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Hydrogen production is critical to many modern chemical processes — ammonia synthesis, petroleum refining,
direct reduction of iron, and more. Conventional approaches to hydrogen manufacture include steam methane
reforming and autothermal reforming, which today account for the lion’s share of hydrogen generation. Without

Retrofit CO, capture, these processes emit about 8.7 kg of CO, for each kg of H, produced. In this study, a molten
Carbon capture and storage . . ¥ .
Hydrogen carbonate fuel cell system with CO, capture is proposed to retrofit the flue gas stream of an existing Steam

Methane Reforming plant rated at 100,000 Nm® h~! of 99.5% pure H,. The thermodynamic analysis shows
direct CO, emissions can be reduced by more than 95%, to 0.4 to 0.5 kg CO,/kg H,, while producing 17%
more hydrogen (with an increase in natural gas input of approximately 37%). Because of the additional power
and hydrogen generation of the carbonate fuel cell, the efficiency debit associated with CO, capture is quite
small, reducing the SMR efficiency from 76.6% without capture to 75.6% with capture. In comparison, the use of
standard amine technology for CO, capture reduces the efficiency below 70%. This demonstrates the synergistic
nature of the carbonate fuel cells, which can reform natural gas to H, while simultaneously capturing CO, from the
SMR flue gas and producing electricity, giving rise to a total system with very low emissions yet high efficiency.

1. Introduction

The International Energy Agency (IEA)’s estimates of world primary
energy demand in 2040 predict a fossil fuel share (i.e., coal, oil and
gas) of 74% in the “New Policies” scenario and 58% in the “450 Sce-
nario” [1]. Oil and gas only are expected to cover 51% and 45% of total
primary energy demand, respectively. Renewables account for the bal-
ance of the primary energy demand, and include solar, wind, nuclear,
hydro, and biomass, and - as a group — are a growing proportion of
the primary energy supply. Likewise, the energy carriers of the future
are moving away from petroleum-based products for transportation and
towards electricity and biofuels. A much-discussed alternative fuel is hy-
drogen [2,3], which — when made from renewable power and electroly-
sis — is often labelled “green” hydrogen. Hydrogen generated from fossil
fuels is usually referred to as “grey” hydrogen, as there will be green-
house gas emissions associated with its production. When CO, capture
and sequestration is added to the fossil generation, hydrogen is referred
to as “blue” hydrogen. This work will focus on the production of “blue”
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hydrogen and the development of integrated technologies for capturing
CO,. On the other hand, CO, transport, storage and sequestration or uti-
lization technologies, despite being an essential step in the carbon cycle
to achieve the low-carbon standards of the produced hydrogen, will not
be addressed in this work.

A wide variety of methods to produce “blue” hydrogen have been
suggested in the literature, each with its own advantages and chal-
lenges [4,5]. Abe et al. [3] summarize the potentialities and obstacles
of using hydrogen as a sustainable energy carrier, especially focusing
on the challenges associated with its storage in gaseous, liquid or solid
form. Nikolaidis et al. [6] compare 14 different hydrogen production
methods, both conventional and renewable, from an energy efficiency
and economic perspective. Parkinson et al. [7] presented a comparative
framework to assess the techno-economic performance of hydrogen pro-
duction methods, including hydrocarbon reforming with CCS. Khojasteh
Salkuyeh et al. [8] studied the life cycle analysis of four different hy-
drogen production technologies using natural gas as feedstock, finding
a scenario where a carbon price as low as $5/ton CO, can be sufficient
for cost breakeven with conventional SMR plants.
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Nomenclature

Symbols

el total total net electric efficiency / %

Hel. MCFC MCEFC net electric efficiency / %

né total adjusted total net electric efficiency / %
Mo MCFC adjusted MCFC net electric efficiency / %
NH, total total hydrogen efficiency / %

r/;,% roral adjusted total hydrogen efficiency / %
NH, MCFC MCFC net hydrogen efficiency / %

r/;,% MCFC adjusted MCFC net hydrogen efficiency / %
Nel+H total total first law net efficiency / %

Noi+ty,mcrc  MCFC first law net efficiency / %

specific emissions of component i / kg GJ~!
E, emissions of component i / kg s~
0, chemical energy flow rate in stream i / MWy,

€

SPECCA specific primary energy consumption
for CO, avoided / MJ kgqgo ™!

S/C steam-to-carbon ratio / -

U, fuel utilization factor / -

Uco, CO, utilization factor / -

U, oxidant utilization factor / -

W power production / MW,

x; molar fraction of chemical species i, / -

Acronyms

AC activated carbons

CCS carbon capture and storage

CHP combined heat and power

GPU gas processing unit

LHV lower heating value

MCFC molten carbonate fuel cell

MDEA  methyl-di-ethanolamine

MEA mono-ethanolamine

NGCC natural gas combined cycle

NG natural gas

FTR fired tubular reactor

PSA pressure swing adsorption

SMR steam methane reformer

S+M+C SMR with MCFC and CO, capture

LT-WGS low temperature water gas shift

MT-WGS medium temperature water gas shift
HT-WGS high temperature water gas shift

Subscripts/superscripts

ref reference system without CCS
an anode-side

cat cathode-side

P primary energy

Diverse technologies have been explored to achieve the produc-
tion of low-carbon hydrogen from steam methane reforming. The most
prominent post-combustion technologies under investigation are: i)
chemical adsorption via amines (MDEA, MEA) [9,10]; ii) oxy-fuel com-
bustion [11,12]; and iii) solid sorbents in chemical looping reactors [13-
16]. Collodi et al. [9] proposed a comparative techno-economic analy-
sis of different configurations using chemical adsorption (MDEA, MEA),
ionic membranes and cryogenic separation carbon capture. Consonni
etal. [10] investigated the thermodynamic performance of auto-thermal
reformers and fired tubular reactors for large-scale steam reforming with
amines capture for low-carbon hydrogen and electricity production.
Herraiz et al. [17] have recently studied sequential combustion in SMR
plants for reducing capital and operating costs by using a single MEA
process for CO,, capture from both the hydrogen process and power pro-
duction plant. Sanusi et al. [11,12] studied a low-carbon hydrogen pro-
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duction plant using steam methane reforming reactor integrated with an
ion-transport membrane reactor that produces the oxygen required to an
oxy-fuel combustor. Following their optimization, they found an overall
plant efficiency of 59.4% and an annualized cost of hydrogen of $12/GJ.
Martinez et al. [13] presented a novel sorption enhanced Ca/Cu chemi-
cal looping process for hydrogen production able to achieve 77% hydro-
gen production efficiencies with a 94% carbon capture ratio. Diglio et al.
[14] reported another sorption enhanced steam methane reforming re-
actor employing a novel material with CaO/Cu0O/Al,05(NiO) pellets.
They showed a methane conversion of 95% with a 3.2 moly, molgy, ™!
hydrogen yield. Their techno-economic analysis reported the possibil-
ity of reaching an investment pay-back period of 2.2 years when the
hydrogen in used in a downstream solid oxide fuel cell system.

This study focuses on an electrochemical route to generate “blue”
hydrogen: the retrofit of Steam Methane Reformers (SMR) with Molten
Carbonate Fuel Cells (MCFCs) with CO, capture. A recent review
[18] highlights the potential for the use of carbonate fuel cells for CO,
capture. MCFCs have the rather unique feature of conducting CO5%~
ions and thus concentrating the CO, into the anode compartment. Be-
sides being electrochemically active, MCFCs can activate heterogenous
catalytic reactions such as Steam Methane Reforming and Water Gas
Shift (WGS) within the porous micro-structure of the electrodes. Natu-
ral gas supplied to the anode compartment undergoes steam reforming
and WGS, converting methane into H, and CO in an indirect internal
reforming layer heated by groups of adjacent cells. At the same time,
H, is electro-oxidised with CO5%~ ions coming from the cathode-side
compartment. Egs. (1)-(6) report the main anode-side and cathode-side
catalytic and electrochemical reactions:

Pre-reforming reactions:

CH, + H,0 2 3H, + CO (AH, = 206 kJ mol™") 1)

CO + H,0 2 H, + CO,(AH, = —41 kI mol™) )

Anode-side reactions:

H,+CO¥ - H,0+CO, +2e” (3)
CH, + H,0 2 3H, + CO (AH, = 206 kJ mol™") 4)
CO + H,0 2 H, + CO, (AH, = —41 kJ mol™!) &)

Cathode-side reactions:

CO, + %oz +2¢” > CO3™ (6)

From a carbon capture standpoint, the electrochemical reactions
given by Egs. (3) and (6) are crucial to transport CO, from the cathode-
side to the anode-side, thus concentrating CO, into the stream exiting
the anode. The basic driver of this process is hydrogen, which is gener-
ated by the reactions in Egs. (4) and (5). For the application considered
here, where both CO, capture and H, production are relevant, the cell
operating conditions should be adjusted to maximize the capture of CO,
and maximize the generation of hydrogen.

The literature on the use of MCFCs as post-combustion CO, cap-
ture systems for power plants and industrial sources is broad and well-
established [19]. Specifically, Sagiura et al. [20] conducted an experi-
mental study using an 81 cm? cell with a lithium/sodium mixture elec-
trolyte and evaluated the variation in voltage performance at different
Po2/Pco2 and pyop at cathode inlet. They verified that their cell was
able to provide a 24% CO, removal efficiency from a flue gas stream of
a combined cycle system. Similarly, Lusardi et al. [21] studied different
configurations for retrofitting a gas turbine cycle with an MCFC, verify-
ing that these cells are able to operate as CO, concentrators achieving
volume fraction of 51-81% at the anode outlet. Other authors proposed
the operation of MCFC for CO, separation from lignite flue gases [22].
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Recently, experimental studies have been reported on MCFCs at very
deep CO, capture, showing that a new fuel cell chemistry plays a role
when the CO, concentration drops below about 0.5% concentration in
the cathode [23]. Some of the authors of this work have also investi-
gated MCFC retrofit from natural gas power plants [24,25], from coal
plants [26] and from industrial applications such as cement [27] and
steel [28].

In parallel to developing MCFC systems for CCS applications, the
literature has proposed employing MCFCs for the co-production of mul-
tiple useful energy products, such as electricity, hydrogen, cooling, and
heat. Margalef et al. [29] studied the use of MCFC for tri-generation
application in the hydrogen supply chain, comparing high temperature
fuel cells for hydrogen generation to more conventional distributed or
centralized SMR. Moradpoor et al. [30] proposed a system integration
of an MCFC combined with a Stirling engine and a Kalina cycle to co-
produce cooling, heating and power. Mehrpooya et al. [31] introduced
a hybrid multi-generation MCFC system integrated with cryogenic CO,
capture and an ammonia-water absorption refrigeration cycle to co-
produce electricity, heat and cooling power. Agll et al. [32] reports
the case study of a combined heat, hydrogen and power MCFC system
supplied by various biogenic feedstock to power a university campus.
Li et al. [33] performed a techno-economic analysis for a MCFC tri-
generation system for commercial building applications, such as gro-
cery and retail businesses. They showed that the tri-generation system
can be economically competitive and can reduce CO, emissions by 10-
44% even with natural gas as feedstock. Rinaldi et al. [34], investigate
different configurations of an MCFC tri-generation system supplied with
biogas feedstock to recover CO, from an internal combustion engine flue
gas stream. They investigated multiple MCFC in series and calculated a
maximum carbon capture ratio of 90% with three MCFC in series.

The background described above does not exhaust the realm of ap-
pealing MCFC-based concepts. More specifically, no publication appears
to have addressed the thermodynamic performance and greenhouse
gases emission benefits achievable by retrofitting a Fired Tubular Re-
former (FTR) with an MCFC-based system that, in addition to the co-
production of electricity and hydrogen, can give dramatic reductions of
CO, emissions. This paper investigates this option for the operating con-
ditions typical of a large-scale steam reformer (rated at 106,000 Nm3/h
of 99.999% pure H,), showing how a substantial system integration re-
design is required compared to other MCFC systems for power gener-
ation or other co-generation systems. Moreover, the paper assesses for
the first time the greenhouse gas reduction benefits associated with the
use of an electrochemical CCS system in a steam methane reformer. In
summary, this work features the following novel contributions:

Thermodynamic review of a commercial reference MCFC system for
power and heat co-production

o Assessment of a reference FTR performance and CO, emissions
Formulation of a novel co-generative MCFC retrofit for the combined
production of electricity and hydrogen with CO, capture
Discussion of design choices for the operation of the MCFC at low
fuel utilization factor and for CO, and hydrogen recovery

e Assessment of benefits (and caveats) of operating the MCFC at low
fuel utilization factors

Evaluation of thermodynamic performance, direct and indirect CO,
emissions for three retrofit scenarios, with comparisons to the refer-
ence SMR plant

In the following, Section 2 illustrates the methodology, the reference
MCFC and SMR systems, the proposed plant configuration, and the ratio-
nale of our analysis. The performance of the baseline FTR is taken as the
reference to assess the proposed SMR+MCFC system with CO, capture
via appropriately defined key performance indicators. Section 3 sum-
marises the main results in terms of operating conditions, overall ther-
modynamic performance, direct and equivalent greenhouse gas emis-
sions.
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Table 1
Thermodynamic performance and CO, emissions of the
reference CHP stack without CCS.

Parameter Unit Value

Fuel input (LHV) kw 644.26
FC net power kw 315.05
Aux power kw -11.23
Net power kw 303.82
Electrical fficiency (LHV) % 47.16

CO, emissions kg CO, MWh,,~!  437.36

2. Methodology and scope
2.1. Simulation tools and main assumptions

Mass and energy balances are evaluated by the modular simulation
code “GS” originally conceived at Princeton University [35] and further
developed at the Department of Energy of Politecnico di Milano [36].
The application to MCFC-based systems has been validated for a number
of retrofit CCS solutions [26].

2.2. Reference MCFC plant without CCS

To establish a reference for the systems with CO, capture analysed
in this paper, we have modelled the commercial plant developed by
the main MCFC manufacturer nowadays on the market [37,38]. The
system is rated at 1.4 MW, (AC net) and is comprised of four identical
stacks each generating a gross DC power of approximately 375 kW. A
simplified layout of the reference system is shown in Fig. 1.

This system is modelled and simulated in nominal operating condi-
tions, giving the thermodynamic performance summarized in Table 1.
Table Al reports the thermodynamic conditions of each flow in Fig. 1.
After accounting for losses and auxiliaries, we estimate that each stack
gives 338 kW, (AC), for a total plant net AC power of the whole 4-stack
module of 1.35 MW, and a net LHV efficiency of nearly 47.2%.

The commercial system is designed for cogeneration purposes, with
no provisions for a separation and purification of CO,. The CO32" ion
that goes through the electrolyte from the cathode to the anode turns
to CO, at the anode. Then, CO, and unoxidised fuel species (H, and
CO) are sent to the catalytic burner, producing a carbon loop among
the cathode, the anode, and the catalytic oxidiser, which can be seen
in the flow diagram reported in Fig. 2. The carbon dioxide eventually
emitted originated in the carbon fuel fed to the plant as natural gas.

2.3. Reference FTR

Fig. 3 depicts the configuration of the conventional Steam Methane
Reformer (SMR) taken as the reference or baseline case, which is a re-
vised version of the Fired Tubular Reactor (FTR) plant already modelled
by some of the authors in [10]. Plant capacity is 106,000 Nm3 h~! (291.3
MW LHYV) of hydrogen at 99.999% purity.

The FTR plant converts the natural gas feed into hydrogen-rich syn-
gas via endothermic steam-methane reforming sustained by the combus-
tion, in air, of a fraction of the inlet natural gas and recycled process gas.
In the reference FTR considered here reforming takes place at 850°C, 25
bar, with a steam-to-carbon ratio (S/C) equal to 3.0. Natural gas at 33
bar and ambient temperature is first desulphurised and then split into a
feed stream for reforming and a stream for combustion in the FTR fur-
nace. The air-to-fuel ratio of the FTR burners is set to give 1% oxygen
(by volume) in the flue gases, whereby the concentration of CO, in flue
gases is approximately 21% by volume.

The fuel and steam processing island features two main heat recov-
ery sections: i) a section where heat recovered from flue gases is used to
generate superheated steam (48 bar, 400°C) and pre-heat the air and nat-
ural gas upstream of the FTR furnace; ii) a section where heat recovered
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Fig. 1. Simplified layout of the reference CHP system without CCS.

[ Carbon loop [g/s]
[ Carbon in NG [g/s]
[ Carbon in air [g/s]

MCFC cathode

Carbon loop: 27.75 g/s '
y\

Carbon in air: 0.06 g/s

...

v i' )
~~_ Carbon in air: 0.06 g/s N,‘ﬂ

Carbon in NG: 10.47 g/s

DA

Carbon in NG: 10.47 g/s

Carbon loop: 27.75 g/s

L Catalytic oxidiser
Scale
N —
Mass
40.00 g/s 8.00 g/s 2.00g/s

Carbon in NG + Carbon in air:
10.53 g/s

Ay "
s + | " Stack
ila

Carbon loop: 27.75 g/s

Carbon in NG: 10.47 g/s

MCFC anode Natural Gas inlet

Fig. 2. Carbon flow diagram of the reference 1.4 MW, CHP plant.

from the hydrogen-rich stream generated in the FTR is used to generate
additional superheated steam. The latter includes a Medium Tempera-
ture Water Gas Shift (MT-WGS) reactor operating at 320°C where most
of the CO left in the stream exiting the FTR is converted into CO, with
further generation of H,. The plant also comprises a pre-reforming re-
actor, where most hydrocarbons heavier than methane are reformed to
reduce the risk of coking in the FTR, and a Pressure Swing Adsorption
(PSA) unit for purification of hydrogen.

The superheated steam generated in the heat recovery sections feeds
a steam turbine that produces a power nearly equal to the auxiliary
power consumption of the whole plant, so that there is no electric power
import nor export. Steam for reforming is bled from the High-Pressure
Turbine at 31 bar and 347°C and is mixed with desulfurized natural gas
at 380°C and 28 bar.

Overall performance and greenhouse gas emissions are summarized
in Table 2: The net hydrogen production efficiency (106,090 Nm? h~!
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Fig. 3. Reference SMR plant with Fired Tubular Reactor (FTR).

Table 2
Overall thermodynamic and greenhouse gas emission performance
of the reference FTR without CCS.

Unit Value
NG inlet to SMR (LHV) MW 380.3
Net H, from SMR MW (Nm? h-1) 291.3 (106,089.8)
Steam cycle gross power MW 6.1
Aux power MW -6.1
Net Power MW 0.04
H, efficiency % 76.6
First law efficiency (LHV) % 76.6

CO, emissions
CO, emissions

kg CO, kg H,~' 8.7
kg CO, GJ H,”! 722

of H, with LHV 119.95 MJ kg1, i.e., 291.3 MW/ ) is 76.6% based on
the natural gas LHV input. The specific CO, emissions result are 72.2 kg
of CO, per GJ;yy of hydrogen or 8.7 kg of CO, per kg of H,.

2.4. System integration

This work aims at assessing technical issues and performance of
retrofitting an SMR plant, such as the reference FTR described in

Section 2.3, with a MCFC-based system adapted from that presented
in Section 2.2. The goals of the retrofit are twofold:

i) abate the CO, emissions associated with the production of hydrogen
of the existing SMR;

ii) increase hydrogen production capacity (without a significant in-
crease of CO, emissions).

As a third, but more minor benefit, the substantial power output of
the MCFC needed for CO, capture makes the SMR+MCFC combination
a net exporter of electric power and increases the overall value propo-
sition of the resulting integrated plant.

The following section describes the proposed retrofit configuration,
while Table 3 reports the main assumptions adopted in the simulations.

The biggest localized source of CO, emitted by the SMR is in the flue
gases, where the combustion of natural gas and the PSA tail-gas gives a
CO, concentration of approximately 21% by volume [9]. In the retrofit
envisaged here, the SMR flue gases are fed to the cathode compartment
of the MCFC after being pre-heated to 575°C (point #8 of Fig. 4 and
Table A2). The anode compartment is fed with additional natural gas
(point #13), which must be appropriately desulphurised to meet MCFC
specifications. The MCFC system is arranged in modules of stacks, sim-
ilar to the configuration in Section 2.2.
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Main assumptions adopted to evaluate operating conditions and performances of the proposed retrofit of an SMR

with the MCFC system with carbon capture.

Parameter Unit Value
Ambient conditions

Temperature °C 15

Pressure bar 1.0132

Relative humidity % 60

Natural gas properties

Composition % CH4 95.0; C,Hg 3.0; N, 2.0
LHV MJ kg! 48.196
MCFC

Inlet temperature cathode °C 575.0
Inlet temperature internal pre-reformer °C 450.0
Inlet temperature anode °C 600.0
Maximum cathodic AT across cell [°C] °C 70.0
Minimum xO, cathode outlet % 2.5
Minimum xCO, cathode outlet % 1.0
Minimum cell voltage mV 650.0
Air/fuel channels pressure losses % 2.0
DC/AC electrical efficiency % 97.0
Heat loss % on LHV at inlet 1.0

External pre-reformer

Inlet temperature
S/C ratio at inlet
Ethane conversion
Methane conversion

°C 450.0
- 2.2
% 100.0
% 2.5

Heat exchangers

Hot and cold side Ap/p;, % 2.0
Heat Losses % of heat transferred 1.0
Sub-cooling in economiser °C 6.0
AT, in gas-water heat exchangers °C 15.0
AT, in gas-gas heat exchangers °C 30.0

Chemical reactors

HT-WGS inlet temperature

LT-WGS inlet temperature

WGS advancement of reaction

Pressure losses Ap/p;,

Desulphurization unit inlet temperature

°C 340
°C 180
% 0.90
% 3.0
°C 15.0

Pressure swing adsorption

Minimum regeneration pressure
Column diameter

Column height

Cycle time

Activated carbons (AC) density
Zeolite LiX density
AC-to-zeolite volume ratio

bar 1.0

m 3.0

m 15.0

s 1000
kg m-3 850 [39]
kg m-3 2400 [39]

% 60.0

Miscellaneous

Minimum exhaust temperature at stack
Blower isentropic efficiency

Blower mechanical-electrical efficiency
Hydrogen pressure for export
Hydrogen purity for export

GPU specific electric consumption

°C 80.0
% 80.0
% 94.0
bar 60.0
% 99.999
k] kgCO,~1* variable

* based on CO, to storage (excluded PSA compressor consumption).

As reported in Table 3, the operating conditions of the MCFC are
subjected to a number of constraints, which we assumed to be: a min-
imum voltage of 650 mV, a maximum AT across the cathode (70°C), a
minimum oxygen content (2.5% molar) and a minimum CO, content
(1% molar) at the cathode outlet. The minimum operating voltage of
650 mV is chosen to maintain a high electrical efficiency in the stack
and avoid potential complications, such as corrosion. The temperature
rise across the fuel cell is required to avoid temperature runaways and
maintain materials performance, as described in the literature [40]. The

last two (minimum O, and CO, content at cathode outlet) follow from
the recent observations by Rosen et al. [23] who showed that at very
low CO, concentrations hydroxide ions can be formed in the cathode
and transported to the anode. Thus, we have limited the cathode exit
concentration to a minimum of 1% to avoid this complication.

Air can also be fed between the SMR furnace and the cathode in-
let stream and mixed with the inlet flue gases to control the cathode
O, inlet concentration. In this application, the air stream (point #4) is
substantial because the flue gases from the SMR are characterized by
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operation at U; = 45%, due to the need of obtaining the required steam temperature at stream #51. This is not necessary at higher Uy, due to the higher exothermicity

of the fuel cell.

a low O, concentration (i.e., 1%). Therefore, air is necessary to ob-
tain a sufficiently high O, concentration prior entering the catalytic
oxidiser and the cathode inlet, as required by the cathode chemistry
(Eq. (6)).

Unlike conventional applications, where the fuel cell is used just to
generate power and possibly heat, in the retrofit considered here the
production of power is an ancillary outcome. In fact, in our case the
most valuable outcomes are CO, capture and the increase of hydrogen
production capacity. Rather than pushing fuel utilization to enhance
power output and electrical efficiency, in this analysis we consider a
range of relatively low fuel utilization factors to increase the produc-
tion of hydrogen at the expense of less power output. The requirements
and the implications of this type of operation are discussed in the fol-
lowing, where we compare the operation with fuel utilization factors of
45%, 60% and 75%, the last one being near the conventional operating
condition reported in Section 2.1.

2.5. Low fuel utilization factors

Operation at low utilization factors entails atypical conditions for the
cell. Unlike in the case of high fuel utilization, the cell may become en-
dothermic as the reaction enthalpy of the reforming reactions (Eq. (4))
overcomes the heat made available by the exothermic electrochemical

oxidation of hydrogen. When this happens, the highest temperature in
the stack is reached at the anode/cathode inlet rather than at their out-
let, and the common practice of fully pre-heating the reactant streams
to the anode and the cathode with the flows exiting the cell becomes un-
feasible. To pre-heat the reactants to an appropriate temperature level
(i.e., 600-650°C) we have explored the following options.

1 Introduce an additional catalytic oxidiser upstream of the cathode

inlet and use the stream exiting the oxidiser to heat the stream
of reactants both upstream and downstream of the pre-reforming
reactor.
The major issues raised by this option are (i) feasibility of catalytic
oxidation at the expected temperature and oxygen content; (ii) haz-
ard generated by the need to transfer heat from a stream with a
significant content of oxygen (the flow fed to the cathode) to the
fuel stream entering the pre-reformer and the anode. A possible
workaround to the second issue would be the introduction of an
intermediate heat transfer loop with an inert fluid with favourable
thermal properties, such as supercritical CO,, which however would
entail significant complications of the heat exchange network and
critical operating conditions. For these reasons, throughout our anal-
ysis we do not consider any heat transfer between fuel streams and
oxygen-bearing streams.
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2 Adopt a non-adiabatic pre-reforming reactor where heat released by
the flue gases exiting a catalytic oxidiser placed on the cathode side is
transferred to the stream being pre-reformed. The major downsides
of this option are the feasibility of such an unconventional compo-
nent like a non-adiabatic pre-reformer and the fuel consumption of
the catalytic oxidiser.

3 Substitute the pre-reforming guard bed with a Catalytic Partial Oxi-

dation (CPO) guard bed. CPO reactors are used in fuel cell systems
as fuel pre-processors to produce a syngas rich in CO and H, to be
supplied to the cell anode. In this case the oxidation of a fraction of
the hydrocarbon feedstock provides the heat needed to bring the an-
ode reactants to the appropriate thermal level without the need for
process water, which greatly simplifies the heat exchange network
to produce steam.
The main challenge of this option is the feasibility of CPO reactors
operated with stoichiometric or sub-stoichiometric oxygen feed. The
syngas produced by the CPO reactor should not contain any non-
reacted oxygen, while the literature reports that CPO reactors are
operated with high oxygen excess [41].

The layout considered here and reported in Fig. 4 adopts a some-
what “safer” version of option 1, with a catalytic oxidiser that pre-heats
the cathode inlet stream, while the anode inlet stream is moderately
pre-heated to 450°C by heat exchange against the anode outlet stream.
By avoiding the heat transfer from oxygen-bearing streams and fuels
streams, such configuration greatly reduces explosion/fire hazards.

With very low fuel utilization factors (U; below approximately 45%)
the heat capacity of the anode outlet stream is not enough to pre-heat,
evaporate and superheat the steam needed for the pre-reforming reac-
tor. To make up this shortfall of heat and steam in these cases, we have
assumed that a fraction of the hydrogen exiting the PSA system is com-
busted in a boiler which superheats the steam to approximately 500°C.
Such an auxiliary boiler is represented in Fig. 4 surrounded by a dashed
line to indicate that it is called to operate only when U;<45%; in this
case, the SH in the anode off-gas heat recovery line (section 19-20) is
not used.

2.6. CO, and H, purification

Following earlier work on CO,, purification, compression and lique-
faction in MCFC plants with CO, capture [42-44] we assume here that,
after being cooled down in the heat recovery section, the stream exiting
the anode is treated by a cryogenic Gas Processing Unit (GPU) to sepa-
rate the CO, from the H,. Given the need to make hydrogen available
at conditions typical of pipeline transmission (ca. 60 bar) and the low
concentration of CO, at the GPU inlet (point #29) encountered when
operating at low U;, performance predictions for state-of-the-art GPU
configurations must be adjusted. The cross-validation of the results pre-
sented in [45] with separation and compression work estimates reported
in [46] has suggested the adoption of specific consumptions of 768 kJ
kgCO,~1, 612 kJ kgCO,~! and 512 kJ kgCO,~! for Us=45%, U=60%
and U=75%, respectively.

The off-gas stream of the GPU section is processed in a PSA to
produce high-purity H, (i.e., 99.999%). The PSA operating conditions
are estimated according to a model based on the application of semi-
empirical Langmuir adsorption isotherms for activated carbons (AC)
and zeolite LiX [39]. The model sets the volume ratio in the adsorp-
tion columns between activated carbons and zeolite to 60% and, given
the geometry of the columns and the adsorption/desorption cycle time,
calculates the number of columns, the maximum operating pressure re-
quired to reach the target H, purity and the resulting H, recovery.

The PSA tail-gas rich in hydrogen and residual CO, is recycled to the
catalytic oxidiser upstream of the MCFC cathode (point #38). By min-
imizing the impact on existing hydrogen production, this arrangement
is particularly suitable for retrofit applications.
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3. Results
3.1. Low fuel utilization factor operation

The operation at low fuel utilization brings about new challenges
for the operation of the fuel cell. In the carbon capture framework con-
sidered here, the main trade-off is between the capability to transport
enough CO, from the cathode to the anode, thus increasing the CO,
capture rate and the operation at conditions that can warrant acceptable
lifetime and limit performance degradation. These conditions translate
into the requirement that the AT across the cathode and the anode is not
too high to avoid harmful thermal stresses and detrimental temperature
gradients.

To illustrate how low fuel utilization factors can affect the operat-
ing conditions of a MCFC aimed at capturing CO, while simultaneously
producing electricity and hydrogen, Table 4 reports the basic operating
parameters assumed/calculated under the following assumptions:

- The cell operates at the voltage and current density lying on the
polarisation curve corresponding to the given fuel utilization factor,
where the polarization curves are the same used in [26], which were
calibrated against experimental data;

2.5% molar oxygen concentration at the cathode outlet is achieved
by adjusting the air flow added to flue gases upstream of the cathode
(as made possible by air stream #4 in Fig. 4);

1% molar CO, concentration at the cathode outlet is achieved by
adjusting the mass flow rate of the pre-reformed stream entering the
anode;

100% methane conversion in the pre-reforming layer and the an-
odic compartment. This is equivalent to assuming excess reforming
kinetic capacity by the reforming catalyst, an assumption supported
by [47]. This assumption likely breaks down at the very lowest fuel
utilizations, leading to a small amount of CH, in the anode exhaust.
However, modelling such minor contributions is beyond the scope of
this paper and will not substantially impact the conclusions drawn;
Current density is adjusted to achieve isothermal conditions
(Uf=45%) or the maximum inlet-outlet AT (70°C) that can be with-
stood by the cell.

As the U; is decreased, the heat required by the endothermic re-
forming of the fuel input is not completely provided by the exothermic
electro-oxidation reactions and the voltage drop, leading potentially to
a temperature drop across the cell. To compensate for this heat deficit,
the cell potential must be decreased, thereby generating heat within the
cell [48]. This “dissipative mode” to close the energy balance is obvi-
ously detrimental to electrical efficiency and voltage, but that reduced
electrical efficiency is converted into increased hydrogen chemical en-
ergy. For the lowest U;=45% considered in Table 4, the cell potential
needed to make the cell isothermal is 0.654 V, which by our model is
achieved with a current density of 2665 A m~2. Notice that despite the
inefficiencies arising from the large current densities, the “isothermal”
case with U;=45% in Table 4 exhibits the attractive features of internal
cooling by chemical reactions rather than by convective heat transfer,
potentially making the cell design more flexible, and small temperature
gradients across the stack channels, whereby longer lifetime and lower
degradation of the cell are expected.

For U; =60% and even more for 75% the heat released by electro-
oxidation reactions is greater than the heat used internally for steam
reforming, yielding a temperature increase across the cell. The maxi-
mum AT of 70°C assumed here is reached for current densities of 2166
and 1014 A m~2 at U; of 60% and 75%, respectively. The latter corre-
sponds to a voltage of 0.787 V and very high electric efficiency thanks
to low electrochemical losses (especially ohmic and activation overpo-
tentials). On the other hand, the specific power per unit of active area is
low, hence increasing the number of fuel cell stacks to be installed for
the same power output.



S. Consonni, L. Mastropasqua, M. Spinelli et al.

Table 4
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Operating conditions considered for a MCFC aimed at capturing CO, at different fuel utilization factors in carbon
capture operation (T, in1er=600°C, Xc02,0u=1%; Xo2,0ut=2-5%).

U; = 45.0%

U; = 60.0% U; = 75.0%

Cathode inlet
Anode inlet

Cathode inlet T Teae = 600°C
Maximum AT, AT, = 0°C (isothermal)
Outlet T, = T,y 600°C

Current density 2665 A/m?

Cell voltage 0.654 V

€O, = 13.4%; H,0 = 11.7%; N, = 65.7%; O, = 8.3%; Ar = 0.78%
CH, = 27.9%; CO, = 2.4%: H, = 7.0%; H,0 = 62.0%; N, = 0.6%

T,y = 575°C Tear=575°C
AT, = 70°C AT, = 70°C
645°C 645°C
2166 A/m? 1014 Ajm?
0.686 V 0.787 V

Table 5

MCFC operating conditions within the retrofit plant layout.
Ug % 45 60 75
Uoy % 74.9 75.2 75.1
Ucos % 93.7 93.8 93.8
Veer \ 0.654  0.686  0.787
Len A/m? 2665 2166 1014
T cathode inlet °C 600 575 575
T cathode outlet °C 600 645 645
AT cell cathode °C 0.0 70 70
T;, pre-reforming layer = °C 500 475 450
T anode inlet °C 600 600 600
T anode outlet °C 600 645 645
AT cell anode °C 100 170 195
Xoy inlet % 8.13 8.23 8.19
Xoy outlet % 2.50 2.50 2.50
Xcoy inlet % 13.00 1319 13.13
Xcoz outlet % 1.00 1.00 1.00
MCFC Area m? 36,100 43,750 92,550

High electrical efficiencies and, at the same time, high power den-
sities could be achieved by adopting multiple cells with cathodes con-
nected in series (the flow exiting the first cathode enters the second
cathode and so on, possibly with the addition of some air to provide
oxygen) and anodes connected in parallel. By operating the cells with
the same fuel utilization factor but different Ucq, and Ug, one can adopt
high current densities (whereby high power density) while limiting the
maximum AT across the cells — an arrangement explored in [27] for
CO, capture in the cement industry. The same arrangement could be
replicated in the application to SMRs considered here to achieve a good
compromise between MCFC electric efficiency and fuel cell stack count.

3.2. Overall performance

Table 5 summarizes the operating conditions of the MCFC when used
in the scheme of Fig. 4 for U;=45% (i.e., isothermal operation), U;=60%
and U;=75%. In all cases, the Ugq, is kept the same, because the mo-
lar concentration of CO, at the cathode outlet is set to 1%. This allows
for a fair comparison from a CO, emission standpoint, although cur-
rent density and therefore power density, cell area per unit of energy
and capital cost vary significantly. Table A2 gives thermodynamic con-
ditions and composition at the points identified in Fig. 4 when operated
at Uf = 45%.

Evaluation of the energy usage, efficiency, H, production, and emis-
sions of the combined SMR+MCFC case is complicated because of the
simultaneous production of power and hydrogen. We have adopted here
a method in which credits (or debits) are given as appropriate for the
co-product; the size of the credit (debit) is proportional to how the stand-
alone system without CO, capture would have generated the H, or elec-
tricity. The credits can be applied by either beginning with the electrical
efficiency and providing a credit for H, co-production or beginning with
H, production efficiency and applying a credit for co-product power
production. In the following formulas and in Table 8 we show both ap-
proaches, but focus our discussion on the latter comparison, as hydrogen

production is the primary purpose of these systems. The energy flows
and efficiencies without co-product credits are denoted by Q and # while
with the co-product credit we refer to them as “adjusted” energy con-
sumptions and efficiencies are denoted with a prime symbol, Q' and #’;
the subscripts denote which stream and which adjustment (in parenthe-
sis) is being made. For the reference systems, we use the SMR as de-
scribed above (Table 2) and an NGCC with electrical efficiency of 58%.
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We have also computed adjustments for just for the MCFC and CO,,
capture sub-system:
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Table 6 compares the overall performances of the proposed system,
at the three different levels of fuel utilization, with those of the refer-
ence FTR without CCS. Consider first the case at high fuel utilization of
Ug = 75%. In this case, the fuel cells generate an additional 71.6 MW
of electrical power, of which 19.1 MW is consumed by the H,/CO, sep-
aration in the gas processing unit, leaving a net power production of
52.5 MW. This case also generates an additional 26.4 MW of H,, after
consumption by the catalytic combustor and losses in the GPU are ac-
counted for. This H, production represents an increase of 9.1% over the
base case, while capturing 90% of the SMR’s CO,.
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Table 6
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Overall performance summary of the reference FTR and SMR+MCFC system with CCS. All values are
in MW on an LHV basis except for efficiencies, which are in percentages.

Ref S+M+C, S+M+C, S+M+C,
Parameter FTR U;=45% U=60% Ui=75%
NG inlet to SMR (Oyg.spr) 380.3 380.3 380.3 380.3
NG inlet to MCFC (Q g pcrc) 2225 164.3 130.1
Total NG inlet (Qyg.0r) 602.8 544.5 510.3
H, from SMR (O, sur) 291.3 291.3 291.3 291.3
Gross H, production by MCFC (QH24MCFC,gr) 145.0 77.9 38.7
H, consumed by MCFC catalytic combustor -16.6 -10.3 -10.8
H, consumed by SH catalytic combustor -13.5 n/a n/a
H, lost in GPU -5.5 -2.9 -1.5
Net H, production by MCFC (O, mcrc ) 109.4 64.7 26.4
Net H, production from SMR and MCFC (Qy, ) 400.8 356.0 317.7
Increase in H, production 37.6% 22.2% 9.1%
Steam cycle gross power 6.1 6.1 6.1 6.1
SMR auxiliary power consumption -6.1 -6.1 -6.1 -6.1
Fuel cell gross power (W, ycrc) 61.0 63.1 71.6
MCFC/GPU auxiliary power consumption -35.2 -24.9 -19.1
Net power production (W,,) 0.0 25.9 38.1 52.5
Total net electric efficiency (1, ;o) 0% 4.3% 7.0% 10.3%
Adjusted total NG consumption (Q';VGJM(H:)) 79.6 80.1 95.8
Adjusted total net electrical efficiency (7, ,,,,) 0% 32.6% 47.6% 54.8%
MCEFC net electric efficiency (7, ycrc) 11.7% 23.2% 40.4%
Adjusted MCFC NG consumption (Q"NG’WI(HZ)) 79.6 80.1 95.8
Adjusted MCFC net electric efficiency (n;,)MCFC) 32.6% 47.6% 54.8%
Total H, efficiency (1, jorar) 76.6% 66.5% 65.3% 62.2%
Adjusted total NG consumption (Q"NG'W/((,“) 558.1 478.8 419.7
Adjusted total H, efficiency (nbmm,) 76.6% 71.8% 74.3% 75.7%
MCFC net H, efficiency (ny, pcrc) 49.2% 39.2% 20.2%
Adjusted MCFC NG consumption (Q”NG’MCFC(C[)) 177.8 98.5 39.5
Adjusted MCFC Net H, efficiency (r’;-lz.MCl-'C) 61.6% 65.4% 66.4%
Total first law net efficiency (11, s, sorar) 76.6% 70.8% 72.3% 72.5%
MCFC first law net efficiency (n...p, mcrc) 60.8% 62.5% 60.6%

The hydrogen production efficiency of the U; = 75% case is calcu-
lated in Table 6 as 62.3%, which is to be compared with an efficiency of
76.6% of the reference case without capture. However, this efficiency
disregards the co-production of electricity. The combined efficiency,
Nel+Hytotal> 1S 72.6%, which is comparable to the 76.6% value of the
reference case. However, in the MCFC scenario, the products are largely
H,, but — on an energy basis — are 14% electricity as well. Adjusting the
hydrogen efficiency to account for the power production, using a 58%
thermally efficient NGCC, moves the hydrogen efficiency to 75.6%, or
just a slight reduction in hydrogen production efficiency. The reduction
is so small because the MCFCs are efficient devices for power produc-
tion, but even more efficient at the simultaneous production of power
and hydrogen and CO, capture. In contrast, the use of an amine unit on
the combustion flue gas of an SMR decreases the hydrogen production
efficiency to 69.2%, as estimated by Collodi [9], or 64.3% as reported
by Herraiz [17].

As the fuel utilization is decreased, hydrogen generation is increased
with corresponding decreased electrical output. The increase of H, pro-
duction capacity made possible by the carbonate fuel cells ranges from

10

9% (Ug=75%) to 37.6% (Uy=45%). In all cases, the retrofitted SMR
can export low-carbon electricity to the grid or to a nearby industrial
consumer. The largest auxiliary power load of the retrofitted system is
the GPU and CO, compression, accounting for 18-40% of total auxil-
iary load consumption. The increase in natural gas consumption ranges
from 34.2% with U;=75% to 58.5% with U=45%, with an incremen-
tal H, efficiency ranging from 20.3% (U;=75%) to 49.2% (U;=45%).
The adjusted H, production efficiency decreases slightly to 71.8%, re-
flecting the exchange of electricity for hydrogen and the increased par-
asitic electricity demand to compress and separate the H, from the
CO,.

3.3. Avoided emissions

Table 7 reports the amount of CO, emitted or captured per unit mass
and per unit of chemical energy (LHV) of hydrogen; we denote the latter
as eco,,n, with the units of kg CO, GJ! of H,. As shown in the table,
the specific direct CO, emissions of the proposed system are 90% to 95%
lower than those of the reference SMR plant, for two reasons. First, the
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Table 7
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Specific direct CO, emissions and CO, capture per unit mass and per unit LHV of hydrogen

produced at different fuel utilization factors.

Ref S+M+C, S+M+C, S+M+C,
Parameter Unit FTR Ui=45% U;=60% Ui=75%
CO, emitted kg CO, kg H,! 8.66 0.44 0.48 0.54
CO, emitted kg CO, G] Hy™!  72.2 3.7 4.0 45
CO, captured kg CO, kg H,! 9.5 9.7 10.1
CO, captured kg CO, G] H,™! 79.5 80.6 84.4
CO, capture ratio (CCR) % 0% 95.6% 95.3% 95.0%

MCFCs capture the CO, from the SMR furnace, reducing the emissions.
Second, the MCFCs also make additional H,, as discussed above. This
hydrogen is essentially CO,-free because any CO, generated in the an-
ode from the natural gas feed to the anode is nearly 100% captured by
the system (only a small amount of CO, returns to the system via the
oxidiser before the cathode). This illustrates the utility of the MCFCs:
they generate CO,-free power, CO,-free hydrogen, both while captur-
ing CO, from the SMR furnace. It should be noted that the emissions
factors shown in Table 7 ascribe all the CO, emissions to the H,, and
none to the power. Stated differently, there is no credit given to the
CO, emissions shown in Table 7 for the emissions avoided by the power
production.

Table 7 also shows the CO, Capture Ratio, or CCR, which for all
three MCFC cases is above 95%. In general, the CO, capture commu-
nity targets 90% capture. We did not target a certain CO, capture rate
in this work, but instead set the CO, concentration at the cathode outlet
at 1% to avoid the complication of the hydroxide chemistry as reported
by Rosen [23]. As shown in Table A2, the cathode inlet has a CO, con-
centration of about 13% (stream 8), so that an exit concentration of 1%
(stream 9) means a CO, capture rate from the SMR furnace of 92%. The
actual CCR is higher than this because any carbon fed to the anode inlet
is captured with nearly 100% efficiency; only a small amount of carbon
is recycled to the cathode oxidiser. Thus, the overall CO, capture rate is
higher than the direct SMR exhaust capture rate. An even higher capture
rate than 95% could be achieved if the cathode exit CO, concentration
is reduced further, which is the subject of active research. It is very pos-
sible that by the time a facility such as this could be constructed, the
performance of the fuel cells will be improved such that an exit concen-
tration of 0.5%, or even less, is feasible, implying a CCR of 97% or even
98%. When combined with the excellent thermodynamic efficiency dis-
cussed previously, the combination of such a high CCR with such a small
energy debit is unprecedented in CO, capture technologies.

Fig. 5 depicts the carbon flow diagram of the plant operating at
U = 45%. Most of the carbon in the flue gases coming from the SMR
is diverted from the cell cathode to the cell anode, from which it goes
to the GPU and then to storage. A small fraction is “recycled” to the
catalytic oxidiser, establishing the internal loop associated to the use of
the PSA tail gas as fuel for the catalytic combustor placed upstream of
the cathode inlet.

The proper evaluation of the potential for the reduction of CO, emis-
sions of the proposed system must account for the emissions displaced by
the production of additional (with respect to the reference SMR) hydro-
gen and electricity. In fact, the hydrogen and electricity generated by the
MCEFC system substitute hydrogen and electricity that would be gener-
ated with significantly higher CO, emissions by reference facilities with-
out CO, capture. As was done with the efficiency calculations, above,
the avoided emissions have been adjusted by considering a reference
system comprising the “reference SMR” described in Section 2.3 and a
state-of-the-art Natural Gas Combined Cycle (NGCC) with electric effi-
ciency 58% and specific CO, emission of 342.6 kg CO, MWh,, ™! or 95.2
kg CO, GJ4 7! (see Fig. 6).

Table 8 reports the overall picture for the CO, emissions. The pri-
mary energy fed to the SMR+MCFC system with CO, capture is Q¥g_ 1.,
whereas the equivalent primary energy of the reference case (QF Ref) 1S
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given by the sum in Eq. (21): () O re 7> reflecting the natural gas con-
sumption by the reference FTR, producing 291.3 MWy of hydrogen
and nearly zero electric power (37 kWe)); (i) Oy, mcrc/ nng ', account-
ing for the fuel consumption of an additional FTR producing the same
amount of net hydrogen generated by the MCFC system, with the same
performance of the reference FTR; (iil) W, 54 ar4c /n:ff , accounting for
the fuel consumption of the reference NGCC producing the same net
electric power generated by the SMR+MCFC system. Equivalent CO,
emissions for the reference case (E¢(,, g.;) are calculated following the
same logic as for the fuel consumption (Eq. (22)).

Om, mcrc W,

=D _ 25 el S+M+C

QRef - QNG,ref + ref ref @D
My, My

- _r f i f

Eco,, rey = Qmysemic * €co, i, + Wesemsc  €Co, ol (22)

The result of these calculations is the amount of CO, emissions that
are avoided per unit of H, (the bottom two rows of Table 8), which vary
from 74.6 to 83.4 kg CO, GJ™! H, for the different cases. “Avoided”
emissions are to be thought of as “not emitted for equivalent H, pro-
duction”. This is a remarkable result, given that the emissions of the
unabated SMR (Table 2) are only 72.2 kg CO, GJ-! H, and the CCR
is around 95% for each case. The integrated system using carbonate
fuel cells is avoiding more CO, than was created in the first place, and
avoiding more CO, than is fed to the system in the form of CH,, due
to the additional power generation by the MCFCs, which prevents an
NGCC facility from emitting CO,. This result is even more remarkable
after noting that there is a considerable power debit for the CO, capture
cases to compress the anode effluent and separate the H, and CO,. This
metric shows the extremely high efficacy of the carbonate fuel cells to
simultaneously capture CO,, generate H,, and generate power.

A final metric to be considered for this system is the Specific Primary
Energy Consumption per CO, ., Avoided (SPECCA), as first introduced
by Campanari et al. 2010 [25]:

o _or - QHy MCFC _ Wa,McFC
Qp _ Q,, S+M+C Ref ,,'“f wwf
CCS ~ ¥ Ref P <

SPECCA = — -
Ecorres = Ecoy.s+m+c

- . ref .
OQuy.semec Ccoym, + Wersimsc

ref

€Oy el T Eco, semec (23)

SPECCA represents the additional energy required by the system to
avoid CO, emissions compared to a reference system without CCS. For
reference, the amine system described by Collodi [9] achieves a com-
parable CCR of 90% (and 89% avoided) and has a SPECCA of 1.95 MJ
kg~!. Our simulations show a SPECCA of 1.17, 0.52, and 0.20 MJ kg~!
for fuel utilizations of 45%, 60%, and 75%, respectively. These are quite
low relative to the amine system, and have a higher CCR of at least 95%,
and avoided CO, ratios of more than 100%. Collodi also evaluated the
option of capturing only the process CO,, that is, the CO, in the syngas
stream. The four scenarios they studied have SPECCA values that range
from 1.06 to -0.07 MJ kg~! but have capture ratios limited to only 53 to
67%. The MCFC systems presented here show superior performance in
all respects — higher capture rate, higher avoided rate, and lower energy
consumption.

Fig. 7 summarizes these results for the three cases considered here
and illustrates the flexibility that the system may have for the SMR
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| # ) FTR described in Section 2.3, together with the
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Avoided emissions of the SMR+MCFC system operated at different fuel utilization factors. Avoided emissions are those that would be generated by the reference
FTR described in Section 2.3 and a reference NGCC for a comparable production of H, and electricity.

S+M+C, S+M+C, S+M+C,
# Parameter Unit Uy =45% Uy =60% Ug =75%
9;%2, o Specific CO, emissions of the kg co2/MWh,, (kg — 3426 (95.2) —
reference electricity producer co2/Gler)
egt;z. - Specific CO, emissions of the kg c02/Glu2 — 722 —
) reference hydrogen producer
Eco, semsc (“A7) CO, emissions of each MCFC case kg CO,/s 1.47 1.42 1.42
w (“B”) CO, emissions of the reference kg CO,/s 28.9 25.7 229
conttz SMR for the H, produced by the
MCEFC case
w‘:'”w “c”) CO, emissions of the reference kg CO,/s 2.47 3.63 5.00
ot NGCC for the net power produced
by the MCFC cases
B+C-A CO, avoided, or not emitted, by kg CO,/s 29.9 27.9 26.5
the MCFC case relative to the
equivalent reference case
Q”*C’AV CO, avoided per unit of H, kg CO,/G] H, 74.6 78.4 83.4
o produced (energy)
CO, avoided per unit of H, kg CO,/kg H, 9.0 9.4 10.0
produced (mass)
SPECCA Specific Primary Energy M]/kg CO, 1.17 0.52 0.20
Consumption for CO, Avoided
Case Up=75%
—450,
Case Up=45% Mg 10(=2-65 KE'S 3 Mg 10r=62-3%
mHZ,tOt: 33 kg/S 5 nHZ,tot:66~3% Pel’net:SZ.S MW N nel,MCFC:55'1%
2.0 Pene25.9 MW ; N mcrc=274% A TY Mcoa av= 26.5 ks - Neop av=94.9% 100000
] _ ) _ ase Up=60% =
8 1.8 Mo a= 29.8 kgfs ; Mooy av=95-3% e S ““%“2‘%‘2‘2‘%‘2‘%*@ 90000 5
- . = 0,
o0 1.6 My 0r=2-97 kS 3 Mrz 101=65.4% FUPSNN VLT RUR NV R LT RN LY 80000 -
v SN <
= 14 Patne=38 IMW ; M mcre=384% ot s 70000
= 12 = o519 EuMCFC Area: 60000 2
— 1.0 Mco2 Av 9kg/s; Nco2,Av <170 3 > 50000 "5
< L SPECCA 2
o 0.8 SNauaENes 40000 &)
@) 0.6 353 SRRRRANANINS Saaaaiaaiaiaiaiad 30000 =
= MCFC Area T T T I TR LTIy 8}
& 0.4 : D T TR TR R TRy 20000 =
X S ST
02 47 ta k x GSHS0S SASISISES b I 10000
0.0 0

60

Fuel Utilisation factor [%)]
OSPECCAeq MCEFC Area

Fig. 7. SPECCA and MCFC active area vs fuel utilization factor U;.

owner. At low U;, more H, is produced, by fewer fuel cells, but at a
higher energy penalty relative to the cases at high U;. This means that
the system owner can choose between the different scenarios to employ
based on market conditions, which can vary from location to location.
It should be noted, though, that once the system is installed and opera-
tional, it will not be feasible to swing from the highest U; to the lowest
Uy; the internal structure of the fuel cell stacks will be different because
of the different temperature regimes. There will be some allowable vari-
ation around the design point, but not a change of 30%.

The lower U; demands a higher current density (due to the operating
assumptions discussed in Section 3.1) and a higher electrochemical loss
inside the cell to generate the heat required for reforming. This reduces
the cell voltage (by 20% when U; goes from 75% to 45%) as well as
the gross/net electric power produced by the MCFC. The net electrical
efficiency gap with respect to the reference NGCC increases, and so does
the SPECCA. On the other hand, the operation at high current density al-
lows reducing the MCFC area to less than half, representing a significant
capital savings.

13

Table 8 and Fig. 8 show how the SMR+ MCFC with CO, capture
benefits from the synergy among the three basic “services” that it pro-
vides: production of electricity, production of hydrogen and carbon cap-
ture. If compared to the reference FTR plant emitting 663 kton y~!, all
three SMR+MCFC configurations generate a higher amount of CO, (up
to +40%) due to the additional NG converted in the fuel cell section.
However, the CO, emitted to atmosphere by the SMR+MCFC with cap-
ture is only about 45 ktcgy y~! (4 - 5% of the CO, generated) and the
displacement of hydrogen production from reference FTRs and of elec-
tricity production for reference NGCCs allows the system to avoid 880-
1000 kton y~! of CO, emissions.

The fuel utilization factor has a negligible effect on the amount
of CO, emitted, because in all cases the concentration of CO, in the
cathode exhausts released to atmosphere is just 1%. A fuel utilization
of 45% gives a relatively large difference between CO, captured and
CO, avoided, because of the limited amount of carbon-free net electric
power output: 26 MW,, corresponding to 77 kton y~! of CO, avoided.
At higher utilization factors carbon-free net power output increases ow-
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ing to the higher MCFC efficiency and to lower auxiliary consumption;
with U;=75% the net electric power of 52.5 MW, generates 155 kton/y
of avoided emissions and total CO, avoided (836 kton y~1) approaches
CO,, captured (845 kton y~1).

Besides giving the largest avoided emissions (941 kton y~1) U;=45%
requires a MCFC area much below the one required by the other cases.
Adding the advantages that nearly iso-thermal operation can produce
on cell life makes the design at low fuel utilization factors extremely
attractive for the retrofit proposed here.

4. Conclusions

The retrofit of SMR plants with MCFCs geared toward CO, capture
can give a tenfold reduction of specific direct CO, emissions, together
with a significant increase of hydrogen production capacity and the ex-
port of substantial amounts of electricity. These synergistic effects make
SMR+MCFC systems particularly attractive for creating “blue” hydrogen
from SMRs, when coupled with appropriate CO, sequestration technolo-
gies. We have modelled here the retrofit case of adding the MCFCs to an
existing SMR, with minimal integration between them. If a grassroots
system were considered, the results may be even better still, given the
opportunity to integrate the H, purification in the SMR plant with the
H,/CO, separation required for the anode product.

Unlike conventional fuel cell applications for which the sole goal
is the production of electricity, the retrofit of SMR plants arouses in-
terest in operating the fuel cell at low fuel utilization factors to boost
the production of hydrogen at the expense of the production of power.
To understand the trade-off between the production of hydrogen and
the production of power, as well as its impact on the operating condi-
tions of the cell, we’ve modelled the MCFC system with CO, capture for
three values of the fuel utilization factor U; ranging from 45% to 75%.
U; = 45% allows operating the fuel cell close to iso-thermal conditions,
where the heat generated by exothermic electro-oxidation reactions ap-
proximately balances the heat required by endothermic reforming re-
actions. At Uy=75%, the value typically adopted for the production of
power only, exothermic reactions prevail and current density must be
limited to avoid undue thermal stresses and unsafe AT across the stack.
The much higher current densities that can be adopted at low U; can give
substantial reduction of MCFC area and therefore their capital cost.

The MCFC system proposed here would allow an incremental pro-
duction of hydrogen between 20 and 50% of the production of the SMR
being retrofitted, at the expense of an increase of natural gas consump-

Case UF=60%
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Fig. 8. CO, generated, emitted, captured, and
avoided for the selected cases (annual basis).
The “CO, generated” figure corresponds to the
totality of equivalent CO, entering the system
with air and fuel streams for both the refer-
ence and the S+M+C systems. The “CO, Gener-
ated, carbon capture” highlights the additional
CO, generated from the S+M+C plant due to
the higher fuel input. The “CO, emitted” fig-
ure accounts for the CO, effectively vented at
the stack. The “CO, avoided” figure considers
the CO, displaced in the reference systems due
to the production of low-carbon products. The
“CO, captured” figure refers to the CO, cap-
tured by the S+M+C plant.

4

Case UF=75%

tion between 34 and 58%. The overall LHV efficiency of the produc-
tion of decarbonized hydrogen ranges 62-66%, which compares with
the 77% efficiency of a conventional SMR without CCS. The first law ef-
ficiency of the co-production of decarbonized hydrogen and electricity
ranges 71-73%.

About 95% of the CO, generated within the retrofitted SMR+MCFC
plant are captured on site. After accounting for the emissions displaced
by the production of nearly carbon-free hydrogen and electricity, the
overall emission balance for the retrofit of the reference FTR with hy-
drogen production capacity 291.3 MWy gives negative CO, emissions
ranging from 835 to 941 kton/y depending on the MCFC fuel utilization
factor.
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Table A1
Thermodynamic conditions of the flows numbered in Fig. 1 for the reference CHP plant without CCS.
T p G Ar CH, co Co, C,Hy GHg GCH, H, H,0 N, 0, H,O(L)
°C bar kgst v/vV %
1 20 1.01 0.500 0.92 0.0 0.0 0.03 0.0 0.0 0.0 0.0 1.03 77.28 20.73 0.0
2 30.1 1.11 0.500 0.92 0.0 0.0 0.03 0.0 0.0 0.0 0.0 1.03 77.28 20.73 0.0
3 579.9 1.1 0.696 0.67 0.0 0.0 14.28 0.0 0.0 0.0 0.0 15.76 56.47 12.82 0.0
4 624.5 1.08 0.548 0.80 0.0 0.0 4.65 0.0 0.0 0.0 0.0 18.65 66.86 9.05 0.0
5 435.9 1.06 0.548 0.80 0.0 0.0 4.65 0.0 0.0 0.0 0.0 18.65 66.86 9.05 0.0
6 60 1.04  0.548 0.80 0.0 0.0 4.65 0.0 0.0 0.0 0.0 18.65 66.86  9.05 0.0
7 50 3.01 1.887 - - - - - - - - - - - -
8 80 2.95 1.887 - - - - - - - - - - - -
9 15 1.14 0.015 0.0 89.01 0.0 2.00 7.00 1.10 0.0 0.0 0.0 0.89 0.0 0.0
10 450 1.11 0.015 0.0 89.01 0.0 2.00 7.00 1.10 0.0 0.0 0.0 0.89 0.0 0.0
11 15 1.14 0.033 - - - - - - - - - - - -
12 450 1.11 0.033 - - - - - - - - - - - -
13 449.7 1.11 0.048 0.0 2847 0.0 0.64 2.24 0.35 0.0 0.0 68.01 0.29 0.0 0.0
14 624.5 1.03 0.196 0.0 0.0 5.03 43.64 0.0 0.0 0.0 10.84 40.37 0.11 0.0 0.0
Table A2
Thermodynamic conditions and chemical molar composition of the main point of the proposed layout operated at
Uy = 45%.
T p m Ar CH, co Co, C2+ H, H,O N, 0, H,0
°C bar kg s! % vol
1 154.9 1.0 68.76 0.70 - - 20.56 - - 18.28 59.46 1.00 -
2 173.0 1.2 68.76 0.70 - - 20.56 - - 18.28 59.46 1.00 -
3 173.0 1.2 68.76 0.70 - - 20.56 - - 18.28 59.46 1.00 -
4 30.2 1.2 48.48 0.92 - - 0.03 - - 1.03 77.28 20.73 -
5 117.0 1.2 117.25 079 - - 1194 - - 11.04 6694 9.28 -
6 250.0 1.1 117.25 0.79 - - 11.94 - - 11.04 66.94 9.28 -
7 473.9 1.1 117.25 0.79 - - 11.94 - - 11.04 66.94 9.28 -
8 600.1 1.1 119.76 0.78 - - 13.01 - - 12.48 65.60 8.14 -
9 599.9 1.1 89.83 0.95 - - 1.00 - - 15.27 80.28 2.50 -
10 320.0 1.0 89.83 0.95 - - 1.00 - - 15.27 80.28 2.50 -
11 153.5 1.0 89.83 0.95 - - 1.00 - - 15.27 80.28 2.50 -
12 153.5 1.0 89.83 0.95 - - 1.00 - - 15.27 80.28 2.50 -
13 15.0 1.4 4.62 - 95.00 - - 3.00 - - 2.00 - -
14 280.0 13 4.62 - 95.00 - - 3.00 - - 2.00 - -
15 4500 1.3 15.68 - 2949 - - 0.93 - 68.96  0.62 - -
16 360.9 13 15.68 - 27.47 0.01 2.37 - 8.63 60.92 0.59 - -
17 500.0 13 15.68 - 27.47 0.01 2.37 - 8.63 60.92 0.59 - -
18 600.0 1.2 45.61 - - 7.81 32.14 - 23.49 36.28 0.28 - -
19 529.0 1.2 45.61 - - 7.81 32.14 - 23.49 36.28 0.28 - -
20 529.0 1.2 45.61 - - 7.81 32.14 - 23.49 36.28 0.28 - -
21 340.0 1.2 45.61 - - 7.81 32.14 - 23.49 36.28 0.28 - -
22 386.9 1.2 45.61 - - 3.12 36.82 - 28.18 31.60 0.28 - -
23 376.4 1.1 45.61 - - 3.12 36.82 - 28.18 31.60 0.28 - -
24 3345 1.1 45.61 - - 3.12 36.82 - 28.18 31.60 0.28 - -
25 186.5 1.1 45.61 - - 312  36.82 - 28.18 31.60 0.28 - -
26 180.0 1.1 45.61 - - 3.12 36.82 - 28.18 31.60 0.28 - -
27 147.6 1.0 45.61 - - 0.52 39.42 - 30.78 29.00 0.28 - -
28 45.0 1.0 45.61 - - 0.52 39.42 - 30.78 7.41 0.28 - 21.59
29 45.0 1.0 38.04 - - 0.67 50.27 - 39.25 9.45 0.36 - -
30 45.0 23 3.54 - - 1.38 7.13 - 90.74 - 0.75 - -
31 112.0 8.6 3.54 - - 1.38 7.13 - 90.74 - 0.75 - -
32 45.0 8.5 3.54 - - 1.38 7.13 - 90.74 - 0.75 - -
33 45.0 8.5 1.04 - - - - - > 99.9 - - - -
34 50.0 60.0 0.91 - - - - - > 99.9 - - - -
35 45.0 8.5 0.01 - - - - - >999 - - - -
36 45.0 8.5 2.50 - - 7.20 37.19 - 51.71 - 3.90 - -
37 45.0 8.5 2.51 - - 6.89 35.59 - 53.79 - 3.74 - -
38 230.0 8.3 2.51 - - 6.89 35.59 - 53.79 - 3.74 - -
39 45.0 8.5 0.11 - - - - - > 99.9 - - - -
40 15.0 1.0 38.93 0.92 - - 0.03 - - 1.03 77.28 20.73 -
41 400.0 1.1 38.93 0.92 - - 0.03 - - 1.03 77.28 20.73 -
42 463.3 1.0 39.04 0.90 - - 0.03 - - 5.05 75.72 18.30 -
43 100.0 1.0 39.04 0.90 - - 0.03 - - 5.05 75.72 18.30 -
44 15.0 1.5 11.07 - - - - - - - - - 100.0
45 107.0 1.5 6.33 - - - - - - - - - 100.0
46 107.0 1.5 473 - - - - - - - - - 100.0
47 113.0 1.5 4.73 - - - - - - 100.0 - - -
48 113.0 1.5 6.33 - - - - - - 100.0 - - -
49 113.0 1.5 11.07 - - - - - - 100.0 - - -
50 113.0 1.5 11.07 - - - - - - 100.0 - - -
51 559.8 1.4 11.07 - - - - - - 100.0 - - -
52 45.0 1.0 31.90 - - 0.19 96.68 - 3.03 - 0.10 - -
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