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Because of thelr easy and widespread distribution and salfe handling, lguid fuels are used |n everyday life,
to power vehicles, aircrafts, ships, erc. The use of fuels fram conventional fossil sources is now called for a
more sistaimable alternative. Hence, chomical energy storage of electricity genevated by remewable
spurces into synthetic fuels represents an interesting solution, solving lso other typical problems with
renewables, such as grid stabllization.

Within this framework, the present study deals with the production of synthetic green fuels by means

gmi‘;e — of the Fischer-Tropsch process, downstrearn a previous electricity-to-gas conversion achieved operating a
Fscher-Tronsch Solid Oxide Electrolyzer {SOE) stack in co-electrolysis. With reference to the state of the art, this study
Cas 1o liquid developed the concept of integrating an 50E and a Fischer-Tropsch process in a small plant size, which
Synthetic fuels is compatible with renewables power density. To this aim, fuel upgrading is supposed to be performed
Energy storage separarely.

Distribisted power plant Based on experimental results on a Solid Oxide Cells stack operared in co-electrolysis, three system-
tevel models were developed, evaluating the most performing option. Thus, considering a plant capacity
of 1 bbljday of liquid fuel, in the best scheme, the electricity-to-liquid efficiency was estimated 1o be
§7.2%, Materials introduced Into the system are simply water (33,701 ton/M]} and carbon dioxide
(79,795 tonfM]). Whils hydrogen is necessary to feed the SOE, net consumption is zero because it [s
recovered from Flscher-Tropsch product lighter fraction.

© 2015 Published by Elsevier Ltd,
1. Introduction supply. Thus, in order to obtain the most out of unprogrammable

energy sources (such as sun and wind), they have to be coupled

High efficiency and use of renewable energy sources are among
the major keys for a sustainable development. Improving process
efficiency requires a great technological effort, either to improve
existing solutions or to look for brand-new concepts. The use of
renewable energy sources, despite the significant deployment in
the last years, still faces typical drawbacks such as the difficulty
to predict the generated power exactly and to keep a stable power
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with energy storage systems which separate the moments of
supply and demand and mitigate electric grid stability issues. In
addirion to these points, environmental protocols call for a strict
emissions control of greenhouse gases and other acmospheric
pollutants.

In this paper, a system which stores electricity by means of a
high efficiency process, producing a stable, high-density. safe and
easy to handie energy vector, is studied, Among all the possible
pathways to obtain a useful energy vector, the current work deals
with chemical energy storage into a liquid fuel, which is preferable
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Nomenclature

Abbreviations

RES renewable energy sources
SOE solid oxdide electrolyzer
FT Fischer-Tropsch

waGs water gas shift reaction

RWCS  reverse water gas shift reaction
Symibol

i current

[ thermoneutral voltage, E, = AH/zF
Erev reversible voltage, Eq, = AG[2F

i current density

A stack active area, A= ij

z number of electrons needed to electrolyze one mole of
reacgants

F Faraday constant, 96485 C/maol,

Qrean reactants mole flowrate

number of carbon atoms

chain growth selectivity

mass fraction of the total of n-carbon atoms compounds
olefins to paraffins ratio

€O molar fraction in the Fischer-Tropsch syncrude

CO molar fraction in the Fischer-Tropsch feeding stream
lower heating value

thepretical electrolysis efficiency

system exergetic efficiency

Fischer-Tropsch onit efficiency

gas-to-liquid Fischer-Tropsch unit efficiency

SOE stack efficiency

overall power-to-liquid efficiency

SOE stack electrical power requirements

auxiliary components power requirements

net thermal energy

steam to carbon ratio
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in many applications that cannot be operated with gaseous fuels,
To this end, an efficient electricity storage is achieved by means
of high temperature Solid Oxide Electrolyzers [1], which
produce syngas out of water and carbon dioxide, operating in
co-electrolysis, Carbon dioxide could be recovered from external
pracesses, such as biogas or carbon capture from power plants fue
gases. Then, the electricity-to-gas process is lollowed by a gas-to-
liquid conversion, by means of the Fischer-Tropsch process. in this
way the final utilization of symthetic carbonaceous fuels results in
zero net carbon emissions. The use of solid oxide cells to elec-
trolyze water was recently studied in several works dealing with
high temperature steam electrolysls [2-11]; instead, few literature
results were found about CO; electrolysis [12-16]. The simultane-
ous electrolysis of C0; and H;0 {co-electrolysis ), has been studied
in the last years in a number of papers presenting experimental
measurements [17-22] and system modeling.

Co-clectrolysis offers several advantages: in spite of achieving
separate steam ciectrolysis and the subsequent mixing with
carbon dioxide in a dedicated reactor [23], a blend of hydrogen
and carbon monoxide (referred as syngas) is obtained by simply
operating an electrolyzer, without needing any additional compo-
nent [1].

The produced syngas can be either directly wsed or further
chemically processed [(eg methanation, DME synthesis,
Fischer-Tropsch). The current technical, social and economic scenario
is still requiring liguid fuels, favoring the synthesis of middle
distillates (paraffinic hydrocarbons, mainly diesel and kerosene)
[24]. For this reason. Fischer-Tropsch synthesis represents a
key-strategy to produce liquid fuels. From a historical point of
view, this process is not new at all, since it was developed in
Germany during the Second World War. At that time, the need
for aircraft fuels pushed scientists to develop a method to gasify
coal (which was locally available) into a valuable blend of
liquid hydrocarbons. In such a manner, while oil-derived fuels
were not accessible, liguid fuels could still be available. After the
war, in some of the world coal richest areas, the Fischer-Tropsch
technology allowed to produce liquid fuels: an example that is
worth to mention is the Shell large refinery plant in South Africa.
Similarly, where methane availability exceeds consumption, the
Fischer-Tropsch process was implemented downstream methane
reforming.

Although large installations are normally used when employing
methane or coal as raw materials, many other technologies exist,

which are suitable to produce a syngas to feed a Fischer-Tropsch
process |25]. As an example, biomass gasification is a possible pri-
mary step for a further gas-to-liquid process [26,27]. Nevertheless,
biomass-derived syngas could contain dangerous impurities and
its composition is sensitive to environmental variables and feed-
stock heterogeneity. This is a clear disadvantage for a durable
and correct operation of the catalysts wsed for the Fischer-
Tropsch synthesis. Conversely, the composition of syngas from
SOEs is controfled acting on the electrolyzer operational parame-
ters: thus, the quality of the obtained syngas is improved and
impurities affecting catalysts lifetime are absent. Moreover, with
the aim of increasing the share of solar and wind power, S0Es
allow to use the soil more efficiently than producing biomass for
energy utilization [28.29).

In several researches, evaluations of SOE-based systems were
performed. In [30,31] a model considering the integration of SOEs
with a nuclear plant was studied and a 52.6% cycle efficiency was
achieved. In [32], a thermodynamic study about the coupling of a
SOE and a catalytic reactor for methane and DME synthesis was
presented. Similarly, in [33,34| SOE operation in an integrated
system for the production of ethanol was simulated, The economic
analysis of the system estimated a cost of 1.15 per kg of synthe-
sized ethanol. Finally. in |35] a model of an SOE-FT integrated
system is presented where the main results are an overall effi-
ciency of 515 and liquid fuels final cost prediction of 4.4-15 $/CGE.

However, there are still several open issues to investigate: one
of them is definitely the optimal plant size. While SOE technology
can hardly be expected to be scaled-up from the kW range up to
the MW in a short time, FT synthesis is often associated with large
installations in the order of 10,000 bbl{day, such as Sasol. Shell and
PetroSA plants [36-38). Alongside large-scale applications, many
studies concerning smaller-size systems were published in recent
years. Sunfire [23] is working on a Fischer-Tropsch system (o
achieve a minimum liquid fuel production of 600 I/day (4 bbl/day).
Rentech [39] has been involved in a demo-installation with the
productivity of 10bbijday. Finally, Velocys [40] patented a
commercial 125 bbl/day modular reactor.

This study was based on the assumptions that the size of
Fischer-Tropsch process can be reduced to have cost-effective
applications also with smaller plant capacities, getting closer to
what foreseen SOE plant sizes are, On one hand, Solid Oxide
Electrolyzers can be made of several stack modules, achieving
the required system capability. On the other hand, scaling down
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the Fischer-Tropsch process, in order to integrate fiquid fuels pro-
duction into a RES-driven distributed energy generation system, is
still a challenge. However, when considering a Fischer-Tropsch
process, two sections can be isolated: synthesis and refining. The
first consists of transforming the incoming syngas into a syncrude
blend made of liquid paraffins, alcohols and waxes, while the
second is made of a series of expensive and size-sensitive
processes, devoted to syncrude upgrading (e.g.: hydrogenation
and isomerization to achieve the proper Octane number). Consid-
ering the scenario of several distributed Fischer-Tropsch facilities
fed with gas coming from SOEs running on RES power, refining is
not taken into account in this study and could still be concefved
in a centralized plant receiving the syncrude blends from a number
of smaller plants. Therefore, RES energy storage into & liquid
medium does not include the upgrading of the primary syncrude
to the refined products, which could be performed in a centralized
plant, downstream many distributed facilities.

Coherently with such general approach, SOE and Fisher-Tropsch
units models were developed; the former is based on experimental
data from an SOE stack, while the latter is based on assumptions
derlved from the literature. Three novel integration designs were
developed and studied, considering the overall system efficiency
and other advantages, such as complexity reduction and inregra-
tion with the surrounding environment.

2. Renewables-to-gas: solid exide electrolysers

In SOEs, electricity is fed to the system to drive electrochemical
reactions whose products are valuable gases. Compared to a S0FC,
the reactants are fed to the SOE cathode, which is the electrode
where reduction takes place, while the anode Is the electrode
where oxygen |s obtained.

In the electrolysis process (Eq. (1)) water is split into hydrogen
and oxygen, using heat and work as driving force. When carbon
dioxide is also supplied with the reactants, co-electrolysis takes
place. As it happens for water, carbon dioxide [s reduced and it
produces carbon monoxide at the cathode and oxygen at the anode
(Eq. (2))

H;0 + 2e- — H; + 0' AH, = 241.57 k)/mal (1

CO; + 20~ — €O + 0% AHg = 282.7% kj/mol (2)

AH is the energy necessary for the reactions and it is expressed
as the well known sum of two contributions: Gibbs free energy and
reaction entropy variation multiplied by the temperature (Eq. (3)).
In fuel cells, the Gibbs free energy is the electrical work depending
on the reversible potential between the cell electrodes (E..
Eq. (4)), Faraday constant (F) and electron mole flow associated
to each mole of reactant (z: for example: one mole of warer
requires two moles of electrons as shown in Eq. {1). Thus 2= 2]
Entropy has to be supplied in the form of heat, which makes SOE
thermal losses internally valuable because they supply the elec-
trolysis heat demand. When such irreversible thermal losses are
equivalent to the heat demand, the energy balance is obtained
and, for the aforesaid reasons, the reached energy equilibrium
takes the name of thermoneutral. Thus, setting this as design
operational point, all electrical input is transformed into hydrogen
{or hydrogen plus carbon monoxide), Le. into chemical potential
enetgy, as defined in (Eq. (4])

AH = AG + TAS (3}

AG=zFE. 4
AH TAS

Emﬂz—fﬂfm'fﬁr (3}

SOE efficiency (Eq. (6)) is calculated as the ratio between the
chemical energy exiting the system, in terms of enthalpy (AN),
and the electrical energy fed from the outside (E;).

w2l (6)

E
where E. is the electrical energy input equal to current (z* F) mul-
tiplied the operating potential E,

Considering Eq. (4) it can be easily calculated that efficiency is
equal to 1 at thermoneutral conditions, where all electrical energy
and relative heat losses are converted into chemical energy. In a
real system, external thermal contribution may occur and
thermoneutral voltage shifts toward higher or lower values if heat
is respectively subtracted or supplied to the system,

2.1. Gas-to-liguid: Fischer-Tropsch synthesis

Fischer-Tropsch synthesis is a catalytic gas-to-liguid pelymer-
ization process, yielding light refinery gases, a crude blend of
hydrocarbons (gasoline and diesel cuts) and waxes. The synthesis
process typically takes place at temperatures in the range of
200-240°C (for low temperature FT applications - LTFT) and
300-350°C (high temperature FT applications - HTFT) and
pressure of about 20-40 bar {41).

State-of-the-art reactors use two types of catalyst: iron and
cobalt, The choice of the catalyst is determined by the application.
To this end, the latter is more selective toward middle carbon cuts,
maximizing diesel production. In addition, other features that
support the use of cobalt catalysts are: better performance in terms
of CO conversion rates and reduced ageing phenomena. Cost and a
poor flexibility to Hy/CO ratio are main drawbacks. However, the
second is not an Issue whereas syngas composition can be
regulated, Thus, an SOE unit assures a constant gas composition
with a designed Hy/CO ratio.

From the chemical point of view, Fischer-Tropsch synthesis is a
catalytic polymerization consisting of a multi-step mechanism. The
first is CO adsorption onto the catalyst surface. Hence, the kinetic
of the process is mainty controlled by CO reaction mte [42] Then,
adsorbed CO loses its oxygen atom and it establishes chemical
bonds with hydrogen atoms, creating the basic monomer -CHz-.
The reaction mechanism carries om until the chain reaches
termination and, then, molecules are desorbed. Typlcal products
are hydrocarbaons, alcohols, aldehydes. chetons and so on, featuring
a variable-lenght -CHy- bone. The specific catalyst and the
operational conditions (temperature and reactants partial pressure)
govern the carbon chain growth, determining the process yield
upon each carbon cut. Process chemistry is expressed by the
following reactions, concerning paraffins (7). olefins (8) and
alcohols (9) production. Varying the integer value attributed to n,
Reactions (7)4{9) describe the stoichiometric reactions of
all the possible Fischer-Tropsch products, ranging from lower
carbon cuts (n=1 methane, n=3 propane} up (o upper ones
(rn> 30, paraffinic waxes)

al0 + (2n + 1)Hz — GHags + 1H:0 ()
nCO + 2nH; — CoHze + nHL0 (8)
nCO + 2nH; — CyHza OH + {1 - 1)H;0 (9}

Typical Fischer-Tropsch catalysts exhibit a variable selectivity upon
different carbon cuts. This behavior is described by the chain
growth probability factor, called a.

in Fig. 1, typical products distribution is depicted: the vertical
axis reports the mass yield, while the horizontal axis the chain

" growth probability. Thus, carbon cuts are grouped according to

the category listed in Fig. 1 legend.
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Fig. 1. Fischer-Tropsch products spectrum: mass fraction of several carbon culs
versus caalyst chain growth probabality,

From the simple explanation of the mechanism provided
previpusly, it is possible to argue that the closer is « to 1, the more
compounds with high carbon number are likely to form. Cobalr
catalysts exhibits & values in the range of 0.8-094: this is the
reason why middle distillates are most favored product of a
Co-based Fischer-Tropsch process (Fig. 1)

Besides catalyst performance, even process conditions have an
influence on selectivity, and consequently on the yield associated
to each carbon cut. When temperature s Increased, selectivity
shifis products yield to lower carbon number and chain branching
is favored. Alcohols synthesis is inhibited. Olefins-to-paraffins
ratio, instead, does not change with temperature when dealing
with cobalt catalysts. Instead, the effect of increasing pressure is
to shift the chain growth probability to higher carbon cuts and to
disadvantage branching. Since the process is controlled by CO
reaction rate, this determines the conversion efficiency. For SoA
catalysts, B0O-80% conversion efficiency is expected,

Finally, it is also interesting to point out that Reactions (3)}-(5)
are globally exothermal Hence, the perspective tn integrate a
Fischer-Tropsch process in a system with heat sinks such as S0Es,
is very challenging.

3. Experimental activity

To support SOE modeling. a preliminary experimental activity
was performed on a Jillich four-cells short stack (Table 1) Cell
materials and test bench equipment are deeply discussed in a
previous study [43]. concerning high temperature steam electroly-
sis by means of Solid Oxide cells.

SOE stack is kept at constant temperature (750 *C) in an electric
furnace. Such temperature was selected because is a trade-off
between efficiency (high temperature) and material resistance
{lower temperature ) 750 °C is considered state of the art for SOFC
materials and, consequently, also for SOE. Temperature variation is
measured by two thermocouples placed on the interconnection
plate inside the stack, the first close to the cathode inlet and the
second close to the air inle. Water is vaporized and mixed with
pure gases by a Controlled Evaporation Mixture (CEM) system.
Both inlet feed streams are heated up to 650 °C before entering
the furnace,

Table 2 reports operating conditions used in the experimental
activity. Tests were carried out supplying the anode with a

Tahle 1
Jidtich short-stack features.

Anode substrate
Anode [unctional layer

MIAYSE cermat 1500 um
NIEYSZ cermet T- 10 pm

Elactrolyte BYSZ §=10um
Cathoce functional layer LEMEYST 10-15 pm

Cathode current collector LM B0- 7 pm

Stack deskgn F-design

Interconnectioell frame Crofer Z2APU

Anode contact Layer Mi-mesh

Cathode contacy layer Perowskite type ciide [LOC10)
Sealing Glass-curamic (BTYSZ20)
Humber of cefls 4

Size of cefls 100 = 100 mm*

Aciive area per cell B0 oo

constant air flowrate and varying cathode inlet feedstream compo-
sition in terms of Hy0:C04:H; ratios. Hydrogen Is introduced to
keep a reducing atmosphere and to protect materials from
oxidation. Two compositions were considered with different
H:0:C04:H> ratios: namely 30-60-10 and 40-50-10.

V(i) = OCV + ASR ] (10)

4. Process modeling

The paper alms at presenting the concept of electricity-to-liquid
corversion accomplished by means of an integrated system con-
sisting of a Solid Oxide Electrolyzer unit and a Fischer-Tropsch
reactor. The concept study was developed with a system-level
model: in particular, three possible system layouts were studied,
evaluating both efficiency and impacts in terms of water consump-
tion and stored carbon dioxide. In addition, SOE unit size is deter-
mined, in order to fulfil Fischer-Tropsch syngas requirements for a
designed tail-end productivity.

All the calculations have been performed by using the Aspen
Plus® environment, based on Nist libraries.

The plant is divided in two main sections: the first one Is the
electrolyzer unit, the second one is the liquid fuel synthesis unit
While SOE is supposed to operate at environmental pressure, to
favor middle distillates selectivity, Fischer-Tropsch reactor is
pressurized at 20 bar. Therefore, the two main sections need to
be linked by a multistage intercooled compressor. In addition, heat
recovery is performed at several levels of the process, so that
reduced net heat demand contributes to increase the overall
system efficiency.

Because of the down-scaling of the FT liquid fuel synthesis,
crude refining is not provided, with the exception of a raw pre-
flash separation that divides purge water from hydrocarbons and
light refinery gases (hydrogen and carbon products with n < 4).
Hence, crude fuel upgrading is to be done in a separate large scale
optimized plant, where primary Fischer-Tropsch products can be
gasily transported.

Table 2
S0E experimental campaign: two tests were cartied oul varying cathode feeding
COmpodition.

Electroce feeding compasition Test 30-60-10 Test 40-50-10
Cathode

OOy [meolfh} .56 xR 33 4%
H0 {molfh} S12 GOE 4,26 i
Hy (malfh) 08s 108 0.85 %
Arode

Air {moljh) g8a2 100 8492 100%
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In the following, a detailed discussion is presented, describing
how system parts were modeled. Afterwards, system performance
evaluations of three different designs are shown,

4.1. SOE model

Since Aspen Plus®™ does not provide a built-in block to simulate
the operation of a Solid Oxide Electrolyzer, this component has
been modeled merging basic Aspen Plus® blocks and customized
Fortran®™ routines. This unit considers SOE Inlet gas temperature
at 120 °C. The energy to increase reactants temperature from ambi-
ent conditions to 120 °C, included water evaporation, are not taken
into acoount in this paragraph and are discussed in the system
integration section. Therefore, the SOE model consists of three
main blocks: cathode, electrolyte and anode.

Cathode is the reactants electrode, where inlet gases are
supplied and electrolysis takes place. It is modeled by using a first
equilibrium reactor, a splitter block, a stoichiometric reactor, a
mixer block and a second equilibrium reactor. The first equilibrium
reactor adjusts the cathode feedstream composition considering
the stack temperature and pressure, according to Reactions (6)
and (7). The splitter block divides the reactants stream into two
branches, according to the reactants utilization. Reactants utiliza-
tion {Uieace. Eq. (11)) represents the conversion rate of reactants
involved in the electrochemical process {Egs. (1) and (2)). Jt is
defined as the ratio between the electric cumrent flowing through
the electrolyzer (f = A) and the maximum current needed to have
all the reactants converted into products (2= F+ Q.esee, Where 2 is
the number of electrons given by a mole of reactants, F is the
Faraday constant and Qi is the total reactant flowrate). U,y is
assumed o be an input data for the model and it is set at 0.5.

__dA

" 2F Qo Y
Then, the stolchiometric reactor is fed with the reactants flow
corresponding to the superimposed reactants utilization rate.
The stoichiometric reactor accomplishes water (1) and carbon
dioxide (2) electrochemical reactions. Oxygen is removed from
co-electrolysis products and mixed together with the unreacted
stream exiting [rom the upstream splitter in the following mixer
block. Finally, an equilibrium reactor balances the preducts compo-
sition at the cathode outlet, The latter block takes inte account the
occurrence of RWGS (12) and methanation (13). All the reactions
take place at atmospheric pressure and 750 °C.

Q07 +H; — CO+ H:0 (12)

€O+ 3H; — CH4 + H:0 {13)

The electrolyte layer is modeled with a simple separator block,
which separates oxygen anions (see Eqs. (1) and (2)) from the other
cathode products. In such @ manner, oxygen is separated from
Syngas.

The anode is the air electrode. Its function is to extract oxygen
from the stack In the model it is simulated with a gas mixer,
whose inlet feedstreams are oxygen from the electrolyte and
sweep air. It is commaon practice to supply air to the anode side
because it facilitates oxygen removal and it lowers cells overpoten-
tials due to 2 high oxygen concentration. Anode-sweep air flowrate
is calculated in order to get an oxygen partial pressure of 0.5 bar at
the anode exhausts. Lowering oxygen partial pressure would cause
an increase in the sweep-air Howrate required and, accordingly, a
larger heat demand to keep the anode temperature constant

Finally, both anode and cathode feed streams temperature is
increased to the expected value required at the Inlet of the stack
{650 *C) by means of heat exchanger blocks. In detail, heat is

regeneratively recovered both in the cathode and the anode to
Increase gas inlet temperature. The amount of heat available is
sufficient because oxygen stream from the electrolyte increases
the total flow and, conseguently, its thermal capacity in compar-
ison with the anode inlet

Assuming to operate the SOE stack at thermoneutral conditions,
cathode feedstream composition was controlled to produce a
syngas with the optimal H/CO ratio for the downstream
Fischer-Tropsch process. As it was explained before, when middle
distillates (which end in diese! cuts) are the preferred products,
cobalt catalysts exhibit an enhanced selectivity for this particular
application, yet requiring very slight variations of reactants
H2/CO ratio. Thus, to achieve an HxfC0 = 2.1 ratio at the stack out-
let, cathode inlet composition is set according to the ratio H;0:C0;:
Hy 58:34.5:7.5, that is within the range of reactants compositions
used in the stack experimental characterization (Table 2} Maore-
over, hydrogen is fed to the cathode, in order to ensure a reducing
atmosphere; as a design specification for the model development,
hydrogen concentration in the cathede feed has to be in the range
7-8% [43].

In order to simulate the electric behavior, 2 Fortran® subroutine
was implemented in the model. Thermoneutral conditions (5) are
deduced from the overall enthalpy change occurring berween the
cathode Inlet and the cathode outlet. Thus, AH (related to the
thermoneutral potentdal according to Eq. (5)) is the sum of three
terms; recovered heat necessary to bring cathode reactants up (o
the stack operational temperature (750°C) co-electrolysis
reactions enthalpy {cathode stolchiometric reactor net duty) and
equilibrivm reactions enthalpy (equilibrium reactors pet duty),
Then, stack voltage is set equal to thermoneuiral voliage deduced
from Eg. (5). Hence, the operational point current density is
calculated by means of the polarization curve, presented in the
Experimental activity Section (Eq. {10)). By using this routine, the
eleciric power consumed by the SOE stack is determined. Then,
system energy balance will lead to the calculation of the right stack
size, as it is discussed later.

4.2, Fischer-Tropsch process model

Electrolysis syngas is drawn at the SOE outlet and then sent to
an auxiliary section made of an intercooled compressor to achieve
the required pressure before entering the Fischer-Tropsch reactor.
Fischer-Trapsch synthesis is assumed o take place at 20 bar and
reactor is kept isothermal at 230 °C [41).

The Aspen Plus® model of this part of the system is sketched
with a splitter block, a stoichiometric reactor, 2 mixer block and
a flash separator,

The splitter block divides the syngas feedstream in two
branches: the first enters the stoichiometric block and its flowrate
fraction, with respect to the total dry syngas flowrate, is calculated
from the expected CO conversion efficiency ( 8co. Eq. (14]) [44]; the
second is shortout to the mixer, where it is combined with Fischer-
Tropsch products exiting the stoichiometric reactor. In the model
Eco 15 set to 0.87 [44). Splitter block rates were regulated accond-
ingly, with an iterative calculation.

op =11 - T5oe (14)
Xeia

The stoichiometric reactor accomplishes several reactions
(Table 3). providing the conversion of hydrogen and carbon
monoxide to a hydrocarbon blend of alkanes and alkenes. Process
selectivity toward each path is implemented in the block, using a
mathematical model which considers the hydrocarbon chain
growth probability over the possible products spectrum. The
mathematical model employed is the Anderson-Schulz-Flory
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Table 3
Fischer-Tropsch products: for every carbon cut considered, model compounds are selected. Then, polymerization reactions for selected model compounds are shown,
It rage Cut Model i Model molecules Reaction
n=1 Light gates 1 ] Mezhane €O+ 3H; —CH, + H0
2emcd Light gases 2 3 Propane 300 + THy — GHa + 3H;0
Propene: FC0 -+ BMy ~ CyHy + IH; 0
S5cmch C5-C6 & Exane GO + 13Hy =~ CaH o + BHy0
Exene B0 4 12M; = CoHyg + BH;0
Tensid Gasoline B Ociane 800 + ETHy — CyHiy = BH,0
Ooene BLO 4 FEH; — CgHyg + BH,O
Nergi9 Middle distillares [Diesel) ] Cetane 1600 + I3H; — Crghiye + 16H;0
Cetene 1660 & F2H; =+ Crghlys 4 16H:0
na20 Waxes 30 Paraffin wax (C30) 3BC0 +61H; = Crablgz + I0H:0
(ASF) distribution [45] described by Eq. (15), For every carbon cut 4.3, Auxiliaries

(represented by the parameter n) it relates the products mass
fraction (W) to the catalyst chain growth probability (o).

Wy = na™1(1 - a)? (15)

The ASF function does not take into account any difference
among compounds containing the same number of carbon atoms.
In other words, for a given n, that is representative of a particular
carbon cut, W, is then the sum of paraffins, oleifins, alcohols and
minor species,

However, some distinctions within the same carbon cut can be
done considering the catalyst features. In this study we assumed to
waork with cobalt catalysts: thus, the following approximations are
acceptable;

- The synthesis of alcohols, other oxygenated compounds and
aromatic hydrocarbons is not favored, so all possible products
derived from Eq. (9) can be neglected;

- The relative amount of alkanes and alkenes can be modeled as
well. Therefore, the olefins-to-paraffins ratic (QfF) is introduced
in Eq. {16). According to this model [46], for every carbon num-
ber n, OfP depends only on the catalyst nature, represented by
the constant coefficient k. From the model assumptions, k is
set to 0.3,

§.-

For simplicity, the model considers just a discrete number of
possible products, as it Is summarized in Table 3: each carbon
cut, corresponding to an n range, is represented by one or two
model compounds.

Thus, assuming a chain growth probability « = 0.94 [41], the
ASF distribution in the model is evaluated for every integer n rang-
ing from 1 up to 50, Then, considering Table 3 n ranges, the overall
mass fraction yield is evaluated for every discrete n [implementing
ASF mathematical model). In order to consider the olefins produc-
tion per every carbon cut, the O/ ratio was calculated and applied
to the discrete ASF distribution results. From those data. the model
provides the mass yield for every discrete cut.

Then, the stoichiometric reactor outlet stream and the dry syn-
gas streams that bypassed the reactor are mixed in a mixer block,
and gas phase equilibria are adjusted through Cibbs energy varia-
tion minimization.

At the end, resniting products {“syncrude®) are sent to a fash
separator (condenser) that models the first stage of raw products
upgrading. Light gases, liquid phase (“crude”) and water are
separated.

Flash separator temperature is calculated to optimize phase
separation and minimize the solubility of hydrocarbons into water,

The model of the Fischer-Tropsch section ends without
considering further refining. for the reasons already described.

Between the 50E and FT sections some auxiliary components
are necessary, namely a condenser and an intercooled compressor.
The condenser is necessary because water needs to be removed
from the Fischer-Tropsch feedstream. Since the SOE operates at
50% reactants utilization, syngas still contains much water. Water
condensation and removal 15 necessary for three reasons:

reducing compressor feedstream mass flowrate, compression
work substantially decreases, with a benefit on system
efficiency;

lowering compressor inlet stream temperature, compression
work decreases;

when water content is high, Fischer-Tropsch catalysts degra-
date, leading to a loss of efficency.

Water separation is mandatory for the mentioned reasons; in
addition to that, water separation from syngas allows water recy-
cling, in order to reduce process net material consumption.

Therefore, water was condensed by means of a flash separator
operating at amblent pressure and 35 °C. Condenser temperature
is determined according to the steam partial pressure in syngas
collected at SOE outlet. Since steam fraction in syngas is expected
10 be around 30% at the given operational point of the electrolyzer,
condenser temperature must be lower than 68 °C. Afterwards, dry
synigas is sent to a multistage intercooled compressor that achieves
an overall pressure ratio of 20. In the model, this is simulated with
two compressor blocks, separated by a heat exchanger. Syngas
temperature at the heat exchanger outler is controlled to fulfil
Fischer-Tropsch temperature reguirements at the last compressor
stage exit. Finally, other auxiliary components are introduced in
the systemn, but their operation will be discussed in the following
section because it concerns the specific layout that is implemented
(see Fig. 2).

4.4, System configurarions

In this study, three plant layouts were considered (Fig. 3). In
particular, they are referred as layout A, B and C. For all the layouts
considered, system design specifications are Fischer-Tropsch syn-
thesis productivity (set to 1Dbbljday) and SOE cathode outlet
stream quality, expressed as Hy/CO ratio (set to .1). Then, accord-
ing to specific system layouts (A, B, C), S0E feeding flowrate and
composition are determined accordingly. Hereinafter, a description
of each layout is reported.

Layout A is the base case and it consists of an SOE section con-
pected to the FT section through an intercooled compressor
(Fig. 3A). Layout A features an open loop strategy and no material
recirculation is performed. Consequently, SOE feeding flowrates
{water, carbon dioxide and hydrogen) are calculated in order to
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Fig. 2. SOE experimental results: polarization corves (average on four oclis)
obtained on Table 2 cathode feeding compositions.

provide encugh dry syngas for the nominal FT productivity of
1 bblday.

Layout B and C have closed loops, performing material recircu-
lation and heat recovery. This strategy aims at improving overall
efficiency. while reducing net material consumprions. As far as
material recycling is concerned, both waste water and light gases
coming out from Fischer-Tropsch synthesis can be re-used within
the system itself, with a noticeable effect on the overall plant
efficiency. Water is produced as a waste in two sections of the
plant: syngas condenser prior intercooled compressor and
syncrude condenser downstream the FT synthesis. Water
recovered from syngas cooling has a fairly good purity because of
the negligible solubility of the other gases. The only exception is
carbon dioxide: however, low carbon dioxide traces are acceptable
when recirculating recovered water to the S0E inlet. Water
removed from the syncrude stream might contain hydrocarbons
trace, which is not 2 problem, since they are supposed to be
reformed. Then, light gases fractions extracted from the
Fischer-Tropsch syncrude exhibit high hydrogen and carbon
dioxide concentrations. This makes those gases recirculation to
the SOE inlet very attractive. Light gases contain lower hydrocar-
bons as well (propane and propene), according to the model
proposed above (Table 1)

In layout B (Fig. 3B). syncrude light gases are sent to a reformer
and, then, reformate gas enters a shift converter. Reformer and
shift converter water requirements are fulfilled with recycied
warer., Then, the gas stream exiting the shift converter is
recirculated to the SOE cathode inlet, Met SOE reactants demand
is calculated to reach the nominal flowrate required according to
the plant size. Operating separately reforming and shift, tempera-
wre control allows reaching maximum conversion efficlency in
both reformer and shift converter.

In the model, both reformer and shift converter are simulated
with the Aspen Plus® equilibrium reactor. Reformer block operates
at 700°C and 1 bar with a 5/C=2, while shift conversion takes
place at 310°C and 1 bar. Shift conversion temperature is much
lower because typical reforming temperature will favor the reverse
equilibrum, decreasing the fina! hydrogen concentration. Thus, a
heat exchanger to cool the gas is necessary in between the two
reactors. Finally, gas coming out of the shift converter is ready to
be mixed with reactants makeup stream feeding the cathode fresh

feed stream before the stack inler Overall SOE reactants pre-
heating is ensured by the mixing of the makeup stream and shift
products, Despite this fact, the system complexity grows because
of addirional system units. External reforming and shift conversion
realize a process that is globally endothermal, increasing the
system heat demand. Then, to keep the overall efficiency at a high
level, heat recovery requires a supplementary heat exchanger.

Differently from layout B, layout C has no external reforming
({Fig. 3C), although some streams are recirculated. In particular,
Fischer-Tropsch light gases and recovered water are directly recir-
culated to the SOE cathode inlet. Since SOE operational tempera-
ture is 750°C and SOE catalysts are nickel-based, methane and
low hydrocarbon reforming is likely to happen inside the S0E.
Shortcutting unreformed gases directly into the stack simplifies
the plant scheme, reducing the components number. Nonetheless,
cathode recycled streams are cooled down to water condensation
temperature before being sent to the SOE inlet. This increases the
heat demand to reach 120 =C at the SOE inlet. Reforming and shift
reaction happen at stack temperature, yielding a mixture of hydro-
gen, carbon dioxide and carbon monoxide. Yet, small amounts of
higher hydrocarbons produced in the Fischer-Tropsch reactor
could be present in the gas phase coming out of the syncrude con-
denser. While a large steam concentration in the SOE feedstream
favors hydrocarbons reforming. some hydrocarbon fractions could
be responsible of carbon deposition on the SOE stack. In such con-
figuration, the necessary energy to support internal reforming is
provided by the SOE stack: then, running the stack at its maximum
efficiency, thermoneutral voltage is shifted with regard to the
other layouts and a change in the power density occurs as well.

In this case, SOE cathode feedstream water fraction must fulfill
both reforming and electrolysis demand {always keeping SOE reac-
tants utilization at 50%). System layouts thar were just discussed
are compared considering both overall and single blocks perfor-
mance. Regardiess of the configuration, the Fischer-Tropsch block
efficiency and productivity is the same in any case, because opera-
tional and inlet conditions are fixed as design specificacions. There-
fore, A, B and C configurations show different efficiency at system
level. Clearly, besides different siream recirculation strategies, also
heat management changes, affecting the overall efficiency.

All design specifications are summarized in Table 4, reporting
the model section whom they refer o and the system layout in
which they are implemented.

4.5 Parameters definitions

Some definitions are needed to compare the different layouts
investigated. All the definitions are based on the lower heating
value. In detail, they are: SOE block efficiency in Eq.(17) (it consid-
ers as inputs electrical power, thermal power and power assoclated
to hydrogen, while output power is the term related to syngas exit-
ing the stack) and FT block efficiency, related both to syncrude (18)
and crude {19) production.

Pmp— L1 (17)
e Vi+Qm+£“ﬁILHVE

5 iy LHY,
_ dynerude
m = E "1 :_ij_ ”s}

iy LHY
%ﬂ;‘_ 19
Nen = % n, LAV, {19)

While, the overall system performance is described by a1, (Eq.
{20} dividing the crude stream enthalpy flow by system total
power consumption (SOE feedings in terms of hydrogen, electricity
and heat, compressors’ work and total heat sinks requirements)
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Fig. 1. System layouts: basic integration of S0E with FT (AL recirculation of reformate Fischer-Teopsch lighter gases to SOE inbet (B}, recirculation of enreformed
Fischer-Tropsch lighter gases to S0E inbet {C)L

= Zﬂ i iy LHV; | (V10 21
Moe t LAV, 4+ (V1) e + Wi + Qactayatem @0) Proc  Lsoeis LAV + (V1) g -+ Wans + Qnetaysmm &Y
Then. with reference to the Second Law of Thermodynamic, i LHV.
other two parameters are introduced: the ratio between electrical Mex &ﬂr L L (22)

input power and total Input power (Eq. (21)) and the exergetic  Ee LHV) + (VD) g + Wo + E.;&L(l —%)
efficiency (Eq. (22]).
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Tahle 4
Model design specification summary.
Mosdel section Design specification Set pokit Laypouat
S0E Anode feeding indet T20C ABRC
temperailire
SOE SOE operational temperature 750 °C 1 bar ABC
and pressiire
S0E SOE operative point Thermoneutral A B C
S0E Cathode feeding Hy ~ CO -85 MABC
COnCETtTation
SOE Anode outflow Oy 50 MBC
concentradon
S0E Heactant utilization S0 A BC
S0E Cathode outflow Hp/CO ratio 2,10 ABC
FT Synthests remperature and 230°C, 20bar A B.C
pressure
Fr Chain growth probability .94 ABC
T €O conversion efficiency 0.8y ABC
T Crude synthesis productivity 1 bbljday ABC
Exrernal Steam-to-carbon ratio 1 B
reformer
External Reforming ternperature and TO0°C, Thar B
reformer pressure
Exrernal shift WICS mperature and 310, 1 bar B
COMVEITEr pressuTe
Heat exchangers  Temperature difference at 10~ B C
pimch podnt

Finally, primary materials (hydrogen, water and carbon dioxide)
consumptions are estimated, relating the net consumptions
achieved to the system nominal power. Therefore, consumption
factors are introduced in Eqs. (23)}-(25).

ton netH, 0
HaOconummeon| 1| = somerint @3)

netHz

o
H: comumpains [ﬁ]’ - *'_""‘“‘"_m!r out (24)
tan netC0;
€Oz cnmumosen [']'-Tj] = powerout (25)

4.6, Stack sizing

In the Introduction section, the working principle of an SOE was
explained, with particular attention to the thermoneutral voltage
that achieves the highest SOE efficiency in any system configura-
ton. Conversely, because of different system configurations imple-
mented in layouts A, B and C. the enthalpy difference that
determines the thermoneutral voltage changes. In particular, in
layouts A and B enthalpy differences take into account the electro-
chemical process oocurring in the stack, SOE equilibria and sensible
heat necessary to rise SOE cathode temperature (covering the ther-
mal gap between 650 *C and 750 *C). Layout C enthalpy dilference
includes the enthalpy change caused by the reforming of light
hydrocarbons recycied to the stack from the syncrude products
separation. Owing to the endothermic contribution of reforming.
the operational voltage at thermoneutral conditions in layout C is
expected to be higher.

Moreover, since the components total flow is controlled by the
final liquid fuel productivity, the SOE block has to supply a suitable
amount of syngas to the Fischer-Tropsch block.

As a consequence, it 1s necessary to calculate the stack size for
every systern lavout. To this end, the mode] developed in this study
permits to evaluate SOE unit enthalpy requirements. Then, opera-
tional current density (and, consequently SOE unit power density)
is determined as the value that produces such overpotentials to
match thermoneutral voltage. In other words, operational voltage

{represented by the SOE cells characteristic curve, Eq. (10]) and
thermoneutral voltage (Eq. (5)) are equal.

Once current density is calculated and total current is known by
assuming 2 reactant utilization coefficient and syngas Fischer-
Tropsch requirements, total SOE active area can be easily found.

5. Resulis

In this Section, results about the three layouts are presented. It
is important to remind the assumption that the deslgn specifica-
tion that determines components sizing is Fischer-Tropsch liquld
fuel productivity (Table 4} which is constant for all the evaluated
configurations.

At first, for each block (SOE and FT) feeding streams flowrate
and composition are shown, together with product streams flow-
rate and composition. The SOF performance section reports results
concerning the electrolyzer, while the Fischer-Tropsch perfor-
mance section is relative to the liguid fuel synthesis. Then, effi-
clency calculations are performed, according to the definitions
given at Egs. (17)-(19) with regard to SOE and FT process
respectively.

Finally, system performance and material consumption are cal-
culated according to the previously given definitions. All results
concerning the system are reported and discussed in the overall
system evaluation section

5.1. O£ performance

Table 5 reports cathode and anode feed streams and outlet
streams of the SOE, calculated according to three layouts (A, B
and C). After supplying the makeup streams, cathode feeding
flowrates are the same for layouts A and B, while in layour C, in
which reforming and shift take place inside the stack at 750°C,
complete CO conversion to Hy Is not achieved and CO is still pre-
sent among reactant species. Then, to obtain a H/CO ratio of 2.1
in the produced syngas. cathode inlet composition was modified
with respect to layouts A and B, controlling the makeup Rowrates
of reactants after light gases recirculation from the syncrude
separator block.

‘When performing reformate gases recirculation (layout B} and
Fischer-Tropsch light gases direct recovery (layout C}, hydrogen
content of recycled stream totally fulfils SOE requirements. In fact,

Table 5

SOE madel results. Cathode outflow composition is the same for layout A B and C.
Unit pecformances calculated in the table are relative (o SOE stack operating without
recyched feeding and heat recovery (layout AL

Layouis A and B Layout Layouts A, B, C
Cathode Male Cathode Mol Cathede Maobe
feed Trac fred frac ot frac
{moljh} (%) (majh] (%) (molft) (%)
Hy O 1259 582 1303 502 &3l =82
o0y 745 345 691 330 mn 172
H; 158 73 n? 7.8 783 365:2
(a4} - - | 374 173
H, - - - - 113 ol
Total 2162 100 2162 100 2182 100
Anode Mole Annode Muale Anode L
feed frac feed frac ot Frac
{mol/h) (%)} [modfh) [z} {malfh} (%}
[+ 1) 21 180 21 a1 50
My 681 9 BB 7o 1362 50
Total BG) 104 BE1 100 1430 100

4 78% i the overall molar fraction given by the sum of hydrogen and carbon
mommdidte.
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Fg. 4. S0E operational point definition: S0 polarization curve baged on exper|-
maental data regreadion is plotted mgether with thermoneutral voltages calculations
derived from model enthalpy balamce. Eiy is thermoneutral veltage for system
layouts A and B, while E.; refers to layoue O

hydrogen concentration achieved (n both systems (73% and 7.8%
respectively) satisfies the design requirements {Tabie 4).

Concerning anode inlet and outlet streams, flowrate and com-
position do not change with system layouts.

In all layouts SOE operates at thermoneutral voltage, calculated
by the Fortran subroutine based on SOE characteristic V-f Eg. (10).
Since negligible differences occur between the two experimental
curves used for the linear regression of the V-j equation, it is rea-
sonable to believe rhat Eq. (10) is suitable for all layouts presented,
despire slight variations in the cathode feeding composition.

In Fig. 4, SOE stack polarization characteristic is plotted together
with voltages related to the thermoneutral conditions of layouts A-
B and tayout C. The first voltage, referred as £, is calculated con-
sidering layout A-B enthalpy changes inside the stack. Then, the
serond one, Eyp, is related to layout © enthalpy change. Ther-
moneutral conditions are calculated considering in the energy bal-
ance also the chermal energy necessary to preheat SOE reactants
from 650°C to operational temperature and enthalpy variations
of all reactions taking place in the electrolyzer.

Hence, the model subroutine determines the operational point
for each layout as the intersection of the polarization curve (POL,
Fig. 4) with the thermoneutral voltage. With 50% reactants utiliza-
tion, in cases A and B, the stack worked at a power density of
0.716 Wiem?® (Emy =1.39V) Conversely, in case C the stack
working point is shifted to a higher value of power density,
0.735 Wiem? (Evz = 1.40 V).

5.2, Fischer-Tropsch process performance

After water removal from SOE cathode outflow, dry syngas is
fed to the Fischer-Tropsch block: Table 6 shows Fischer-Tropsch
inlet stream composition, Taking this input, the FT Aspen Plus®
maodel, based on a discretized ASF distribution, gave the products
spectrum shown in Fig. 5.

A few carbon cuts were selected: methane (C1) propane and
propene (C3), hexane and hexene (C6). octane and octane {C8),
hexadecane and hexadecene (C16), waxes (C30). €6 are low carbon
number compounds which have to be further refined. Most of the

Table &

Fischer-Tropsch input streams and products, Syncrude refiers (o the whole producs
streamn foing out of the Fischer-Tropsch ceactor, while Crute relates to Fischer-
Tropsch deprived of light gases. Power and efficiency caltulitions are based on

speches LHV,

Feed fow rate {molfh) Maole fraction ()
FT Inpurs (layouts A, B, €)
Hy 783 512
H.O o o
[xe] 374 4.4
[ m 243
CHy 1.33 o
Total 1532 100
HiiD 210
Components Components Power Power
mode flow (malfh] mobe fraction (%) output allocation
(W] ]
Syncrude
Hy B9.07 B16 455 683
H;0 34537 40,78 0.00 oo
o .29 358 555 833
COs 37212 4394 oo 000
CH, 330 Qa0 076 1.14
Cyka 223 0.27 122 1853
CyHy 1z 0.38 143 7%
CaHiz s 0.06 55 0.53
Cethe 259 032 295 444
CaHig o047 006 as? 086
Cyhlyy 486 0.57 534 876
Crallyy 0.06 T an 0
Cughlyy 748 0.94 2089 3038
WANCyg 4248 053 i | 3283
ﬂmy effickency
Power bn kW) 134
Power out (kW) B6628
Efficiency %) 5257
Crude production (bbljday) Power allocation (KW)
Crude
s e 267
Gasolineg [ER B.I7
Diesel 043 06
WANC e 036 2174
Tatal 1.0a 5183
Gas-to-iquid
Power in {kw) 1264
Power out (L] 52
Efficiency (%} 4095
45%
a0t | [ mSeloctivity mass  m Setectivity mele |
§ 35% -
'j 304 -
£ %
3 2o |
g 15% -
10%
=
% = - —— FETT — =
c1 a 8 3 16 30+
Discrete carbon cuts

Fig. 5. Aspen Fischer-Tropsch model results: products mole and mass Tractbons.
Products spectrum reflects superimpoied asumprions aboat catalyst selectivity,

production is shifted to middle and high carbon numbers (diesel).
In this simulation, considering the application of a cobalt catalyst.
the occurrence of oxygenates and polycyclic species was neglected.
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Table 7

System performance in cases A (baske S0E and Fischer-Tropsch integration), B (SDE
and Flscher-Tropsch integration, with external steam refovming and cathode feed
recirculation), € {SOE and Fescher-Tropach integration, with internad steam reformning
and cathode feed recirculation).

Layout A Layout B Layour €
Power in (kW) B7.42 7763 79.70
Auklliaries Power n (EW) 57 57 57
Qe apizem (W) 1754 8.90 456
Power ot [crude) (KW) 63 51.63 5163
Ew (V) 139 139 1.40
Afm?) 1043 1043 102
sy (%) T4 79 78
Aoy, (%) 40.95 40.95 4095
o [X) #6.4 56.0 512
Wiy (W) 9E07 8954 8545
Woer (KWW) 5163 51683 5153
s (%) 515 57.7 59.7
Ia (%) 607 8.0 80,1
H;0 consemption (tonfM)} 120,944 33707 (-T2X) 33700 (-73E)
H; consusmption [ton/M]) 1694 0 (= 1005]) O{-100%)
€0y consumption (ton/M]) 176387 78844 (-55%)  TET9S (-51%)

The mode! was tuned to get a daily lquid fuel production of 1 bbi,
corresponding to a chemical storage production capacity of nearly
52 kW,

Then, Tahle 5 shows efficiency calculations performed accord-
ing to the definition given above. The total energy efficiency of
the system is 52.57% (Eq. (18)). while considering just the crude
fraction as waluable product, gas-to-liquid efficiency is 40.95%
{Eg. [19)}. At system level, power losses occurring when neglecting
the gas fraction of the Fischer-Tropsch products are recovered, by
performing gas recirculation. OF course, this does not happen for
the open loop design studied in layout A

5.3. Overell system evaluation: layouts comparison

All results concerning the three system layouts presented in this
work are displayed in Table 7. Model outcomes are expressed in
terms of SOE stack features (thermoneutral voltage, active area,
unit efficiency), net power required by the system (SOE power in,
auxiliaries power in, net heat demand), power associated to crude
production, exergy evaluation, efficiency indexes and material con-
sumption coefficients.

5.3.1. Layout A
Layout A depicts system performance when neither imaterial
recirculation, nor heat recovery is performed. Such results were

e g

B & %

Temperatura [*C]

2000 4000 6000 8000 10000
Thermal power [W]

used mainly to assess single components performance. In particu-
lar, the FT block performance evaluated in layout A are equal to
cases B and C, since FT feeding stream and operational conditions
are imposed as design specifications. As a consequence, the auxil-
iary components (mainly the intercooled compressor) operating
between the SOE and the FT process demand the same power con-
sumption in all systems, Thus, considering SOE unit performance,
results slightly differ just for cathode feeding composition change
(in layout C the water fraction is higher) This has an impact on
the net electrical power required to reach thermoneutral condi-
tions and on the thermal energy necessary to pre-heat reactants
at SOE inlet temperature. Thus, SOE stack efficiency is lower in
layout C than in layouts A and B.

532 Layout B

The first scenario considers gases recirculation to the S0E
cathode inlet. Feeding Fischer-Tropsch light gases to an external
reactor, performing separate reforming and shift conversion,
hydrogen fraction substantially increases. Overall hydrogen gain
is 56.2%, with regard to total hydrogen required at SOE cathode
inlet. In detail, after the reforming stage, 27.2% of final hydrogen
is recovered, while throughout the following shift conversion, the
additional gain is 29%.

On one hand, this solution supplies entirely the system hydro-
gen demand (hydrogen net consumption is Zero), but on the other
hand, it entails some drawbacks: increased complexity and
increased heat demand. Thus, the integrated system is equipped
with fwo heat exchangers. The first is meant to produce super-
heated steam for the external reformer, assuming as hot source
the Fischer-Tropsch reactor. The latter is operated at 230 °C and,
since FT synthesis is exothermal, it needs cooling {waste heat is
about 15.6 kW) to keep isothermal conditions. Fig. 6 shows hot
and cold curves for the heat recovery steam generator where refor-
mer superheated steam is produced. However, superimposing a
pinch-point temperature difference of 10°C. superheated steam
exits the heat exchanger at 220°C and an additional heat source
is necessary to superheat reforming steam from 220°C up to
700+C. Considering steam thermal capacity to satisfy a §/C= 2,
additional heat source power is 3.97 kW. Then, reformer reactor
requires 4.93 kW to sustain the process at 700°C This thermal
power provides also the heat to raise light gases temperature from
25 =C (Fischer-Tropsch products separation tower conditions) to
700 *C. Then, after the reformer stage. shift conversion takes place
at 310 °C; therefore, the second heat exchanger cools down refor-
mate gases from 700 °C to 310 °C and waste heat {5.7 kW) is suffi-
cient to vaporize the makeup water stream feeding the S0E

Temperature [*C]

"5 ¥ 88588

0 1000 2000 3000 4000
Thermal power [W]

Fig. 6. Layout B heat exchangers diagrams: (left) Fischer-Tropsch reactor cooling thermal balance: heat sink Is H.0 recycled to the reformer: (right) cold stream is

retntegrathon water, hot stream is reformed gas.
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Fg 7. Lsyour C hear exchanger diagrams: Fischer-Tropsch heat is used 1o
evaporate water and fo achleve superheating.

cathode (Fig. G). Since the 5/C ratio for the reformer is quite high,
no more water is supplied to the shift converter.

Streams recirculation covers completely hydrogen reguire-
ments, but water and carbon dioxide net consumption are still
positive and they call for a makeup stream (with reference to base
case layout A, water and carbon dioxide net consumption reduc-
tions are respectively 72% and 55%) Besides net consumption
reduction, streams recirculation is useful also to increase system
energy efficiency. In fact SOE cathode feed stream remperature is
already high because recycled streams coming from the shift
converter, that is operated at 310 °C, are directly mixed with water
and carbon dioxide makeup feed streams.

Based on the definition given at Eq. (20), the overall energy effi-
ciency for layout B is 56%, while according to Eq. (22), exergetic
efficiency is 57.5% {Table 7).

5.3.3. Layout C

Perfrming internal reforming inside the S0E unit, the plant
layout turms out to be less complex. Material consumption reduc-
tlon is: 100% for hydrogen, 51% for carbon dioxide and 73% for
whater. Thus, cathode water and carbon monoxide makeup stream
flowrates were caloulated based on the forecast stream composi-
tion after achieving SOE internal reforming + shift equilibrivm at
750 °C. As a consequence of stack temperature (750 °C), RWGS is
expected to be favored and, due to this, carbon monoxide is not
totally shifted into hydrogen

Recovered waste water is heated up to superheated steamn,
using the Fischer-Tropsch reactor as hot source, which provides
15.6 kW, Heat exchanger hot and cold curves are depicted in
Fig. 7. Then, prior SCE infet superheated steam is mixed to light
gases coming from syncrude separation tower and makeup feed
streams (water and carbon dioxide). Concerning the latter streams,
makeup water needs an additional 4.85 kW heat source, in order to
complete phase transition to steam.

The overall energy efficiency of layout C, based on the definition
given by Eq. (20), is 57.2%, while, despite the highest pu/p.. ratio,
exergetic efficiency, according to Eq. (22), is 59.7% (Table 7} In
comparison with previous results, it appears that layout C pro-
duces the best performance, together with a system complexity
reduction. In addition to that, the change in cathode feeding
composition together with a shift of the thermoneutral point leads
to a minor extension of the S0E stack size (see active area results,
Table 7}, with an impact on the system costs, Despite the discussed
advantages of layout C, this design introduces the risk of cell mate-
rials poisoning due to exposure to light gases; therefore, such issue
could limit the applicability of layout C system design.

6. Conclusions

Our work aimed ar showing a conceptual design of an
electricity-to-liguid fuel system, made of a Solid Oxide Electrolyzer
{SOE} stack working in co-electrolysis and 2 Fischer-Tropsch reac-
tor enhanced for middle-distillates production. In the outlook of
distributed generation and energy storage, a basic assumption of
this work was the Fischer-Tropsch unit down-scaling, in order to
couple the process with a RES-driven electrofyzer. Hence, crude
fuel upgrading is to be done in a separate optimized plant, where
primary Fischer-Tropsch products can be easily conveyed and post
processed.

A system-level modei was built for three different system con-
figurations: a basic open loop layout (A), a closed loop layout with
reformate gases récirculation {B), a closed loop layout with direct
recirculation of Fischer-Tropsch light gases (CL. The SO0E block
was modeled according to expenimental data; in the refersnce to
baze case (A) where inlet gas composition was Hy0:C05:H;
58:34.5:7.5, at thermoneutral conditions SOE efficlency was estl-
mated to be around 79% (LHV basis). Stack size, in order to supply
enough syngas to feed a downstream 1 bblfday Fischer-Tropsch
reactor, was expressed in terms of total active area required; hence
the result is 10,43 m? with regard to the base case A. Then, taking
into account all syncrude components, Fischer-Tropsch energy effi-
ciency was calculated to be 52.7% (LHV basis), while considering
only the crude fraction, the efficiency is 40.95%. It is worth to recall
that the efficiency of the synthesis is strongly dependent on the
hypothesis about the catalyst which enhances CO conversion
efficiency and selectivity on different carbon cuts.

The efficiency of the whole system was calculated for the three
layouts, which differ from the point of view of waste streams
recirculation and intermal heat recovery management. Layouts B
and € are closed-loop system design, aimed at increasing the
performance in comparison with the base open-loop system design
(layout A). Among them, the highest first law efficiency is achieved
in layout C, where light gas fractions are recirculated directly to the
SOE stack. Layout C energy efficiency is slightly ligher than the one
of layout B [57.2% versus 56%) and design complexity is much
lower, However, it should be reminded that degradation phenom-
ena that could occur while supplying unreformed gas to the stack
are not considered in this work. As Far as material consumption is
concerned, layout C achieves the following reductions: —-73%
water, -51% carbon dioxide and -100% hydrogen. From an
exergetic point of view, layout € has a larger electrical consump-
ticn than layout B, since its thermoneutral condition is achieved
at higher values of power density, namely 0.735 Wicm®, instead
of 0.716 Wjcm®. Layout € was found to have the best second law
efficiency too. A follow-up of the study will consider a change in
SOE operational temperature that may cause different results due
to variation of thermal equilibrium and S0E efficency.

Finally, keeping the liguid fuel daily productivity unchanged,
the SOE stack size required is smaller for case C, with a further
consequence on the economic viabdlity of this solution.
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HIGHLICHTS

« We studied the global benefits of utilization of wrea as a fuel.

« Urea utilization on solid oxide fuel cell (SOFC) was evaluated.

» We investigated decomposition of urea and a model was developed.

« & SOFC stack was fed with simulated decomposed urea gas stream.

« Data were used to implement = model reaching up to 60% of theoretical efficiency.

ARTICLE INFO ABSTRACT

Solid Oxide Fuel Cell (SOFC) can be operated with a wide variety of fuels and in a large range of aperating
conditions. Taking advantage of high temperature and nickel based catalysts several compounds such as
methane, ethanol and ammonla can be internally reformed or thermally decompased producing hydro-
gen tich gas streams. In this study urea was investigated as a potential fuel for SOFC, since it is a widely
available product in the fertilizers” market, safe to be handled and used. and can be recovered fom bio-
mass or water treatment plants as 2 byproduct. An additional pathway for green urea can be based on
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mj“""’: green hydrogen via electrolysis powered by renewable energy sources and CO, recovered from carbon
SOFC capture plants, Urea decomposition was studied and reproduced in the experimental activity to evaluate
Experimental it effect on the performance of SOFCs, A gas stream. obtained by simulating decomposed urea with tech-
Decomposition nical gases mixtures, was fed into an SOFC stack, varying the operational temperature and the steam 1o
AdBbus carbon ratio. Experimental results produced efficiencies higher than 40%. Based on expedmental data a
0-0 model was developed and operational conditions were expanded. reaching an overall efficiency of

6%,
& 2015 Elsevier Ltd. All righes reserved.
1. Introduction or started up. Hence, the request of small, flexible and high effi-

World energy scenario is nowadays dominated by the research
of new sustainabile fuels, New fuels and utilization technologies are
investigated 1o reduce emissions in power generation systems and
to increase the share of programmable renewable energy, which is
becoming more and more important to counterbalance the deploy-
ment of solar and wind energy systems. In fact, together with envi-
ronmental issues, electric grids with high remewable energy
penetration are facing the problem of balancing intermittent
renewable energy sources with large fossil Hred power plants,
which need hours to change the power output or to be shut down
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ciency systems for distributed generation, In this scenario Solid
Oxide Fuel Cells (SOFC), operating with unconventional or renew-
able fuels are being investigated as a potential solution to this
problem, In this framework, well known and commonly used
chemicals, such as urea, can be used as a fuel and can play an
important role.

Several studies have demonstrated the capability of high tem-
perature fuel cells to use different gases as fuels, obtaining with
most of them power at a higher efficiency than with combustion
based power plants.

Among the different fuels that have been studied in high tem-
perature fuel cells, it is worth mentioning ammeonia [1-5]. biogas
|6-14), syngas from biomass gasification |15-18], hydrogen rich
mixtures of gases [7], CO rich fuels [19-22]. Even though the per-
formance with those unconventional fuels has always been high,
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most of those fuels had important drawbacks in terms of toxicity,
flammability and storage when compared to gasoline, natural
gas, diesel ofl, LPG.

Starting from the results of previous researches with the above
mentioned fuels, the authors of this paper decided to explore the
potential of urea as a fuel for a solld oxide fuel cells. Urea combines
the positive effects of ammeonia and €O, with a substantially
reduced danger and toxicity and with a very easy storage charac-
teristic as a solid substance. Urea can be considered a5 a way to
store hydrogen in a compound, even though it is not a carbon free
fuel

To understand the potential of urea as a high temperature fuel
cefl fuel, an experimental activity was performed together with the
development of a numerical simulation of a solid oxide fuel cell
using this new fuel. The results are encouraging and very interest-
ing performance is expected even when highly diluted with water.
This paper may cpen a new line of research to assess all critical
issues derermined by the use of urea as a fuel, To the best knowi-
edge of the authors the use of urea as a high temperature fuel cell
fuel has been neither studied nor demonstrated. The only reference
found about fuel cell operating with urea is the study of Lan et al.
|23], but it is focused on alkaline fuel cells (AFC)L

2. Urea as a fuel

Urea has a large worldwide production estimated at 150 million
of tons per year [24]. The wide diffusion as a chemical allows to
take advantage of a capiliary and efficient distribution system
and, at the same time, of # mature production technology with
high efficiency and competitive costs. Urea is mainly used as a slow
refease fertilizer but it recently found an important market in
selective catalytic reduction (SCR) systems to reduce MOX emis-
sions in fossil fred power planes, Other uses of urea are in zootech-
nics and petroleum industries. Urea diluted with water at 32.5 wid
was recently commerclalized with the trade name of AdBlue, and
used in the truck transport sector as a fuel additive to reduce nitro-
gen oxides to comply with the Euro V1 standard.

An alternative source of urea is waste water from urea produc-
tion plants, estimated up 10 1.1-1.6 k8/luresproducnd (23], OF
directly from municipal waste waters due to the fact that urea
is main component of human and animal urine. An aduft man's
urine contains 2 wt¥ of urea. Considering normal urine output a
total of 11 kg of urea per person-year can be recovered yielding
18 kg of hydrogen. which Is sufficlent to power a car for
2700 km [23]. These data show how big the potential of urea,
as a fuel, i5s. In addition. extracting urea from wastewater
improves the final emissions. Thus, using urea from wastewaters
can be considered part of the waste treatment process with
important benefits in terms of energy balance due to the replace-
ment of an energy demanding system, with an energy producing
technology. Any pathway including the recovery of urea from
wastewaters requires a clean up system to achieve a sufficient
purity from contaminants such as sulfur and chlorine, which
cause irreversible damage and efficiency decay to SOFCs, as well

Industrial COMH - . Poweer
{AdBine) Electricity SoErCE
wame |\ J oMLy
waker finel cell Further
o
animal uring _—

Fig. 1. Urea pathways from source to fAnad use [23],

as any other energy system. Fig. 1 is a scheme of the vrea utiliza-
tion pathways just described.

As far as the advantages of using urea as a fuel are concerned, it
is worth to mention that it is an extremely stabie solid crystalline
odorless chemical. IF it is considered as a fuel, it features a high
energy density due to its solid state with the additional character-
istics of being neither lammable nor toxic. Considering, in addi-
tion, that each cubic decimeter of urea contains 86g of Ha:
whereas the same volume of liguid hydrogen at —252 *C contains
70 g only [23], it is evident that urea is an excellent way of storing
and transporting hydrogen. Table 1 reports the main chemical and
physical characteristics of urea [26],

Urea was discovered in 1773 by Rouelle and the most widely
used synthesis process is the Stamicarbon, that produces urea
starting from ammonia and carbon dioxide. The process is based
aon the following reactions:

2NHyyy, + COyp — NH;COONHsg,  AH = —100.5 ki/mol (i

NH:COONH — NH:HJNH:U:. - quﬂ_a AH = 2278 WND|
(i)

The above reactions show that COy Is required for urea synthesis,
which is usually obtained from natural gas reforming, that fs used
to provide hydrogen for ammonia synthesis. If the process is well
balanced CO,, that is a2 byproduct of the Haber-Bosch process, is
separated and recovered in urea.

There is also a sustainable pathway to produce urea. If electrol-
wsis is used to produce hydrogen from renewable energy, ammonia
can be produced without the use of fossil fuels. Renewable energy
sources such as sun or wind can supply electricity to the elec-
trelyzer, nitrogen can be directly separated from air, while CO,
can be recovered from off gases of power plants or from biogas.
Urea can thus reach two important goals of recent research in
the energy field: storing renewable energy into a solid fuel, con-
tributing to balancing programmable and unprogrammable energy
sources and storing CO. into a solid fuel, potentally dosing the
carbon cyche and producing additional power from a single emis-
sion of C0;.

Table 1
rea main characveristics.
Urea
Hz gravimeiric density 6.7 wik
H; volumetric density DU0BE kguzfdm?
Fusion remperature (solid state) 133°C
Fusion lavent heat = 2465 W] fkg
Water solubsility [1 atm - 20°C) 1193 gidm’
Self injection temperature Mot Rammabile
Malar weighs BO.08 gimeal
Hormal density 1320 kgim’
LHV 18650 kjfkg
Table 2
Physical and chemical characteristics of AdBlue,
AdBlue
Hz gravimetrc density 22wz
Hy volumetric density 0,024 kgsqddm®
Freezing temperatire =115 *C{N.B, no negative impact
whire detected fram freezing-defreazing cycle)
Boiling iemperatursa s
Dprimal storage 20°C {24 months guarantee)
femperature
Density 10895 kgim?
Sell ignithan remperature Not Mammable
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Table 3
Fuel matrix comparing main energy carmier charcteristic.
Fuel Storage Molar mass (glmod)  Density (kg/m®)  LHV (Mfkg)  Energy density (Gljim?)  Cost (céfkg)  Enorgy Cost (€/M])
ot
T{*Cl P {bar]
Gaseous hydrogen (Ha) [30] 20 250  2.02 17.86 12021 215 25190 210
Methanal (CH,0H) [31] w1 3204 790.95 107 1558 190 L72
Matural Gas (CH,) |32] 0 290 1604 19536 50 .77 96.42 143
Gasoline (Catha) (33] m 11421 kY 438 3062 7874 LE1
GPL (Propane CIHB) [33] 0 10132 4400 500,56 45635 7320 EDO] 175
Urea (CO{NH; b} [34] w1 6005 132000 10.53 13489 2533 241
AdBlue (325 wik Urea) [35] 20 1 3167 1087.00 142 L 364 1130
100

Theoretical urea decomposition starts at its fusion remperature,
133 *C, via the lollowing reactions |27]:

NH;CONHyg, — NHseg, + HNCOy (iii)

HNCOy; + HaOygy — NHyg + COnggy (iv)

In reality, urea decomposition is more complex and is further
described in the following section.

About the use of urea In fuel cells, the theoretical value of the
open circult voltage (OCV) is 1.146 VY, close to hydrogen 123V
23] while the reversible efficiency is 102.9%, i.e. 20% higher than
hydrogen’s. Note that reversible efficiency of fuel cells can be higher
than 100% due to the positive variation of entropy. meaning that,
differently from hydrogen and similarly to direct carbon, the cell
operates with a heat input directly converted in electricity [23].

Due to wide diffusion of SCR applications AdBlue™ was also
studied. AdBlue™ |5 a registered brand by VDA, the Cerman auto-
motive industry assoclation, and it is a solution of urea in water,
with a weight fraction of 32.5%. The brand guarantees high purity
urea and deionized water used during production. The use of such
liguid was considered in this study as potential vector of urea.
Like urea, AdBlue is neither lammable nor toxic nor risky to manip-
ulate. The production takes advantage of the high dilution of urea
into water that occurs during wrea prodection process of simply
via dissolution of technical urea into deionized water. The main
drawback is, of course, a lower energy density because inert water
is a useless mass in energetic terms and fuel density indexes are
strongly penalized, A crucial advantage is the cost that nowadays
Is competitive with urea, since a commercial distribution system
is already strongly developed. The application in fuel cells benefits
of the availability of water for urea reforming even if the steam to
carbon ratio is not optimized for such reaction {see following para-
graph). Even if AdBlue purity is guarantee from producers included
absence of main impurities | 28], level of tolerance in fuel cell may be
lower of standard SCR and a specific study may be necessary before
a commercial utilization of AdBlue as a fuel cell fuel. Table 2 reports
the main chemical and physical characteristics of AdBlue,

Differently from hydrogen, urea is not a carbon free fuel and,
when reacting, each mole of urea produces one mole of carbon
dioxide. In addition, considering the specific application on
SOFCs, the presence of carbon required a specific analysis to avoid
carbon deposition. The most interesting solution is to add steam to
reduce the risk of carbon depasition, enhancing, at the same rime,
steam reforming of urea. Considering that skeam is usually
obtained from water, a solution of urea and water represents a
suitable input to the system.

To evaluate the potential of urea as a fuel, this compound was
compared to more widely used fuels and other potential candidate
for energy storage in chemical. Table 3 reports the results of such
analysis. Chemical data were taken from National Institute of
Standards and Technology [29] while market costs are referred to
Decemnber 2014. AdBlue was also considered in the study.
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Flg. 5. Simulation results of urea steam reforming at constant 5:C (a) and constant remperature (bl

To better visualize the potential of urea as energy vector, gravi-
metric and volumetric energy densities of all studied compounds
were plotted in Fig. 2. As expected urea can easily compete with
hydrogen due to its much higher volumetric density. while
AdBlue is strongly penalized by the large amount of water con-
tained in the solution.

From the economic point of view, the last column of Table 3
shows how urea and AdBlue are copvenient in terms of cost per
mass while such advantage is reduced when considering energy
cost, due to the high energy of hydrocarbons and the effect of dilu-
tion with water in AdBlue. However, the comparison of energy

costs is not an absolute indicator because a complete cost evalua-
tion has to consider the efficiency of the technology transforming
fuel into electricity,

Summing all characteristic listed here above, the main advan-
tages of using urea as a fuel are;

= High energy density, both gravimetric and volumetric.
= Solid state (easy to be transported).

= Well known synthesis process.

= Existing distribution system.

« Not toxic, not flammable.
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Fig. 6 Enthalpy of urea decomposition: compare between different models.

Tahle 4

Stack characrerisic,
Stack characteristic
Mumber of celis 4
Cell dimension 180 100 mm
Active area BOOO mm®
Total active arca 32,000 mm?
Anodic substrate NEFBYSZ cermet 1500 um
Anode functional layer NiBYSZ cermet 7-10 pm
Electrolyte BYSZ B-10 pum
Cathode functhonal Layer LEMEYSZ 10-15 jum
Cathode current collecior L5\ 50=70 pm
Interonmection Crofer2 2APL
Anodic contact layer [é-mesh
Cathode contact layer Perovskite type oxide (LCC10)
Sealing Glass=ceramic (B7YSZ20)

« Renewable production pathways are available.
» CO; can be stored.
= Competitive cost compared with others fuels.

while main drawbacks are:

« Mot a carbon free fuel,
« Reforming is required.

3. Urea decomposition

As anticipated in previous paragraph the decompaosition of Urea
is a complex process. Thanks to the utilization of urea in SCR sys-
tems, thermal decomposition of urea was deeply studied in recent
years. An alternative to thermal decomposition is the
electro-catalytic oxidation of wrea |36]. Via this later process
hydrogen is separated and, after purification, can be directly sent
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Table 5

Experimental st conditions,
Anodic compositions Cathodic  Temperaturs 5:C

Flow
oD, oo Ha N Ha0  Aria (NI} Tix)
{Nifhy  (Nih)  (Nih)  (NUM) (g b
G686 1338 4662 1093 1187 400 oD 1
5.90 1417 4583 2026 1169 400 750 1
527 1475 4525 2007 1194 400 BOO 1
zes 782 5201 003 3880 400 00 3
114 887 513 2003 3835 400 750 3
L35 965 5005 2000 3891 400 Bo0 3
1563 437 5563 2007 9HEE 400 ] GO
14594 507 5493 000 9909 400 750 692
1426 574 5435 2000 9971 400 B0 692
C
.,-*""Hf
H

Fig. 7. Carbon deposition study of tested compositions.

to any type of fuel cell. The main drawback is the electrical con-
sumption, typical of such processes. In addition, due to the high
operational temperatures, SOFCs may internally reform the fuel
with a significant economical advantage and system simplicity.
Thermal decomposition, deeply studied in 5CR systems [37), is
extremely complex at low temperature, 200 *C, obzining several
intermediate compounds which may cause solid depositions.

A complete study of urea decomposition at higher temperature
was considered because SOFCs operate in the range 700-800°C
Sebelius et al. [38| demonstrated that the increase of temperature
strongly simplifies the decomposition model and {ntermedlate
products such as biuret or cyanuric acid disappear when the tem-
perature reaches 500°C. Fig. 2 shows the results obtained in the

stundy.

st Hast Exchange
B .,__u__n....t,u._._-_._...”a"\' P e e e e
S Sorc
Abecly O Gon | Anods }__L.
Aftor Bumer

Fig- 8. System scheme.
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Dupont et al. [39] performed a theoretical study of vrea decom-
position at SOFC operational temperature, considering water addi-
tion to enhance steam reforming as primary decomposition
pathway and to manage and optimize carbon content in the com-
pound. Theoretical steam reforming of urea is;

MH;CONH; + Hy0 — Ny <+ 3H; + COy (v)

One of study result is reported in Fig. 4 were concentration of
products is plotted as a function of temperature. Water is an addl-
tional resource reguirement and introduces system complexity

such as water management in terms of pressure, heating and water
recovering. This could be a problem in isolated applications, or
where the system operates far from a water source. This problem
is, however, common o all systems where fuel steam reforming
is necessary. A solution could come directly from the fuel due to
the high dilution of urea in water. In such case energy density
decreases but no additional source of water is reguired. The study
also evaluates the efficiency, calculated as the ratio between chem-
ical energy of hydrogen produced and all heat requirement for
heating of reactants and reaction enthalpy. Urea has a great
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potential, especially for small steam to carbon ratios, with similar Gibbs reactor was developed varying steam to carbon {5:C) ratio
enthalpy balance than steam methane reforming and a bigger  and equilibrium temperature, Note that urea contains only one
advantage calculating the Gibbs free energy. atom of carbon so steam to carbon and steam to urea ratios are

From those studies it 15 possible to deduce that urea is decom-  the same. Dry products obtained for one mole of urea are plotted
posed at high temperature in hydrogen, carbon dioxide, carbon in Fig. 5. In detail, in Fig. 5a results are plotted at 5:C = 3 at different
maonoxide, methane, nitrogen and ammonia. All these components temperature while in Fig. 5b temperature is constant at 700 °C and

can be fed to a SOFC that perfectly operates with them. 5:C varies from O [no water) to 6.92 that is exactly AdBlue concen-
tration. Stoichiometry of urea reforming is 5:C=1.
4. Methods Complete urea decomposition was obtained for all conditions

bur significant varlations were obtained caused by reactions of
With the aim of simulating urea reforming, a commercial soft- ~ Methane steam reforming, water-gas shift of CO and ammonia
ware, Aspen One, was used and a very simple model based on a cracking,
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CHy + Hz0 = 3H; + C0 methane steam reforming {vi)
CO + Hy0 -+ Hy + CO; water—gas shift {wil)
2NH; — N; +3H; ammonia cracking {wiii)

Nitrogen is constant at all conditions once urea is completely
decomposed because the only variation comes from reaction of
ammonia whose concentration {5 an order of magnitude smaller
than that of other compounds. Considering Fig. 5a, the maximum
hydregen mole ratio with urea was obtained at 700 *C but still
smaller than three, which is the theoretical maximum from one
reformed mole of urea (see Reaction (v)L Increasing the tempera-
ture, CHy and CO; decrease due fo the increase of reverse water=
gas shift. In Fig. 5b hydrogen content increases with 5:C while
CO decreases due to the contribution of the shift reaction. The
drawback of a larger water dilution is the energetic cost of the heat
requited to vaporize and swperheat such an amount of steam to
700 “C. In Fig, 6 the obtained results in dots are compared with ref-
erence |39], showing a good agreement. The figure reports overall
enthalpy, included reaction heating, in terms of kj per each mole of
urea. The graph shows that the process is endothermic at both
plotted S:C ratios and above 700 °C the only reaction component
adsorbs heat, Such energy requirement can be used, like in systems
based on steam methane reforming, to absorb part of the heat

developed by the cell.

5, Experimental campaign

The model was used to define test conditions for the experi-
mental activities. Considering an external reactor for urea decom-
position, the fuel cell behavior was studied when operating with
the equilibrium composition as predicted by Aspen simulation.
The experimental study was performed in a stack supplied by
Forschungszentrum Jilich. The stack is based on four planar ASC
cells separated by Crofer interconnections. Anodic and cathodic
feed gases, flow along parallel and counter flow channels. Table 4
reports all stack details.

The test rig was described in a previous paper [19].
Temperature Is controlled by a furnace hosting the stack control-
ling operation temperature and by a cable heater used to raise inlet
gas temperature to 650 °C. Each gas flow is controlled by a flow
meter controller while water has a separate line where flow is con-
trolled and water evaporated and mixed with other gasses. The
electric current is controlled by an electronic load. Sensors are
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placed in the stack to measure cefl voltages and two temperatiires,
one close to anode inlet/cathode outlet (T1) and the other close to
anode outlet/cathode inlet (T2).

The experimental measurements were performed by varying
the operational temperature and the 5:C ratio. To reduce number
of test, three values for each parameter were selected for a total
of 9 single test conditions. Considering previous considerations
on urea decomposition three temperatures, 700, 750 and 800 *C,
were selected. 5:C equal to zero was not considered due to the high
risk of carbon deposition, The three selected values of 5:C were:
§:C= 1 (stoichiometric), $:C= 3 (the best performing in [39]) and
5:C=6.92 (as in AdBlee) For the nine test conditions above, the
molar compositions were calculated. To define the total flow, an
equivalent hydrogen (Haeg) of 1 NIfmin was used. Hz.q is defined
in Eq. (1) as the equivalent amount of hydrogen obtained when
all active compounds react to produce hydrogen considering
Reactions {vil, (vil), and (vifi).

Haeq(mol) = [H; + 1,5 = NHy + CO + 4 « CHy}{mol) (1)

Cathode flow was kept constant at 400 Ni/h Model results are
summed in Table 5. Ammonia and methane were excluded because
their amount was negligible,

Obtained compositions were compared to the ternary diagram
to evaluate the risk of solid carbon formation in the cell. Fig. 7
shows obrained results: all nine cases are below carban deposition
boundary line. The temperature does not cause any difference,
whereas the position of the three 5:C values show that, as
expected, the increase of water content reduces the risk of catbon
deposition. The study shows an additional advantage of urea com-
pared with other fuels, in particular methane, due to the presence
of oxygen in the fuel.

6. Systemn model

To perform a complete system evaluation a 0-D model was
developed. This simple solution was used to calculate the energy
balance and global efficiencies of a preliminary system using data
from the experimental activity. The system scheme is shown in
Fig. 8: one single passage in the stack is performed without recir-
culation. Both anode and cathode streams are heated up to reach
SOFC operational temperature, by recovering heat from off gasses
and from unburned fuel During operation SOFCs can mot use all
the fuel and anode outlet still contains Hz and CO, that can supply
energy to the system. The ratio between reacting fual and total fuel
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flow is defined as fuel utilization (UFf). The cathode operates with
an excess of air and the gas flow exiting the cell still contains 2
large amount of unreacted oxygen. Utilization of oxygen (Uox) is
the equivalent of Uf on the cathode side. The fuel is a solution of
urea diluted in water. From a thermodynamic point of view thers
is no difference if such sclution is the original fuel or if it is mixed
onsite, in both cases the heat duty to treat the urea mixture is
equivalent. Both air and fuel entering the system are compressed
to compensate circuit pressure losses but, while air is compressed

with a standard blower, urea, in a liquid state, is pressurized by a
pump, obtaining a significant energy saving compared with
gaseous fuels. Assumed compressor efficiency was BOX and
compression work was calculated from air mass flow and a total
pressure drop of 80 mbar. Two heat exchangers are used before
and after the catalytic burner that recovers the additional energy
from unreacted fuel and avoids the emission of toxic compounds
such as CO and NHj. The burner operates at 330 °C with off gases
from the cell, that have to be cooled down. High temperature heat
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recovery is realized in two separate heat exchangers operating
separately with anodic and cathodic flows. Low temperature heat
exchange is realized in one single device, where burner off gasses
are used to heat up urea solution and air from ambient temperature,
All heat exchangers are modeled with a heat transfer efficiency of
90%, In the low temperature heat exchanger the liquid is vaporized.
The decomposition of urea is modeled in the anodic high tempera-
ture heat exchanger using Aspen model for chemical equilibrivm
calculations. Heat duty of reactions is included in the calculations.
The stack determines both anodic and gas flows. Once fuel inlet
and fuel utilization are defined, chemical equilibrium is calculated
at operational temperature. The stack is assumed as adiabatic and
no heat losses are introduced. Alr flow is calculated to balance
stack temperature and adsorbs the heat produced during operation
inside the stack. Such amount of heat is not lost but recovered in
the heat exchangers. As a result, the utilizatlon of oxygen is very
low in the SOFCs. The definition of UF allows to calculate, using
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experimental data, the total current (see Eg. (2}) and operational
voltage, Stack power is the product of total current and total volt-
age. Toral current is calculated as follows:

- U_[ «Feks L
Mgy
where F is Faraday constant, k is the maximum available number of

electrons from each mole of fuel, ng. is molar low of fuel and n..q,
total number of cells (in this case 4).

I (2}

7. Results

Fig. 9 shows the polarization curves at 300°C, 750°C, and
700 *C respectively, The test was performed keeping the fuel and
temperature unchanged and varying the current with a step of 2
A, for 2 min at each step. Data were sampled at 1 Hz, Plotted values
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are average calculated at each step of current. In each graph, the
three 5:C compositions are compared with the reference composi-
tion of pure hydrogen. Stack performances in terms of OCV and
cells resistance were not optimal due to the fact that the stack
was already used in previous test camping. Results are still inter-
esting and valuable in terms of trends and comparison with refer-
ence rest.

All the tests show that, whichever the temperature, an Increase
of 5:C comresponds o a reduction of performance. This is mainly
related to the dilution of active compounds caused by the increase
of steam content. The same reason Justifies a lower performances
compared with pure hydrogen flow, due to the presence of inert
gases such as Ny, 00z even at low 5:C compositions. The effect of
dilution is well shown by the open circuit voltage {OCV), while
along the curves the voltage difference is reduced due to new reac-
tions that are activated when steam is produced by electrochemi-
cal reaction, such as the water-gas shift reaction of carbon
monoxide. A deeper analysis is by possible studying voltage decay
between the reference compositions and the studied ones. Fig. 10
shows voltage decay of all nine polarizations curves grouped at dif-
ferent temperatures. Performance reduction caused by urea dilu-
tion can be quantified easily and it results independent from
temperature, confirming that water content is the main cause of
decay. The experimental activities suggests that the best perform-
ing composition is that with the 5:C=1 and not the one with
5:C= 3 as found in reference [39].

If we compare the same compositions at different temperatures
we can notice that OCY values increase when temperature
decreases. This 15 a typical behavior of high temperature fuel cell
due to the increase of reversible potential at lower temperatures.

Fig. 11 shows the efficiency calculated as the ratio befween
power output and inlet chemical energy, which is the gas
stream LHV. Values up to 40% efficiency were obtained, with
the best performing conditions at high temperatore and low
5:C ratios,

Fig. 12 shows rhe stack temperature behavior at 800 *C, 750 *C
and 700 *C respectively, Temperature is calculated as the average
between the two thermocouple located in the stack

All graphs show a trend of temperature similar to the reference
one and the effect of the increase of power output and the relative
heat developed inside the stack Cenerally speaking, the increase of
water decreases the average temperature, due to the larger amount
of heat adsorbed by the inlet flows entering at a lower remperature
(650°C). It is interesting to note that when the temperature
decreases, the 5:C =1 ratio shows a higher temperature than the
reference case. This is caused by the water gas shift reaction thar
is exothermic and has a bigger effect at lower temperature. The
same reaction also occurs at higher 5:C ratios, but the effect disap-
pears due to the dominant role played by water content.

Fig. 13 shows the temperature differences between the T1
{anode) and T2 (cathode) thermocouples. Those tests are useful
to determine the temperature gradient in the stack that has to be
as small as possible to reduce material thermal stresses during
operation. The results show almost constant values of the temper-
ature difference when the current density is changed, whereas it
changes when varying the temperature and the 5:C ratio. This sup-
ports the assumption that the optimal 5:C ratlo s the minfmum
one. The temperature difference, as absolute value, increases with
temperature mainly because there is a scale factor with no specific
relation with compositions.

7.1. Model results

Experimental results were used in the model o evaluate the
overall efficiency. The efficiency was calculated at the best condi-
tions of temperature, 800 °C, and Steam to Carbon ratip, S:C= 1.

A linear regression of experimental data was used to calculate volt-
age. The following equation was used:

V = ~0.0041] + 39621 (3)

where | is the current density.

The system efficlency was calculated by subtracting the com-
pressor energy from power output. Fig. 14 shows the stack and sy's-
tem efficiency as a function of stack power cutput.

As in all SOFC systems, the efficiency increases in rated power
operation. System efficiencies in the range of 40-60% were
obtained at high U for all power outputs. Model results confirm
the great potential of urea as a fuel in SOFC based power system.

8. Conclusions

The potential of urea as a fuel for fuel cell power systems was
investigated. High energy density and low cost are optimal charac-
teristics compared to other potential energy vector. In addition,
two different sustainable pathways for urea production were indi-
cated integrating COs storage in solids. A system operating with
diluted urea was modeled integrating the steam reforming of the
solid fuel. Experimental activity demonstrated the operation of
SOFC stack when fed with a composition simulating reformed urea
reaching efficiencies up to 40%. Systemn operating with urea can
reach up to 55% efficiency at B00°C and Uf=08 The use of
AdBlue as fuel is algo interesting since it is an available, safe and
low cost product, but energy density and stack performance are
strongly penalized by the water content.
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1. Introdoction

A solid oxide fuel cell stack (SOFC) is a promising technology for
the conversion of chemical energy into electricity and heat. Due to
the high temperature operation, this type of fuel cell can use dil-
ferent fuels such as natural gas. alcohols and gasoline. in particular,
alcohols such as methanol or ethanol can be produced by renew-
able energy sources. In comparison with hydrogen, alcohols have
the advantage of easy storage and safe handling. Alcohols show a
reasonable energy density and may be appropriate particularly for
applications in remote areas not covered by the electrical grid.
Natural gas and gasoline have the advantage of the existing distri-
bution and dispensing infrastructure.

In order to operate the cell, the fuel must be converted into hy-
drogen and lower the content of higher hydrocarbons in a pre-
reformer or in the anode channel. Despite for SOFC-based system,
complete internal reforming has been demonstrated to be possi-

* Corresponding author, TeL: «D04521370207; fax: «45 9815 1411
E-rmunil adfdress: vil@etaau.dk (V. Liso),

htip:/fdudelergf 10,101 6/jappithermaleng 20151 2.044
1359-4311/0 2016 Elsesder Lod. All rights reserved,

ble: most systems for stationary application faver external pre-
reforming, because it yields the highest amount of hydrogen | 1-3]
Far the pre-reforming process. steam reforming is considered one
of best options since it delivers the highest hydrogen yield. However,
carbon deposition can cause catalyst deactivation both in the re-
former and fuel cell [4]. For this reason, thermodynamic analyses
have been carried out in many studies to predict conditions under
which carbon formation is inhibited during steam reforming [5.6].
It is demonstrated that carbon deposition can be minimized by
providing sufficient H;0 in the fuel stream. However, steam gen-
eration Increases system complexity and control. Therefore it is
important from operational standpoint to identify operating con-
ditions that avoid carbon formatien and maximize the hydrogen yield
while simultaneously minimizing the heat input required for steamn
generation and the endothermic reforming process [4,5].
Previous studies have focused on carbon deposition in reform-
ing processes and at SOFC level. In particular, in [7.8] the cell
performance for diferent fuels, namely methane, methanel, ethanol
and gasoline, was analyzed by using chemical equilibrium models.
Besides, an extensive theoretical and experimental work on fuel
options for SOFC was carried out by Sasaki et al. in four reports
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16,7.8,10]. System considerations were not included in these works.
On the other hand when systems based on SOFC are analyzed, only
nominal operating conditions for temperature and steam to carbon
ratio in the pre-reformer and fuel cell are considered [11]. In this
case the most representative values based on those available in open
literature are chosen.

In this work the reformation of different fuels for SOFC systems
is compared using chemical equilibrium and system level analysis
is drawn. The thermodynamic conditions for carbon formation are
examined through the analysis of carbon activity in the reformate
gas. A mathematical relationship between Lagrange's multipliers and
the carbon activity, with reference to the graphite phase, is deduced,
enabling o calculate the carbon activity in the reformer gas. From
this, it is possible to predict if carbon will precipitate inside the
reformer.

In most cases the equilibrium in steam reforming process is ana-
lyzed for a fixed and optimal steam to carbon ratio at different
temperature (e.g. research work in [12-14]). Depending on the fuel,
steam input is always in excess with the purpose of reducing the
risk of carbon formation. This makes it difficult to consistently
compare the reforming of different fuels in a system. In this work
the molar compositions at equilibrium are calculated for 2 minimum
steam to carbon ratio, malking it easier to compare different fuels.
Far each fuel composition, the heat input for the endothermic re-
forming process is estimated and the fuel cell pecformance is
calculated in terms of electromotive force (EMF) and maximum cell
efficiency.

2. Methodology

Different mathematical methods were developed to explain and
predict the behavier of selutions in dynamic equilibrium. Minimi-
zation of the Gibbs free energy and the faw of mass action are among
the most used especially in numerical simulations [15].

The Gibbs free energy minimization approach was introduced
in 1958 by White et al. [16]; since then it has been used in most
computer programs for chemical equilibrium calculations for its
ability to generalize any reaction scheme (e.g. combustion, reform-
ing). The law of mass action, on the other hand, requires that the
stoichiometric reaction scheme is known. The two methods produce
similar results.

In this study, the Gibbs free energy minimization was applied
o analyze thermodynamic equilibrium of steam reforming of dif-
ferent fuels. The equilibrium conversion of CH,, MeOH, EtOH and
CaHip was studied in the temperature range of 250 *C-1000"C. It
should be noted that complete thermodynamic equilibrinm was
assumed. However, a deviation of the chemical composition may
be registered in a reforming reactor due to siow kinetics of the steam
reforming reactions.

For simplicity. only the following species were considered in the
calcularions in this study: Hy(g). Hz0(g), O:{g). CO(g), CO4g). CH{g).
solid graphite C, n-CaHyq and alcohols CH0H and C;HsOH. Methane
was chosen as representative of natural gas as it is its main con-
stituent while n-octane and its isomers were considered to represent
thermodynamic properties of gasoline. The model was developed
in EES and the results were validated using CEA-NASA, a program
that calculates chemical equilibrium product concentrations from
any set of reactants and determines thermodynamic properties for
the product mixture based JANAF thermochemical database. The total
pressure considered for this simulation was 1 bar. Partial pres-
sures were derived from the chemical compositions by assuming
fuel gas species as ideal. As steam generation requires a signifi-
cant energy input, the heat required to elevate the temperature of
reactants (i.e. fuel and steam) to the reforming temperature was
estimated.

Compared to the CEA-NASA software package, the mathemati-
cal formulation based on the Lagrange Method of Undetermined
Multipliers can be reproduced in any numerical equation solver
making this option more adaptable to different software plat-
forms. The mathematical formulation has alse the advantage to
explicitly impose zero thermodynamic carbon activity (i.e. no carbon
formation).

In order to consistently compare the amount of steam required
in the reforming process for different fuels, the minimum steam-
to~carbon ratio that inhibits carbon formation was calculated using
each temperature. This is obtained impoesing zero thermodynamic
carbon activity in the steam reforming equilibrium model.

Even though the reforming pracess is usually achieved for dif-
ferent fuels at different temperatures, we have assumed one
temperature of reforming for all types of fuel. In fact as the reform-
ing process is comprised of mainly equilibrium limited reactions,
the high temperature in the cell channels would lead to complete
the reforming process reactions.

The electromotive force represents the open circuit voltage. The
irreversible voltage loss (i.e. activation, ohmic and concentration po-
larizations) is mainly a function of current density and stack
temperature. Since these parameters are equivalent in each stack
and the main scope of this research is a thermedynamic compar-
ison of different fuels, it was assumed that the EMF is a good indicator
of the fuel cell performance.

3. Thermodynamic moedel definition and validation
3.1, Model definirion

The equilibriwm state of a chemical reactive system is charac-
rerized by a minimum value of the total Gibbs free energy of a
reactants and products mixture at a specified temperature and pres-
sure. If it is assurmed that the condensed specles possess negligible
volume compared to the gas phase in a chemical product mixture,
the equation of state for the product species can be simplified by
assuming ideal gas behavior for the entire mixture (ie. PV =nRT)

If the mixture obeys the ideal gas law, the Gibbs free energy of
a mixture can be expressed by the product of the chemical poten-
tial, 4, and the number of mole, n, of each i-th gas species.

iL
G=) ng, (1)
]
The chemical potential of an ideal gas mixture is defined as;
P
=gt Rmrlr{%J (2)

where gfis the chemical potential of (4th species at temperature
T and standard state pressure P°, which is normally chosen to be
1 atm, and can be expressed as:

P = - Tsf (3)

wP/P* in Eg. (2) represents the activity, ;. for each of the
species, namely C, H and O:

a =2 (4)
P

g, can be used to study the carbon deposition. In particular if
carbon activity, a., {s greater than unity, the gas phase is not in equi-
librium and carbon deposition may occur. If carbon activity is less
than one, carbon formation will be not be feasible [17].

As solid carbon, only graphite was taken into account for sim-
plicity, whereas various carbon-based materials such as amorphous
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carbon, carbon nanotubes, and carbon nanofibers could have shghtly
different thermochemical properties [18)L

When sofid carbon (Graphite) is involved in the systern, the chem-
fcal equilibrium takes place between substances in more than one
phase. As the solid species does not contribute to the system pres-
sure, the Gibbs free energy can be assumed equal to the standarnd
Gibbs free energy of formation, i.e. g = ts.

Therefore the member of moles of each atom that is present
{ E;) can be determined. The number of meles must remain con-
stant as required by mass conservation law. The initial number of
moles of each element is given by:

£
o= Yraey forj=1..E (5)

where ny, is the initial number of moles of each substance and &,
{s the number of moles of the element j in a mole of substance [,
and E is the total number of atormns. The number of moles at equi-
librium is;

[

nm= Zm (6)
(=]

and the molar fraction of each gas component is given by:

y[=% i=1..C (7

The Lagrange Method of Undetermined Multipliers is imple-
mented by the following equations:

[
i =Y ne, -Ey=0 forj=1..E (8)
=t

E
w+Y e, =0 fori=1..C {9
=]

The nonlinear system (Eqs. 1-9) was solved by using the Newton-
Raphson method implement in EES, Engineering Equation Solver.
As this problem is convex, the global minimum of this equation
system is independent from the initial guess values [19).

Remembering that g =GF + RTIna,, we can calculate the carbon
activity in the reforming process using Eq. (9) as follows:

a, =g YT (10)

The overall reforming mechanism can be divided in three reac-
tions: the endothermic steam reforming reaction (11), and the
exothermic methanation reaction and the slightly exothermic water
gas shift reaction (13):

CoHu0, +5fc H:0 22 RegCU0+ My Hy + Moo 0+ ey CH, AHppex =10
(11)
Methanation reaction:
CO+3H, =2 (Hy +H,0  AHgpay =—2055 ki /ol (12)
Water gas shift reaction:
(O0+HO=C0:+H; AHer =-41.2kfjmol {13)

Therefore the only species present at equilibrium are fuel
(CaHuD:), steam (H20), hydrogen (H;), carbon monoxide {(C0),
methane [CH,). carbon dioxide (C0y), water (H,0) and graphite
(C). Graphite is formed via the Boudouard reactions scheme from
carbon monoxide at the catalyst surface. This reformer process is
well suited of steady-state operation and can deliver relatively high

concentrations of hydrogen. The maost important parameter of re-
forming is the initial gas composition that consists of fuel and steam,
ie. CoHyl +5/C H:0 in Eq. (11) where the steam-to-carbon ratio,
$/C, is defined as:

e 4
S (14)

where ¢ indicates the number of carbon atoms in the hydrocar-
bon. The electrochemical charge-transfer reactions in a SOFC ke
place in the membrane-electrode assembly (MEA). During this
process, the Gibbs free energy (or chemical potential energy) of the
global reaction of fuel and oxldizer is converted into electricity. The
reversible cefl potential {Mernst Potential) E.. between fusl and oxi-
dizer streams is calculated as:

E.= _AG* RT In[’_’nﬂuf) {15)
nF nF Puwe

where AG® is the is the standard-state Gibbs free energy change
associated to the global oxidation reaction occurring in the cell
anode-side, Le. H; + K0y = H,0. E., is also used to predict the open
circuit voltage, OCV, [tis important to recall that as ait passes through
a fuel cell, the oxygen is used, and so the partial pressure will be
reduced. Similarly, the fuel partial pressure will often decline, as
the proportion of fuel reduces and reaction products increase.
Besides, parasitic process may reduce the E.. voltage. In practice
lower OCV values are measures compared to those calculated by
Eq.(15). The reversible potential, however, varies along the channel
length as the fuel is depleted and diluted.

The decrease in power density is due to the fuel dilution effect;
diluted fuel results in a lower average current density, and for the
cases studied here power density solely depends on the current
density due to the constant operating voltage during data logging.
The Mernst potentlal is the voltage which drives reversible elec-
trode reactions. This reversible voltage, generated by the overall cell
reaction, is a function of the local temperature, pressure, and re-
actant concentrations. As reactants are utilized, their concentrations
change. Since the Nernst potential is dependent upon the concen-
trations of reactants, it varies with the degree of utilization. Because
of depletion and dilution of the fuel and oxidizer streams, this po-
tential can vary along the length of the cell. Each of the over-
potentials increases with increasing current density. Irreversible
voltage loss is mainly a function of current density and stack tem-
perature, Since these parameters are equivalent in each stack, it is
assumed that the Nernst potential of each stack would be reduced
by the same amount.

The maximurm SOFC efficiency was calculated as:

n -ﬁ% (16}
where Fis the Faraday constant, £, is the reversible cell poten-
tial described in Eq, (15) and AM® is the standard enthalpy change
associated to the global oxidation reaction eccurring in the cell
anode-side, Le. Hy+ K0; — HQ,

3.2. Model validation

The chemical equilibrium model was validated comparing the
code developed in EES - Engineering equation solver — and the CEA-
MNASA computer program |20|. The results are shown in Table 1. In
the calculation only species with molar fraction more than 5.0E-
06 is considered. The érror between the EES model and the CEA-
NASA computer program reference was computed as a relative
difference which takes the "sizes” of the molar fractions into account.
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Table 1

Comparison of the resulrs ebtained by rhe medel and CEA-NASA code for CH4, MeOH, EfOH and CBH18 ar {SteamFusf of Reactant=23; P=1 am]L
Molar fraction (X) 300°C #00°C

CEA-NASA Made] Diffx CEA-NASA Model DAilrs

CH4 o442 42 0154 LR 0.001 10098
H2D 0414 4z 0103 na 0222 020
] o013 T 0383 0129 0129 DUDDE
002 0078 D.O7R 0,102 0052 0052 0036
H2 052 0352 Q130 0.596 0.596 0.008
c o o 0 o
CHIOH o (1] o ]
CH4 0079 0079 0238 0000 0.000 L]
H20 0489 0489 0081 0369 0369 a2
lui} 0004 o4 0563 0006 oueE 0021
o2 o117 117 0008 85 DOES 0,023
H2 0299 0.300 0130 0442 0445 ams
C o 1] 1] 1]
CIHS0H ] [} U]
CH4 i 0200 15512 0.001 0,001 8612
H20 0365 0333 4085 0,186 1146 24029
o o023 0025 TETo 0184 0208 13005
o2 o141 o148 41818 0066 0056 15127
H2 0299 0254 1,648 0.563 0506 3975
c o ] 0 0
CEBH1E o o o 0
CHa 0226 0200 12306 sy D020 1008
HIO i3 0,130 TE3IZ2 0O08E ooz [Fi1E]
o 0007 0,007 33436 01183 oils 0.008
oz D.0Z0 0.020 13138 00020 0003 0038
M2 fude 0 ] 0300 12683 L5685 0561 D008
C 343 0345 1.0421 O2EG2 0288 0008

The comparison is expressed as a ratio and is a2 non-dimensional
number expressed as percentages.

“Xmsl 00

D% = e+ a2 el

4. Results

41, Minimum reactants 5/C ratio comparison

The minimum steam-to-carbon ratio was determined | mpos-
ing carbon activity, 4., in Eq. {10} equal to unity.
g, =g VT (18)

This ensures that the molar fraction of C {graphite) is 0 in the
considered temperature range.

o . i e J
250 300 350 400 €50 500 850 SO0 B30 700 730 400 B0 B0 §50 1000
T el

Fig. 1. Minimumt steam to carbon ratte of the reforming reacrants at different
teRpRTatUfEL

Fig. 1 shows the minimum steam o carbon ratios at tempera-
ture between 250 and 1000 *C for all chosen fuels. This temperature
range was chosen as representative because it includes both the
steam reforming and the solid oxide fuel cell operating tempera-
ture ranges. With an increasing carbon to hydrogen ratio, the requined
S/C increases.

The carbon deposition region for methanol lies at lower tems-
peratures while the region for methane lies at intermediate and
higher temperatures. The amount of H.0(g) formed from the
methanol-based fuels shown in Fig. 1 is much higher than that from
the methane-based, This feature may be understood as alcohols could
be regarded as hydrated hydrocarbons. Therefore, compared to
alkanes (CyHm.o), less amount of HiO is needed to prevent carbon
deposition especially at higher temperature.

Methanol has a smaller area of carbonization than all other cases
because it contributes the minimum number of carbon atoms per
mole and reguires the smallest stoichiometric factor for complete
reforming.

With increasing carbon number of alcohols, the number of hy-
drogen and oxygen per carbon atom in an alcohol molecule
decreases. This reveals that the temperature region of carbon for-
mation slightly expanded with increasing carbon number, so that
carbon deposition is thermodynamically expected.

SOFCs generally operated at temperatures above BOD “C. However,
the stack could also encounter carbon deposition during preheat-
ing and pretreatment processes of fuel gases between room
temperature and the operational temperature. In the SOFC tem-
perature range of operation, the "driving force® for the carbon
deposition reaction decreases with temperature. In practice, carbon
deposition may be highly dependent also on kinetics. In fact, higher
reforming reactivity occurs at high temperature and inlet steam
concentration.

In Fig. 2, conversion at equillbrium is calculated by solving the
coupled set of equations for minimum steam-to-carbon ratio at each
specific temperature. Considering product distribution from the
steam reforming. the yield of hydrogen production and carbon
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Flg. 2. Gas compositions ar equilibrium for CHy, CHaOH, CoHe0H and CaHys when minimam steam to carbon ratio of the reactant is considersd.

monoxide fraction increases with increasing ternperature, whereas
the carbon dioxide and methane production fraction decreases. Even
if there is an uncertainty in choosing a single temperature to rep-
resent a real reformer which will have temperature differences
among multiple catalyst tubes, an equilibrium analysis will still
provide a more realistic estimation compared to other methods such
as the extent of reaction,

The steamn, hydrogen and carbon dioxide fraction increases with
increasing inlet steam concentration, whereas the carbon monox-
ide fraction decreased. The yield of methane production is reduced
at higher remperatures, |t should be noted that the changes in the
fractions of hydrogen, carbon monoxide, and carbon dioxide are
mainly dae to the influence of the mildly exothermic water—gas shift
reaction (C0+Hy0 — C0y + H;), whereas the decrease of methane
production is due to the further reforming to carbon monoxide and
hydrogen. Alcohols show very similar molar fraction composition
at high tempetatures. The higher the molar carbon content in the
fuel, the higher the reforming factor at a given temperature.

4.2, Steam reforming heat duty

Due to the endothermic nature of the overall reactions, the steam
reforming of hydrocarbons requires a significant heat input to obtain
the desired conversion to lydrogen. [n this study, we define the heat
duty as the heat required for the reforming reactions plus the heat
required to heat the fuel to the required reforming temperature and
the heat input to generate steam:

Oy = AHL . + AQFT + AQFET (19)

In Fig. 3 the heat required to preheat fuel and water to the re-
forming temperature is shown (ie. Q77 + QZF~"). As the amount
of steam is always larger in the fuel stream, this heat input is mainly

2

Funl and steam pre-heat duty [kJimol]

o | e - iy il 8 1 oA g 4 e ey e o B AR
250 300 250 400 450 500 550 800 850 700 750 800 B0 900 850 100D
Tre

Fig- 3. Heat required to pre-beat fuel and water up 1o the reforming wmperatune
in cave of minimum steam to carbon ratle of the reactant
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Fig & Steam reforming heat of reaction of different fsels at different remperarures.

used to generate steam. At high remperatures, a lower §/C-ratio is
required. A lower amount of steam leads to less heat required and
hence an almost flat trend of the heat duty over a large range of
temperatures.

In Fig. 4, the enthalpy of reaction at different temperatures AHf .
is shown. Higher temperatures require more heat for the reform-
ing process. At low temperature ranges, the mildly exothermic
methanation {Eq. 11) and shift reactions (Eg. 12) are more domi-
nating than the steam reforming reacton causing negative values
for AHj.. . At high temperatures, n-octane shows higher heat of re-
action due to greater bond energy of this molecule.

B0 700
Tra

Fag- 5. Cell electromotive force e.m.[ and reversible efficiency when fuel compesi-
tion produced by reforming process with minimum steam to carbon ratio.

Table 2
Anods inbet gas composition for experimentad 2orhvity A8 300 °C consldering minimum
S5iC of the reactant.

Hy €O €0; CHe O Inket5/C
ratin
CHL {methane) 7198 2301 071% 235% 208% L
CHOH [methanod) 6I6% 3083% 1274 1851 244% 005
CHyOH (ethanal) G165 J0EIX 127%  LESK 244% 055

CaMa (gasollne surrogate) S49% 2051% L1788 192X 240% 105

4.3, Cell performance and efficiency

The electro motive force is governed by Eq. (15) which depends
on the types of fuel. The decrease in H; concentration is one of the
main reasons explaining lower EMF and lower electrochemical per-
formance [21 . The influsnce of temperature on the hydrogen partial
pressure is logarithmic, which means that the voltage is not largely
affected by the fuel composition but only depends on the working
temperature as shown in Fig. 5.

4.4, Experimental test

Steam reforming product compositions were used to evaluate
and compare SOFC performance with different hydrocarbons, The
anode gas composition was calculated at chemical equilibrium at
850 °C. The used compasitions are reported in Table 2. The table also
lists the steam to carbon ratio ( 5/C ) at equilibrium for the reform-
ing reaction. The minimum 5/C -ratio to thermodynamically avold
carbon formation was chosen in each case scenano, Since at high
temperatures methanol and ethanol give same eguilibrivm com-
position, from now on only the ethanol compaosition is considered.
Far this reason only ethanol was considered for the experimental
analysis,

The test was performed in a single SOEC cell, electrolyte sup-
ported. Fuel gas was normalized in order to have the same low
heating value for each composition. Reference fMlow rate of hydro-
gen was selected equal to 36.14 mol/min. Air rate at cathode was
kept constant during all tests at 120,48 mol/min Both these values
are indicated by cell supplier. Next Cell, as operative condition of
the cell. With these fuel and air flow streams, utilization of fuel
{U;)is 20% at 500 mAJem? and the utilization of oxygen { U, ) at
same current density is 14%. While Uy is similar with operative con-
ditions Uy is much lower than common values {around 0.8). Furnace
temperature was fixed to 850 "C which is the temperature of op-
eration of an electrolyte supported SOFC. Obtained gas stream values
are reparted in Table 3. Reference H; standard composition was used
o compare resulis.

The cell is located inside a furnace and both cell and furnace em-
peratures are monitored. During the tests, temperature, gas flow
rates, current and voltage are measured and controlled, (nlet anode
gas is heated up using an elecwic heating cable which regulates the
fuel inlet temperature in order to avoid steam condensation.

The anode current collector mesh is realized in nickel while at
the cathode side it is made of silver. A sealing is placed around the
mesh to avoid gas leakages. An electronic load in series with a power

Table 3
Anode inlet gas compaosition for experimental activity at 850 °C
Flows [molfmin] Total anodic | melfmin] Alr [molfmin]
Hi oo oy CHy Hi0
CHy 2450 747 D24 082 075 3468 12048
CzHs0H (ethanal} 2258 1084 0.45 1151 1 35.38 1248
CaHya [gasoline surrogate) 11595 1047 41 068 0.76 3528 120148
Hydrogen 3614 0 a o ] 36.14 12048
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Table 4

Cell specifications.
Cell type Electrohite supported - planar
Dimension Semue S em
Active area (measured) 39 cmx 3.3 em = 1287 emd
Anode 0 pm NEGDCNI-YSZ mul-layer
Electrolyre 150 pm Ni-GDCNYSZ
Cathode S0 pm LSMLEM-GOC mulr-Laper

supply permits cell current control and measurement, The test rig
includes a cell voltage sensor and thermocouples located inside the
cell housing and along the gas line. The cell temperature was cal-
culated as the average between the temperatures measured inside
the anedic and cathodic housing. Finally, the mechanical load is
placed over the cathode and is regulated to obtain the required com-
pression of the fuel cell assembly, Most important cell specifications
are reported in Table 4.

Cell startup was carried out by following the procedure provid-
ed by the supplier. Selected gas compositions were delivered to the
cell for one hour atr open circuit voltage (OCV) to achieve voitage
and tremperature stabilization; after this phase, a complete cell po-
larization curve was performed. Each polarization was executed
starting from OCV and increasing current with a 0.5 A step corre-
sponding to 38.8 mA/cm?. Each polarization point was kept for 2
minutes in order to reach steady-state operation. The procedure was
interrupted when 0.6 V was reached. Data were logged at 0.5 Hz and
grouped for each step of current. Average values for each condi-
tion were calculated and the distribution of data was verified to have
a standard deviation below 1%, Polarization was performed in
forward and reverse mode to reduce cell stress and to verify any
hysteresis. No significant variation was ever measured between the
WO Curves.

Cell voltages and temperatures are reported in Fig. 6. Re-
formed fuels produce similar OCV values due to the fact that the
sum of concentration of inert gases, such as H;0 and (0, does not
participate in the electrochemical reactions. This is in accordance
with thermodynamic calculation results presented with OCV ranges

nes

around 1.1 V. A detailed data fitting with the thermodynamic model
was not considered relevant for the scope of this research as the
purpose of this study was to explore fuel cell response to different
fuels rather than a full polarization curve mode! validation,

As expected, the anode temperature is higher when using pure
hydrogen as fuel compared to other fuels, In this case, the heat gen-
erated by the electrochemical reaction is not absorbed by the
endothermic steam reforming reactions like in the other cases.

To have a detailed analysis of the results, polarization data were
plotted as the difference between each of the three tested compe-
sitions which were compared with the reference. A voltage-decay
was thus defined as the difference between the measured data and
the reference composition for each value of current densiry. In Fig. 7
these results are plorted. It is important to note that all positive and
negative decays are below 5 mV, so the results are quire similar
Going into details we can observe that the OCV values are affected
by the hydrogen concentration and ethanol and gasoline, where the
hydrogen concentration is smaller and differs from methane. Spe-
cifically, gasoline and ethanol decay at OCV compared to reference
is higher due to smaller Hy concentration, This difference is reduced
aleng polarization curve. We can imagine that when water is pro-
duced due to the electrochemical reaction, the shift reaction
contributes to reduce difference in pure hydrogen concentration. For
values above 100 mAjem? the decay becomes negative, meaning that
reformed fuels perform better than the reference, This difference
is mainly due to the fact that the reference test was performed after
the others and the cell and a small degradartion occurred.

In conclusion, the experimental activity shows that the defined
compositions subject to these conditions have similar effect both
in terms of performance and in terms of thermal balance. A reduc-
tion of current affects polarization performance mainly with an
increase of OCV and an increase of internal resistance with a general
effect of reducing performances. If the reforming temperature is
reduced, the composition will have minimum change in terms of
the inlet gas LHV and consequently in terms of performance. The
parameter that strongly affects the performance in the cell is the
steam content: If reforming conditions are kept so to have minimum
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Fig. 4. Polarization curves and anode and cathode emperatures of tested gas compositions.
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steam content, the hydrogen conceniration and the OCV value will
have optimal conditions in terms of energy performance,

5. Conclusion

A major concern when operating SOFCs with hydrocarbons or
syngas fuels is the formation of solid carbon through undesired side
reactions. The mechanisms {or solid carbon deposition are not yet
fully known. but they will almost certainly depend on the operat-
ing conditions in the cell, e.g., temperatures and most notably the
steam content in the fuel stream.

Using a chemical equilibrium model based on Gibbs free energy
minimization of the gas mixture, the amounts of reforming reac-
tion products have been calculated for various SOFC fuels. The
product compositions have been used to compare the SOFC per-
formance during an experimental test on a single cell. In order to
consistently compare the system performance using different fuels
for each case study, minimum stearn-to-carbon ratios in terms of
chemical equilibfium to prévent carbon formation were used. The
developed model can be reproduced in any numerical equation solver
making it adaptable to different software platforms.

The experimental tests confirm the simulation revealing that
the steam reformed product composition shows similar electro-
maotive force (EMF) output for optimal conditions. In fact, at
remperatures exceeding 800 *C, the gas composition is dominated
by hydrogen and carbon monoxide for any fuel considered. Besides,
the cell polarization curves showed similar performance for differ-
ent Tuels if a high degree of fuel pre-reforming is considered.

This leads to conclude that most of the burden in system per-
formance is accounted for by the heat requested for the fuel
reforming process. Specifically, heat for steam generation is a major
contributor to the heat loss in the energy system. The highest arnount
of heat required for the steam production was observed in the case
gasoline surrogate was used as a fuel, Besides, if reforming conditions

are kept close to minimum steam content, system energy perfor-
mance will be improved.
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Nomenclature

Solid oxide fuel cell

Entropy

Faradays constant, coulomb/mel
Gibbs free energy. J/mol

Ideal gas constant, Jj(maol K)
Molar fraction

Moles ol each chemical element
Mumber of electrans transferred in the electrochemical
reaction

Mumber of moles

Species activity

§/c Steam-to-carbon ratio

b 3 Temperature, K

hH Enthalpy, }/maol

Greek letters

u Chemical potential, [fmol

n Fuel cell theoretical efficiency

L Lagrange function

i Lagrange undetermined multiplier

= Prﬂ‘ﬂﬁﬂf‘l‘ﬂhg

Subscripis
i Molecule or gas species
J Chemical element
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HIGHLIGHTS

« Integration of dry reforming and SOFC was studied.

« Dry reforming operation was analyzed by mean of experimental activity,

« Dry reforming compositions were used as anodic gas into a SOFC stack.

« High concentrated compositions do not cause increate of temperature.

« Higher power was obrained when higher concentrated fimel mixtures were used.

ARTICLE INFO ABSTRACT

The study proposes an innovative CHP system based on the coupling of carbon dicxide dry reforming
(CDR) and selid oxlde fuel cell (SOFC) technology. To supply CO; at the COR unit, increasing at the same
time the overall utilization factor, SOFC anode off-gases are recycled for fuel reforming. in the COR unit, In
fact, the €O, in the anodic exhausts reacts with feeding low carbon fuels (in this case natural gas)
producing hydrogen and carbon monoxide for the SOFC feeding, thus allowing an imemal OOy reuse.
in particular, the SOFC, characterized by high operating temperatures and significant recoverable heat,
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:g“"‘t" ) guarantees sultable termperature of the CDR process, highly endothermic. Moreover, compared 1o tradi-
m" Wming tional CDR applications. lower temperatures are acceptable because SOFC tolerates feeding gas contain-
Srark ing limized amounts of €0 and CH,,. According o this concept, the SOFC stack can be convenlently fed by a
Cogencration heat and power {CHF) dry reformer reactor. The present study addresses the experimental characterlzation of SOFC shart-stacks
Experimental performance, in terms of produced power and thermal behavior, when fed by different fuel mixtures pro-
duced through dry reforming.

© 2016 Elsevier Lid. Al rights reserved,

1. Iniroduction term market valued for thousands of units annuslly is envisioned

Carbon dioxide is the major greenhouse gas that contributes to
the global warming. In order to mitigate GHG environmental
impact, technological sirategies aiming to avoid or reuse 00, emis-
sions become crucial. In this context, an increasing widespread of
fuel cell systems, specifically under innovative configurations with
improved efficiency, is expected in the next years. The scenario, in
terms of the expected trend of the European fuel cell market rev-
enue, is estimated in fact to reach 448milE by 2018, The unit ship-
ments of fuel cells are expected to increase globally from 3776
units in 2012 to 338,727 units by 2018. Moreover, specifically for
the stationary power generation, fuel cell applications are expect=d
rising as they are very efficient sources of off grid power [1]: a long
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for the intermediate power range (2]

In [3], an innovative CHP system based on the coupling of car-
bon dioxide dry reforming (CDR) and solid oxide fuel cell (SOFC)
technology is proposed, in the intermediate power range ({rom
tens wp to hundreds of kW) for distributed combined heat and
power generation. With respect to SOFC coupled with conventional
steam methane reforming, this system is characterized by
enhanced electric and overall {in CHP applications} efficiency, with
a €0, emission factor significantly reduced. According to this con-
cepl, the SOFC stack can be conveniently fed by a dry reformer
reactor, Anode off-gases, containing CO;, feed the dry reformer,
where CO; reacts with the fuel (e.s natural gas) producing hydro-
gen and carbon monoxide. An internal CO; reuse is then realized
using the reformate gas as fuel in the SOFC. The heat required by
the dry reforming process can be guaranteed by a suitable thermal
integration of the SOFC stack and the reformer unit The dry
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operation mode makes the system frozen-resistant; moreover no
external water is needed. This autarkic operation represents a
key factor, which can be well coupled to applications in the mid-
sized power range, typically implemented for decentralized pro-
ducticn (also in CHP configuration) and smart grids applications.

Preliminary modelling results [3] evidenced that the innovative
proposed system layout exhibits, in the case of natural gas feeding,
an electric efficlency over 65%, with a related C0O; emission factor
significantly lower than the ane characteristic of the best conven-
tional fuel cell-based CHP system (reduction of about 10% with
respect to steam methane reforming based systems with anode
recirculation), as also discussed in [4]. Also higher global efficien-
cies are expected in CHP applications.

Dry reforming is studied in literature mainky related to direct-
blogas SOFCs [5-10|, therefore considering internal reforming
processes, In such studles the direct use of CH-C0; mixtures is
presented enhancing internal dry reforming, taking advantage of
the catalyst material in the cell anode, In the case of intermai
reforming, both chemical and electrochemical equilibriums are
involved at the same time and they influence each other, with crit-
iczl issues for what concerns thermal stresses when dry reforming
represents the main CH, reaction path [11.12]. In the study here
proposed, instead, dry reforming and electrochemical reactions
are separated, the first occurs in the reforming reactor and the sec-
ond in the SOFC stack. This layout permits the optimization of both
components and requires a deep study of operative conditions of
the units and their thermal integration.

Therefore, to support the SOFC-CDR integrated system architec-
ture, a deep investigation is needed at both stack and reformer
level, to determine components behavior and performance under
these specific operative conditions. The present work, in particular,
addresses the investigation of SOFC behavior when fed by concen-
trated fuel mixtures as the ones obtainable through dry reforming
process.

Compared with the case here investigated, SOFCs are usually
operated, as discussed In literature for what mainly concerns per-
formance characterization, with highly diluted mixtures. Systems
fuelled with natural gas, in fact, operate with syngas from steam
methane reforming (SMR) or partial oxidation {Pox) [13]. Both
these technologies produce a gas mix with high content of inert,
steam in the case of SMR and nitrogen in Pox. If biogas is used
instead of methane, the syngas is even more diloted due to the
presence of C0; in the initial fuel.

Highly concentrated syngas are studied when coupling SOFC
with gasification systems. Indeed, some types of gasifier, such as
steam or oxygen gasifiers, produce a mixture where the sum of
active spedies (CO. H; and CHy) can achieve high concentrations
(>BOvol%) and a LHV of 20 M[/Nm?® [14,15]. Literature reports
studies of using these mixtures, as SOFC fuel, mainly focused on
experimental test on single cells with the aim of evaluating cell
performance and carbon deposition issues [16-24]. Ref. |25), as
example. concerns a SOFC based system fed by a biogenous gas
mixture as fuel, equipped with an external reformer. Experimental
data of the reformer operation according also to the dry reforming
paih reaction are provided, but tests on the shorr-stacks are pro-
vided only in the cases of feeding with a steam-reformed mixture
and hydrogen. The effect of high concentrated syngas in a SOFC
stack or short-stack is poorly treated in literature. Moreover the
available studies [20.26] concern the SOFC performance character-
fzation, in terms of polarization curve and produced power, while
the thermal issue related to the poor dilution of the anodic feeding
mixture is not addressed.

The present work, concerns the investigation of SOFC short-
stack operation, in case of feeding with concentrated fuel mixtures
obtained through external dry reforming process, considering both
electrochemical performance and thermal issue. Literature does

not report amy experimental resuits on the operation of a SOFC
stack with dry reformed methane. With the alm of supporting
the SOFC-CDR concept already proposed, this study allows, for
the first time, the performance assessment of single components
{ie. SOFC stack, COR unit) operated as resulting from their cou-
pling. Specifically, an experimental investigation is performed
through a parameter variation study of the two main subsystems:
the COR reactor and the SOFC stack. Fuel feeding compositions
were determined by simulation of the SOFC-COR integrated sys-
temn, at specific working points, and through experimentation to
enlarge the COR unit operative conditions {in terms of reactor tem-
perature and CH,/CO; inlet ratio) and, therefore, the variation
range of chemical spedes in the reformate gas. Therefore, also a
preliminary experimental activity on dry reforming process was
performed.

First results on a SOFC short-stack highlight a limited increase
in stack temperature {assuring safety operative conditions for what
concerns the risk of thermal stresses) and produced power increas-
ing with the fuel mixture concentration, supporting the particular
SORC-CDR integration described above,

2. Theoretical background: SOFC — CDR integrated system

The SOFC-CDR system architecture is constituted by two main
sections. The upper one is composed by a main SOFC stack and a
dry reformer unit that feeds the fuel cell.

Since the syngas flow rate produced by the COR block is greater
than the one required by the main-SOFC, a supplementary SOFC
stack was added as bottomer system. The power of this stack is
fixed in order to exploit the syngas not consumed by the main-
SOFC. System feeding streams are two, respectively: the inlet air
flow rate and the fuel (natural gas) feeding flow rate. A simplified
scheme of the concept is reported in Fig. 1, while for the detailed
system layout modelled in the Aspen Plus environment we refer
w {3].

As it can be seen, the system layout shows a direct integration
of main-50FC and COR unit. Specifically, after water condensation,
ANODE exhaust gases, delivered by the main-S0FC, move to the
CDR input together with a methane stream. This fresh methane
is mixed with anode off-gas by an ejector in order to guarantee
the pressure recovery. With respect to the intended application
{intermediate power range), the source of methane supply will
likely be pressure grid of natural gas at higher level with respect
to domestic grid with only several mbar of pressure. The syngas
produced by the CDR unit is sent again, in the required amount,
to the main-SOFC anode, while the remain part is used to fed the
bottomer-S0FC anode. From simulations performed in |3] a total
power of 170 kW arises subdivided as 95 kW and 75 kW produced
respectively by the main-SOFC and the bottomer-SOFC. The anodic
exhaust of the bottomer-SOFC, still containing unreacted species
{e.g Ha and CO), Is sent to a burner reactor. The produced heat is
used (o preheat the inlet air.

From a thermal point of view, the main-SOFC exhaust gases
provide the heat required by COR reactor (thus operated also at
reduced temperature with respect to conventional COR applica-
tions). Moreover, maintaining a low CDR temperature in order to
reduce the thermal need, the produced syngas contains CO that,
well tolerated (within certaln limits) by SOFC, is used as a fuel
without efficiency penalties at the overall system level. To achieve
a suitable cathode inlet air temperature, the feeding air passes
through a series of compact heat exchangers in which the exhaust
gases are exploited to preheat the inlet air stream. The overall
architecture is reported in Fig. L

Thermodynamic calculations show that the technology under
development can reach over 65% of electrical efficiency offering a
significant reduction in CO; emissions. Such performance was
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calculated when modelling the system with a stack temperature of
850 °C, CDR operating at 655 °C and an eguivalent molar flow of
CH, and C3; at reactor inlet. In addition. no external water is
needed, further contributing to the reduction in primary sources
exploltation. An increased system lifetime is foreseen by drying
of recycled anode off-gas, minimizing the risk of condensation
effects also during system start-up and shutdown procedures.

3. Preliminary testing activity on dry reforming process

The experimental investigation on the dry reforming process
was performed within a wider research activity concerning the
producticn of concentrated reformed mixtures as in the case of
sorption-enhanced steam reforming [27-30). Alming to validate
the feasibility of the coupling of COR and SOFC technologies, pre-
liminary dry reforming teses were performed on a test rig equipped
with a fixed-bed tubular reactor (see Fig. 2). Such a reactor in
Hastelloy X allows possible simultaneous high operating pressure
and temperature [up to 10 bar and 900=C) The catalyst bed is
placed in the [sothermal zone between two pieces of glass wool.
Three thermocouples are placed inside the reactor, through the
cutlet, in contact with the catalyst bed. The reactor is housed inside
a 3-zones furnace that ensures an isothermal profile in throughout
the reactor length. Gas lines are fed from cylinders provided with
pressure reducing valves that guarantee a 3-10 bar line pressure.
After passing through a line shut-off valve, the reactant gases are
fed into the reactor by means of dedicated mass flow controllers:
check-valves are installed to prevent products flowing back. A tem-
perature controlled gas preheater and a liquid evaporator prevent

condensation inside the reactor. At both reactor inlet and outlet,
the flow passes through 15 pum sintered flters made of 316
stainless steel for particle capture. At the reactor outlet, reaction
products pass through a liquid/gas separator firted with a high-
resolution capacitive level sensor. This system allows the conden-
sation of Hquids at low temperature; liquid draining is performed
automatically. Gases leave the separator through the upper part
towards the pressure control system. It consists of a servo posi-
tioned micrometric regulating valve providing a continuous and
constant flow of gases at the outlet. After the pressure control sys-
tem, exhaust gas passes through a flow meter for flow rate deter-
mination and then it is analyzed by two micro-Cas
Chromatography columns for detection of Hy. Nz CH,. €Dy and
Hz, O, N3, CO, CHy respectively. A sample every 2 min is analyzed
and recorded. The whole bench is controlled remotely by a dedi-
cated software that allows the programming of each test phase
by varying one or more operating parameters.

The catalyst tested in this preliminary phase is Mi 15%-Co 5%-
MgO-AlO;. This materal was synthesized within a further
research activity, performed by University of Perugia, concerning
the development of innovative catalysts for the Dry Reforming pro-
cess. The particular catalyst composition was identified and tested
to prevent carbon deposition, considering lower operating temper-
atures {700-750°C) with respect to the typical ones of hydrogen
production through Dry Reforming (also up to S00-1000°C
[31,32]). Lower temperatures are here investigated in relation to
the CDR unit thermal integration with the SOFC stack [3].

The weight and volume of catalyst bed is 40 g and 150 ml and it
was activated under hydrogen atmosphere at 500°C. After
activation, the feeding composition was switched to simulate an
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equimolar CH4-C0Oy mixture. Different operating conditions, as
described in the following, were tested for about 20 min (once
stable composition of outflow gases was reached} in order to col-
lect 10 measurements by the GC section. Average values of gas
confents were used to evaluate performance of the process.

Initially, tests were executed at different temperatures (620 °C,
700°C, 750°C and 810°C to have sufficient operative points to
characterize the reactor behavior at temperature variation) with
total flow rate equal to BOO mifmin. Fig. 3 shows trends of CO,
Hy €Oy and CH, content {vol¥ on dry basis) at reactor outlet
varying the temperature,

Increasing the temperature, CHy and O0; contents decrease,
while Hy and CTO ones grow accordingly to the endothermic

g oo

£ s

£0.00

reaction expressed by Eg. (1) Reverse water gas shift reaction
(Eq. (2)). that consumes the produced hydrogen, is also favored
by high temperature and thus CO content increases more rapidly
with respect to the H; one.

€0+ CHy —2C0 +2H;  AH'305 = +247 K mol™ n
H; +C0; « (04 H;0  AH 09 = +41 kj mol™' (2)

For experimental activity on S0FC short stack, 700°C and
750 *C were considered in the following among the investigated
temperatures. These values, in fact, are compatible with the ther-
mal integration of the SOFC stack and the CDR unit, considering
the SOFC operating temperatures chosen for the experimentation

Temparature {*Cj

Fig. 3, CO, Hy, 00y and CH, conrents v operating temperamunes.
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{see Section 4.3). Moreover, at 820°C the occurrence of carbon
deposition phenomenon was experimentally revealed. Indeed, cat-
alyst surface coking occurs above to 557 *C via methane dehydro-
genation (Eq. (3)). meanwhile below to 700°C the Boudouard
reaction (Eq. {4)) takes place. Thus, carbon deposition is produced
to a greater extent at temperatures [ower than 700 °C

CHy —C(s)+2H;  AH'pe = +75 k] mol™ 3)
20— C(s)+C0;  AHee =171 K mot™ 4)

For this reason, considering also the lower methane conversion
obtained at 520 °C {see Fig. 3), the reformate composition obtained
with this reactor temperature was not included in the test cam-
paign on the SOFC short stack (see Section 4.2).

Furthermore, for the dry reforming experiments performed at
700 °C and 750 °C, the total flow rate of the feeding mixture was
varied {200, 400, 600 and 800 ml/min) in order to maximize the
methane conversion. As expected, higher H; and CO contents
(see Fig. 4) were obtained for the lowest flow rate (200 ml/min)
due to the higher residence time of the feeding mixture, In fact,
the gas hourly space velocity (GHSY) changes from 320 1/h at

800 mi/min to 80 t/h at 200 ml/min. Fig. 4 repornts experimental
results together with simulation outcomes obtained in the Aspen
Plus environment (the COR unit was modelled with a Rgibbs reac-
tor) at chemical equilibrium and under similar operating condi-
tions. As evident in Fig 4, at the lowest flow rate {200 mi/min),
H; and CO contents have a good match with simulation resulrs,

Therefore, syngas composition experimentally obtained on Ni
15%-Co 5%-MgO-Al;0y caralyst, under 200 mifmin of feeding
equimolar CH4-C0; mixture at 700 and 750 °C, were considered
in the next tests on SOFC short stack (B1 and B2 compositions of
Table 2, Section 4.2).

4. SOFC experimental characterization
4.1. Marerials

The experimental activity was performed on 2 4 cells shore
stack based on anode-supported planar cells, each with an active

area of 80 em?®. Stack details and materials are reported in Table 1.
The stack is hosted n a rest rig that permits its operation and the
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Table 1
Short stack details

Ancde substTate NiBYSZ cormet 1500 pm
Annde substrate NIBYSZ cowrmet 1500 pm
Anode functional Layer Mif8Y5Z cermet 7-10 mm
Electrolyie BYSZ B=10 pm
Cathode functhonal kayer LSMBYSZ 10-15 pm
Cathode current collector L5M B0=70 jum
Stack design F-design [33]
Interconnectjcell frame Crofes22APU
Anode contact layer Ni-mesh
Cathode contact layer Perovskite rype axide (LOCID)
Sealing Glass-ceramic {87TYSZ20)
Mumber of cells 4
Size of celis 100 = 100 mm®
Active area per cefl &0 em®
Total actlve area 320 om”

control of main parameters such as voltage, current, emperature
and gas flows, In details, gas flow systemn s composed by air gas
flow meters ar the cathode and pure gases (Hy, CO, CO;, CHy, Ny)
at the anode, while a controlled evaporator mixer allows to flow
steam into the anode. Temperature is controlled by two thermo-
regulators that permit the setting of furnace temperature, where
the stack is physically located, and of inlet gas flows {both anodic
and cathodic), Electrical circuit is realized with a power supply,
in series with an electrical load and the stack, so that both constant
current {CC) and constant veltage (CV) stack configurations are
possible. During the test, CC operation is kept while measuring
voltage with a data acquisition system. Also stack temperature is
monitered through two thermocouples located in the stack body,
close to anode (T1) and cathode (T2} inlet respectively. Mote that
internal stack gas flow is a counter current design so that one elec-
trode gas side is close to the outlet of the other electrode. All phys-
ical parameters are sampled by a control system with frequency on
1 Hz. A picture of the test rig is reported in Fig. 5.

4.2, Test campaign

The testing activity was planned to evaluate stack performance
when dry reforming compositions are used, Specifically the aim
was the determination, for each investigated operating condition,
of the obtainable power density and the thermal behavior of the
short stack.

Considering the outcomes of both our previous modelling at
stack and system level and experimental activity on dry reforming,
5 fuel mixtures were selected for the anode feeding. In this way, a
suffidently wide range of reformate gases was obtained, as
reported in Table 2. Test compositions are divided into two groups:
Aand B

Compaositions A come from specific simulations performed by
means of the SOFC-CDR integrated model, according to the spedfic
layout architecture defined in [2], mainly varying the optimization
of the thermal regeneration section, SOFC operating temperature
and therefore the temperature of the COR unit. Compositions B,
instead, were determined from experimental activities on dry
reforming, as detailed in Section 3.

In details, relative to the dry reformer operating temperature,
Al refers to B09 *C, A2 to 840 °C and A3 te 960 *C, while a constant
CH./CO; ratio (equal to 0.6 to maximize, according to simulation
results, the overall efficiency of the SOFC-CDR integrated system)
was maintained at the reactor inlet. Regarding compositions B,
B1 and B2 were abtained from experimental rests on dry reforming
reactor with reactor temperature of 700 C and 750 =C respectively.
Moreover, both compositions B refer to a reduced feeding flow rate
(set to assure a sufficient contact time to maximize methane con-
version) and an equimolar CH4-COy mixture (CHe/CO; = 1) at the

Fig. 8 SOFC rest nig.

dry reforming reactor inlet, 5o for reactor temperature and feeding
conditions not included in the simulation campalgn.

Table 2 reports also the inert (Hz0 + CO;) concentration and the
0JC ratio. Compositions A are more diluted than the B ones, while
OfC values are in the same range with smaller values for the B
compositions.

Fig. 6 reports the ternary diagram (CHO) of the compositions. By
means of such a diagram it is possibie to predict the main risk
related to the fuel composition in terms of carbon deposition or
nicke] re-oxidation. As expected, the compaositions are on the bor-
der of the carbon deposition area. Such a risk Is overestimated
because is based on inlet gas composition while, during operation,
steam is produced pushing the gas mix compositions in a more
safety area. Moreover, as experimentally demonstrated and deeply
discussed in [34], Gibbs equilibrium diagrams can be used to iden-
tify the coking risk, providing reliable information only in reference
to open circuit voltage condition. Under current swap, instead, the
oxygen migration through the electrolyte causes different equilib-
rium conditions moving towards the no-coking region. Amyway the
carbon deposition risk should be investigated in the future through
a dedicated activity,

Based on these compositions gas flows were calculated intro-
ducing the equivalent hydrogen flow rate, Hu, as defined by Eq.

(5)
Haeg = Ha + €O + 4CH, {5)

where Hy, CO and CH, are hydrogen, carbon monoxide and methane
molar flow rates respectively, The introduction of By, parameter
aims to quantify the active species in the flow-mix weighted for
the electron flow that can be produced in the elecirochemical reac-
tion. Hyy, was fixed for all tests at 80 Nifh equal to 4.16 mi/min em?.
The test campaign was designed based on constant fuel utilization,
expressed by means of fuel utilization factor (Uy). For each gas com-
pesition, in fact, three Uy values were defined (0.7, 0.5, 0.5) identify-
ing three single operating conditions for the stack. U,, was kept
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Table 2
Gas composition {moed.) used during test activity.
Al AZ A3 1] B2
H, 5% 5% 3% 400% 43.8%
Hy Hz 1E 5% 53% 233
W0 5% 6% 6x 4% 358
o EFES I5% 43% 4318 45.6%
o, 2% 19% 145 T4% a8
o 113 12 1 1.1 111
inert 7z 5% i ILa% B3%
Reactor temperature 808 *C B4D T 960C TO0 T 730
c below the stack one, taking advantage of heat development during
stack operation. To achieve a proper setting of the furnace temper-
ature, preliminary tests were executed with feeding conditions
typical of steam reforming fuel pre-processing. Specifically, fur-
nace temperature was reduced undl difference between stack
and furnace grew over the limit of 10 K. This condition was
obtained for furnace temperature close to 740 *C that is also the
typical operating temperature of SOFC technology.
Carbon depositan
i o, U e P L8 Boundary Ling at

| Carbon rich :unl_

Fig. 8. Ternary diagram of dry neforming compositions.

constant at 0.2 for all the tests. A total of 15 conditions were there-
fore calcuiated as reported in Table 3.

Each condition Is kept for one hour to permit thermal stabiliza-
tion of the stack. Characteristic parameters (e.g. voltage, operative
temperatures) for each operation point were calculated as mean
values during a period of 5 min at the end of the hour. Aiming to
analyze the thermal issue (in terms of reached temperatures in
the anodic and cathodic sides respectively) under the several oper-
ating conditions here investigated, furnace temperature was kept

4.3. Results

All compositions were tested as defined in the test campaign.
Stabilization was achieved after one hour both forvoltage and tem-
perature. As example Fig. 7 reports the variation of toral stack volt-
age and temperatures during the three tested Uy conditions with
A2 composition. Voltage trend shows, [n all cases, a stable value
with no constant decrease during the stabilization period. Such
behavior indicates that there is no degradation dee to coking,
coherently with prediction and observations made on the basis
of the ternary diagram COH (see Section 4.2). As known, indeed,
carbon deposition strongly affects the cell stability with fast degra-
dation in performance, making cell stability even more important
than the power output in carbon deposition detection [35]. Any-
way, to exclude a degradation due to carbon deposition under
the feeding conditions here investigated, long-term tests will be
performed in the future to asses amy material modification (a
proper post-analysis will be included) related to operation.

Fig. B reports stack power as function of Uy for all tested compo-
sitions. Higher powers where obtained for B compositions for all Uy
valees. Such difference comes mainly from the fuel concentration
that permits an increase in OCV values and, consequently, in all
the voltages.

Table 3
Details of the tes! campaign.
TSORC MR % z z 4 x Mk Nifh Nijh Hifh  gth Hijh A mAjom?
< How U Un Ha M, Hy HD Hy 0 L CHy H0 Alr I i
Al 740 B0 0 o2 1B W 21 1 & 1887 2792 1583 830 364 GEGGT 40 41851
740 ] 0.6 02 25 37 21 1 -] 18.87 27.82 15.85 30 364 57143 870 35872
740 80 05 0z 25 37 a1 i & 1887 2792 1585 830 164 47619 101 ma.04
AZ 740 80 07 02 2 38 1% 11 & 1926  2R15 1407 8315 357 GEEST 348 41851
740 0 06 02 25 M 19 11 6 1926 2815 1407 415 3157 543 BN 358.72
T40 80 o5 0.2 26 38 9 1 [ 19.26 2815 14.07 1S 157 476,19 .81 198.54
Al 740 ap a7 0z 31 43 14 ] 6 2331 3500 1143 4890 393 BEEET 1348 41851
740 B0 68 02 31 4 " & & 3531 3500 1143 490 0 393 STi43 w0 358,72
740 BD 05 oz 3 43 4 6 6 3531 35 1143 480 393 4718 n#m b -7
Bl 740 B0 07 0x 40 43 q L] 4 07 3306 126 406 262 BBEEY 14 41851
740 BO og 02 40 43 4 5 4 k (i) | 33.06 3376 4.06 262 57143 zmn 158,72
740 D 05 02 40 43 4 5 4 37 306 3136 406 262 47619 B3M 29354
B2 740 B8O 07 02 A4 46 4 2 4 3553 3708 284 185 228 66667 3348 41851
740 B0 0.6 02 44 46 4 Fi 4 35.53 o 1E4 185 218 57143 2870 35872
40 80 05 o2 44 46 4 2 L} 3553 37.058 284 &S 118 476,15 219 9894
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Main focus of the study is the evaluation of the effect of fuel
composition on thermal equilibrium. As preliminary result, as
expected and already assessed In previous studies [36], observing
Fig. 7 it can be noted as stack temperatures differ due to high heat
flow developed at gas inlet (T1). It is due to the high reaction rate
oocurring in the stack anodic compartment. Differently, the catho-
dic side (T2) suffers of the large coolant effect due to the high air
flow rate entering at lower temperature.

Further considerations are made in reference to two main
parameters: average temperature {Tav) between T1 {anode inlet)
and T2 (cathode inlet) and temperature difference (DT) between
the two values. The first parameter gives an indication of the heat
amount that is released by the stack while the second one indicates
the distribution of the heat inside the cells.

The graphs in Fig. 9 show that all the temperatures, obtalned for
different fuel compositions, have similar trends indicating that Us
effect does not differ with composition variation. Regarding Tav
and DT absolute values, both graphs show an analogous rhermal
behavior of the short-stack between A1 and A2, that are very sim-
ilar compositions. For the same reason, similar values were
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Fig. 9. Temperature analysis of tested conditions: average temperature (3] and temperature difference (D)
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obtained for A3 and B2, while the highest Tav and DT values arose
in the case of Bl composition. Globally, temperature trends are
correlated with fuel dilution. Specifically, both Tav and DT param-
eters increase at dilution decreasing. Anyway, Tav increases of 3 °C
maximum wvarying the [uel composition, while a maximum
increase of about 5 °C in the spatial temperature difference is mea-
sured. Consequently, the use of fuel mixtures produced through
dry reforming doesn't significantly affect thermal stresses
phenomena,

Graphs a and b of Fig. 10 report, in details, the trend of temper-
atures T1 and T2 respectively. The figure shows how, increasing Uy,
T1, close to the anode inlet, increases while T2, close to the anode
outlet {because of the counter-current design of the short-stack gas
flow), decreases. These trends, increasing the reacted fuel flow rate
with the current density {see Table 3), indicate the higher heat pro-
duction by the electrochemical reaction inside the stack and the
greater coolant effect at the cathode inlet. Moreover, T1 increase
indicates that the reaction distribution is closer to the anode inlet,
where the fuel enters Into the stack. On the cathode side, the
increase in Uy is related to an increase in the air flow rate (see
Table 3), entering into the stack at lower temperature, with a con-
sequent reduction in T2 close to the cathode inlet.

5. Conclusions

The present study moves from a novel concept of CHP, previ-
ously proposed by the authors, based on the coupling of SOFC with
dry reforming unit. In a previous study it was proved as this archi-
tecture can allow electric and global efficlency values significantly
higher with respect to an analogous steam methane reforming
based system with anode recirculation (reduction of 10% in the
CO; emission factor). To support and validate this novel system
architecture, this paper addresses an experimental investigation
of the performance of the single components when operated under
the particular conditions resulting from their coupling. In particu-
lar, main focus of the paper (s the investigation of short stack per-
formance and thermal behavior in case of feeding with highly
concentrated syngas compositions, as the ones produced by
methane dry reforming. At this regards, it is remarked as these
issues are not addressed in literature ar the short stack level,
specifically for what concerns the thermal behavior.

Inlet anode compositions chosen for the experimental cam-
paign are based both on theoretical model prediction (composi-
tions A) and experimental outcomes specifically performed on 2
dry reforming reactor (compositions B). The operation of S50FC
short stack on dry reforming compositions is therefore assessed,

As expected, 2 greater produced power was obtained when higher
concentrated fuel mixtures were used. For what above, among all
the tested compositions the one obtained from dry reforming
experiments (B1 and B2) are the most performing providing a
power increase up to 3.6% with respect to mixture Al.

In addition, the obtained results show that highly concentrated
compositions, like the ones tested, do not cause a significant
increase in the stack temperature, In particular, considering a wide
range of fuel compositions in terms of the inert fraction (from 27%
of mixture A1 to 8.3% of mixture B2), Tav increases of 3 =C mayi-
mum, while 2 maximum increase of about 5 °C in the spatial tem-
perature difference is measured. The results allow to exclude
critical issues doe to thermal stresses related to the use of highly
concentrated fuels, supporting the feasibility of the coupling of
dry reforming with SOFC with significant impact on CHP applica-
tions at the intermediate power range. Further studies will focus
on long term operation to investigate the occurrence of carbon

deposition.
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ARTICLE INFO ABSTRACT

Artlcls history: The operating temperature of solid oxide feel cell stack (SOFC) Is an important parameter © be con-
Received 9 January 2016 tridled, which Impacts the SOFC performance and its lifetime. Rapid temperature change implies a signif-
Recelved in revised form | March 2016 icant temperature diffesences between the surface and the mean body leading to a state of thermal shoek
Accepted 10 March 2016 Thermal shock and thermal cycling introduce stresy in a material due to temperature dilferences between

Available online 22 March 2016 the surface and the interior, or between different regione of the cedl. in this context, in order to determine

a control law that permit to maintaln constant the fuel cell temperature varying the electrical toad and

:g-"r‘cm the infeed fuel mixture, an experimental activity were carried out on a planar SOFC shart stack to analyse
M; m‘ “"r:‘m stack remperature. Specifically. three different anodic inlet gas compositions were tested: pure hydrogen,
reformead natural gas with steam to carbon ratio equal to 2 and 2.5. By processing the obtained results, 3
regression law was defined to regulate the air flow rate to be provided to the foel cell o maintain con-

stant its operating temperature varylng its operating conditions.
& 2016 Elsevier Lad. All rights reserved.
1. Introduction As anticipated, both temperature time variation and spatial gra-

In solid oxide fuel cell (SOFC) systems, thermal management is
a critical issue to prevent damage and improve fuel cell life. In
particular, SOFC stack lifetime can be directly linked to the stack
performance degradation which depeads partly on to the
stack structure and materials, but also on the conditions that stack
is operated in. Inappropriate contrel during start-up and shut-
down and/or fellowing of the electrical power demand, severe
characterisation procedures and thermal cycling can induce cell
failures [1-4].

In fact, stresses induced by the difference in thermal expansion
coefficients of the ceramic and metal components, can lead to ther-
mal stress phenomena causing serious problems in SOFC operation
as thoroughly reviewed in [5]. In fact, as emphasized in [6.7], the
bigger temperature variations are, the larger are the mechanical
stresses in the fuel cell structure due to the mismatch in stack
constiteent materials.

Consequently, the minimization of thermal gradients, cause of
cell degradation and failure [7-11), allowing SOFC operation near
to constant temperature, i$ a very crucial issue [12].

* Corresponding suthor.
E-moil addrass; linda baretliunips it (L Barebi).

hetp: e doiorg] 10.1015{Lenconman2016,03.028
0196-89040 2016 Elsevier Led, All vights reserved.

dients can be considered cause of thermal problems. To reduce
thermal stresses and ensure system reliability, it is critical o
enforce constraints in terms of maximum temperature and spatial
temperature varlations during SOFCs transient operation. As indi-
cated in [13,14)], 2 high risk of cell failure occurs in case of excessive
temperature gradients, starting from a very high temperature, In
[15]. in order to couple safe operation and high system efficiency
during load tracking, a model for a 5 kW stand-alone SOFC system
was developed. Specifically the effect of the bypass valve on S0FC
system performance and temperature was analyzed.

Due to the difficult of experimental investigations of SOFC oper-
ation under unsteady conditions, a numerical approach can be
most usable. Indeed, a considerable number of studies focused on
numerical models to predict thermal distribution [16-18] is
available,

So in order to understand the evolution of the thermal gradient/
siress and its effects on SOFC lifetime, [19.20] show a three-
dimensional numerical mode! suitable to determine, during S0FC
transients, the temperature profiles together with the trends of
current density, activation overpotential and gas concentration,

{21}, instead, explains a 10 multiphysics SOFC dynamic model
usable to predict the non-uniform distributions of current density,
gas pressure and, above all, SOFC temperature during its operation.
Moreover, a wide discussion about dynamic SOFC modelling can be
also found in [22,23].
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Nomenclature

standard reaction enthalpy at 25 °C (k] (kg K)™")
molar flow rate {mol s=7)

flow rate (NI h™")

regression parameter (-]

regression parameter (-)

number of cells (-)

dilution factor (=}

Faraday constant (C mol~')

total current (A)

AHs.c

Mg Too@3
=

ocv open circult voltage (V)

sicC steam to carbon ratio (=)

T measured stack temperature (*C)
T2 measured stack temperature (°C)
Ly fuel utilizatlon factor (~)

Use axygen utilization factor (-}
Kz hydrogen content of anodic feeding mixture {-)
I regression parameter (-)

The interest in controlling the cell temperature within safety
limits, is also addressed in studies of hybrid systems based on SOFC
{24-26] In [27], a new tool, which combines feed-forward and
standard proportional-integral techniques. was developed in order
to avoid failures and stress conditions during load changes. Specif-
ically, authors asserted that this new control method permits to
better control fuel cell temperature with 2 maximum gradient sig-
nificantly lower than 3 Kfmin

In [28,22), the temperature control is based on decentralized Pl
and PID controllers (proportional-integral-derivative), which are
tuned by utilizing the model so to manipulate air flow to achieve
the desired SOFC temperature. In particular [28] refers to the par-
ticular configuration of internal reforming solid oxide fuel cell,
while the analysis proposed in [29] are based only on theoretical
assumptions. In [30] a generalized predictive control (MIMO-
GPC} is applied to regulate the maximem temperature and its
results are compared with standard PID controller.

131,32 show a novel concept for thermal management of SOFC,
Specifically, in [31] the design involves a secondary air channel to
control cell temperature. In [32] a mode! including an air bypass
valve was analyzed to achieve maximum system performance
and operation ability during load following operation.

The research work here presented, focused on planar SOFC tech-
nology with external reforming, differs from what discussed in lit-
erature. Specifically, it does not propose a new design or a variation
of the fuel cell structure, but it aims, through a rigorous approach,
at the adjustment of the air flow, Le. oxygen utilization factor, to
maintain constant cell temperature during load transients. More-
over, the study was performed considering different feeding gas
compaositions,

For this purpose, tests were carried out on a SOFC short stack.
All the physical parameters of interest (cell temperature, inlet air
flow rate, fuel flow, etc.) were monitored varying the electrical load
and the infeed fuel mixture. By processing the obtained results, it
was implemented a regression law that determines, under a speci-
fic anodic feeding composition, the needed air flow rate to main-
[ain constant its operating temperature varying ceil load.

In the future, achieved results will be implemented in dynamic
models of SOFC-based systems, including hybrid SOFC-GT cycles,
to deep investigate how this control strategy of the fuel cell {ie
invariable operating temperature in load-following operation)
impacts on regulation of BoP components and, in case of hybrid
systems, other sub-sections.

2. Method

The experimental actvity aim is to evaluate relation between
air flow and average stack temperature. The air flow rate values
which guarantee a constant stack temperature were determined
varying the load conditions in terms of eguivalent hydrogen in
input. For the experimental campalgn air flow varations are
imposed in terms of oxidant utilization (Ua.).

The testing activity was performed considering three different
cases corresponding to three inlet gas mix compositions (Table 1):
pure hydrogen (REF), reformed natural gas with steam to carbon
(S)C) 2 (REF2) and reformed natural gas with §/C=2.5 (REF25)
Gas compositions were simulated using pure gasses mix and the
concentrations were calculated theoretically considering chemical
equilibrium of both steam reforming and shift reactions. Complete
transformation of methane, 100% steam reforming, was considersd
while shift reaction was supposed to have an equilibrium of 34%
€O reaction as resulting from simulation carried out at about
650 *C (imposing chemical equilibrium status)

CHy+ H0 = 0O+ 3H; AHY .. = 206 k}/mol (1)
CO + H0 = €Oz + Hy  AH3; . = —41 KJ/mol (2)

Test campaign is based on three main parameters: equivalent
hydrogen (fyze ), Usx 2nd foel utilization (Up) fippe. expressed by
Eq. (3}, Is directly related to the power of the cell, while U and
Uy refier to the amount of reacting inlet streams compared to over-
all feeding flow-rates (Egs. (4) and {5). In the following, all param-
eters are defined:

ﬂm-!’!u.!+ﬁm+4-ﬁcm [3}
il-c

UJ=§FE"H;; {4}

U [-c 5)

= i ‘

where fiya, fien and fiese ate molar fllows of hydrogen (mol s~ car-
bon monoxide and methane respectively related w the anodic feed-
ing composition, Ay is the molar flow of air (mols™*), | is total
current (A), ¢ is the number of cells and F is the Faraday constant
{C mol~"}.

For each defined gas mix only Uy, and My parameters were
varied while Uy was kept constant at 0.7, This choice is justified
by the study target, or rather to relate the effect of power and air
variation 5o to keep constant stack temperature. Consequently,
power variation was realized keeping Uy constant and varying the
inlet flow, defined via flygeg. 50 to keep stack efficiency - related
to Uy - as high as possible and operate the system in conditions
similar to real ones, The variation of fus. Was realized to cover a
high window of operation from 100 Nl h™" down to 40 Ni h™".

Regarding the rest campaign planning, for each anode feeding
composition, different load conditions were investigated via

Tabsle 1

Cag compotithon wied during the test,
Gas MIX Hz %} o {x) CO: (%) HO (%) CH, (%)
REF 100 - = - =
REF2 66.80 13.20 680 1320 -
REF25 60,73 12 B8 2109 -




L Harelli ef ol fEnergy Comversion and Management |17 [2016) 289-296 291

Tabie 2
Test campaign
Gas MIX vy [NER™') U (-} U (=)
REF A~ 60-40- 100 0.7 0341 35-0,4-0.45
REF2 A0-50-80-100 0.7 LI-035-04-045
REF25 -60-80 a7 0.25-03=-0,35=-04-0.45
. A I =
L | | | & BO0"C !
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Fg. 1. Short stack polarization curves at 800 °C, 750 °C and 700 *C.

setting fizeq values indicated in Table 2. Moreover, for each load
condition, a U,, study was performed varying air feeding flow rate.
In particular, values indicated in Table 2. were imposed keeping
constant total current and anode feeding condition, ie, composi-
tion and fiyy,, characteristic of the particular U, study. A duration
of one hour was set for each test, to reach thermal equilibrium
under the specific investigated conditions [anode mixture, figag,
Ul

Table 2 reports parameters values used in the global test cam-
palgn. Note that due to high dilution, composition REF25 could
not achieve the highest power obtained with an eguivalent hydro-
gen flow rate of 100 NI A" {@raey ).

Usually in the test rig stack ternperature is set with furnace
temperature that, due to heat losses and temperature gradient, is
higher or close to stack one. Keeping such approach no tempera-
ture variation can be measured because lurnace reaction are faster
than stack inertia with the result that stack remains at constant
temperature. To solve the problem once reached operation condi-
tion, furnace temperature was decreased until stack minimum
measured femperature was suitably higher rhan furnace, Follow-
ing this procedure furnace temperature was set at 750 °C, obtain-
ing average stack temperature in the range of 760-780 °C. This

condition amplifies temperature variation and can be considered
similar to real condition where the stack is covered with insulation
(not present in short-stacks as the one used in this study for exper-
imentation) and temperature losses are reduced o minimum.

3. Experimental set-up

The experimental test was performed on a 4 cell planar ASC
SOFC short stack. The stack was supplied by Forschungszentrum
Jutich. Cells are realized with commercial materials: NI-8YSZ
anode, BYSZ electrolyte and LSM cathode, Cells are square size of
10 cm side while the stack is realized following the F-design. Polar-
ization curves obtained under pure hydrogen feeding, respectively
atr 700, 750 and 800°C operating temperature, are depicted in
Fig. 1. The test rlg was internally developed so to permits start-
up and operation of the short stack. Temperature Is controlled
using a furnace hosting the stack and two cable heaters set anode
and cathode inlet pipes temperature, Gas fows is measured with
flow meter controllers while anode water is vaporized and mixed
with other gases after measurement and its control is realized with
2 liquid meter. Both air and fuel gas are at ambient pressure during
tests. Current is controlled with an electronic boad, while SOFC cells
temperatures are measured with two thermocouples, T1 and T2,
Fig. 2 contains a picture of the stack mounted on the test rig and
a sketch of T1 and T2 positions. Specifically, thermocouples are
pasitioned in holes realized in the middle interconnection between
cell 2 and cefl 3. Mote that T1 is close to fuel-in and air-out while,
vice versa, T2 is close to fuel-out and air-in. Stack and test rig are
deeper described elsewhere [33].

4. Results

Fig. 3. is an example of U,, variation test The graph reports
temperature values, in details the two stack temperatures (T1,
T2} and furnace temperature, Uy, and U, In this case the composi-
tion was REF and {uaw 80 NI h=". Uy has constant value of 0.7 sim-
ilarly to all the other tests. Main evidence of temperature variation
iz on stack temperature 2, close (o air infet. As expected, the
increase of Uy, causes temperature increase due to lower air mass
flow and decrease in relative coolant effect.

In order to have a more systematic view of the thermal beha-
viour, the mean values of T1 and T2 were calculated varying catho-
dic feeding composition and lpad conditions. Specifically, this
value was estimated relating to the final 300 s of each test, when
thermal equilibrium conditions are achieved.

Fig. 4 reports experimental results of REF composition. Stack
temperature, calculated as average between T1 and T2 mean values
indicated above, is reported as function of U, (a) and as funcrion of
power (b). As expected, higher temperatures are achieved with

Flg. 2. T1 aned T2 positlons in the test rig.
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Fig. 4 Stack temperature as function of U, [a) and of power (b) for REF tests, In Fig. 4b U, increases fram down to top as indicated by the amow,

higher dsgeq. corresponding to higher power. Such behaviour is
related to the increase in heat production when the stack is oper-
ated at full rate power with respect to rate operation. The effect of
air flow is well described by the depicted results, showing a tem-
perature decrease with U, reduction: the effect of this parameter
seems more relevant at higher power rate. At gy of 40 NI h~' the
temperature control cannot be realized because an appreciable
temperature variation does not eccur, Both graphs (a) and (b] per-
mit to evaluate that, varying stack power, operative temperature
can be kept constant through a suitable U, variation. Specifically,
in reference to the tested Uy, range, for REF composition the stack
temperature control is possible only for higher power rates corre-
sponding to gy, in the range 60-100 NLh™.

Similar considerations can be done analyzing Fig. 5 where
results of REF2 test are reported. Stack temperature values are

similar to the ones obtained for REF composition and also in this case
temperature control can be performed, in reference to the tested
Uy range, only for higher values of power (e = 60=100NLh "),

Fig. & reports results of tests performed with REF2Z5 composi-
tion. In this case an additional U, condition was introduced to
obtain indication on the effect of Uy and gyaeq On temperature,
With this compasition, constant temperature could be obtained
for IowWer fuze; compared to other compositions, mainly due to
diluent effect of steam on performances. The higher steam content,
in fact, causes decrease in OCV and, consequently, in operating
voltage,

For completeness, Fig 7 reports stack efficiency (determined on
the basis of the produced power and the overall fuel flow rate
entering [nto the short stack) in all operation conditions, in partic-
ular for compositions REF (a), REF2 (b) and REF25 (c). Results show
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the efficiency increase with power reduction. This behaviour is
typical of fuel cells. Compositions have a limited effect on effi-
clency. since it is mainly affected by Uy which is the same in all
tests, with values slightly reduced for more diluted fuel mixtures.

4.1. Data anulysis

In this section, obtained experimental data, presented in Sec-
tion 4, were analyzed in order to find a regression law that allows
the adjustment of cathodic air with a consequent Uy, regulation, to
maintain stack temperature almost constant varying FC operating
point. Firstly, it was identified the temperature to be held constant
in presence of stack load variations, regulating Uy, parameter.

Regarding the first part of test campaign (gas mix REF), results
are shown in Fig. 4b and in Table 3. An almost constant fempera-
ture trend, about 768 °C, was identified in the three operating con-
ditions characterized by Uux and dimes (NLh™'] equal respectively
to: 0.45-60, 0.35-80 and 0.3-100 (indicated in bold in Table 3).

As already discussed in Section 4, for REF composition, temper-
ature control is possible only for higher power rates corresponding
10 duzeq in the range 60-100 NI h~'. Therefore, results at 4 NI h~"
are no longer considered.

The operative temperature of 768 °C resulted also for REF2 test
(Table 4]. Specifically, thls temperature level was obtained with U,
and §iney conditions of: 0.45-60, 0.35-80 and 0.3-100 (highlighted
in bold in Table 4).

Table 5 shows temperatures values obtained with REF25 feed-
ing composition. In this case, considering the too low temperatures
obtained at 40 NI b~ Hauq (similarly to previous cases) and the lack
of values for 100 NI ™" Haeq, 35 already discussed in Section 4,
operating stack temperature of about 767 °C arose under 60 and
B8O NI h-! Hzeq with 03 and 0.4 U, respectively (highlighted in
bold in Table 5]

For each identified §yzeq and Uy, values that ensure 2 constant
operating temperature varying the gas composition, the corre-
sponding experimental values of stack inlet air [gu._» ). averaged
as four temperatures, are summarized in Table &

Table &6 shows {u 4 values subsequently used for the determi-
nation of the correlation equations among operative conditions
(anodic mixture, gua) and air flowrate to guarantee stack opera-
tion at constant temperature. To get results as general as possible,
power variations (proportional to the inlet Hyeq flow rate and o the
stack efficiency) were considered in percentage terms. In other
words, the flow rate of 100 NIh~" Hyp, which allows to reach
the maximum stack power, was taken as the nominal capacity
because it represents the 1003 power value. Moreover, the other
hizeq Values, considering the electric efficlency determined in the
experimental campaign, stand for 84%, 66% and 46% of nominal
power. The values in bold of Table &, corresponding to the working
point characterized by 84% of nominal load and REF2 composition,
are not used here for the evaluation of the comelation equations,
because they will be subsequently used to test the regression law.
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W s, } Tabde 4
{a} i ! I & REF_100 Teot REF2: temperature values [°T] Vs fupe and L.
e | b REF2 e (M)
4% 4- i ! —i-| XREF_BO
- i [ WREF_40 Y s i 100
o 8% —l s ] S 03 76541 76630 768,13
% b i b 035 766.49 767.90 T70.25
TN 04 76738 760.18 77158
provesl EERER] (RIS (S ' q s 045 76797 770.1% rE
o] N N Y O
L E— o - S :, ..... Table 5
.t Tesx REFIS: temperature vadues (*C) VS Qo and L,
0 & 70 8 % 100 w0 120 130 REF25 Yrizes (NIR)
Power (W} U 60 20
a3 765,40 7.4
(b) % == 01s 766.39 768 85
I | #REF2_100 04 767.15 768,90
s M e OREFZ_80 045 TETTT 77073
o i | L XREF2_50
1T T [ g
= a8 I v Table 8 shows the comparison between guy_s values calculated
= | i | by Egs. {6)-(8] (Table 7) and the ones obtained experimentally, [t
1% : : ﬁ - J—----—? can be easily noted that determined equations provide the same
00% 4ol | r.._..,._i or very close values for each feeding gas mix. Moreover, a predic-
| i | tion of §ar_in values, out of the Ui, range tesied in previous exper-
% e & ! iments, can be estimated to provide air flow conditfons which
! ? | | guarantee stack temperature control at extreme power conditions:
m— I P Y e B i.e. 46% power for all anodic feeding mixtures and 100% power for
REF25 case,
Power (W) Aiming to estimate the required air to ensure constant stack
temperature varying both load and gas feeding mix, a regression
{c) asx : ; on the angular coefficients (a) and the constants terms (b) of Egs.
prog - ' - S— OREF25_950 {6)~(8) was performed. Specifically, a high accuracy was obtained
v i X REF25_60 correlating @ and & terms to dilution Factor [DF) and hydrogen con-
e . . T meers a0 tent (Xyz) characteristic of the anodic mixture as expressed by Eqs.
T ax _ | I v b (9) and (10) respectively.
| ! | .
o R I - S S e + oo
3 | ; I T e =)
£ . = : 1 .
| i Mz
ot B I T ™ i hem+inite (19)
38% - : : L
b i i ! Tabie 9 summarizes the available values refative to the REF, REF2
. 7 ’ i and REF25 cases,
- - N ” " 1 In order to combine DF and X3 and to obtain, at the same time,
Powar (W) the best fit with coefficients a and b (Egs. (12) and (13), a model

Fig. 7. Stack efficiency 25 funcion of powesr and duge with composition REF(a) REF2
(&) and REF2S {c),

Takle 3

Test REF: temperature viahues [*C) VS ugm 2nd Uy,
REF Bhaeg (NTRTY)
s 1] 30 100
0.3 TE5.62 TeETT TEE.03
035 166,65 76834 7042
04 767.39 78551 77170
048 768.01 T70.44 T

—

Regression was firstly performed for each anodic mixture and
then generalized o get results for any gas composition within
the variation range represented by REF, REF2 and REF25. Below,
Table 7 reports the equations that correfate, for each fuel mixture,
Qi values (y) to percentage power (x}, to maintain the temper-
ature set-point.

parameter z was defined in Eq. (11).

& a
2= s—pp 4 Xl (1 - DF) (11)
g=7504483 .2 —19,318.32 -z + 19,490.97 (12)
b= 287592+ 29426 (13)

Fig. 8(a) and (b) show the trend of Eqs. {12) and (13) respectively.
Continuous fines are trends of parameters a and b versus z, while
marked points represent values used for fitting.

For a general SOFC operative condition, the model can be
applied initially evaluating z parameter (Eq. {11)) in function of
the real anodic mixture (DF, ¥z} Then, after the determination
of @ and b coeficients (Egs. (12} and (13), the air flowrate value
can be determined according to a linear function (g is the angular
coefficient and b the constant term) known the specific load char-
acteristic of the investigated operating condition.

This procedure was applied to the rest conditions of Table 10
and the obtained data, summarized in Table 10, provided a model
accuracy, esteemed on the working points used for the regression
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Table &
Reference conditions fior each gas mix Bold values correspond to the working paing used for the regression Law vabidation.
REF REFZ REF25
hitog (M1RT) 60 80 100 &0 80 100 &0 80
Uy 045 035 03 oas 0.35 03 (7] 03
Qe (NIR™T) 2230 3809 555.5 Iz asoA 5541 2563 4439
Table 7 experimental value. As it can be noted, the model predicts an air
Equations: Aira (NI h~') Vs Power (51 flow rate of 392.7 Nl h~" instead of 3804 Nl h™" with an error of
i S Glrudiﬁl the developed i be ied to SOFC
- =365 - 28078 - V. deve regression law can be applied to
REF2 :.mm-m H stack regulation in the range of:
REF2S ¥-u3as - 3065 (8)
- G6-100% SOFC power,
- anodic feeding gases with hydrogen molar content (Xua) over
Table 8 63% and dilution factor up to 275

Guie valiees [NIh™') experimentals (Exp) Vs calulated (Eg) The bold vahue
ds o the working polnt used for the regression |aw validation

e {NIR)

COH TSP

Power  deipeq REF REF2 REF25
(%] (Mh'")  Exp Eg (6} Exp Eq (7] Exp Eq. (8)
46T 0 - 24 - moee - a7
6% G0 220 Aoz 2312 11158 %63 2563
B4T B0 3803 38362 3804 - 4439 4438
L0 100 5855 552397 5541 55458 - 6315
Table 9
Regressssn parameters.
DF Moz L] b
[ 1 BIXES -J80.78
0.2 0.686 &07.78 -233.09
az7 0633 538 =306

law development, of about 1.5% in terms of normalized root mean
SQUAre eTTor.

Te validate this performance, the regression model was tested
on the working point characterized by 84% power and REF2 com-
position (DF = 0.2, Xz = 0.686), previously not used in the develop-
ment phase. The simulated §u i, value for such a working point is
reported in Table 10 (in bold), tgether with the corresponding

In this way, knowing the infeed mixture composition (DF, Xz}
together with the operating point (% of power). it will be possible
to calculate the air flow rate, and so U, value, required to maintain
the constant operating temperature.

5. Conclusions

SOFC thermal management is 2 fundamental isspe to prevent
damage and improve fuel cell lifetime. Inappropriate temperature
control during load following can induce cell performance issues
and failures. An experimental activity was carried out to link the
air infeed Rowrate value with the SOFC average stack temperature,
and in particular, to determine air amount which guarantees a con-
stant stack temperature varying required load (Le, power percent-
age) and fuel composition. The experimental test was performed
on a 4 cells planar SOFC short stack.

Three different inlet gas compositions were tested (anodic
side): pure hydrogen (REF), reformed natural gas with §/C 2
{REF2) and 2.5 (REF25). For each tested mixture, it was identified
the temperature value to be held constant in presence of stack load
variations, regulating g, and, consequently, U, parameter,

Basing on experimental results, a general regression law was
estimated to get the air flow rate §u. (with high accuracy)
known the required load and the anodic feeding composition, in
terms of characteristic dilution factor (DF) and hydrogen content

. !
{ﬂm. {hl 1B8 18 198 b s 11
930 4 u T v ]
00
AE -
™ e
840
m--—-——-— o ——— i
G -
] . :
185 L 185 3 208 11 s
I
Fiig. 8. Firting of & and b coelficient.

Table 10

Application and performance of regression procedure. The bold value corresponds to the working point used for the regression law validasion,

DF Xa z a b % Power Strvubated gy (MLR™') Experimental s (M)

] 1 z B21.20 =220 066 084 ] 2183 3860 5527 222 1809 535,39
.2 0,686 1.0 795.13 -256.56 MGG 0.84 ] 33 3827 5542 2312 0.4 554.1
0,37 0,633 200 92503 -305.25 066 .84 - 1569 4445 - 1583 439 -
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(Xyz). This law was validated on an experimental warking point,
providing an error of 3%, Globally, it can be applied to SOFC stack
regulation at constant operating temperature in the range of:

- 66-100% SOFC power,
- anodic feeding gases with hydrogen molar content (X} over
G3% and dilution factor up to 274,

Impacts of this stack control strategy on operative conditions of
other system components will be investigated in fusture works.
Specifically, it will be implemented in dynamic models of SOFC-
based systems (included SOFC-GT cycles) in order to determine
the effect of the required air regulation on the control strategy of
the whole system.
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= U0 emissions and energy consumption are studied In three different designs.

« High temperature electrolysis allows to achieve high efficiency and heat recovery.
» The coupling permits storage of electricity into a liquid carbon free chemical.
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Ammonia is one of the most produced chemicals worldwide and s currently synthesized using nftrogen
separated from air and hydrogen from natural gas reforming with consequent high consumption of fossil
fuel and high emission of COy A renewable path for ammonia production is desirable considering the
potential development of ammonia as energy carrier. This study reports design and analysis of an inno-
wative system for the production of green amimonia using electricity from renewable energy sources. This
concept couples Solid Owide Electrolysis (50E] for the production of hydrogen, with an improved Haber

Keywords: Bosch Reactor (HBR), for ammonia synthesis, An air separator is also introduced to supply pure nitrogen,
m"::: ol St SOE operates with extremely high efficiency recovering high temperature heat from the Haber-Bosch
Solid Oxide Electrolyser reactor. Aspen was used to develop a model to study the performance of the plant. Both the SOE and
the HER operate at 650 *C. Ammonia producticn with zero emission of C0; can be obtaived with 2 reduc-

tion of 40% of power input compared to equivalent plancs.
& 2016 Elsevier Lod, All rights reserved,
1. Introduction emitted when burnt, and in fuel cell applications the risk of NGO,

Ammonia was presented recently as a potential fuel and as an
eligible energy vector [1]. Such opportunity comes from ammenia
high energy density. Volumetric and gravimetric energy density
of ammonia at room temperature and 10 bar are 22.5 M}/kg and
136 Clfm® respectively, higher than other candidates such as
hydrogen and methanol and not far from fossll sources such as
gasoline, diesel and compressed natural gas. The utilization of
ammonia as a fuel was reported with interesting resuits in tradi-
tional power units [2,3]. Ammonia combustion releases heat that
can be used in both internal and external combustion engines [4].
In addition, the use of ammonia as a fuel is also demonstrated in
fuel cells with consequent advantages in terms of low emissions
and high efficiency. Ammonia is a carbon free fuel, no CO; is

* Corresponding authar,
E-maml address: giovanni.cinti@enipg it (G, Cintl)

it fdx.dalorg/10,101 6/ apenergy. 2015.00.026
0306- 261900 2016 Elsevier Lad, All rights resenved.

emissions is reduced because no direct mix between oxygen and
ammonia occurs. A sustainable use of ammonia both as a chemical
and as a fuel requires a renewable production of nitrogen and
hydrogen [5.6] Ammonia is usually produced in the Haber-Bosch
{HB] loop reactor from pure hydrogen and nitrogen that are fed
and recirculated in the reactor, operating at high pressure and high
temperature. Hydrogen is commercially produced from fossil
sources, such as natural gas, normally in an autothermal steam
methane reformer or in a steamn methane reformer, while nitrogen
is separared from air. In order to call ammonia a green chemical,
both hydrogen and nitrogen should be produced and supplied using
renewable energy as a primary source: blomass [7], wind [8] or
solar energy |9] can guarantee a renewable and sustainable produc-
tion of ammonia based on thermochemical or electrochemical pro-
cesses [10]. In particular, from water electrolysis and air separation
powered by renewable electricity it is possible to produce green
ammonia without any C0; emission to the atmosphere [11].
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This kind of plant can also be used in electric grids with a large
penetration of intermitient renewable energy sources to store
energy into a liquid fuel that allows the spatial and temporal sep-
aration, of energy supply and demand. The green ammonia plant
allows to store directly the renewable electricity into a chemical
with high energy density, quite easy to stock and to transport. This
concept was recently presented and studied in the literature
[12,13]. An additional advantage of the proposed concept is that
compared to the storage of renewable electricity into fuels such
as methane, methanol or synthetic diesel: ammonia production
does not require carbon dioxide but nitrogen as additional gas
input. Both nitrogen and carbon dioxide can be separated from
the air but the higher concentration of nitrogen increases efficiency
and lowers production cost in comparisen with C0,.

Recent developments of Solid Oxide Fuel Cells (SOFCs) renewed
interest in high temperature Solid Oxide Electrolysers (SOEs),
based on the same materials and design [14]. SOEs operate with
higher power density and higher efficiency comparad to traditional
electrolysers, especially if fed with high temperature waste hear,
because the elecrrochemical conversion of water at high tempera-
tures opens the opportunity to store both heat and electricity in
the produced hydrogen [15]. Such opportunity is currently under
study in industrial processes where waste heat recovery at high
temperature is available. For example, coupling is possible with
nuclear power plants where heat Is usually a by-product |16}, or
with solar collectors in solar thermal power plants, where renew-
able heat comes from the sun [17] in order to achieve energy stor-
age or production of secondary fuels or energy vectors [18]. In this
scenario, the coupling of SOE and HB process is extremely interest-
ing. NHx synthesis is an exothermal chemical reaction at high tem-
perature and pressure, producing a large amount of heat The
integration between the HB process and the SOE potentially allows
to transfer the heat produced by the HB reactor to the SOE to
increase its performance. Moreover, the feasibility of ammonia
production from renewable energy via electrolysis of water is very
important to produce sustainable fuels and chemicals,

This study proposes an improvement to green ammonia pro-
duction plants introducing, for the first time, an S0E for H; produc-
tion in a HE process. In addition to the studfes already cited above
literature reports, for example, system designs based on wind
power with a small efficiency and a limited degree of integration
[19]. The new concept proposed in this work permits system
implementation and allows to improve the power to ammonia
storage efficiency. An electrochemical model and a thermodynamic
simulation of a system layout, in which an SOE and an NH; plant
are integrated and operated at high pressure and temperature,
has been developed to evaluate the patential of the proposed con-
cept with respect to other green solutions and to a reference
benchmark case, based on the use of natural gas. The effect on
the global efficiency and on avoided CO; emissions is evaluated.
This work can enhance the development of green ammonia and
can offer, at the same time, an interesting application of SOE, push-
ing the development and application of the technology not only in
the energy sector but also in the chemicals production field. In the
following paragraphs the theory and modelling of S0E and HB pro-
cess are presented, the design of the model is described and,
finally, the maln results are analysed and commented,

2. Theoretical background and model development
2.1. Considerations for coupling and SOE electrochemical model
Ammonia synthesis is realized mainly with the plant design

developed by Haber and Bosch (HB). The HE process considered
In this work is based on a modern layout, as shown in Fig, 1.

Ammonia synthesis is an exothermal process based on the fol-
lowing chemical reaction:

%H] +%H, v NHy AH' = —45.7 kj/mol Hy i
The distinctive physical aspects of this equilibrium reaction is

the contrasting effect of pressure and temperature on thermody-

namics and kinetics, according to the following equation [20];

Prani M Ny
Kiw, =Ko-Kp = X . b 2
N (wa'e’.’-ﬂf-{’) (ni’f'"ﬁ:’ Fu) @

The teft hand side is the chemical equilibrium constant in which
non ideal fugacity coefficients are accounted in the term K. The
term K, account for the reactor operating conditions. especially
the presence of inert species, which can decrease the molar frac-
tion of reactants and so the production of ammonia. On the other
hand, as the total pressure increases, also the comwversion of
reagents into ammonia increases. The reaction kinetic is governed
by the Tembkin-Pyzhev equations [21] in which the reaction rare of
the reverse process is negligible as the reactor temperature
increases, but, due to the exothermal characteristic of the thermo-
dynamic equilibrium, the chernical equilibrium constant is lower.
Ammonia synthesis is realized mainly with the plant design devel-
oped by Haber and Bosch {HB). The HB process considered in this
work is based on a modern layout, s shown in Fig. 1. The main fea-
tures, according to the above thermodynamic and kinetic consider-
ations, are the recycle streams, two stages of ammonia separation
(before and after each reactor passage) and heat recovery from
products o increase productivity and reduce energy requirements.
As a consequence, an efficient and high conversion of reactants in
the HB reactor is favored by:

= High pressure and temperature of the reactor.

= Stoichiometric HyfN, ratio in the reactor feeding stream.

= Absence of inerts or diluting species,

= Auxiliary streams for purging inerts and for recirculation of
unconverted gasses.

NH; gas Furge

NH; lig.

Fig. 1. HB process layout for production of NH;,
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From the physical point of view, the first two points determing
the conversion per single pass in the HB reactor and, according to
thermodynamics, an isothermal reactor should be preferred, with
an efficient reaction heat recovery system, which is the major
source of waste heat. The last two points mainly contribute to
the global conversion and productivity of the plant. In fact, a feed-
ing stream with a low content of inerts limits the need ro partially
purge unreacted gases, reduces the hydrogen losses in the tail gas,
increases the recycle ratio in the HB loop as more ammonia can be
produced and separated at each pass and the global conversion
efficlency increases. Other relevant processes that affect the HB
plant are syngas production and purification. Steam Methane
Reforming {SMR) and Water Gas Shift (WG5) are the main pro-
cesses involved in syngas production while physical and chemical
separation processes, based on condensation, membranes and
absorption at low temperatures, are used to purify syngas from
species such as Hz0, CO, CO; and CHy [22]. On the other hand,
electricity-based processes for Hof/N; production, such as electroly-
sis, cryogenic air separation and Pressure Swing Adsorption {PSA)
123] can be considered for syngas production as they involve low
temperatures and mild thermodynamic conditions. So, from the
thermodynamic point of view, exothermal and endothermal pro-
cesses are simultaneously involved and, considering the presence
of high and low temperature units, heat recovery issues arise in
order to optimize the systemn design and process integration as
these aspects influence the energy efficiency and the production
of the overall plant. In this background, it is clear that a proper
integration between different technologies to improve the HB pro-
cess requires an overall system evaluation in order to verify bene-
fits and drawbacks of each solution.

SOE conceptual scheme is depicted in Fig. 2.

Anodic and cathodic reactions are:

Anode O u-nZE‘-r%D; 3}

Cathode H,0 + 2e — Hp + 0™ (4)
The overall electrolysis reaction is the following:

Hi0 H,+%u= (5)

The reaction Is endothermal and the enthalpy change has o be
supplied externally. In electrochemical devices, such as fuel cells,
energy is supplied as electrical (AG) and thermal energy (TAS),
Thermal energy is usually generated inside the cefl, recovering heat
from internal polarization losses. With the increase of temperature,
total energy requirement { AH) increases but the amount of electri-
cal energy is smaller. The result is a higher efficlency of the high
temperature electrolyser than the low temperature ones. If part
of the necessary heat is supplied by an external source, it is possi-
ble to achieve higher than one efficiency, obtaining the conversion
of thermal energy into chemicals,

Thermodynamic values at 650 *C are reportet! in Table 1. Note
that values are normalized for one mole of Hy produced {electrol-
ysis) or reacting (ammonia synthesis).

___iir__- z Alr + 05
02 | Electrolyte
+H. Hz [+ H
H;O [+H;) Caﬂlode z (+ HO)

Fig. 2, 50E concepaual scheme,

Ammonia synthesis can supply up to 98% (2914 k]/mol Ha) of
the heat required, In terms of entropy, of the electrolysis reaction
(39.66 k]/mol Hz). In order to couple thermodynamic and electro-
chemical caloulations for integration with the HB process, a zero
dimension model for the S0E was developed as follows.

In an SOE, the electrical inputs creates the electron flows
involved in the reactions. In electrolysers, voltage is a function of
current density and can be described with a very simple lingar
law as followes:

V = 0CV + ASR(T) « (6)

Were OCV is the Open Circult Voltage, ASR is Area Specific Resls-
tance and ] is current density. Both OCY and ASR are function of
temperature. This simplified approach is supported by experimen-
tal results that show how the polarization curve is highly linear at
high temperature [24]. In additions authors already demonstrated
how ASR does not change between S0FC and 50E operation [25].
This assumprtion will be used in defining values of ASRE. In the fol-
lowing equation (iv) SOE electrical power density Is described as
follows:

P.=V=]=000+ASR=]" (7}

Energy output of the SOE is the energy of produced hydrogen.
Such energy is the chemical energy of the fuel usually quantified
in the LHV. For this study such energy was considerad the enthalpy
of the reaction {1) equivalent to the LHV of the fuel. Differently
from LHY, the calculation was performed at the operational tem-
perature, Specific chemical energy (in terms of energy flow per unit
area) converted in the SOE is defined as follows:

AH = dh(T) + Hag (8)

where Ham I3 the specific molar flow (mol/m?) of hydrogen and dh
(T} is the enthalpy of the reaction (1). Hydrogen specific flow and
current density are connected to the electrochemical parameters
by the equation:

Hima = 5z ©)

where F is the Faraday constant. Differently from fuel cells, the
chemical reacrion In electrolysers is endothermal and the heat
losses of the process, such as overpotential losses, are in equilib-
rivm with reaction reguiremenis. The energy balance is completed
by the contribution of heat transfer with the external source. The
latter takes into account the SOE heat losses into the environment
and the heat inlet from the environment that may come from a high
temperature heat source, as in this application. External heat (Q) is
calculated, for the present study, as a function of hydrogen energy
production by the following equation

Q=ke«AH (10)
The energy balance of the SOE is defined by the following equation:
Po = &H + Q = AH(1 + k) {1

Differently from fue] cells, were produced heat has to be subtracted
by the air flow, in SOEs the external heat contribution plays an
Important role not only on the operational temperature but also
on the performance, Assuming the stack at constant temperature,
Eq. (12} directly relates current density and temperature to the
external heat. Thus, temperature definition and k allow to caloulate
the current density, Considering the previous equations ] can be cal-
culated as:

1 (dh(T}e(14K)
_]':.:ﬁ(--—-—-z—:-f-—-———m) (12)

Efficiency is calculated as the ration between energy output {AH)
and energy input {P.) by the following equation:
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Table 1
Thermodymamic vahses of involved reactions.

Temperature |*C| Pressure [bar] AH |igfmol Hy) TAS [klimol H;) AG [k)fmol Hy)
Water slectrolyss 650 1 24732 3966 207.65
Ammonia symthesis 550 550 ~-3014 ~83.68 G454
1 _4AH = 1 (13) is electricity, thus the thermodynamic of the process does not
2 Y involve high temperatures, pressures or large heat exchangers. In

MNote that the efficiency is only a function of external heat con-
tribution (k). In the specific case of k = 0 the SOE operates in adia-
batic conditions {no heat exchange with the environment) with a
100% theoretical efficiency. This operational condition is called
thermoneutral. All equations were implemented in a zero-
dimensional model developed using Excel and FluidProp@ as cath-
ode for thermodynamic parameters. The OCV value was calculated
using the well-known Nemst equation considering at cathode inlet
a steam flow with 10% hydrogen (necessary for the integrity of the
electrode) and at anode inlet air, ASR values are derived from a
SOFC commercial product [17] due to the aforementioned equiva-
lence with SOE ones.

2.2, Description of developed case studies

In erder to assess the profitability of coupling SOE and HE pro-
cess for the production of green ammeonia, Process Flow Diagrams
(PFDs) were realized in the AspenPlus environment to compare dif-
ferent scenarlos. In particular, three case studies were developed. A
brief description of the relevant process physics of each developed
layour is given below. More details about the flowsheets and the
specific parameters used to model the single blocks in AspenPlus
are given in Appendix A. Considering the high temperature and
high pressure conditions for the HB loop, no kinetic approaches
are applied for simulations and only the thermodynamic equilib-
rium is considered,

The plant layout for the reference case, named NG-REF-HB, with
conventional NHy production from natural gas is shown in Fig. 3.

In this plant the upstream process is the CH, steam reforming,
where many units are required for the clean-up of the reformed
gas in order to obtain a feed stream for the ammonia production
with the appropriate composition. In fact, the reforming process
is epdothermal and requires 2 large amount of heat The first bur-
ner is adiabatic and the amount of oxygen introduced {s not suffi-
cient to oxidize all the fuel and a partial gasification occurs with Hy
and CO formed together with CO. with the aim to partially provide
the necessary heat for reforming and H: for the synthesis. In the
subsequent WGS section, CO reacts with steam to produce Ha, thus
increasing hydrogen content in the syngas for ammonla produc-
tion. The Acid Gas Hemowval unit (AGR), the Methanator unit
{METH) and the Condenser (COND) are devoted o the physical
and chemical separation and removal of €Oy, CO and H;O after
the WGS section, These processes require 2 much lower tempera-
ture (50-100°C) than that of WGS (250-550 °C). The waste heat
available is recovered to produce the high temperature steam for
the reforming unit. From the thermodynamic point of view, the
operating conditions of these units must be accurately chosen In
order to correctly simulate the physics of the process.

In Fig. 4 the low temperature electrolysis case, named EL-PSA-
HB, with H; produced from commercial electrolysers and N; pro-
duced by PSA, is shown,

This layout is completely different from the previous one. The
feeding streams to the plant are air and water, at ambient condi-
tion, as primary sources for H: and Ny. From the physical point
of view, the principal characteristic of this solution is that no
chemical energy. as fuel, is introduced and the only energy input

agreement with the actual water electrolysers performance, a
hydrogen purity of 99.9% and an electrical efficiency of 64.4% have
been specified for this block [26]. The air separation unit is based
on a PSA standard process at room temperature and 30 bar, with
commercial carbon molecular sieves as adsorbent [27]

Finally, the case of SOE and HE with hear recovery from the syn-
thesis reactor, SOE-PSA-HB, is shown in Fig. 5.

From the thermodynamic point of view, the main difference
with the previous case is that the low temperature electrolysis is
replaced by the high temperature one, The physics of the upstream
section, representing the SOE unit, has been already discussed in
previous works [28] and slightly medified as specified in Appendix
A. Briefly, the main medifications for thermodynamic reasons con-
cern the operating temperature and the thermal input of SOE that
matches the conditions imposed by the HB reactor. This ties the
coupling task to the energy balance and thermodynamic equilib-
rium of the overall system.

3. Results and discussion

Fig. G reports the variation of hydrogen production rate and effi-
ciency (a) and of electrical power input and voltage (b) as a func-
tion of temperature for three values of k: k=0 (thermoneutral),
k=0.2 {heat into the S0E} and k = —0.2 (heat losses). Fig 6a shows
a made-off between efficiency and hydrogen production: with
higher values of k smaller efficiency can be obtained. As expected
from Eq. (13), efficiency is not affected by tempetature variation
while hydrogen production increases with temperature due to
the decrease of internal resistances (ASR]. Regarding Fig. 6b, the
electrical power density increases with temperature and is higher
when k Is smaller {heat losses). Cell voltage remains constant at
current density variation while it increases when k decreases.
Thermoneutral voltage obtained is approximately 1.28V in agree-
ment with the literature [14].

Considering the coupling of ammonia synthesis with SOE, it is
possible to calculate the k factor, considering the heat flow from
the ammaonia reactor calculated from the Aspen model. At the
operating temperature of 650 °C all other SOE parameters are cal-
culated and reported in Table 2.

In order to compare the perfermance of the different cases con-
sidered, the following Table 3 shows the major comparative
parameters for the three scenarios, They refer only to the HB loop
subsection of the flowsheets,

The global efficiency ngwn is based on the overall Hy molar bal-
ance around the flowsheet as it takes into consideration the chem-
fcal conversion of hydrogen and also the separation of the
unreacted moles for the internal recycle. On the other hand, the
reactor efficiency 1w represents the conversion of H; per pass
on molar basis inside the block REACTOR as it depends on the infet
molar composition and the operating condition of the HE loop.
Comparing the values, remarkable differences are visible between
the reference case, i.e. NG-REF-HB, and the remaining two, while
the results obtained for the bwo cases with the wse of electrolysers
seem to be very similar. The first two plants, the first fed with nat-
ural gas and the second based on a low temperature standard elec-
trolyser, can be operated at middle HB reactor conditions (250 bar
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Fig. 3. Layout of the reference case NG-REF-HB,

NH, gas Purge

f

Alr

Fig 4. Layout of the low temperanine electrolysis case EL-PSA-HI,

and 550 *C). SOE necessarily requires heavy HB reactor conditions
{550 bar and 650 *C) for coupling, as discussed in Section 2.1. Con-
trarily to what could be expected, the conversion per pass and the
global efficiency is very different for NG-REF-HB and EL-PSA-HB,
even il temperature and pressure of the HB reactor are the same.
This is due to the high content of inerts in the reference case, ie.
CH,, that dilutes the reactant steam and affects negatively the K
term as envisaged from Eq. (2). Moreover, the dilution of the prod-
ucts by CH, affects the physical separation of ammonia because it

reduces the partial pressure of NHy (n SEPO1 and SEPOZ blocks. This
is the cause of the low Mg and the deviation of the Hy/N; ratio
inside the HB loop. As a consequence, the resulting purge ratio,
i.e. the purge gas stream, should be higher in order to avoid the
accumulation of inerts in the loop. On the contrary, the two cases
with electrolysers have very similar HB loop performances due to
the complete absence of inerts. This is a distinguishing feature of
ammenia production when electrolysis and air separation are used
to provide the Hy/N; mixture. In particular, the purge ratio is very
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Table 2

SO parameter when integrated with NH, synthesis,
Paramesar Units Vadue
k - 015
Temperature < 650
ASR frem? 057
oV v 0.04
Hy gfhom? 10256
I Afem? 027
Voltage v 1.09
Power density Wiem? 035
n = L7

small, so that more reactants can be recycled to the reactor instead
of being purged with inerts. As a consequence, the recycle ratio, the
NHj; produced and the global efficiency increase.
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In Table 4 the overall energy consumptions and the equivalent
Greenhouse Gas [GHG) emissions of the three cases are reported.
The equations used for calculations are the following:

5o - LHY,
G

Spec. Elec.Cons. = »E-ﬁ.;?
HH3

Spec.Heat Cons. m %,:;
]

GHG Emissions =

tien + oo + Mo ) - Mo

Moy

(14)

(15)

(16)

{17
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Table 3
HE loop performances for the three different case stedies,
(HafMy b (molfmol)  (HyMNyle (moljmol)  Rec rado (molimal)  Purge ratio (molimel)  (HVeuscr (MIE) Mg (%) T (%)
NG-REF-HEB o7 .47 133 044 26,76 61.12 1825
EL-PSA-HB 1] a2 433 0.08 2135 9233 206
SOE-FSA-HE  3.00 1\ 430 0.06 2143 93140 1853
Table 4
Energy performances for the three different cage spudies.
Spec. chem. cons, Spec, elec, cons, Spec. tot. cons. Spec. heat cons. GHG emibssions Storage efl,
(kW hkifsnia) (W DB i) (KW g ) (KW hinfKgnma) (ol ki) (%)
NG-REF-HE 1281 177 14.59 -1.20 105 3550
EL-P3A-HE L] 1425 1425 -153 0 3635
SOE-P5A-HB o &30 830 =1,14 ] G241
StorageEff. = g « LHV o 100 (18) in the AGR block of the flowsheet in Fig. 3, because it is one of the
ragesl- Th-LHY + T P units devoted to the removal of oxygenated species [rom the syn-

where 3 m - LHV,; is the total chemical energy entering the fow-
sheet, 7 7' is the sum of all the electric power and 5~ " is the
sum of all the heat flux of the generic block j in the flowsheet
The specific total consumption is the som of the values calculated
from Egs. (14) and (15}, They are all normalized on g, L.e. the
total quantity of ammonia produced, considering both liquid and
gaseous ammonia in output streams, As reference, positive values
are intended as energy provided to the system, while negative val-
ues represent energy that should be subtracted from the system.
The first evident results is that for the case EL-PSA-HB and SOE-
PSA-HB the specific chemical consumption is zero: these systems
are fed only by air and water so that there is no energy cost. On
the contrary, the NG-REF-HB uses a fuel, ie. CH,, as feedstock. As
expected, only the first case has a net environmental impact in
terms of GHG emissions due to the C0; release during the reform-
ing and clean-up operations of the fuel. This is mainly concentrated

{‘l}mm WiEsa COND ComP SEP
3o0 —

250 q

L5

Sper. Heat consumption
g

§EELEEE

gas for NH, synthesis, The remaining two cases have no net emis-
stons because their feedstock is "carbon-free”. The purge gas of the
NG-REF-HB contains CHy, which is a greenhouse gas, but the emis-
sion related ro this gas is not accounted to the plant due to the fact
that this stream can be stored 25 a secondary fuel or a5 a chemical
feedstock for other purposes. Moreover, keeping in mind the previ-
ous purge ratios and global efficiencies, (t can be concluded that
the guantity of purge gas produced is considerable in the first sys-
tem but negligible in the other two. Finally, a significant difference
on the total and heat consumptions eccurs in all cases. In particu-
lar, even though the HB loop performances are quite the same, (he
cases with electrolyser have very different consumptions. Compar-
ing the reference case and the standard electrolyser case, it is
worth to observe that the total consumption is not so different,
so that there is a little benefit in preferring the electrolysis path-
way, power-intensive but low Impacting, rather than the tradi-
tional one, based on fossil fuel and less electricity-consuming
with the perspective to produce a valuable tail gas. However, the
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Flg. 7. Specific heat consumption of ancillaries: (2) NG-BEF-HI; (b) EL-PSA-HB; (¢} SOE-I"SA-HE.
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results show that in the case of coupling SOE, PSA and HB, the total
energy consumption can be potentially lower than all other pro-
posed solutions. In addition, considering the perspective of the
storage of electricity into a chemical vector, Le. NH;, the calcula-
thon shows that the SO0E-HB coupling has a potential storage
efficiency of 62.4% and that it is almost two fimes higher than
EL-P5SA-HB and NG-REF-HB cases, The advantage of using high effi-
ciency and high temperature electrolysis in a SOE is thus evident
and integrated in 2 conventional chemical process like ammonia
production.

To better understand this, in Fig, 7, the detalled consumption of
heat is specified for the main ancillaries of the three developed sce-
narios. For the reference case, which has more ancillaries than the
other cases, there s a considerable endothermal term, due to the
heat required by the reformer block, and a higher exothermal con-
tribution from the compression units, due to the intercooling.

The other bwo cases have smaller contributions, due to the sim-
pler layout with no fuel thermal treatments or gas clean-up units.
Comparing Figs. 7a and b, the heat available from HB reactor is the
same because the operating conditions are the same but, due to the
presence of a large amount of inerts, the amount of heat that
should be removed from COMP is larger. The presence of species
other than Hs, N3 and NH; in the HB loop is a strong limit for pro-
ductivity but also energy efficiency of traditional HB plant because,
if compared to the contribution of an electrolysis-based plant. they
cause lower conversion and larger amounts of waste heat From
this point of view, the SOE-PSA-HB offers more flexibility and
opportunity for a convenient recovery of waste heat. In Fig. 7¢
not all the contributions reported are really lost because, as shown

o EL-PCA-HEB [~
e SOE-PEA-

Fig. 5. Comparison of the electric consumption for EL-PSA-HE and SOE-PSA-HE
CASES.

{a) I HSOE WPSA nHB

by the fowsheet of Fiz A4 in appendix, the heat from COND and
REACTOR are used (o achieve the thermal equilibrium of the S50E
block because this acts as a "heat sink” for the system. In detail,
the heat from REACTOR is entirely used to feed SOE and is an nput
for the design of the electrolyser. Compared o low temperature
electrolysis steam is supplied to SOE instead of water. The amount
of energy to vaporize water, 1,79 kW hfkguya can be recovered par-
tially from the compressor, where 1.01 kW hjlkguys are released
from intercoolers, and from condenser, where 0.81 kW hjkgue
are released at high temperature. An additional advantage of this
configuration is that no cooling of ammonia reactor is required
reducing the environmental Impact in terms of plant waste heat.
One of the actual issue for SOE is that it requires a large amount
of heat, or a high current density, from external sources to sustain
the high temperature electrolysis process. If SOE and HB loop can
be operated at similar temperatures, their coupling offer the
opportunity to recover the large amount of heat available from
HE reactor to achieve a stable thermal equilibrium in the SOE,
without increasing the current density, i.e. the electricity con-
sumption, as explained in the model above. The single contribu-
tions of COND and REACTOR in the SOE-PSA-HB case are
reported for completeness and to show how they become of inter-
est if compared to that of the mild HB reactor conditions.

The direct consequence of this fact can be immediately realized
if the single electric consumptions are compared as shown in Fig. 8.

The first two columns clearly show the advantage of the high
temperature electrolysis over the low temperature one, if addi-
tional heat is provided from another source. The consumptions
related to the PSA subsection are the same for both cases, as
expected, while the electric consumptions related to the compres-
sion units of the HE loop are very different, essentially due to the
high pressure imposed at the REACTOR block of the SOE-PSA-HB.
It is worth noting that for the reference case the electric consump-
tion is represented only by the compression units in the HB loop,
and that its value is 1.77 kW h/kZw, the highest among the three
scenarios, because a large part of this energy is used to compress
inerts which dilutes the syngas stream.

The coupling of SOE and HE deeply affects the energy balance of
the plant when the electrolysis is used In place of the reforming of
a fossil fuel. Moreover, the type of electrolysis process modifies the
distribution of energy consumption within the plant itself. The sit-
vation is briefly explained in Fig. 3.

When a low temperature electrolysis is used to produce the
syngas for the HB loop, the electric consumption related to the
electrolyser operation is »35% of the total, e, the overall energy
balance is in practice restricted to the electrolyser, so that there
is no fexibility and the whole plant is dependent from the electrol-

®

151% .1

Fig. 8. Distribution of the specific slectric consumption: {4) EL-PSA-HB; (b) SOE-PSA-HB.
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ysis subsection, On the other hand, when a SOE is implemented, its
impact on the overall energy balance is lower, as shown in Fig. 9b:
the share for the electrolysis subsection decreases from 95.37% to
T8.36%,

4. Conclusions

A novel system for the production of green ammonta was
designed and analysed. The inroduction of high temperature elec-
trolyser, such as SOE. permits to increase efficiency and system
integration. The high efficlency of SOE permits electrical input
reduction of the electrolyser unit and to recover heat produced
in the Haber-Bosch reactor. The electricity consumption is
decreased down to 8.30 kWh/kg NH; and zero emission of €O is
obtained. In the field of chemical production, the new system per-
mits the production of zero emission ammeonia and increases the
flexibility of the plant compared to traditional electrolysers.
Regarding this point the stationary results reported here are
encouraging for the further improvement of plant integration with
other renewable energy systems, such as wind and solar systems
connected (o the SOE, in order to take into consideration power
production variation and a dynamic medelling of the layout. Con-
sidering also the use of ammonia as a fuel and the energy storage
application, a high efficiency and highly fexible concept is devel-
oped. Renewable electrical energy can be stored with an efficiency
up to 62% into a fiquid vector that can be transported and directly
used both for power and transport applications.

The results assess the potential of 4 novel energy concept based
on SOE as conversion technology and ammonia as fusl. NH; can be
produced by distributed renewable energy sources directly on site,
The chemical obtained is easily stored [ocally or transported and
introduced in a more complex distribution system. In both cases
it is possible to consider the final utilization in the transport sector,
as a fuel, or in the power production sector for electrification with
no emission of C0;.

Appendix A

An advanced HB flowsheet has been drawn using AspenPlus
Suite, according to the flowsheet of Fig. A1 below, and is atways
the same for each case,

The description of the parameters used in AspenPlus is as fol-
lows. The "MCompr” block type was used with the rigorous ASME
method for efficiency, heat and power consumption calculation of
the multistage compressor unit COMPO1. Intercooling temperature
after each stage and the final discharge pressure were specified for
this block. EVAD]T is moedelled with a "HeatX™ block type and the
cold stream outlet temperature is fixed in order to exchange as
much heat as possible. The specifications for the remaining blocks
are summarized in Table A1.

The rigorcus “RGibbs" reactor block is used to model the HBR
with the Aspen bullt-in PENG-ROB method for physical and chem-
ical equilibrium calculations. The vapour-liquid equilibrium fash
drum model “Flash2™ is the block used for SEP01, SEPO2 and
EXPANDER. The splitting ratio, i.e. the amount of purge gas, of
the block SPLITO1 is used as convergence variable for the PFD. In
order to increase the ammonia recovery from HBR product stream,
the tall gas from EXPANDER and a part of the liguid ammonia pro-
duced are used to push the cooling of the feeding stream in EVADI.
The cold stream coming out from this block, i.e. P-GAS, is gaseous
NHy with some traces of inerts which can be still considered as
useful product of the plant. The HB loop thus described produces
ammonia both in liquid and gaseous forms.

The complete flowsheet of the reference case, NG-REF-HB is
shown in Fig. AZ.

Matural gas and air, at ambient temperature, are fed to an adia-
batic combustor [BURNER), and a partial gasification process
ocecurs with Ha and CO formed together with CO,. The N3 necessary
for NHy synthesis is fed in with the AIR stream. In the block REFOR-
MER, a pre-heated steam stream is added to the burnt gas. The
Steam-to-Carbon ratio [S/C) is fixed 2t 2 so that the Steam Methane
Reforming (SMR) reaction can take place, Afterwards, three reac-
tors are used (WGSR1, WGSR2, WGSR3) to complete the Water
Gas Shift reaction (WGS). The reactions involved in these blocks
are the following:

Table A1
Mock specifications for the HB loop.
Specification HER SEPGT SEPR EXPANDER
Temperature (*C) S50 0 a0 -
Pressure (bar) 250 250 150 1
Heat duty (KW) - = - o

Fig. A1, Flowshest of the HB laop developed in AspenPlus,
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Fig. AZ. Flowshee! disgram of the reference case NC-REF-HE.

CHy + Hy0 = CO + 3H (A1)
CHa + %{:-,  CO + 2H; (A2)
€O+ H;0 = C0; +H; {A3)
CHy +20; = €O, + 2H;0 (A4)

The reactor block used to model all these units is “RGibbs™ and
the built-in NRTL Aspen property method was wsed for calcula-
tions. A “Sep” block with standard specifications concerning tem-
perature {=50-80*C) and separation efficiency (>90%) is used for
te AGR block [22]. An adiabatic “RStoic” reactor block is used by

Table AZ

Alock specifications for clean-up section,
Specificathon AGR METH COND
Temperature (*C) 50 - 15
Pressure (bar) 1 1
Heat duty (kW) - ] -

METH to convert residual CO; and COND is a “Flash2" block type.
operated at 15°C to allow and complete gasfliquid separation.
Table A2 summarizes the spectfications of those last three blocks.

The second case is named EL-PSA-HB and its schematic flow
diagram is shown in Fig. A3,

The HB loop is the same as above, while the upstream architec-
ture for low temperature electrolysis and PSA is simpler; water is
compressed in a hydraulic pump (PUMPO1) and heated in a coun-
ter current heat exchanger (HEATERO1) to the electrolyser
(ELECTR) operating conditions, namely 80°C and 30bar, The
busilt-in “Pump” block has been used to model PUMPO1, HEATERD1
is a "HeatX™ block type and ELECTR is an "RGibbs™ reactor block
The electrochemical calculations for ELECTR block are based on
commercial alkaline electrolysers data from lterature [26). The
P5A standard process was modelied in Aspen Plus by means of a
compressor {COMPO3) and a separator (PSA} in series at 30 bar,
room temperature and overall My purity of 99.9% [23], The property
method used in this section was the NRTL built<in Aspen model.

Finally, the last case is the SOE-PSA-HB process illustrated in the
flowsheer of Fig. Ad.

In this case only, the ammonia reactor was forced to operate at
650°C and 550 bar. In order to have comparable results with the

P e |

e }— el —

Fig. A1 Flowsheet diagram of the low temperature electrolysks case EL-PSA-HAB,



4T6 G, Cineri et al, /Applied Encrgy 192 (2017) 456476

Fig. Al Flowsheet diagram of the high emperature electrolysis case SOE-FSA-HB.

previous cases, the different pressure level is controlled only in the
HB REACTOR block by using a pair of compressorfturbines before
and after the block (COMPOZ, TURBO1). Selected temperature and
pressure are the highest that can be accepted for the HB process
and, at the same time, this temperature is the lowest possible 1o
consider in a SOE at the present stage of development. The original
flowsheet representing the SOE unit [28] was here modified for the
HB coupling purpose with the addition of a condenser (COND) to
separate produced hydrogen (H2) from residual water, and a pre-
heater at anode side {HEATERO1), for preheating of the sweeping
air (F-AlR) by heat recovery from oxygen enriched air (E-AIR) com-
ing from anode outlet. The water separated from the COND block is
used for cooling the feeding air of PSA block (AIR), and the feeding
stream (FEED) before the HB loop. Afterwards, separated water is
recycled to SOE as steam. Finally, the tear stream DH-HB repre-
sents the chemical heat available from the REACTOR block, due
to ammonia reaction according to Eg. (1) that is used in SOE
The external subroutine for electrochemical calculations is based
on the mode] described in Section 2.1, in order to consider the ther-
mal contribution of HB coupling to the SOE energy balance. The
only inputs to the subroutine are the operating temperature,
already set at 650 *C, and the heat supplied to the SOE (DH-HB)
per unit of hydrogen produced, to calculate k used in Eq. (10).
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