abruptly fall at high

currents because of concentration losses unlike the red-

circled curve for lower feed flux. Voltage uncertainty:

<0.002 V; current uncertainty: <0.01 A. (For interpretation

of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

Fig. 8 e Comparison of the power-current profiles for pure

hydrogen (red dots), pure ammonia (black squares) and

stoichiometric mixture of hydrogen and nitrogen (blue

triangles) at 760 �C. Power uncertainty: <0.1 W; current

uncertainty: <0.01 A. (For interpretation of the references

to colour in this figure legend, the reader is referred to the

Web version of this article.)
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When the cell is fed with ammonia, the ammonia thermally

cracks before the electrochemical reaction of hydrogen occurs

in the cell. Since ammonia cracking is an endothermic reac-

tion, heat is absorbed from the stack, thus effectively

decreasing the local temperature. Additionally, nitrogen re-

duces the hydrogen partial pressure. On the whole, the per-

formances of the cell fed with hydrogen are achievable with

ammonia at higher temperature. In this sense, Fig. 5 shows

the comparison between the behavior for the test performed

with ammonia at 730 �C (black line) and the one with

hydrogen at 670 �C (red line), which are almost superimposed.

In order to indirectly get insight on the effect of ammonia

cracking on the stack temperature, the temperature profiles of
the inlet and outlet air fluxes have been analyzed for all the

test temperatures and feed fluxes. A general trend could not

be identified and the fluctuations around the average were

smaller than ±1 �C, suggesting that the thermal contribution

of ammonia dissociation did not affect the temperature of the

furnace.

Furthermore, it can be noticed that the trend for NH3 and

H2 is different at high current values. In Fig. 6 the portion of

the voltage-current characteristic at 730 �C is magnified at

values of current close to 28 A for the two feed gases. When

considering hydrogen as inlet gas, the profile remains linear,

meaning that concentration losses stay limited. Differently,

the trend of IV curves for ammonia departs from a linear drop

to lower voltage values. Such a behavior can be linked to

increased concentration loss coming from a lack of reactants.

A possible explanation might be that ammonia was not

completely cracked, or not fast enough to feed the active sites

at the anode at high currents. To this effect, a test with 20%

more ammonia in the inlet flux has been carried out at 760 �C.
Fig. 7 shows the complete polarization for the flux with

increased ammonia content. By injecting 1.380 NL/min of NH3,

the polarization reached 33 A without reaching the lower

safety threshold. This observation supports the fact that not

enough fuel was reaching the cell in the test with lower flux

and that the amount of available hydrogen is the only differ-

ence when a larger flux is used.

The difference in extractable power for H2 and NH3 firstly

reflects the reduced range of current (0e29 A) over which the

polarization occurred for ammonia with respect to pure

hydrogen or the H2/N2 gas mixture (0e33 A). Secondly, as

already observed, the voltage profile remains higher than that

of ammonia over the whole range of current, thus resulting in

higher values of power. The reduced fuel availability sensibly

affected the voltage profile, thus leading to stack powers

around 140 W for NH3 and almost 170 W for H2, at the

maximum current points.

The efficiency (h) of the SOFC has been evaluated as the

ratio of output and input power, according to Eq. (4):

h¼ IexpVexp

M LHV
Equation 4

where M is the mass flux of the inlet species and LHV is the

corresponding lower heating value.

In such equation, the product of current and voltage rep-

resenting the extractable power is evaluated for all the fuels

(i.e. H2, H2/N2 and NH3) and temperatures at the same current

density (0.35 A/cm2) and same fuel utilization (0.68) in order to

obtain a consistent comparison. The values of efficiencies for

hydrogen and ammonia are reported in Table 3. The experi-

mental uncertainty on the estimated efficiencies was evalu-

ated based on a first-order Taylor expansion of the error

propagation. Considering the previously mentioned values of

uncertainty for current, voltage, and fluxes of H2 and NH3, the

maximum uncertainty was estimated to be lower than 0.4%

for hydrogen and 0.2% for ammonia.

The efficiencies increase as the temperature increases for

both hydrogen and ammonia. This is coherent with the

reduction of the electrolyte resistivity and with the voltage

trends with increasing temperature. Electrochemical kinetics

are faster at higher temperatures. This means that the
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Table 3 e Efficiency values for hydrogen and ammonia at different operating temperatures. Efficiencies are calculated as
ratio of output and input power, considering the LHV of the inlet fluxes and the electrical obtainable power as product of
voltage and current at the same fuel utilization respectively. Values are calculated for a fixed current density (0.35 A/cm2).

T [�C] 670 700 730 760

FUEL H2 NH3 H2 NH3 H2 NH3 H2 NH3

LHV [MJ/kg] 120,4 18,6 120,4 18,6 120,4 18,6 120,4 18,6

Vol flux [NL/s] 0,029 0019 0,029 0019 0,029 0019 0,029 0019

Mass flux [g/s] 0,003 0015 0,003 0015 0,003 0015 0,003 0015

Pin [W] 312,24 270,88 312,24 270,88 312,24 270,88 312,24 270,88

Pout [W] 130,8 121,2 136,4 126,9 138,9 129,6 139,9 130,1

h [%] 41,9 44,7 43,7 46,8 44,5 47,8 44,8 48,0

Table 4 e Comparison of conditions and efficiencies for
ammonia fed SOFCs in our tests and in literature values.

T [�C] Current density [A/cm2] hfuel h [%] Ref

760 0.35 0.68 48 This work

750 0.35 0.7 52 [34]

750 0.35 0.8 56 [32]

700e800 0.35 1.0 63e70 [26]

763 / 0.55 30 [22]

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 3 0 1 1 2e3 0 1 2 3 30119
equilibrium potential decreases with increasing temperature

while the operating potential raises. Hence, the electrical ef-

ficiency becomes larger at higher temperatures.

Finally, it can be noticed that efficiencies obtained with

ammonia are larger than those reached by feeding hydrogen.

Values for ammonia as feeding gas are comparable to those

found in literature as it can be seen in Table 4. Literature ef-

ficiencies might differ from the ones obtained here due to the

different experimental parameters. The fuel utilization in this

work was fixed at 0.68, consistently with the maximum value

reached with ammonia flux. When considering similar fuel

utilizations (hfuel ¼ 0.70), as used by Barelli et al., our efficiency

value (h ¼ 48%) coherently reflects the value of 52% found by

other researchers [34]. Considering different works and oper-

ational parameters, a certain degree of consistency can be

observed.We expect that by raising the fuel utilization close to

1.0, efficiency would reach 60e70% as in Dekker et al. [26] A

similar comparison can be made for the work of Kishimoto

et al. [32], inwhich an efficiency of 56%has been observed for a

fuel utilization of 0.8. In parallel, by lowering the fuel utiliza-

tion for reaching similar values to those used by Cinti et al., the
Table 5 e Values of ASR for different fuels at different
operating temperatures of the SOFC. The effective
resistance has been evaluated at the voltage of 0.8 V by
linearizing the voltage-current profile in the interval
0.7e0.9 V. ASR consistently decreases with temperature,
showing larger values for ammonia than for hydrogen or
hydrogen/nitrogen mixture.

T [�C] ASR [U cm2]

H2 H2/N2 NH3

670 0.688 0.704 0.840

700 0.624 0.648 0.760

730 0.592 0.616 0.728

760 0.576 0.592 0.696
efficiency of the SOFC stack tested in the current study would

reach 33%,which is very close to the 30% obtained by Cinti and

co-workers [22].

Effective resistance of the stack

By considering the linear drop in the central range of currents,

it has been possible to evaluate the effective resistance of the

stack (ASRexp) by simply dividing the voltage by the current as

in Eq. (5):

ASRexp ¼ DV
Di

,Acell Equation 5

where Acell represents the cell area for dimensional consis-

tency to the model. Values of ASRexp obtained from experi-

mental data are summarized in Table 5. The effective

resistance is decreasing with increasing temperature,

reflecting the reduction in electrolyte's resistivity. In addition,

ASR for ammonia results slightly higher than that for

hydrogen or mixture at all the operating temperatures,

coherently to the more rapid voltage drop with increasing

current.

The ASRexp fundamentally describes all the resistances

that the stack and the electrical connections oppose to the

current flow. According to Andersson et al. [73], the effective

area-specific resistance (ASRmod) can be modelled in first

approximation as an Arrhenius-type profile (Eq. (6)):

ASRmod ¼ASR0exp

�
Ea

R

�
1
T
� 1
T0

��
Equation 6

where ASR0 represents an area-specific resistance referred to

a specific temperature T0 taken as reference, Ea is an activa-

tion energy describing the whole set of barriers that the stack

opposes to the current flow and R is the gas constant

(8.314 J mol�1 K�1).

This empirical correlation used in modeling can be rear-

ranged to obtain a linear profile of the logarithm of the resis-

tance (ln [ASRmod]) against the inverse of the temperature (1/

T). Fig. 9 shows a slight discrepancy between the supposed

trend of the numerical model (red line) and the experimental

data (black line). The modelling results tend to diverge from

the experimental values at higher resistances as the temper-

ature is decreased (larger values of 1/T). This means that the

empirical model selected for describing the behavior of such

variable does not perfectly fit for the temperature range of the

tests. Nevertheless, it can be noticed that the general trend is

still well represented by the model which clearly reflects the
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Fig. 9 e Trends of the area-specific resistance of the stack for hydrogen (a), stoichiometric mixture (b) and ammonia (b). Red

lines represent linear fits of the experimental data (black dots) while values at left top correspond to the correlation index

between the experimental values and the theoretical trend of the curve. Horizontal error bars account for temperature

measurement uncertainty, while uncertainty in the ASR value from uncertainty propagation has resulted too small to be

viewable (<1.8,10¡5). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 3 0 1 1 2e3 0 1 2 330120
evidence that the effective resistance of the stack is reducing

with temperature. This can be mainly ascribed to the reduc-

tion in resistivity of the electrolyte, thus favoring the flux of

oxygen ions towards active sites.

Error estimation for both temperature and ASR was per-

formed. In particular, the uncertainty in the temperature

measurement was considered as the thermocouples’ uncer-

tainty (±1.5 �C). Consequently, the uncertainty of 1/T has been

evaluated by uncertainty propagation and the horizontal error

bars in Fig. 9 have been defined. For what concerns the ASR,

the error was estimated considering a first-order Taylor

expansion for uncertainty propagation and resulted to

be < 1.8,10�5. These values are too small to be reported on the

graphs in Fig. 9 and, therefore, are not shown.

Even if the experimental trend does not strictly follow the

empirical law expressed by the model, the model parameters

have been evaluated by looking at the linear fitting (Ea,exp and

ASR0,exp) according to Eq. (7):

lnASR¼Ea

R
1
T
þ lnASR0 � Ea

RT0
0y ¼ mxþ q Equation 7

where T0¼ 800 �C has been assumed as reference temperature

coherently to the modeling approach.

The activation energy can be obtained through the slope of

the linear fit while the reference ASR0 is related to the inter-

cept with the y-axis. The reference area specific resistance

ASR0,exp is compared to the literature value (ASR0,mod). The
Table 6 e Comparison of modelling parameters for
different feed fluxes when calculated from the modeling
approach and when obtained directly from experimental
data. ASR0 values do not perfectly match even if they
remain in the same order of magnitude.

Feed Slope Intercept Ea,exp [kJ/
mol]

ASR0,mod

[∧ cm2]
ASR0,exp

[∧ cm2]

H2 2397.7 �12.096 19.934 2.9,10�5* 5.2,10�5

H2/

N2

1135.1 �11.19 6618.34 2.9,10�5* 3.9,10�5

NH3 2549.9 �12.07 21.199 2.9,10�5* 6.1,10�5
results of the comparison are shown in Table 6. As it can be

observed, the value of ARS0 obtained from the modeling does

not match with the experimental one. The reference value of

the model is smaller than the one resulting from the experi-

mental data. However, the ASR computed by the module are

in the same order of magnitude as the experimental ones.

This result leads to the conclusion that the model works fine

as a first approximation for describing a general ASR trend.

The reason for the observed mismatch is feasibly related to

the fact that the model parameters (Ea, ASR0, T0) are strongly

related to the investigated system (architectures, losses, etc

…) and cannot be generalized. In particular, the choice of the

values of ASR0 and T0 are not strictly valid for any systems at

any operative temperature.
Conclusions

This paper presented a detailed performance comparison of

oxygen-ion conducting SOFCs operating with hydrogen,

ammonia, and a stoichiometric mixture of hydrogen and ni-

trogen (3:1 M ration). Differences, similarities, and correla-

tions in the way these fuels allow for electrical power

generation are pointed out in the framework of using

ammonia as a promising energy vector by fueling SOFCs.

By polarizing the stack with currents ranging from 0 to 33 A

at different temperatures, the evolution of the dynamic

operation has been addressed. A small deviation to lower

voltages has been observed for the stoichiometric mixture

with respect to pure hydrogen, as a consequence of the lower

hydrogen partial pressure in the feed. Voltages tend to

decrease with temperature also for ammonia. However, the

whole range of currents could not be investigated since con-

centration losses arose when reaching 28e29 A with

ammonia. By testing the performance with an increased flux

and observing polarizability up to 33 A, the hypothesis of

incomplete or inefficient ammonia cracking seemed to be

confirmed. As far as the electric power is concerned, higher

values were obtained with hydrogen than with ammonia. On

the whole, such evidence led to lower efficiencies for
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hydrogen (close to 45%) than for ammonia (close to 48%) at the

highest temperature (760 �C).
When investigating the ASR for different fuels, decreasing

values from 0.7 to 0.6 Ucm2 with increasing temperature have

been obtained for hydrogen and mixture, while values for

ammonia range from 0.8 to 0.6 Ucm2. By comparing experi-

mental results with numerical approaches used for modeling,

a general accordance has been observed even if the trends are

not perfectly matching, especially at the lowest temperatures.

These encouraging results evidence the potential for

ammonia to become an alternative, efficient energy carrier.

Further investigation on the performances of SOFCs with this

fuel would be promising for understanding reaction mecha-

nisms and limiting factors, with the aim of improving effi-

ciencies and paving the way towards system integration as

well as reversible operation for ammonia production via solid-

state ammonia synthesis.
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