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� Efficiency can be improved using multiple stacks and by recycling the anode gases.

� Heat exchanger area can be reduced by introducing additional stacks to the system.

� Afterburner can be avoided by optimizing the air flow management.
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a b s t r a c t

In this paper, design strategies for improving electrical efficiency, thermal design and fuel

utilization of an ammonia-fed SOFC are investigated. Three strategies are presented to

improve system performances: (i) the introduction of an additional stack to distribute the

power i.e. power rating, (ii) the evaluation of the anode off gasses recirculation and (iii) the

use of the off gasses to operate a cascade stack (re-powering), where the anode flue gas is

recuperated. A system design that integrates these new features is modelled with zero-

dimension thermodynamic equations. The three strategies were evaluated for net sys-

tem efficiency and the heat exchanger area as main design parameters. The power rating

allows to reduce the heat exchanger surface while the recirculation and repowering are

suitable to increase system efficiency. With an integration of the three solutions, it is

possible to achieve an increase in net efficiency from 52.1% to 66% and a reduction in heat

exchanger surface area of 67% compared to the reference design that does not consider any

of the proposed design strategies.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

The strong development of renewable energy sources requires

improvements in energy management strategies, with a spe-

cial focus on energy storage solutions. A technology that has

been recently gaining interest in literature is the use of

ammonia as energy storage solution. The entire concept in-

tegrates a power to ammonia technology, to produce green

ammonia, and an ammonia to power production solution [1].

Ammonia can be used as fuel in several technologies,

including internal combustion engines, turbines and different
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fuel cell types. One of themost promising solutions in terms of

high efficiency and nearly zero emissions is a power plant

based on Solid Oxide Fuel Cell (SOFC) technology [2]. In SOFC

technology ammonia can be directly decomposed in the

anode due to high temperatures and nickel as catalyst [3].

Moreover, the cracking reaction allows to reduce the cooling

requirement of the system with beneficial advantages at

system level [4]. The operation of SOFC with ammonia is re-

ported in literature on an experimental basis both at single

cell and stack level [2,5e8]. Experimental evidence shows that

SOFCs can completely decompose ammonia internally with

no production of NOx [9,10]. Literature also reports pre-

liminary studies on the degradation of SOFC when operated

with ammonia, where no increase in degradation rate was

measured but nitridation of materials, mainly anode and in-

terconnects, may cause performance loss in the long term [3].

However, degradation is not in the aim of present study and

the focus is on the impact of system design on performance

and efficiency.

At system level, only few studies are reported, mainly

using a design approach from natural gas fuelled SOFC power

plants. One of the first model presented in literature in re-

ported in Ref. [11]. Their study was a simple but complete

analysis of the SOFC operation with NH3 as a fuel. The study

reports the values obtained from single cell experimental

study and illustrates the system design that was modelled.

The paper also reports a second design with an improved

cathode design strategy aimed at reducing the size of inlet air

heat exchanger. This latter part of the study is only introduced

in the referred study, and it is more thoroughly investigated

and integrated with the newly proposed concept in the cur-

rent work.

The recirculation of off gasses in several system designs,

including ammonia-fed SOFC system has also been studied in

Ref. [12]. Their design integrates the recirculation of anode off

gasses of an ammonia-fed SOFC at high temperature instead

of directly feeding the afterburner. They studied at fuel utili-

zation factor (Uf) values of 0.7 and 0.8, and since the concen-

tration of hydrogen in wet off gasses is very low, the

recirculation causes a decrease in cell voltage, and conse-

quently in system efficiency. Net efficiency of 51% is calcu-

lated with SOFC operating at 750 �C and at a power density of

0.12W cm�2 (calculated from data). Recirculation of off-gasses

is a well known strategy in literature that is used to increase

efficiency. However, literature studiesmainly focus on natural

gas and hydrogen fuelled systems [13,14]. Another system

based on SOFC and ammonia was also presented in Ref. [15],

where steam is added in the anode flow gasses with subse-

quent strong decrease in performances. In Refs. [16,17],

hydrogen is recovered from anode off gasses with a palladium

based membrane. In these studies, the aim of the system is

the combined production of heat, hydrogen and power, and

power production is not optimized. In Ref. [18] the first study

with no after burner in the system using a different type of

SOFC (so called HeSOFC) has been reported. In our previous

studies we evaluated two ammonia-SOFC system designs

[4,19]. In the first study [4], the system design includes two

heat exchangers for each electrode (one for high and one for

low temperature) and an afterburner in the middle that

completes the fuel oxidation. At SOFC operating temperature

of 750 �C and Uf value of 0.8, a maximum net efficiency of 66%

was obtained at very low power density of 0.09 W cm�2

(calculated from data). In the second study [19], an improve-

ment of the model based on new experimental results was

presented. The new design integrates the SOFC stack with the

after burner, that can be bypassed, and three heat exchangers.

When the system operates with Uf value of 0.8 and current

density of 0.5 A cm�2, a net efficiency of 52.1% was calculated

at power density of 0.36 W cm�2.

Recently, an improved SOFCeNH3 system configuration

with a 100% anode off gas recirculation has been reported in

Ref. [20]. In their design, nitrogen is separated from hydrogen

with a membrane and a pure hydrogen flow is recirculated in

the system and mixed with the inlet ammonia, leading to an

efficiency increases from 60% to 72%. The main drawback of

such a design is related to the introduction of an expensive

and not mature component such a palladium-based

membrane.

The study presented in this paper advances the

afterburner-less design configuration concept in Ref. [19] with

new strategies. The removal of the afterburner is possible,

because ammonia is not a carbon-based fuel, and therefore, it

is not necessary to complete the oxidation of carbon com-

pounds such as CO for environmental reasons. On the con-

trary, avoiding any combustion is beneficial from an emission

reduction point of view, since anode off gasses are nitrogen-

rich, and their high temperature combustion can increase

the risk of NOx formation. The drawback for afterburner-less

design is that all system temperatures decrease with conse-

quent increase of heat exchanger surface areas as previously

reported in Ref. [19]. Moreover, without the afterburner, sys-

tem off gasses still contain hydrogen since the SOFC fuel uti-

lization is lower than unity. Therefore, steam should be

condensed and separated, so that the off gasses become a

mixture of only nitrogen and hydrogen that can then be fed

directly to the SOFC stack for additional power production or

to a new stack in the so called cascade configuration [21].

The aim of this paper is to design, model and study an

improved ammonia-SOFC system. The novelty of this study is

related to the application of cascading and off-gases use in

ammonia fuelled SOFC power systems. The use of ammonia

introduces new interesting aspects related to thermal bal-

ance, hydrogen dilution and oxygen flow management. The

strategies studied in the current work are: two cathodes in

series (Design A), off-gas recirculation (Design B), stack

cascading (Design C). All these solutions are well known in

literature for SOFC system design but the new application

with ammonia opens to new strategies that deserve a deeper

investigation. The objectives of the new design configurations

are.

� to further study the design strategy reported in literature

[11], where the power rate is divided into two stacks with

anode gas provided in parallel and cathode air delivered in

series, and no afterburner is implemented (Design A in this

study);

� to evaluate strategies that increase system fuel utilization

using the hydrogen flow rate still present in the off gasses.

In particular two strategies are identified: anodic off gasses

recirculation (Design B) and the introduction of stack
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cascading: additional SOFC stack/s operating with the

anode exhausts obtaining the repowering of the system

(Design C);

The three systemdesigns are studied focusing on twomain

parameters: net system electrical efficiency and heat

exchanger surface area. The integration of the different stra-

tegies is also considered and studied to identify the best

design solution.

Methodology

System design

The aim of this study is to develop an improved configuration

for a SOFC system fuelled with ammonia. The model of the

SOFC unit is based on a regression study of the data available

in literature. This type of model is coherent with the aim of

this study, which is not to develop a unit model but to opti-

mize the system design. Further studies may require an

electrochemical model.

The SOFC power systems were designed and modelled

with a calculation spreadsheet and a code developed using

Excel macros, where a data with fluid thermophysical prop-

erties was implemented based on Janaf tables [22]. A zero-

dimensional model was implemented for all components

and thermodynamic energy balance was calculated based on

design parameters. The SOFC stack was modelled starting

from the voltage calculation, V [V] obtained from reference

experimental results as function of current density, J [A cm�2],

fuel utilization, Uf, and ammonia concentration, XNH3, [19].

Once Uf and J are fixed, inlet gas flow can be calculated as

follows:

_nH2eq ¼
J

2� F� Uf
(1)

where F is Faraday's constant [96,485 C mol�1] and _nH2eq [mol

s�1] is the specific hydrogen equivalent molar flow rate per

unit area defined as:

_nH2eq ¼ _na;H2
þ 3
2
_na;NH3

(2)

where _na;H2
[mol s�1 cm�2] and _na;NH3

[mol s�1cm�2] are the

hydrogen and ammonia specific molar flow rates entering the

anode. The energy and mole balance of the stack are calcu-

lated by considering (i) the complete chemical decomposition

of ammonia in the anode, (ii) constant heat losses in the stack

and (iii) the cathode flow rate calculated to maintain stack

temperature at design conditions. The cathode flow rate is

obtained by considering the average between inlet and outlet

temperatures of both anode and cathode as the stack oper-

ating temperature and fixing the difference between the inlet

and outlet temperature (DT) to 100 �C for both electrodes. The

latter is required to reduce thermal stress to the stack. The

combination of the two requirements brings to an inlet tem-

perature of �50 �C and þ50 �C compared to the operating

temperature for inlet and outlet gas flow rates, respectively.

However, for multi-stacks configuration the DT of 100 �C is the

upper limit for the additional stacks and only lower values are

accepted when designing the second and third stacks. Once

cathode flow rate is calculated, it is possible to derive the

utilization of oxygen (Uox) defined as follows:

Uox ¼ J

4� F� _nc;O2

(3)

where _na;O2
[mol s�1cm�2] is the area specific cathodic oxygen

molar flow rate. The heat exchangers energy balance is

calculated considering the heat balance and with a constant

heat transfer efficiency for all components. The model also

calculates the heat exchanger surface area, AHE [cm2
HE cm�2]

obtained as follows:

AHE ¼ QHE

LMTD� U
(4)

where QHE is the exchanged thermal power, LMTD is the log-

arithmic mean temperature difference and U is the heat ex-

change coefficient fixed at 30Wm�2 K�1. Total specific surface

area of heat exchangers of the system, ATHE [cm2
HE cm�2], is

defined as follows:

ATHE ¼
X

AHEi (5)

Finally, the specific gas blowers power consumption, PB [W

cm�2], was calculated as follows:

PB ¼ _mg � Cp � DT

hB

(6)

where _mg [mol s�1cm�2] is the area specific blower gas mass

flow rate, Cp [J K�1] is the gas heat capacity at constant pres-

sure, DT [K] is inlet-outlet temperature difference and hB is the

isentropic efficiency of the blower. Temperatures were

calculated using blower isentropic adiabatic equation:

Tout ¼ Tin � b
k�1
k (7)

where Tin [K] and Tout [K] are inlet and outlet temperature

respectively, b is the pressure ratio and k is the adiabatic gas

coefficient. Note that to keep the model independent from the

power, all dimensional parameter (gas flow rate, power, heat,

current, heat exchanger area) were calculated per unit of fuel

cell stack active area. In the case of multi-stack design the

normalization is done with the total active area of all stacks.

This is useful when comparing configurations with different

fuel cell stack sizes or different number of stacks, as is the

case in the current work.

The system net efficiency is calculated as follows:

hnet ¼
V � J

LHVNH3
� _nNH3

(8)

where _nNH3
[mol s�1cm�2] is the specific inlet ammonia flow

rate and LHVNH3
[J mol�1] is ammonia Lower Heating Value.

The gross efficiency is calculated using the following

equation:

hgross ¼
hi � V � J�P

PBi

LHVNH3
� _nNH3

(9)

where hi is inverter efficiency and
P

PBi is the sum of all

blowers' area specific power consumption. All the models

presented in this study follow common design strategies. The

thermal energy balance of the SOFC is obtained varying the
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cathode flow rate, and consequently, the utilization of oxygen.

Ammonia is stored in pressurized conditions and the blower

is not necessary at fuel inlet. Ammonia does not undergo any

decomposition before entering the SOFC stack. A pre-cracking

reactor was not considered and the ammonia decomposition

occurs directly inside the anode. Finally, the use of after-

burners was avoided to reduce the possible NOx formation

due to high N2 content in anode off gases and due to no obli-

gation to oxidize the remaining fuel thanks to the carbon-free

nature of NH3 fuel.

In all simulations the fuel utilization and the current

density were kept constant at 0.8 and 0.5 A cm�2, respec-

tively. These values are considered a good trade-off be-

tween efficiency and power density. Stack temperature was

fixed to 750 �C according to state-of-the-art value. The

constant parameters used in the current work are reported

in Table 1.

The three identified system configurations are described

below.

Design A: System design with power rate

In the first design configuration, two different SOFC units are

considered and the system is operated at different power

rates. Power rate (PR) is defined as the ratio between the power

of the single stack and the total sum of the power of all the

stacks PR ¼ Pstack
Ptot

. For Design A, where only two stacks are

involved PR ¼ PSOFC1
PSOFC1þPSOFC2

. Fig. 1 shows the system design with

the introduction of the first system improvement (Design A).

The design is based on what is already presented in

Ref. [11], where two stacks are connected in parallel for what

concerns anodic gas flows, while the cathodic gas flows are

delivered in series with the enrichment of fresh air flow be-

tween the two units. The fresh flow is introduced to reduce the

inlet temperature of the anodic mixture of the second stack.

At system level, this strategy allows to reduce the air flow rate

that must be preheated in the cathodic heat exchanger.

Compared to what is already described in literature, this

system design does not consider the post combustion of

anode exhausts in an after burner to reduce system compo-

nents and to eliminate the risk of NOx formation. The final

result of this new design is a power rate split between the two

stacks. To operate the two stacks, it is necessary to distribute

both anodic and cathodic gas flow introducing splitting valves.

Ammonia is preheated in the heat exchanger called anodic

recuperator that can operate also as NH3 cracking reactor,

depending on the design strategies. The fuel is divided in a

splitter (S1) feeding the two anodes of the stacks with the

same gas composition but different flow rates, depending on

the power rate. From the anodic gas point of view, the two

stacks are in parallel. Stack anode exhausts are joined in the

Table 1 e Constant design parameters used in the model
simulations.

Parameter Value Reference

Stack fuel utilization (Uf) 0.8

Stack current density (J) 0.5 A cm�2 [13]

Ambient inlet air conditions T ¼ 293.15 K,

P ¼ 1 bar

Average SOFC temperature (Tavg) 750 �C [13, 23]

Heat exchanger efficiency (hHE) 0.9 [23]

SOFC thermal losses (hQloss) 0.05 [19]

Cathode pressure drops

(cathodic blower design) (DPcat)

100 mbar [13]

Anodic pressure drops

(recirculation blower design) (DPand)

25 mbar [13]

Blowers' isentropic efficiency (hB) 0.85 [20]

Inverter efficiency (hinv) 0.9 [13]

Fig. 1 e System design with power rate (Design A).
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mixer M2, and from M2 the gases flows through the anodic

recuperator to provide the heat to the inlet fuel. Anode off-

gasses are then flashed into the atmosphere. Note that since

no afterburner is introduced, anode off-gases still contain the

amount of hydrogen that did not react in the stacks. Air is

introduced into the system at atmospheric conditions using

the blower B. The air flow is separated in the cathodic splitter

(S2). These units split the amount of air flow that will pass

through the heat exchanger to the first stack, from the air

necessary to reduce cathodic mixture temperature between

the two stacks. While the air flow directed to the first stack is

designed to reach thermal balance of the stack, the air flow

separated and introduced in the mixer M1 is calculated to

decrease temperature of first stack cathodic exhausts to the

inlet temperature of second stack. For the second stack the

inlet temperature is calculated, so that an average tempera-

ture of 750 �C between cathodic inlet and outlet is reached.

The cathodic gas flows from the second stack are cooled in the

cathodic heat exchanger, where heat is transferred to the inlet

air of the first stack.

Design B: System design with power rate and anode
recirculation

This design is an improvement of first design with the intro-

duction of anode recirculation. Since both stacks operate with

a utilization of fuel lower than one, off gasses contain a flow

rate of hydrogen that can be recirculated. In Design B, part of

the off gasses flow rate is separated after the anodic recu-

perator in the anode off gas recirculation (AOR) valve, as

shown in Fig. 2. The composition of the off gasses is mainly

steam, nitrogen and hydrogen, before the steam is separated

in a condenser (COND). Then a recirculation blower (RB) al-

lows to recirculate the gasses. Recirculated flow rate is mixed

with the fresh ammonia inlet in the mixer M3. The recircu-

lated gas mixture is composed of hydrogen and nitrogen, a

fuel and an inert. This means that the new fuel mixture

entering the anodic recuperator is a mixture of ammonia,

nitrogen and hydrogen. Depending on the equilibrium con-

ditions, the new mixture entering the SOFC stacks could vary

in concentrations. The recirculation rate (RR) is defined as the

ratio between the recirculated flow rate and the total flow rate

entering the AOR valve.

Design C: System design with power rate, anode
recirculation and repowering

Another strategy to increase system efficiency is to introduce

a third stack in the system design, thereby obtaining a

repowering of the power plant. This solution (Design C) is

represented in Fig. 3. The scheme reported in the figure in-

tegrates both the recirculation and the repowering solutions.

After the condenser, a second separation splitter is introduced

to get a re-power of the system (S4) that separates the

condensate and sends the remaining gases to a third stack

SOFC3. The repowering parameter (RP) is defined as the ratio

between the flow rate that reaches the third stack and the flow

rate entering the splitter S4. Before entering the stack, the

mixture is heated up to anode inlet temperature in a second

anodic recuperator. The latter is fed, in the hot side, by the

anodic off gasses of the stack before exiting the system via the

mixer M4. The cathode of the third stack is fed with air from

the splitter S2. In this design, like in the power rate design

(Design A), the cathodic flow is preheated in the mixer M5

using hot mixture exiting the second stack cathode. Fresh air

is necessary to reduce the third stack's inlet temperature and

to introduce additional oxygen flow rate. Repowering ratio is

controlled with the RP or with the combination of AOR and RP.

Fig. 2 e System design with power rate and anode recirculation (Design B).
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The cathode flow is regulated accordingly in S2 so that the

third stack operates in the required thermal conditions. It is

worth highlighting that this design does not require additional

power for blowers in terms of pressure drops since the cath-

ode pressure drop is the same due to the parallel configuration

and in the anode side the ammonia storage pressure condi-

tions allow to add components without additional pressure

requirements.

Results

Results of the system study are here below reported for each

of the three studied configurations.

Design A

The system was studied by varying the power rate from 1,

where only one stack operates, to 0.5, where the power is

equally distributed between the two stacks. Fig. 4 shows the

results of the variation of oxygen utilization for both the first

stack (Uox1) and the second stack (Uox2) as function of power

rate. While Uox1 is at a constant value of 0.2, i.e., the first stack

operates always at the same conditions,Uox2 increases up to a

value of 0.22 when PR is reduced to 0.5. The main result of

Design A strategy is the reduction of air flow rate, also reported

in Fig. 4. When the power is equally distributed between the

two stacks (PR ¼ 0.5), air flow rate is reduced by 43%, which

leads to reduction in the power consumption of blower B.

Both parameters are plotted in Fig. 5 as function of PR. The

gas flow rate entering the cathodic recuperator (CR) decreases

linearly with the decrease in PR value, achieving 50% of gas

flow reduction for PR¼ 0.5. The off gas air temperature and the

inlet-outlet gas temperature of the second stack are also

shown in the Figure. Owing to the introduction of the power

rate, off gas temperature rises to 93 �C for PR ¼ 0.5. Such value

allows to achieve feasible value for the cathodic heat

exchanger temperature levels. On the other hand, PR¼ 0.5 is a

minimum value of power rate for the stack temperature dif-

ference limits, defined by DT SOFC2. As reported in the graph,

such difference increases linearly when power is rated to the

second stack (PR value approaching 0.5). The limit value of

100 �C is achieved for PR values smaller than 0.5, which is

determined by both Uox2 (see Fig. 4) and DT SOFC2 as design

limits.

The variations of net and gross efficiencies as function of

power rate are shown in Fig. 6. Since both stacks always

operate at the same conditions of Uf value and power density,

the gross efficiency is constant at 57%.When the second stack

is introduced, the net efficiency increases from 50 to 53%. As

Fig. 3 e System design with power rate, anode recirculation and repowering (Design C).

Fig. 4 e Uox and Air flow rate reduction as function of PR.
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reported in equations (8) and (9), the difference between the

two efficiencies is related to the inverter efficiency and the

energy consumption of blowers. The latter is reduced inDesign

A since air flow rate entering the system is lower and,

consequently, net efficiency increases. Fig. 6 also shows the

total area of the heat exchanger (ATHE). It must be noted that

this parameter is measured as heat exchanger surface area

per unit area of fuel cell stack. The value of ATHE, not avail-

able for PR ¼ 1 due to the already mentioned temperature is-

sues, decreases down to 1.36 cm2
HE cm�2 with decreasing air

flow rate. Finally, the power density of each stack is

0.39 W cm�2. This value does not depend on the power rate

since operating conditions in terms of current density and fuel

utilization are the same for both stacks.

Design B

To evaluate the effect of recirculation on system perfor-

mances, recirculation rate (RR) was varied from 0 (no recir-

culation) to 0.8 with a step of 0.2. A complete recirculation

(RR ¼ 1) it is not possible since nitrogen is recirculated with

hydrogen and must be removed from the system. The system

was operated with the optimized power rate of 0.5 (see Design

A study). Gas recycling brings to a modification of anode

mixture as reported in Fig. 7, i.e., causes dilution of inlet

ammonia with mixture of H2 and N2. The H/N ratio that ac-

counts the anode inlet operating conditions in terms of dilu-

tion factor is shown in Fig. 7. When the system operates with

no recirculation, H/N ration is 3, that is the same value of pure

ammonia. Recirculation rate reduces this ratio down to 0.75 in

case the system operates with RR equal to 0.8.

Fig. 8 shows utilization factors and efficiencies as function

of RR for Design B. Utilization of oxygen for both stacks remain

Fig. 5 e Variation of and CR flow rate reduction, off gas

temperature and D T SOFC2 as function of PR.

Fig. 6 e Net and gross system efficiency at PR variation for

Design A.

Fig. 7 e Utilization factors of Design B as function of RR.

Fig. 8 e Parametric changes for Design B at varying RR (a)

Utilization factors (b) and net, gross system efficiency and

ATHE.
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in the 0.2 range value with minimum variations. Fig. 8(a) also

shows the total Uf value, where the stack Uf is a design

parameter set to 0.8. As expected, recirculation rate allows to

increase the total fuel utilization up to 0.95 for a RR value of

0.8. As can be seen in Fig. 8(b), the increase in recirculation

rate improves both grosse and net efficiencies linearly up to

values of 0.68 and 0.63, respectively. The contribution of the

higher ancillary power absorbance due to the recirculation

blower does not emerge from the efficiency analysis. This is

caused by the low values of recirculation rate compared to

that of the air blower. Moreover, Fig. 8(b) shows the total area

of the heat exchanger, where an increase in RR leads to in-

crease in gas flow rates and decrease in temperatures. This in

turn causes an increase in the total heat exchanger surface

area that reaches a value of 1.64 cm2
HE cm�2 for RR ¼ 0.8.

Design C

To evaluate the effect of repowering on system perfor-

mances, repower rate (RP) was varied from 0 (no repower-

ing) to 1 (full repowering) with a step of 0.2. The system was

operated with the optimized power rate of 0.5 (see Design A

study) and no recirculation (RR ¼ 0). The third stack always

operates with dry off gasses, whose composition is a func-

tion of the Uf values of the first two stacks. Once Uf is fixed

to 0.8, concentration of H2 and N2 in the third stack are

37.5% and 62.5%, respectively. The utilization factor and the

power rates at varying RP are shown in Fig. 9. The results in

Fig. 9(a) show that the oxidant utilization factors remain

constant for the first two stacks at 0.2 and 0.22, respectively.

Whereas for the third stack, Uox3, the values increase with

increasing RP values, up to 0.09. The cathodic flow rate of

the third stack is a mixture of the fresh fuel and the

cathodic off gasses of the second stack, the oxygen utiliza-

tion of third stack increases with increasing RP. This results

in a lower oxygen utilization of the third stack compared to

the previous two. The total Uf reaches values up to 0.96,

which is possible since unused hydrogen from the first two

stacks is fed to the third one.

The reason for the variation in Uox3 can be seen in Fig. 9(b),

where the power rate of the three stacks are shown. The first

and second fuel cell stacks (SOFC1 and SOFC2 in Fig. 3) have

the same power rate (PR1 ¼ PR2). However, the power rates of

the first two stacks decrease from 0.5 to 0.42 when RP in-

creases 0 to 1. This is a consequence of the operation of stack

3, whose power rate (PR3) increases from 0 to 0.18.

An additional consequence of repowering is reported in

Fig. 10(a), where CR and total air flow rate reduction is re-

ported as a function of RP. Compared to the design without

repowering, the distribution of power among the three stacks

allows to reduce both the flow rate in the cathodic recuperator

and the total air flow rate by 58% and 48%, respectively. CR

flow rate is important since it is directly related to CR size and

relative cost, while total air flow rate impacts systemdesign as

it is the main parameter used to design air blower and its

relative power consumption. Gross and net efficiency as

function of RP are reported in Fig. 10(b), where they increase

up to 0.68 and 0.64, respectively. Fig. 10(b) shows ATHE values,

where the distribution of the power between the stacks allows

to reduce the value of this parameter even with the increasing

contribution of the second anodic recuperator. The minimum

value of ATHE is obtained at RP ¼ 1 and reaches a value of 0.87

cm2
HE cm�2.

Discussion

All the proposed designs strategies improved the system both

in terms of efficiency and lower total heat exchanger surface,

compared to a single stack configuration. While the power

rate strategy is considered an efficient solution that can be

implemented in future SOFCeNH3 systems, recycling and

repowering are considered alternative solutions to reduce

energy losses and increase efficiency. An integration of both

solutions is possible with RR of 0.8 and RP of 1, while PR was

kept at the optimal value of 0.5. The main results of this final

case are reported in Table 2, where a total fuel utilization of

0.99 and net electrical efficiency of 66% can be achieved, a

significant increase from the 52.1% reported at similar oper-

ating conditions in Ref. [19]. The temperatures and composi-

tions of the flows for this design are provided in Table 3 and

Fig. 9 e Parametric changes for Design C at varying RP (a)

utilization factors and (b) power rate.
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Table 4, respectively, where both tables use the same labels of

the pipes as in Fig. 3. In the final system it is possible to define

the power rate of each stack (PR1, PR2 and PR3) as the ratio

between the power of relative stack and the total power of the

system, and therefore, PR1 and PR2 are 48% each and the third

stack covers the remaining 4% of the power. It is important to

underline that the power density, Pd, of the system is always

the same at 0.39 W cm�2, since all the stacks operate with the

same current density of 0.5 A cm�2 and the same fuel utili-

zation of 0.8. However, with this optimization the RR is high

Fig. 10 e Parametric changes for Design C at varying RP (a)

total air flow rate and CR flow rate reduction and (b) System

efficiencies.

Table 2 e Design parameters for optimized efficiency.

Parameter Value

Uox1 0.19

Uox2 0.2

Uox3 0.02

Uftot 0.99

PR1 0.48

PR2 0.48

PR3 0.04

Pd [W cm�2] 0.39 W cm�2

hnet 0.66

hgross 0.71

ATHE [cm2
HE cm�2] 1.34 T
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andATHE reaches a value of 1.34 cm2
HE cm

�2, which is 54%more

than the minimum area obtained by optimizing for heat

exchanger surface area.

All strategies presented in this study require the in-

crease in the number of stacks. This aspect could be

considered as significant complexity compared to the

mentioned advantages. However, SOFC technology is based

on a modular design and, to reach high powers, more

stacks are required even in the standard system design

configurations. From this work, it is possible to identify two

optimal conditions defined as high efficiency design and

low ATHE, reported in Table 5, where total power and total

SOFC area are also calculated for a 100 kW system. The

table also reports the base case where none of the three

strategies is implemented. Since Design A does not achieve

the thermal energy balance for all heat exchangers, the

data of ATHE have to be considered higher of the closer one

(case PR ¼ 0.8).

The data reported in Table 5 shows that the low ATHE

design seems optimal since the loss of net efficiency

compared to the high efficiency design is very low, 3.1%,

compared to the decrease of ATHE, 35.1%. Therefore, the final

design decision is a trade-off between capital investments and

operative costs in terms of fuel consumption.

Conclusion

The use of ammonia in SOFC systems has a significant impact

on traditional system design. In this study three design stra-

tegies are introduced and evaluated in terms energy efficiency

and impact on the balance of plant components. The main

objective was to reduce the surface area of the heat ex-

changers, and consequently, their relative cost. It was found

that with an integration of the three solutions, it is possible to

achieve an increase in net efficiency from 52.1% to 66% and a

reduction in heat exchanger surface area of 67% compared to

the reference design that does not consider any of the pro-

posed design strategies. The power rating strategy allows to

halve the heat exchanger surface area and to operate the

system without an afterburner. The anode off gas recircula-

tion strategy increases efficiency but with an increase in heat

exchanger surface. Finally, the re-powering solution has the

advantage of both increasing the efficiency and reducing the

surface area of the heat exchangers. Therefore, the best so-

lution is with repowering and low ATHE optimization, which

allows to increase net efficiency by 28% and to reduce the total

surface area of heat exchanger by 35.1%. It can be concluded

that the proposed solution improves the ammonia-fed SOFC

system design both in terms of efficiency increase and lower

heat exchanger surface area. This is done without necessarily

increasing the complexity of the system since SOFC technol-

ogy usually requires a modular approach that involves

different SOFC units.
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Nomenclature

b Pressure ratio

DPand Anodic pressure drop

DPcat Cathode pressure drop

Table 4 e Composition of flows for Design C. The numbers in brackets indicate the pipe numbers in Fig. 3.

Composition H2O [%] N2 [%] H2 [%] NH3 [%] O2 [%]

Air (1, 2, 11, 12) 0 79 0 0 21

SOFC1 cathode out (2, 3) 0 82.3 0 0 17.7

SOFC2 cathode in (4) 0 81.9 0 0 18.1

SOFC2 cathode out (5) 0 84.9 0 0 15.1

SOFC3 cathode in (6) 0 84.8 0 0 15.2

SOFC3 cathode out (7) 0 85 0 0 15

SOFC3 cathode off-gas (7, 11) 0 85 0 0 15

NH3 in (12) 0 0 0 100 0

NH3 decomposition (14,15,17) 0 60.9 8.7 30.4 0

SOFC1 anode out (16, 18) 33.3 58.3 8.3 0 0

Anode recuperator mix (19, 20, 21, 22) 33.3 58.3 8.3 0 0

Ary gases recirculation (23,24,25,26,27) 0 87.5 12.5 0 0

SOFC3 anode out (28,29) 10 87.5 2.5 0 0

System off gasses (30) 10 87.5 2.5 0 0

Table 5 e Parameters of high efficiency design and low
ATHE design. Reference design is defined as Design A with
PR ¼ 0.

Parameter Reference
design

High
efficiency
design

Low
ATHE

design

PR 1 0.5 0.5

RR 0 0.8 0

RP 0 1 1

Pd [W cm�2] 0.39 0.39 0.39

hnet 0.5 0.66 0.64

hgross 0.57 0.71 0.68

ATHE [cm2
HE cm�2] > 2.65 1.34 0.87

Total power [kW] 100 100 100

Total SOFC active area [m2] 25.6 25.6 25.6

Total ATHE [m2
HE] > 67.84 34.25 22.21
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hB Blowers' isentropic efficiency

hHE Heat exchanger efficiency

hinv Inverter efficiency

hQloss SOFC thermal losses

AHE Heat exchanger area

ATHE Total heat exchangers area

Cp heat capacity at constant pressure

F Faraday's constant

J Current density

LHV Lower Heating Value

LMTD logarithmic mean temperature difference

PB Specific gas blower power consumption

Pd Power density

Tavg Average SOFC stack temperature

Tin SOFC stack inlet temperature

Tout SOFC stack outlet temperature

U Heat exchange coefficient

Uf Utilization of fuel

Uox Utilization of oxygen

V Voltage

AOR Anode off gas recirculation

COND Condenser

CR Cathodic recuperator

M Mixer

PR Power rate

RB Recirculation blower

RP Repower rate

RPS Repower rate of the system

RR Recirculation rate

S Splitter

SOFC Solid Oxide Fuel Cell
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