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Sources, ENEA C.R. Casaccia, Rome, Italy, 2 Department of Industrial Engineering and Mathematical Sciences, Marche
Polytechnic University, Ancona, Italy

Technologies capable of efficiently exploiting unavoidable CO» streams, have to be
deeply investigated and deployed during the transition phase to achieve long-term
climate neutrality targets. Among the technologies, Molten Carbonate Cells (MCC)
Operating in Electrolysis Mode (MCEC) represents a promising facility to valorize COo-
rich waste streams, which are typically available in industrial plants, by their conversion
into a high-value Ho/CO syngas. These gaseous products can be reintegrated in a plant
or reused in different applications. This study analyzes the integration of a system of the
MCEC unit under different operating conditions in terms of composition, current density,
and the utilization of fuels in a steam-reforming process of an Italian oil refinery via a
mixed experimental-simulative approach. The aim of the current study is to assess the
improvement in the overall product yield and further impacts of the MCEC unit on the
plant efficiency. The results have shown that it is possible to obtain an electrochemical
Specific Energy Consumption for the production of Ho of 3.24 kWh/NmE|2 using the
MCEC, whereby the possible integration of a 1-MW, module with a reformer of the
proposed plant not only increases the hydrogen yield but also decreases the amount of
fuel needed to assist the reforming reaction and separates a CO» stream after additional
purification via an oxy-fuel combustor, consequently determining lower greenhouse
gases emissions.

Keywords: Molten Carbonate Electrolysis, MCEC, system integration, hydrogen production, electrochemical
systems, oil refinery industry, waste recovery, carbon capture

INTRODUCTION

To achieve long-term climate neutrality targets by 2050 as imposed by the EU (European
Commission, 2018), transition technologies, which have the capability of efficiently exploiting
unavoidable CO, streams in synergy with renewable energy sources (RES), must be further
investigated and deployed in the global energy sector. In such a context, hydrogen is an energy
vector that can effectively contribute to the energy transition due to its wide applicability, both
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in terms of sector and scale (Noussan et al, 2020).
Electrochemical systems can connect gas and electricity
networks, which provide an opportunity to integrate clean
technologies into industrial processes and to reduce their
environmental impacts. Sector coupling of key hard-to-abate,
non-electrified sectors such as the oil refining industry is a
crucial step to carry on the transition toward fully zero-emission
technologies (International Energy Agency, 2019), as identified
by the main hydrogen strategies and roadmaps (FCH-JU FC

HJU, 2019).
Chemical industries, in particular refineries and
petrochemical plants, are nowadays among the biggest

consumers of hydrogen and account for 38 Mtony,/year
(International Energy Agency, 2019). Hydrogen is used in several
refining processes, such as hydrotreating and hydrocracking
of heavy products (Baharudin and Watson, 2017), with the
aim of obtaining higher quality fuels and lower emission
potential. The current hydrogen demand for use in refinery
has already exceeded the platformer production capacity (KLM
Technology Group, 2017), and, therefore, most refineries present
an integrated steam-reforming section in the plant scheme. In
future, the demand of hydrogen is expected to increase further
due to a combined effect of (1) EU Emission Trading System-
related penalties, (2) stricter fuel quality regulations, and/or (3)
lower crude oil quality (Lukach et al., 2015). Such additional
hydrogen must be provided by other sources, for example,
from the gasification of oil refining residues and the recovery
from refinery off-gases, by improving the efficiency/yield of a
steam-reforming process and/or by electrolysis (Fahim et al,
2010). Due to the limited fossil fuel sources and environmental
considerations, there is a growing interest for in situ electrolysis
technology. Moreover, electrolysis systems produce oxygen
(OE) as a by-product, which can be useful to the plant
as well.

Electrolyzers can be classified according to the operating
temperature, among other operating parameters (Wang
et al,, 2019). Low-temperature electrolyzers, named as “water
electrolyzers,” are based on Polymer Electrolyte Membrane (PEM)
and alkaline technologies, being the most widespread electrolysis
system (Schalenbach et al., 2018). Whereas, high-temperature
electrolyzers, named as “steam electrolyzers,” are represented by
Solid Oxide Electrolysis Cells (SOECs) and Molten Carbonate
Electrolysis Cells (MCECs) (Mcphail et al., 2010). An increment
in the electrolysis temperature is of great interest due to the
two main reasons. Firstly, high-temperature technologies are
usually less energy intensive than the low-temperature ones
(Tao et al., 2009; Hu, 2016). Indeed, with a rise in temperature,
a part of the electrical energy needed to decompose the water
molecule can be replaced by the heat. Secondly, they are able to
process hydrocarbon fuels without significant degradation issues
due to their internal fuel processing capability, enhanced by
higher operating temperatures and catalyst presence (Cigolotti
et al., 2008; Di Giulio et al., 2012). High-efficiency upgrading of
hydrocarbon streams can lead to the production of hydrogen
at very electrical low specific consumption [around 3-4
kWh/Nm?> (International Energy Agency, 2019; Barelli et al,
2020)], especially if waste heat is available as it may occur in

industrial plants (although high-grade waste heat is seldom
available) (Laurencin and Mougin, 2015). The MCEC, as well
as other high-temperature electrolyzers, can operate in the
reverse mode [Molten Carbonate Fuel Cell (MCFC) mode] to
generate electricity (Hu et al., 2014; Mcphail et al., 2015). Unlike
other electrochemical technologies, Molten Carbonate Cells
(MCC) have a unique operating capability like an integrated
CO, concentrator: in fact, the electrochemical reactions that
take place within the MCFC (but also in the MCEC) involve
the migration of CO;?* ions and the concentration of the
CO; from one electrode to the other electrode. All in all, the
MCEC represents a promising option to enrich CO;-rich
waste streams typically available in industrial environments,
by efficiently converting them at the Fuel Electrode (FE) into
higher value syngas products, which can be reintegrated in the
plant environment or reused elsewhere for different end-use
applications. Simultaneously, the MCEC separates the CO;
from the off-gas and concentrates it at the OE where it is easy
to capture.

So far, the MCEC literature is not extensive even though
the number of papers concerning this technology has increased
in the last few years, which are mostly focused on lab-
scale experiments using button cells (Hu et al, 2014, 2016),
planar single cells (Perez-Trujillo et al., 2018), and numerical
models (Perez-Trujillo et al., 2018; Pérez-Trujillo et al., 20205
Barelli et al., 2020). Several studies analyze the integration
of the MCC in the FC mode (MCFC) at the system level,
especially as bottoming systems for biomass and gas turbine
plants (Spinelli et al, 2014; Rinaldi et al, 2015; Roshandel
et al,, 2015) and as CO, removers where flue gas is fed to
the OE, and then separated at the FE outlet under different
operating conditions (Desideri et al., 2011, 2012), but also
coupled with other technologies such as calcium looping (Della
Pietra et al., 2018; De Silvestri et al., 2021). A limited number
of studies (Barelli et al., 2020) have been carried out in terms
of system integration analyses of MCC in the electrolysis
mode (MCEC).

This study analyzes the system integration of an MCEC
system in an existing Italian oil refinery plant as a novel concept
for the recovery of an off-gas and the capture of CO; in a
steam-reforming process via a mixed experimental-simulative
approach, focusing on the upgrading of CO,-rich off-gas streams
within the plant layout. An integrated system including the
MCEC unit is compared with respect to the existing one in terms
of performance indicators, such as the hydrogen yield, thermal
and electrical energy balance of the plant, and capture potential
OfC02.

The paper is organized as follows. Section Introduction
provides a brief overview of the analyzed processes, namely
Steam Methane Reforming (SMR) and Molten Carbonate
Electrolysis (MCE). Section Materials and methods discusses
about the case study and presents a proposed mixed
experimental-simulative approach. In section Results and
Discussion, the results are presented and discussed (sections
Experimental Campaign Results and System Integration
Analysis Results). In section Conclusions, the conclusions
are drawn.
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SMR—Process Overview

Steam reforming is based on the catalytic reaction between steam
and hydrocarbons, mainly methane (CHy), which leads to the
formation of hydrogen (H;) (Angeli et al., 2014), as described in
Equation (1):

CHy4 + H,O = CO + 3H, (1)

The chemical reaction described in Equation (1) is strongly
endothermic (AH, = 206 kJ/mol), thus requiring significant
amount of heat at high temperature (800-850°C) for the reaction
to take place. Although the conversion would be favored by lower
pressures, steam reformers are normally designed to operate at
medium pressure (15-30 bars) due to various constraints related
to the size of plant equipment, pressure drops, etc. Under such
operating conditions, the CH4 conversion rate is almost complete
and the percentage of unconverted CHy in the process output
stream is low (Simpson and Lutz, 2007).

In addition to H;, carbon monoxide (CO) is also produced
in a steam-reforming reaction and it subsequently reacts with
the water vapor (H,O) in a water shift converter for further
increasing the production of Hj, as reported in Equation (2).
Compared to the reaction in Equation (1), this last one is slightly
exothermic (AH; = —41 kJ/mol) and releases heat: for this
reason, it is carried out at lower temperature (200-300°C) in a
different reactor with different catalysts.

CO+ H,0 = CO, + Hy (2)

MCEC —Process Overview

MCECs are based on the proven and already commercially
introduced MCFC technology, where units of up to 3.7 MW are
currently sold in the market and several power plants of 10-60
MW are already installed worldwide (McPhail et al., 2008). The
difference between the MCEC and MCEFC is the direction of the
redox reaction, since the operating principle of the electrolyzer is
the inverse of the fuel cell one (Hu, 2016). Figure 1 schematizes
the reactions occurring inside an MCEC (A) and an MCFC
(B), respectively.

Regarding the MCEC, its components are assembled with the
materials same as those used for the MCFC, where the FE is made
of porous nickel and alloyed with Cr and/or Al the OE is made of
porous lithiated nickel oxide (NiO). The electrolyte consists of a
eutectic mixture of lithium, potassium, and/or sodium carbonate
(Li,CO3, K,CO3, and Na,CO3), which remains liquid at the
operating temperature (650°C). A porous matrix, commonly
made of y-LiAlO,, is used to retain the electrolyte, besides
conducting the carbonate ions between the electrodes as well as
separating the fuel and oxidant gases (Kiingas, 2020).

Water, carbon dioxide, and electricity are required to perform
the reduction reaction in the FE, which produces H, and
carbonate ions (COg_), as expressed in Equation (3):

H,O+ CO, +2¢~ — H, + CO3 2 3)

Carbonate ions are conducted through the electrolyte to be
oxidized at the OE, producing carbon dioxide and OE, as

reported in Equation (4). No flow is strictly required at the
OE inlet; nevertheless, at laboratory scale, some flowing gas
generally air mixed with a little amount of carbon dioxide is
supplied to sweep out the formed gases in addition to avoiding
the degradation of the electrode.

CO3% — CO; +0.50; +2¢~ (4)
Thus, the global reaction is expressed in Equation (5):
H,O + COZ,fe — Hy +0.502 4 COz,, (5)

The remaining two reactions can occur at the FE, both leading
to the production of carbon monoxide: the electrochemical
reduction of CO, into CO and the reverse water-gas
shift (RWGS) reaction as reported in Equations (6) and
(7), respectively.

2C0; + 2¢~ — CO;* + CO (6)
CO, + H, =S H,O0+ CO (7)

The chemical production of CO through the RWGS is expected
due to both the operating temperature and availability of the
Ni catalyst in the FE, while the electroreduction of CO, is not
expected to take place (Pérez-Trujillo et al., 2020). The ratio
between the electrochemical and chemical production of CO
has been analyzed under different experimental conditions by
Meskine et al. (2020). They coupled thermodynamic calculations
and gas chromatography online detection of the gases. Their
results proved that the electrochemical production of CO
depends on the operating current density, but it is generally low
with respect to the chemical production.

High operating temperature and the presence of Ni catalyst
at the side of the FE allow to use a variety of fuels, such as
methane or other higher hydrocarbons derived from natural gas
and biomass (Cigolotti et al., 2008). When these compounds are
present in the fuel mixture, CHy can be converted to hydrogen
via steam reforming (Equation 1). Through the Water-Gas
Shift (WGS) reaction (Equation 2), additional hydrogen can
be obtained by treating the steam-reforming-generated carbon
monoxide with water.

MATERIALS AND METHODS
Case Study: Oil Refinery in ltaly

The integration of a MCC system in an existing oil refinery
plant located in Italy already described in the previous studies
(Comodi et al., 2016; Rossi et al., 2020) is assessed. The refinery
capacity is about 3.9 Mt of crude oil per year (85,000 barrels
per day) for the production of propane, gasoline, kerosene, and
diesel. The refinery makes use of hydrogen and integrates the
two SMR units. The analyzed unit presents a rated capacity of
around 10,000 Nm?3/h of H,, obtained through the SMR by using
nearly 2,500 Nm?>/h of natural gas. A detailed description of the
SMR plant and the integration of the MCEC unit is presented. All
the reported operational data, in terms of temperature, flow rate,
and composition, have been obtained by on field measurements
and batch ex situ gas sampling according to DIN-51666/UNI
EN15984 norms.
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FIGURE 2 | Process flow diagram (PFD) of a steam-reforming process—ex ante—within the oil refinery plant.

Off-Gas Recovery with an MCEC System: Ex Ante
and Integrated Scenario

Figure 2 shows a simplified Process Flow Diagram (PFD) of the
ex ante steam-reforming process described here. In particular,
both flow rates and temperatures of the streams at different
sections of the overall chemical process are listed in the table
included in the PFD.

Before processing the natural gas feed [stream 1, national
natural gas network quality, i.e., >99.5 mol% CHy, low heating
value (LHV) of around 10-11 kWh/Nm?> (SNAM RETE GAS,
2016)] in a main steam reformer (stream 3), a pre-treatment
is required to transform any sulfur compounds into hydrogen
sulfide (H,S), then hydrogen sulfide needs to be removed in a
sulfur absorber reactor since it pollutes the reforming catalysts.
The treated stream, after being desulfurized and mixed with
steam, undergoes a steam-reforming process, which is carried

out in two phases. The first one (stream 2) is performed in an
adiabatic pre-reformer (500-550°C) up to a H; content of around
20 mol%, which has the aim to further protect the catalysts
of a main reformer and activate the preliminary reactions of
hydrocracking and hydrogenation of hydrocarbons heavier than
methane. The second one (stream 3), up to a H, content of
around 70 mol%, occurs in a main reformer, which is composed
of tubular reactors inside a furnace allowing the process gas
to achieve the high temperature required by a steam-reforming
process (800-850°C). The gas exiting the main reformer (stream
4) is cooled down to around 300°C via a heat recovery steam
generator and sent to the WGS converter to further convert the
remaining CO into CO, and increase the H; yield in the gas
(up to 75 mol%), as described in Equation (2). As previously
discussed in section Introduction, the output flow rate (stream
6, 9,841 Nm?/h) is approximately four times the inlet natural
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gas flow rate (stream 1, 2,537 Nm?3/h) as a consequence of
the stoichiometry of the reforming and shift reactions. Table 1
reports the ex ante process stream characteristics in terms
of temperature, flow rate, and characteristics, following the
evolution of the process flow in the plant according to the
PFED displayed in Figure 2 (composition and volumetric flow
rate trend plots of the evolving process flow can be found in
Appendix 1).

The final product (stream 6) is mainly composed of H,, ~17.5
mol% of CO,, and, to a lesser extent, 6.5 mol% of CHy and 1
mol% of CO that have to be removed. For this reason, a physical
Pressure Swing Absorber (PSA) separation system is used. The
stream is cooled, by heat recovery steam generators and air/liquid
cooling systems in series, down to the operating temperature
of the PSA around 35°C. In such a system where molecular
sieves are used, the “impurities” in the stream gas are firstly
adsorbed at high pressure and then desorbed at low pressure.
Alternate cycles of adsorption and desorption in multiple PSA
units, which operate in parallel, allow the system to obtain a
volumetric separation efficiency of 77% for 99.99 mol% grade H,
as defined in Equation (8).

QH zpure,out

(8)

npsa =
Qm2;,

In the PSA outlet (stream 7), 5,651 Nm>®/h of pure H, with
negligible amount of CHy (<0.01 mol%) is obtained. The H,
stream is sent to the distribution pipelines and subsequently
to the hydrodesulphurization unit. The off-gas (4,102 Nm?3/h)
exiting the PSA (stream 8, 39.46 mol% Hj; 15.64 mol% CHy;
42.18 mol% CO; and 2.72 mol% CO) is sent to the main reformer
combustion chamber to provide the required heat to sustain the
reforming process. Considering the LHV (~14.3 M]J/kg obtained
with ex situ gas sampling, i.e., ~3.22 kWh/Nm?) and flow rate
(4,102 Nm?/h) of the off-gas, the thermal power supplied to the
reformer furnace is around 13.2 MWy, which is enough to meet
the thermal requirement of the reforming reaction in relationship
to the reformed CH4 amount. It is worth noticing that no
auxiliary fuel coming from the national natural gas pipeline is
required in steady state operating conditions, although the piping
connection is available for start-up procedures. The combustion
is performed with preheated air, under a 10% excess ratio with
respect to stoichiometry, obtaining a typical combustion flue
gas composed of CO, (2,547 Nm?/h) and H,O (3,210 Nm?3/h)
diluted in air, which is treated and vented to the atmosphere.
Saturated steam at liquid/gas equilibrium is available in the steam
drum at 258°C and 45 bars obtained by internal heat recovery.
Steam for process and export (as indicated in Figures 2, 3) is
superheated up to the required temperature by heat exchange
with the reformer flue gases with negligible pressure drops.
Around 6,720 Nm?/h of superheated steam is mixed with stream
2 at an inlet of the pre-reformer to obtain suitable conditions for
the reforming and shift reaction processes. Water (in the form of
condensate and liquid fraction) streams in the plant are circulated
to a heat exchanger inside the main reactor furnace to reach
saturated conditions and to be reintegrated in the steam drum
without significant temperature drops.

TABLE 1 | Ex ante stream characteristics: in terms of temperature (°C), flow rate (Nm®/h), and composition (mol%).
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mol %
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The MCEC operates on the PSA off-gas (stream 8), which
is rich in CO,. A portion r of said off-gas is sent to the FE,
integrated with additional steam with an equimolar H,0:CO,
ratio, according to the global electrolysis cell reaction (Equation
5). The additional steam is sourced internally from the excess
available steam export stream, while the reheating of the off-gas
to the operating temperature of the MCEC (650°C) is obtained
either by exploiting available heat sources or through a dedicated
electric heater. The off-gas ex situ detailed sampling shows that,
other than the main gases (H,, CHy, CO3, and CO), the oft-gas is
composed of <2 mol% of light hydrocarbons (ethane, propane,
butane, and pentane) and <0.002 mol% of hydrocarbons heavier
than hexane, all of them compatible with the MCEC technology
thanks to its internal reforming capacity. As described in section
Introduction, there is no strict requirement for the gas feed at
the OE. Theoretically, a CO;-concentrated gas mixture (66/34%
CO,/03) is obtained at the electrode outlet according to Equation
(5) and subsequently evolved through a stoichiometric oxy-
combustion reactor with a slipstream of natural gas from the
gas grid in order to further increase the CO; concentration and
eventually obtain 100% CO, content after water knockout via
condensation from the flue gas. In fact, oxy-fuel combustion
is a typical thermal CO;-capture technology used in industrial
environments, which does not imply substantial changes in the
plant scheme (Plaza et al., 2020).

The role of the MCEC can be two-fold: (A) increasing the H,
yield of the whole system by producing an additional quantity of
H; obtained by recirculation to the PSA; (B) reducing the oft-gas
flow rate to the combustor by improving the LHV since H, and
CO replace CO;. As a side effect, the integration of the MCEC
unit can also provide further benefits such as: (C) concentrating

CO; at the outlet of the OE after further separation via oxy-
fuel combustion; (D) improving the plant thermal management.
On the downside, the MCEC increases the electricity demand
that, in this case, is considered to be supplied by the national
power grid.

In order to have a better overview of the two previous
operating modes, Figure3 shows the same steam-reforming
process displayed in Figure2 with the addition of the
MCEC. Stream properties successive to stream 6 will
be analyzed and discussed in detail in section Results
and Discussion, being function of the MCEC size and
operating conditions.

Experimental Setup and Campaign

A set of experiments described in this paper were carried
out at the High-Temperature Fuel Cell Operating and Testing
Laboratory of the Italian National Agency for New Technologies,
Energy and Sustainable Economic Development (ENEA) in
Rome, Italy, by using a single repeating unit button cell test bench
(3 cm?) with an open configuration as shown in Figure 4 (Della
Pietra et al., 2016; De Silvestri et al., 2021).

After performing the start-up, reduction, and stabilization
in the fuel cell mode (De Silvestri et al., 2021), a total of six
cases in the MCEC mode were tested with three OE electrode
compositions for two FE flow rates at 650°C. For each tested
composition, IV curves (for both the MCFC and MCEC modes)
and gas analysis were performed. The compositional analysis was
carried out in the open circuit voltage (OCV) condition and
under the two different values of current density in the MCEC
mode: 100 and 200 mA/cm?,
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The test bench is equipped with gas flow meters (EL-
FLOW Series-Model: F-201CV) to regulate all the inlet gases
except water supplied to the mixture by using a liquid flow
(Model: L23) controller and a controlled evaporator mixer
(CEM) produced by Bronkhorst. The hydrogen is fed by an
on-site DBS NMH,; 1,000 electrolyzer. The temperature of the
anodic inlet pipeline is controlled through line heaters from
the water injection point up to the furnace entry, in order to
prevent water condensation inside the inlet pipes and preheat
the gas mixture. The cell temperature was maintained at 650°C
during the overall experimental campaign and monitored by
using a thermocouple located inside the housing. The LabView
custom-made software was used to control and monitor all
the signals. To characterize the electrochemical performance,
a BK precision 9200 DC power supply and a BK precision
8100 DC electronic load were used in the galvanostatic mode,
allowing to obtain polarization curve both in the fuel cell and
electrolysis mode. Voltage from separate terminals was measured
by using a Hewlett-Packard 3478A high precision Multimeter. A
Gas Chromatographer (Clarus 680 GC-Perkin Elmer) was used
for gas analysis, picking up the gas through a 1/16” sampling
line located inside the FE outlet. The GC was equipped with
a specific column for the compounds studied (Hayesep Q and
Molecular Sieve5A) and a thermal conductivity detector for
their detection.

Materials for the assembly of 3 cm? button cells were
provided by KIST Fuel Cell Research Centre Laboratories
in Seoul (South Korea) and are summarized in Table 2.
The electrodes of the cell consist of Ni alloy electrode and
lithiated NiO electrode corresponding to FE and OE electrode,
respectively. The electrolyte was a eutectic mixture of 62/38
mol% Li;CO3/K;CO3. A porous LiAlO, matrix is used to
contain the electrolyte and support the cell. Electrolyte and
matrix layers were assembled between the two electrodes and

TABLE 2 | Button cell specification.

Button cell Specification

components

Fuel electrode and Size (cm x cm) 3

current collector Thickness (mm) c.a0.69
Current collector material Pure Ni
Electrode material Ni 4+ 5%yt Al
Porosity c.a 55-60%

Oxygen electrode and Size (cm x cm) 3

current collector Thickness (mm) c.a0.7
Current collector material AISI 316L
Electrode material Lithiated NiO
Porosity c.a 60-65%

Electrolyte Material LinCO3/KoCO3
Mole ratio 68:32
Electrolyte amount c.a0.6g

Matrix Material y-LIAIO,
Thickness (mm) 1.2

sandwiched between the two current collectors as shown in
Figure 4.

The experimental campaign is shown in Tables 3, 4. The
used composition is based on the composition of the off-gas
(Table 1) at the outlet of the PSA obtained from the on-field data,
integrated with the additional steam to achieve an equimolar
H,0:CO; ratio as described in section Case Study: Oil Refinery
in Italy. Two different FE total flow rates (150 and 100 ml/min)
are used and indicated as Test Cases 1 and 2, which represent
typical operating conditions for button cell testing (Rexed, 2014).
The total specific flow rates for the selected FE correspond
to 3 and 2 NL/(h cm?). For each case, three different OF
compositions were investigated for a fixed total flow rate of
200 ml/min denominated as follows: (1) standard (CO,/0O,/N,
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TABLE 3 | Test Case 1 input compositions [fuel electrode (FE) flow rate: 150 mi/min; 3 NL/(h cm?)].

Test Case 1 =3 NL/(h cm?)

T =650°C Fuel Electrode (FE) Oxygen electrode (OE)
Total flow rate: 150 ml/min Total flow rate: 200 ml/min

Gas composition H, CO. CH, co H.0 CO, 0, N2
| Molar Fraction (mol%) 31 29 10 1 29 30 15 55
Standard OE Flow rate (mi/min) 46.5 435 15 15 435 60 30 110
Il Molar Fraction (mol%) 31 29 10 1 29 66 34 0
Enriched OE Flow rate (mi/min) 46.5 435 15 15 435 132 68 0
Il Molar Fraction (mol%) 31 29 10 1 29 15 7.5 77.5
Diluted OE Flow rate (ml/min) 46.5 435 15 15 435 30 15 155

TABLE 4 | Test Case 2 input compositions [FE flow rate: 100 mi/min; 2 NL/(h cm?)].

Test Case 2 = 2 NL/(h cm?)

T=650°C Fuel Electrode (FE) Oxygen electrode (OE)
Total flow rate: 100 ml/min Total flow rate: 200 ml/min

Gas composition Hz CO CH,4 co H,O CO2 (o) N2
| Molar Fraction (mol%) 31 29 10 1 29 30 15 55
Standard OE Flow rate (ml/min) 31 29 10 1 29 60 30 110
Il Molar Fraction (mol%) 31 29 10 1 29 66 34 0
Enriched OF Flow rate (mi/min) 31 29 10 1 29 132 68 0
Il Molar Fraction (mol%) 31 29 10 1 29 15 7.5 77.5
Diluted OF Flow rate (mi/min) 31 29 10 1 29 30 15 155

30/15/55%), (2) enriched (CO,/0,/N; 66/34/0%), and (3) diluted
(CO,/03/N; 15/7.5/55%). The standard condition is a N, swept
version of the theoretical produced gas at the OE typically used
in laboratory tests for the previously mentioned reasons. An
enrichment of CO, at the OE is typically beneficial in the MCFC
mode since it increases the reagent CO; to be dissociated into
CO? ions at the OE interface (Discepoli et al., 2012). In this
work, the effects of an enriched/diluted cathode composition are
investigated in both the MCFC and MCEC mode.

The theoretical electrochemical fuel Utilization Factor (UFy, )
is given by the ratio between the reactant reaction rate, solely
the function of the current load (A) as defined by the Faraday
Law, and the reactants in the inlet fuel, as shown in Equation
(9). However, due to the concurrent reactions other than
the electrochemical ones, the MCEC total fuel conversion is
also affected by the chemical conversion (SMR, WGS, and
RWGS reactions). The total fuel Utilization Factor (UFf o>
calculated upon both CO, and H,0O) is obtained from the
gas chromatography analysis, as shown in Equation (10), and
accounts for both the electrochemical and chemical conversion.
Therefore, the chemical Fuel Utilization (UFy ¢n) will be equal to
the difference between the total UFy,,,; and the electrochemical
reaction rate UFy,,, Equation (11).

Qco,, +Qm0,
Qcozin + Qm0,in  Qcoz,in + QH,0,in

I I
2F T 3F

UFf,e = )

UF) o0 = (Qcoy,0ut — Qcos,in) + (Qm,0,0ut — QH,0,in) (10)
Qc0,,in + QH,0,in

UFfn = UFftor — UFfe (11)

Integrated System Modeling

Integrated system modeling is based on concatenated blocks
based on each component, defining the input/output stream
properties according to internal process operating conditions
(steady state or off-design). By introducing a new component in
a process, changing the operating scheme, or by changing
the operating conditions of certain components, some
stream properties are modified, which affect all downstream
components. Ultimately, the overall system performance is
affected (Barelli et al., 2020; Moradi et al., 2020).

In the present case, the effects of the integration of the MCEC
unit in the previously described plant are illustrated in Figure 5.
The MCEC unit processes a portion r of the off-gas stream
(stream 8), which is preheated to 650°C by waste heat recovery
(from a part of the air/water cooler heat duty or from the oxy-
combustion reactor) or by an electric heater. Such an oft-gas
flow is integrated with an equimolar superheated steam quantity
with respect to the inlet CO, flow rate. The MCEC enriches
the processed gas mixture in H, and CO obtaining a higher
LHYV value. In this way, considering an equal heat duty to the
main reformer furnace (13.2 MWy,), a lesser amount of off-gas
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is required in the combustion process. Consequently, some H,-
enriched off-gases can be recirculated according to the PSA inlet
(according to the recirculation ratio k) to increase the yield of H,.

A preliminary sizing of the nominal MCEC power (kW) and
stack size (m?) can be done as a function of the processed off-
gas portion r at different total fuel Utilization Factor (UF o)
rates, considering the nominal design conditions in terms of the
IV operating condition point (mA/cm?; V/cell; and W/cm?) and
FE reactant-specific inlet flow rate [NL/(h cm?)] obtained from a
literature study (Barelli et al., 2020). Considering that a single cell
typical surface is equal to around 1 m?, the number of repeating
unit cells can be calculated. The design specification parameters
of the MCEC system are reported in Table 5.

Once the MCEC sizing has been fixed, the MCEC
performances (reactant reaction rate, H, production) in design
and off-design operating conditions as a function of current
density (A/cm?) and reactants specific inlet flow rate [NL/(h
cm?)] have been assessed considering both the electrochemical
and chemical conversion pathways. The operating envelope
of the MCEC system parameters are reported in Table 5. The
electrochemical conversion is obtained by applying the Faraday
Law as a function of the operating current (Equation 9), which is
obtained from the IV performance curves scaled to a stack level.
According to the stoichiometry of the electrochemical MCEC
reactions, also the flow rate and composition at the outlet of
the OE can be defined, considering a null inlet flow rate at the
OE. The chemical conversion is assessed by an interpolation of
the experimental data as a function of the UFy ;y; and reactants

TABLE 5 | Sizing Molten Carbonate Electrolysis Cell (MCEC) system parameters
(Barelli et al., 2020).

MCEC system
parameters

Specification

Design specifications Typical stack power (kW) 25 -10k

Typical cell surface (m?/cell) 1

Design UF 1ot (%) 80%
Design current density (A/cm?) 0.15
Design reactant specific inlet flow 0.18
rate (NL/(h cm?))
Operating parameters Current density (mA/cm?) 0-200
range Reactant specific inlet flow rate 0-0.5
(NL/(h cm?))
UFt ot (%) 40-90%

specific inlet flow rate [NL/(h cm?)] in order to calibrate the
reaction rate, output gas flow, and composition.

The CO, separation efficiency at the OE is assessed via the
Specific Primary Energy Consumption per unit of CO; Avoided
(SPECCA) index (MJ1nv/kgcoz.avoided)> as defined in Equation
(12) (Gatti et al., 2020), where 7 is the energy efficiency of the
SMR plant—in the ex ante and with the MCEC scenarios—
defined as energy output (chemical energy obtained in the
form of pure hydrogen) by energy input (chemical energy in
the form of natural gas plus all additional external energy
streams involved in the process); E (kgcoa/M]ysefu1) corresponds
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to the specific emissions per unit of useful energy output
(chemical energy obtained in the form of pure hydrogen)
in the ex ante and with the MCEC scenarios. The term
Ew/MCEC considers only emission avoidance related to the
CO; amount separated downstream the oxy-fuel combustion
reactions, without considering effects on the reformer flue gas for
improved combustion. All electrical contributions are affected (1)
in terms of energy by an average Primary Energy Factor (PEF—
kWhpg/kWh,), which for the Italian national electricity mix is in
the average around 1.9-2 (Noussan et al., 2018) and (2) in terms
of emission by the average grid electricity Emission Factor (EF—
kgCO3,eq/kWh,), which is currently around 0.25 kgCO3 ¢q/kWh,
for the EU-zone (ISPRA, 2018). Further details regarding the
calculation of the SPECCA index can be found in Appendix 2,
including a sensitivity analysis on the SPECCA index considering
the forecasted values for the PEF and EF up to 2040 (International
Energy Agency, 2015; Terna-Snam, 2019).
SPECCA = ( )

ex—ante — EW/MCEC

1 1
Nw/MCEC ~ Nex—ante

(12)

The upgraded off-gas recirculation ratio k is defined in Equation
(13). Said ratio k is calibrated in order to provide a suitable
off-gas flow to always satisty the thermal load of the reformer
combustor as a function of the variation of the LHV of the
oft-gas (which is constant since the inlet CHy flow rate is
constant). The complement k — 1 ratio of the upgraded off-gas is
reintegrated at the inlet of the PSA (stream 6) assuming an ideal
gas mixing, which modifies the hydrogen yield assuming a fixed
PSA separation efficiency (Equation 8).

Qoﬁ—gas, combustor

k=
Qoﬁ —gas, PSA reintegration
LHV,qg_
i T Y P (13)
LHVOﬁ_gascxfante

The thermal and electrical energy consumption for oft-gas
preheating is assessed under two scenarios: (1) a best-case
scenario where a full heat integration is foreseen at the plant level
and (2) a worse-case scenario where the off-gas is fully heated via
an electrical heater. The composition of the off-gas is assumed to
remain constant in the preheating phase in both the scenarios.

In the integrated heat management scenario, the amount of
heat required to increase the temperature of the off-gas stream
fed to the FE is partially sourced from the heat duty of the
air/liquid cooling systems of the process gas upstream the PSA
(heat duty from 32°C to around 130°C, according to the plant
data). The avoided electrical energy consumption is calculated
from the required thermal power of the gas mixture whose
thermodynamic properties are calculated at the average heat
exchange temperature considering the typical Energy Efficiency
Ratio (EER—BTU/W,) values for the air/liquid cooling units of
similar scale equal to 10 BTU/W, and 21 BTU/W,, respectively
(U.S. Department of Energy, 2016), as expressed in Equation (14).

_ Pth,oﬁ'fgus,prefheating
EER

P,

moﬁ'—gas Cpoﬁr,gas (T) AToﬁ"—gas

EER (14

The remaining preheating energy is obtained with an indirect
heat exchange with the flue gas of the oxy-combustion unit
for CO;, purification. Oxy-combustion flue gas heat potential
is assessed by considering a combustion efficiency of 90%
with respect to the LHVyg and assuming a fully developed
combustion. The actual heat provided to the oft-gas is calculated
by assuming a precautionary heat transfer efficiency for an
indirect heat exchanger of 70% (Moradi et al, 2020; Heat
Exchanger World, 2021).

As an alternative, the off-gas preheating is obtained in
consideration of electrical heating: after calculating the heat duty
required to increase the temperature of the off-gas mixture—
whose thermodynamic properties are calculated at the average
heat exchange temperature—from 32 to 650°C, the electrical
power is calculated by assuming a precautionary heat transfer
efficiency of 70% (Moradi et al., 2020; Heat Exchanger World,
2021).

RESULTS AND DISCUSSION

Experimental Campaign Results

The polarization and power curves obtained in the experimental
work are shown in Figure 6. For all the plotted polarization
curves, the positive current density refers to the fuel cell (MCFC)
mode, while the negative current density refers to the electrolysis
(MCEC) mode. In particular Figure 6A shows a comparison
between the IV curves obtained for the Test Case 1 and the Test
Case 2, while in Figure 6B the power density (mW/cm?) as a
function of the current density is shown.

As shown in Figure 6A, no relevant effects in the IV curve
were observed by reducing the total inlet flow rate of the FE in
the MCEC mode, while in the fuel cell mode the curves obtained
with higher fuel FE flow rate (Test Case 1) showed slightly better
performances. This is due to a greater quantity of reactants
(H,) available for the electrochemical reaction contained in a
higher FE inlet flow rate, decreasing the concentration losses
occurring at high current density values. The same behavior can
be observed in the power trend where the curves obtained for
Test Casel and Test Case 2 in the MCEC mode overlap, while
in the MCFC mode there is a slight improvement in the curves
obtained with a higher FE flow rate for the aforementioned
reasons. In particular, voltage curves show an almost linear
relationship with respect to current density, with low activation
losses, which is a common aspect for MCC (U.S. Department of
Energy, 2004). Consequently, the trend of power density is almost
quadratic with respect to current density.

Figure 7 focuses on the performance obtained using different
OE compositions in Test Case 1. The IV trends obtained in the
Test Case 2 were almost identical to those obtained in Test Case
1, for this reason the IV curve at different OE compositions is
shown only for one test case for the sake of brevity. In Figure 7,
it is possible to notice that the performance in the MCEC mode
remains almost the same, confirming that the OE gases do not
participate in the electrochemical reaction in the cell, but are
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supplied only to sweep out the formed gases in addition to
avoiding the degradation of the electrode. In the fuel cell mode,
the situation is different, in fact the electroreduction reaction
occurs at the OE where the carbon dioxide and OE are reduced
and the formation of the carbonate ions is possible. For this
reason, the cell performance in the MCFC mode improves with
the increase of O, and CO, percentage in the OE electrode. In
both cases, the mean voltage increase between the Standard OE
and the Enriched OE is around 7% (ca. 50 mV), while the mean
voltage between the Diluted OE and Enriched OE is around 15%
(ca. 110 mV).

The results obtained from the gas
chromatograph for the two Test Cases are presented in Figure 8.
In Figures 8A,C, the flow rate measured in ml/min is reported

compositional

for each compound under the different conditions studied.
In Figures 8B,D, the percentage trend for each compound is
shown as the variation in the test conditions. It is important
to underline that the results obtained for each condition tested
using OF Standard, OE Diluted, and OE Enriched compositions
are almost identical, and for this reason only a single set of data
are presented, further confirming that the MCEC mode is not
affected by variations in the composition of the OE, as already
seen for the IV curves in Figure 7.

Figures 8A,C show similar changes in the gas concentration
between the gas inlet (black bar) and the gas measured in the FE
outlet in the OCV condition (red bar), which is purely due to
the chemical conversion of the species at the MCEC operating
temperature (650°C). In particular, there is an increment of H;
and CO while CO;, H,O, and CHy slightly decrease. A marked
increment of CO in the OCV condition is possible due to the
concomitant action of two reactions: the RWGS reaction and
the SMR reaction. The first reaction (Equation 7) leads to the
chemical production of CO and H,O by consuming CO; and H.
In the second one (Equation 1), CHy reacts with water to produce
H; and CO. Also, it is not possible to exclude the presence of
the WGS reaction (Equation 2) that generally follows the SMR
reaction leading to the formation of H, and CO;. These reactions
are expected in the FE due to the operating temperature and the
availability of Ni catalyst.

With the increase of current density, the trend of H; increases
and, at the same time, there is a linear decrement of H,O
and CO;, as shown in Figures 8B,D. This is the result of the
electrochemical reduction at the FE (Equation 3). It is evident
that the increment of H, (as also the decrement of CO, and
H,0) in the Test Case 1 is less marked with respect to the
one measured in the Test Case 2 due to the fact that the Fuel
Utilization (UFgq,) is inversely proportional to the reactant flow
rate, as described in Equation (9). The total UFg, obtained
experimentally in the Test Case 1, where the FE total flow rate
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corresponds to 150 ml/min, is between 5-8% (100 mA/cm?), and
is equal to 10.29% (200 mA/cm?) while in Test Case 2, where the
FE total flow rate is 100 ml/min, the total UFg,, is between 9-
12% (100 mA/cm?) and 16.5% (200 mA/cm?). The total UF¢ ot
obtained experimentally result around 20-30% higher than the
theoretical UF¢, (Equation 9) due to the concomitant chemical
conversion reactions. The slight concentration variations of CO
and CHy (in the order of <5 ml/min) between the two tests
can be attributable to inevitable measurement errors due to
an instrument and to the open-electrode configuration of the
cell setup, which does not guarantee a perfectly gastight outlet
stream. For both compounds, the gas analysis results are quite
unaffected by the operating current density, obtaining similar
values with respect to what measured in OCV, confirming that the
chemical conversion (RWGS and SMR reactions) is unaffected
by the current load. In particular, the near-constant trend of
CO confirms that the electroreduction of CO, in CO does
not occur.

In Figure9, the H, production (a) and the CO,-H,O
consumption (b) as a function of the fuel utilization are
shown. The H, concentration trend (blue line) in Figure 9A
shows that the H, production increases linearly with increasing
UFgyor factor as expected. Likewise, the trend of CO, and H,O
(respectively black and green lines) in Figure 9B decreases as
the utilization factor increases. For both H, production, (a)
and reactant reaction rates (b) the experimental measurements
(red points) show higher values with respect to the theoretical
reaction rate (black points) due to the concurrent chemical
conversion reactions.

System Integration Analysis Results

Figure 10A reports a parametric analysis for the sizing of the
MCEC unit in design conditions (Table 5), for a r range of 0.25-
1. The operation of the stack at lower nominal UFy ;s entails the
reduction of the stack nominal power at an equal inlet reactant
flow rate since the required reactant reaction rate to obtain lower
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UFj 1t is decreased. Considering that typically the design UFy ;o0
of an MCEC is equal to 80% to obtain significant values of the
production of Hj, for each one-fourth of the PSA off-gas (r =
0.25), the MCEC unit with a nominal electrical power of around
1 MW is required. With the increase of the processed off-gas, the
MCEC nominal power increases accordingly up to a maximum
of around 4 MW for r = 1. For this study, the MCEC nominal
power equal to 1 MW has been considered both to assess the per-
MW effect on the final performance parameters and since this
scale is compatible with a commercial Fuel Cell Energy Solutions
DFC®400 EU stack with a nominal electric power of 400 kW.
A power ratio of around 2.5 between the electrolyzer and fuel
cell nominal power for an equivalent stack has been considered
(Buffo et al., 2020). The active surface of the stack, considering
that at the design current density (j, = 0.15 mA/cm?), the power
density is equal to 0.2039 W/cm?, equates to around 490 m?

(around 490 cells). Table 6 summarizes the design specifications
of the installed MCEC unit. Larger nominal power values can
be achieved in a way by increasing the number of modular
stack units.

Figure 10B shows the operation envelope in off-design
conditions. The allowed off-design UFjo; range (40-90%) can
be obtained either by varying current density j (A/cm?) or
by varying the specific inlet reactant flow rate [NL/(h cm?)],
thus modifying the parameter r. For each combination of such
parameters, a different UFy;,, is obtained according to Equations
(9) and (10), but it can be observed that current density has
a greater impact on the UFjy, in respect to the specific inlet
reactant flow rate.

In design conditions [1 MWe, 0.15 A/cm?; inlet reactants
flow 0.18 NL/(h cm?)], the gas composition at the outlet of
the FE is given by an interpolation of the experimental gas
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TABLE 6 | Installed MCEC system parameters.

MCEC system Specification
parameters
Design specifications Stack power (KW) 1000
Cell surface (m?; units) 490
Design UFt 0t (%) 80%
r(-) 0.25
Operating parameters Fuel (CO2+HzO) reaction rate 692; 0.141
@ nominal power (Nm?3/h; NL/(h cm?))
Ho production rate 423 [308-115];
[e.chem-chem] [Nm®/h; NL/(h 0.086
cm?)] [0.063-0.023]
UFie (%) 71.12%
Specific energy consumption 3.25
(KWhe/Nm?,,)
CO, separation rate (Nm?3/h;
NL/(h cm?)) 308; 0.063

analysis data (thus comprising both the electrochemical and
chemical conversion pathways), adapting the reactant-specific
inlet flow rate [NL/(h cm?)] as a function of r and desired UFfot
(80%). As reported in Table 6, the fuel (CO, + H,O) reaction
rate of 692 Nm?>/h [0.141 NL/(h cm?)] and a H, production
rate of 423 Nm?/h [0.086 NL/(h cm?)] are obtained. The
electrochemical conversion pathway leads to a lesser amount of
H, produced/fuel reaction, equating to an UFy,, equal to 71.12%,
and the differential is due to the concurrent chemical reactions.
The breakdown of the two production pathways is given in
Table 6. The FE outlet flow rate is slightly increased due to
the chemical reactions (SMR, WGS), which increase in volume.
A Specific Energy Consumption (from the electrochemical
pathway) for the hydrogen production equal to 3.24 kWhe/Nmj;,
is achieved, which is in line with what expected for high-
temperature electrolyzers (3-4 kWh/Nmjy,), relevantly lower
than low-temperature systems (5-6 kWh/Nm3;,) (International
Energy Agency, 2019). The results are aligned to what obtained by
Barelli et al. (2020), which report a hydrogen yield of 0.074 NL/(h
cm?) and a specific energy consumption of 3.4 kWhe/Nmj,,.
The CO, separation rate at the OE is equal to 308 Nm?3/h
[0.063 NL/(h cm?)], mixed with O, (154 Nm>/h) in a 66/33%
ratio and is given only by the electrochemical reaction at the
OE. In order to achieve a CO, pure stream for separation, a
said stream is sent to the oxy-combustion reactor where it acts
as a comburent agent for an additional stream of natural gas
from the national grid (77 Nm?/h, a minimal incremental respect
to the ex ante scenario). The SPECCA index is equal to 8.23
M]Jruv/kgcoa for the heat-integrated scenario and increases up
to 15 MJLuvkgcoz for the electrical heating scenario. Such values
are quite high respect to conventional CO,-capture technologies
[between 3 and 6 MJyuvkgcoz (Voldsund et al., 2018; Gatti et al.,
2020; Plaza et al., 2020)] or CO; capture in the MCFC mode
[even <1 MJruv/kgcoz (Spinelli et al., 2014), since electrical
power is generated in the MCFC mode and not consumed as
in the MCEC mode]. Also, the SPECCA index is generally used
to assess the CO; separation from streams with initial CO;
concentration as low as 4-12%, for which a direct comparison

is not exactly accurate. However, a SPECCA index as high
as 8 MJruv/kgcoz (thermal integrated scenario) is acceptable
since the CO, separation is only a side effect of the MCEC
operation whose main objective is the upgrading of the off-gas
to increase the H, yield. If the off-gas is preheated with an
electric heater, the SPECCA index increases dramatically due
to the additional energy and emissions related to the additional
electricity for electrical heating. Also, high PEF and EF of the
Italian electricity mix contributes to an increase in the obtained
SPECCA index, which could be strongly reduced with locally
produced renewable energy: a scenario-based sensitivity analysis
based on the forecasted values of PEF and EF up to 2040 and
in local RES is presented in Appendix 2. The results show a
decreasing trend for the SPECCA index with increasing grid
quality toward 2040, although locally producing RES scenario
obtains the best results with a SPECCA index as low as 3.05-
5.50 MJLuav/kgcoa-

Table 7 reports the variation of the streams characteristics
(flow rate and composition), as affected by the MCEC unit. The
outlet gas from the FE is ideally mixed with the unprocessed
(r—1) off-gas portion, obtaining a new off-gas composition
(stream 9-upgrade) enriched in H, (around +26%) at the
expense of CO, (around —20%). Following the substitution
of energy carrying gases with respect to CO,, the LHV of
the upgraded off-gas is increased up to around 3.5 kWh/Nm?
(4+8.7%). Maintaining a constant thermal power to the main
reformer combustor, the k ratio equates to 0.899, achieving the
recirculation of 424.3 Nm3/h of upgraded off-gas to the PSA
(stream 6-upgrade), increasing the available inlet H, content and,
subsequently, the separated H, from the PSA (stream 7-upgrade)
up to 5,824 Nm?/h (+173 Nm3/h; +3.06%). Also, the amount of
off-gas sent to the combustor is reduced by 325 Nm3/h (—7.93%)
with respect to the ex ante case thanks to the improved off-
gas quality and LHYV; this aspect contributes to an additional
reduction of CO, content and other emissions (thermal NO,) in
the flue gas of the plant due to an improved combustion process
whose impact is not quantified in the present work.

For the sake of simplicity, only one recirculation iteration
cycle has been considered. This is not entirely true because
the reintegrated stream affects not only the hydrogen yield but
also the off-gas flow rate and composition iteratively affecting
all the downstream cycle. However, as a first approximation,
only one recirculation iteration is acceptable since the resulting
off-gas presents a variation of <3% in flow rate and an
average variation of <7% in composition with respect to the
ex ante off-gas. The impact for each iteration is less without
substantially modifying the results obtained by analyzing a
single iteration.

The results in terms of plant H; yield, off-gas flow to the
reformer combustor, CO, separated at the OE electrode, and
overall energy balance have been summarized in Figures 11A-D
in specific terms with respect to the inlet natural gas of the SMR
plant, which remains constant and equal to 2,500 Nm?/h, in order
to assess the effects of the MCEC unit. The results refer to the 1-
MW, module but can also be interpreted as per-MW results since
the modular capability of electrochemical cells allow to increase
the installed power linearly by adding other modules.
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TABLE 7 | Upgraded stream characteristics: in terms of temperature (°C), flow rate (Nm®/h), and composition (mol%).

Stream 8-upgrade 9-upgrade 6-upgrade 7-upgrade
Off-gas outlet PSA* Off-gas upgraded** Inlet PSA Hz out
T (°C) 32 —» 650 650 — 35 35 37
Nm3/h mol % Nm3/h mol % Nm3/h mol % Nm3/h mol %
Ho 1,619 39.46 2,042 48.61 7,563 73.68 5,824 99.99
CHy 641 15.64 629 14.97 705 6.87 0.013 0.01
CO, 1,730 42.18 1,384 32.95 1,870 18.22 0 0
CO 112 2.72 146 3.48 127 1.24 0 0
H.O 26 86 0 0
Total dry 4,102 100 4,201 100 10,265 100 5,824 100
Total wet 4,128 4,287 10,265 5,824
*Low heating value (LHV) = 3.22 kWh/Nm®; r = 0.25.
LHV = 3.5 kWh/Nm3 (+8.7%),; k = 0.899.
***Steam is considered to be separated from the upgraded off-gas at the exit of the MCEC unit by condensation.
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FIGURE 11 | System integration analysis results for 1 MW MCEC installed: (A) Hz yield; (B) off-gas flow to combustor; (C) CO, separated; (D) additional electricity.

In particular, the installation of a 1-MW,. MCEC unit of
leads to several beneficial effects in the system level. The H,
yield (Figure 11A) is increased by 3.06%, from 2.26 to 2.33
Nmj;,/Nml,;, with the recirculation of around 10% of the
upgraded off-gas. The off-gas flow to the combustor (Figure 11B)
is reduced by 7.93% at constant heat duty at the reformer
combustor thanks to the increased LHV of the upgraded off-
gas. The separation and concentration of 0.12 Nméoz/NméH 4
are achieved (Figure 11C) with a SPECCA index of around 8-15
MJruv/kgco2, including the energy and environmental penalty
of additional energy required for further CO, purification and
off-gas preheating. Although the SPECCA index is quite high,
there is a large margin for improvement in terms of PEF and EF
trends in future years or for locally producing RES. Additional
amount of CO, and hazardous emissions are avoided at the
reformer flue gas thanks to the reduction of off-gas sent to
combustion and thanks to the improved combustion process

due to increased fuel gas quality. In addition, CO, capture is
not a main objective of the integration of the MCEC unit for
which such a value of the SPECCA index can be acceptable. Such
beneficial effects are obtained at the expense of an additional
0.4 kWhe/Nm3CH 4 used to power the electrolysis process, a small
portion of which (up to 6%) could be potentially recovered by
improving the thermal management of the plant (Figure 11D)
by using a part of the heat duty of the air/water electric cooler
(around 40 kWy, from 32 to 130°C). In the thermal integrated
scenario, the remaining thermal energy for off-gas preheating is
sourced via an indirect heat exchange from an oxy-combustion
reactor, which represents a valuable source of high-grade heat
(762 kWy, at the combustion temperature with 90% combustion
energy efficiency), consuming a minimal amount of additional
natural gas. In fact, the net heat exchange efficiency (70%) an
available heat of around 533 kWy, is available which is by
all means sufficient to preheat the off-gas (243 kWy, required
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from 130 to 650°C). Otherwise, by considering a full off-gas
preheating by an electric heater, the thermal energy consumption
increases to 277 kWy,, equating to additional electrical demand
of 395 kW, (around 0.16 kWhe/NméH4 accounting for almost
40% additional energy with respect to the MCEC energy for
electrolysis). Actually, real operating conditions would most
probably be somewhat intermediate between these two scenarios
where the off-gas can be preheated up to an intermediate
temperature by using a part of the air/water cooler heat duty and
the oxy-combustion heat duty and the remaining temperature
rise (up to 650°C) would be provided by an electrical heater.

Finally, it is worth highlighting that the described results
refer to a 1-MW, MCEC unit, which processes 25% of the off-
gas stream. Thanks to the modularity of the MCEC technology,
multiple stacks can be installed up to around 4 MW, and thus
achieving more significant results at the system level (+12% in
the H, yield; —31.6% in oft-gas flow to combustor; CO,-capture
potential of 0.48 Nm%OZ/NméH 4,)- Obviously, as a downside, the
energy consumption (both electrical and thermal) is increased
with the MCEC nominal power.

CONCLUSIONS

A full system integration analysis of an MCEC unit in a
SMR plant inside an oil refinery is performed via a mixed
experimental/simulative approach, by using the chemical and
electrochemical data coming from an MCEC single repeating
unit (3 cm? active area) to fine-tune an ad hoc performance
model aiming to assess the overall performance of the integrated
system. The results showed that for the integration of a 1-MW,
MCEC unit operating in steady state on ~25% of the total off-
gas, several beneficial effects can be obtained. Particularly, the
H, yield is increased by 3.06% from 2.26 to 2.33 Nmj},/Nm},,,
with the recirculation of around 10% of the upgraded off-gas.
An increase in the hydrogen yield up to 12% can be potentially
achieved by increasing the installed power of the MCEC unit
to process the totality of the off-gas, taking into account the
modularity of the proposed electrolyzer. Moreover, the results
demonstrated that the off-gas flow to the combustor is reduced
by 7.93% at constant heat duty at the reformer combustor thanks
to the increased LHV of the upgraded off-gas, representing a
big impact not only from an environmental point of view but
potentially also from an economical point of view by taking into
account the European Emission Trading System and the revenues
coming from it. Without considering the emission reduction at
the reformer flue gases, CO; is separated electrochemically at the
OE electrode of the MCEC with a SPECCA index of around 8
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NOMENCLATURE

Acronyms

EER Energy Efficiency Ratio

EF Emission Factor

FE Fuel Electrode

GC Gas Chromatography

LHV Low Heating Value

MCC Molten Carbonate Cell

MCEC Molten Carbonate Electrolysis Cell

MCFC Molten Carbonate Fuel Cell

ocv Open Circuit Voltage

OE Oxygen Electrode

PEF Primary Energy Factor

PEM Proton Exchange Membrane or Polymer Electrolyte Membrane
PFD Process Flow Diagram

PSA Pressure Swing Absorber

RES Renewable Energy Sources

RWGS Reverse Water-Gas Shift

SMR Steam Methane Reforming

SPECCA Specific Primary Energy Consumption per Unit of CO, Avoided
WGS Water-Gas Shift

Notations and symbols

n Efficiency (%)

Cp specific heat at constant pressure (kJ/kg K)
E Specific emission (kgcoz/MJ)

En Energy (kWh or MWh)

F Faraday Constant (96 485 C/mol)

| Electrical current (A)

k Recirculation ratio (-)

m Mass flow rate (kg/h)

P Power (kW or MW)

Q Volumetric flow rate (Nm?3/h)
r processed gas portion (-)
T Temperature (°C or K)
UF¢ Fuel Utilization Factor (%)
\ Voltage (V)

Subscripts and superscripts

add additional

av avoided

ch chemical

e electrochemical

el electrical

fe fuel electrode

in inlet

oe oxygen electrode

out outlet

r reacted

th thermal
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