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ABSTRACT: In this work, sorption enhanced steam reforming is
explored as a potential solution for the valorization of gaseous
streams recovered from biorefinery hydrogenation processes. The
hydrogen content of such streams limits the hydrocarbon
conversion in conventional steam reforming due to thermody-
namic and kinetic constraints. A previously developed 1D dynamic
heterogeneous model of an adiabatic reactor was thus applied to
evaluate the effect of H2 dilution on the performance indicators of
the sorption enhanced reforming process. The mathematical model
analysis highlights that despite of CO2 capture by the sorbent
favorably modifies the thermodynamics of syngas production, H2
dilution worsens the performance of the sorption enhanced
reforming of model H2/CH4 streams with respect to pure CH4.
Results show a drop of 17% for CH4 conversion and a reduction of 15.4% of the captured CO2 on passing from pure methane to a
H2/CH4 feed with a 40/60 molar ratio. However, on increasing the heat capacity of the bed, by replacing part of the sorbent with an
inert heat carrier, better performances are calculated for the H2/CH4 feed matching the pure CH4 case. The presence of C2+
hydrocarbons is assessed as well and the results show a significant improvement in the reformer’s performance; in the case of a
stream composed of H2/CH4/C3H8 with a molar ratio 40/45/15, the total hydrocarbon conversion grows to 92.8%, CO2 capture
ratio to 82.6%, and H2 purity to 95.6%. The positive effect is associated with thermal factors that promote the reaction kinetics.
Thus, the suitability of the sorption enhanced reforming technology to H2-rich and C-poor streams is strictly composition
dependent; by cofeeding of C2+ hydrocarbons, the process turns into a remarkable solution for converting gaseous streams in pure
H2.

■ INTRODUCTION
The expected growing demand for carbon neutral fuels in the
coming years1−3 induces the development of many hydro
processing technologies that focus on the production of
biofuels utilizing biobased carbon neutral resources.4−7 Thus,
the need for sustainable hydrogen streams is expected to grow
dramatically, as many of the fuel upgrading processes are
characterized by significantly high hydrogen need. Likewise,
within the conventional refinery, maximizing the hydrogen
utilization, thus the refinery efficiency, along with the
anthropogenic CO2 capture are targets of the utmost
importance to meet the ever-tightening emissions regula-
tions.8−10 Therefore, there is great interest in developing new
processes for the production of sustainable carbon neutral
hydrogen.11 A novel idea is using the waste streams and the
byproducts of the biorefinery to produce streams that are rich
in hydrogen,12,13 providing, besides the main benefit of
covering the hydrogen demand of the biorefinery, the
valorization of the biorefinery byproducts and waste streams,

thus leading to reduction of the final biofuel production cost.14

Specifically, gaseous streams separated in fractionation units
downstream from hydrocracking and hydrotreating processes
represent a good candidate for this application as they contain
significant quantities of hydrocarbons.15−18 However, the
complex nature of such streams where they may consist of a
wide range of components and could contain significant
amounts of hydrogen has a severe impact on the reforming
process by limiting the fuel conversion both thermodynami-
cally and kinetically. Likewise, within the conventional refinery,
hydrogenation, hydrotreating, and hydrocracking processes
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take place in the presence of excess H2 to produce, besides the
main products, gaseous streams containing high concentration
of H2.

19 Combining the chemical reactions and product
separation in a single step makes the sorption enhanced
reforming (SER) a very promising option for achieving a high
hydrogen yield from such complex streams.
In the SER process, the continuous CO2 removal through

the carbonation of metal oxides (eq 1) shifts the thermody-
namic equilibrium of the hydrocarbons steam reforming (SR)
reaction (eq 2) and the water gas shift (WGS) reaction (eq 3)
toward the production of H2 according to the Le Chatelier’s
principle, improving the hydrogen yield and purity.20,21 The
integration of H2 production and purification in a single step
intensifies the process and in practice eliminates the need of
downstream separation stages. Additionally, the SER process

couples the endothermic hydrogen production, via reforming
reactions, with exothermic carbon dioxide adsorption which
reduces the energy demand in the reforming step of the
process, alleviating the need for direct fuel combustion.

+ <HMeO CO MeCO 0r2 3
0

(1)

+ + + >+ n n n HC H H O CO (2 1)H 0n n r2 2 2 2
0

(2)

+ + =HCO H O CO H 41 kJ molr2 2 2
0 1

(3)

A key element for a successful SER process is the
appropriate selection of high-temperature sorbents. The choice
of suitable sorbents for selective in situ CO2 removal from the
reaction medium is a great challenge due to the severe

Table 1. Model Equations, Boundary Conditions, and Initial Conditions
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Boundary Conditions
Reactor inlet (z = 0) Reactor outlet (z = Lt)

Fgas,tot = Cgast,tot
0 vgas0 =

C
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0gas i,
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Initial Conditions
For all the reactor length (0 < z < Lt)
Tgas = Tcatalyst = Tsorbent = T(solids‑initial)

Cgas,i = Cgas,i
t=0

Xsorbent = 0
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operating conditions, especially the high temperature and the
presence of steam during the sorption process.22 Many
promising materials have been tested and developed as
potential sorbents, including CaO-based, hydrotalcite-based,
and alkaline ceramic sorbents23,24 among which CaO-based
solids are the most attractive due to their wide availability, low
cost, high theoretical sorption capacity and fast carbonation
kinetics.25

Besides the several experimental and modeling studies
performed on the SER of methane,26−29 some studies have also
considered the use of biomass sources as feedstock, such as
ethanol,30,31 glucose,32 glycerol,33,34 bio-oil,12−14 and more
recently biogas.35 The proven feasibility of utilization of the
SER process with a wide range of feed streams makes it an
ideal candidate for selective hydrogen production from
complex streams. In this respect, the goal of this work is the
evaluation of the suitability of integrating the sorption
enhanced reforming process within a refinery/biorefinery
scheme utilizing model mixtures representative of some side
streams of the refinery to produce pure streams of hydrogen to
be used internally in the fuel upgrading processes or to be
exported.
In our recent work,36 a 1D heterogeneous model for the

methane SER process in an adiabatic fixed bed reactor was
developed. The model allowed for a detailed analysis of the
dynamic behavior of the process under the adiabatic
conditions, highlighting the importance of the bed thermal
capacity on the methane conversion and the carbon capture
ratio (CCR). The effects of the inlet gas, the initial solid
temperatures, and of inert heat carrier addition were
investigated. Simulation results for pure methane streams
showed that CH4 conversion and H2 yield in excess of 90%
could be obtained together with an H2 purity >95% and an
85% CCR. Besides, the possibility to operate the SER process
with a high initial solid temperature was highlighted, which
minimizes the need of a cooling step between sorbent
regeneration and reforming stages with beneficial implications
on the overall efficiency of the process. In this work, we extend
the model analysis of the sorption enhanced reforming process
in the adiabatic fixed bed arrangement utilizing a range of
mixed streams, mainly rich in hydrogen, representative of the
gaseous side streams available in refineries and industrial
plants. The effect of the hydrogen presence in such streams is
discussed by performing several simulations using the 1D
model. Then, the presence of C2+ hydrocarbons in the feeding
mixture of the SER process is assessed.

■ METHODOLOGY
SER Reactor Model. In our previous work,36 a

heterogeneous 1D dynamic model of a fixed bed reactor was
developed. The model describes the dynamic evolution of
concentration and temperature axial profiles across the SER
reactor by solving the dynamic differential mass and energy
balances and incorporating the kinetics and thermodynamics of
all chemical processes, namely, the 1D total mass balance for
gas phase, 1D i-species mass balance (i = CH4, H2O, H2, CO,
CO2, N2, C3H8), and energy balances for the gas phase,
catalyst, and sorbent solid phases are included in the model.
The internal diffusion limitations in the catalyst particles are
accounted by including a global catalyst effectiveness factor in
the i-species mass balance similar to works presented in the
literature.37−41 The model equations, along with the boundary
and initial conditions, are presented in Table 1 (see Supporting

Information for Nomenclature). Due to the very low Biot
number calculated at the selected working conditions, particles
are assumed to be isothermal. The modeled reactor scheme
and dimensions are reported in section A of the Supporting
Information. The model is implemented in gPROMS software
platform for the dynamic simulation following the same
numerical scheme detailed in our previous work.36

Four catalytic reactions are considered in this work, methane
reforming, propane reforming, methanation, and water gas
shift, combining the C1 kinetic model developed by Xu and
Froment42 for nickel catalyst with the propane steam
reforming model reported by Uskov et al.43 Regarding the
kinetic model used for the CaO carbonation, due to the
insignificant contribution of the slow diffusion controlled step
in any practical CO2 capture application as described by Mess
et al.,44 the empirical rate equation presented in45 with a rate
constant invariant with temperature and a constant maximum
sorbent conversion is used as discussed in ref 36. All the rate
equations and the kinetic and equilibrium parameters for both
the catalytic and the sorption reactions are reported in sections
B and C of the Supporting Information. The reactions’
enthalpies are calculated for the various catalyst and sorbent
phases temperatures using the correlations and the coefficients
for calculating the specific heat capacities and the enthalpies of
formation of all the species from.46 gPROMS Multiflash 4.3
utility tool is used to calculate the physical and chemical
properties (molecular weight, specific heat, density, viscosity,
and thermal conductivity) of the reacting mixture. Molecular
diffusivities, mass, and heat transport coefficients are calculated
with correlations taken from the literature47−51 and reported in
section D of the Supporting Information.

■ RESULTS AND DISCUSSION
Dynamic Behavior of H2-Rich Stream SER in a Fixed

Bed Reactor. A typical arrangement of the SER process in a
fixed bed can approach a continuous production of hydrogen
through alternating parallel reactors between the two steps of
the process: the sorption enhanced reforming and the sorbent
regeneration. Using the 1D heterogeneous model described in
section 2, the performance of the sorption enhanced reforming
of hydrogen containing streams is evaluated in an adiabatic
fixed bed reactor (2.26 m diameter and 5 m length). On the
basis of our previous modeling work,36 baseline working
conditions are selected to perform the process at a pressure of
10 bar with a steam to carbon ratio of 4, a feeding temperature
of 550 °C and an initial bed temperature of 850 °C. The
simulations were performed assuming a GHSV = 350 N m3/h/
m3

reactor and that the reactor is packed with spherical sorbent
and catalyst particles of 2 mm diameter at a sorbent to catalyst
ratio of 5 v/v. Table 2 summarizes the geometric and operating
parameters used in the simulations. It is worth mentioning that
a summary of the operating conditions used for all the
simulations herein discussed is reported in section E of the
Supporting Information.
Limited by the amount of the loaded active sorbent in the

reactor, SER is a dynamic process in the fixed bed arrangement
as demonstrated in ref 52. In our previous work,36 a detailed
description of the dynamic behavior of the methane sorption
enhanced reforming process is carried out in an adiabatic fixed
bed reactor. As shown in Figure 1, schematizing the reactor’s
axial profiles of temperature and composition at any time step
before the breakthrough, the introduction of the feeding
mixture to the reactor initiates the globally endothermic
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reactions taking place on the catalyst surface in the reactor inlet
zone, resulting in a drop in the temperature of the solid phase
and producing CO2 in the gas phase. Along with the reformate,
the CO2 migrates downstream the bed until reaching the front
of the fresh sorbent zone that rapidly consumes most of the
CO2 in the gas phase, shifting reaction equilibria and resulting
in a locally exothermic process, which generates significant
temperature and composition gradients. The exothermic SER
produces a high temperature wave that advances through the
bed, controlled by two factors: the convective heat transfer by
the gas phase and the incremental saturation of the sorbent
leading to the forward movement of the SER zone. This latter
effect makes the peak of the thermal wave progressively higher,
while the convective heat transfer, which propagates faster than
the SER front, makes it progressively wider. Eventually, the
moving carbonation front reaches the outlet of the reactor,
turning the behavior of the reactor to that of an equilibrated
adiabatic steam reformer. This complex framework justifies the
temporal temperature and composition profiles at the reactor
outlet plotted in Figure 2.
Focusing on the simulation results for the pure methane case

represented with the red line in Figure 2, the temperature and
composition of the stream exiting the reactor pass by four
temporal phases. Initially, there is a period characterized by
steady conditions (constant temperature and composition) of
the stream exiting the reactor, whose duration is controlled by
the heat capacity of the reactor bed. Then, as a result of the

progressive cooling of the reactor bed due to relatively low
inlet gas temperature and the endothermic nature of the SER
global reaction, the reactor enters in the thermal breakthrough
phase, when the outlet temperature presents a complex
evolution, first decreasing and then increasing again, although
to a limited extent. Such a reduction of the outlet temperature
limits the extent of methane conversion, but the availability of
active sorbent still removes the CO2 produced by the WGS
reaction, maintaining high hydrogen purity in the outlet
stream. Notably, the complex evolution of the outlet
temperature during the thermal breakthrough phase is
associated with the propagation of the SER thermal wave
described above. As the sorbent in the reactor becomes
saturated the material breakthrough phase, characterized by a
steep increase of CO2 concentration in the outlet stream, takes
place. Finally, the complete saturation of the sorbent is
reached, and the reactor evolves to the post breakthrough
phase acting as a conventional methane reformer under
adiabatic conditions, with quite low methane conversion and
H2 production.
Comparing the breakthrough curve for pure methane with

those calculated for 20/80 (blue line) and 40/60 (green line)
H2/CH4 feed molar ratios (Figure 2), a similar behavior is
predicted since the time evolution of the outlet variables
follows the same temporal phases described for the pure
methane case. However, during the thermal breakthrough
phase, lower average outlet temperatures are calculated (from
648 °C in the case of pure CH4 SER to 604 °C in the case of
H2/CH4 = 40/60 feed molar ratio), resulting in lower CH4
conversion (panel B) during the thermal breakthrough phase
(dropping from 87.5% to 67.6%) on increasing the H2 content
in the feed. As explained in ref 36 and summarized above, the
complex temperature dynamics in the thermal breakthrough
phase is governed by the combination of the cooling effect of
the cold inlet gas and the endothermic steam reforming
process, which occurs at the very inlet of the catalyst bed, with
the heating effect of exothermic process in the carbonation
zone. The two effects propagate through the bed with different
velocities, resulting in the initial temperature decline followed
by a temperature increase occurring in the thermal break-
through phase, where the SER zone reaches the outlet section
of the reactor.
As shown in Figure 3A−C, where axial temperature and

concentration profiles at a single time step before the
breakthrough are reported, the presence of H2 in the feed
(solid lines) limits the conversion of methane in the steam

Table 2. Reactor Characteristics and Operating Conditions
for the Reference Case

feed gas temperature 550 °C
initial solids temperature 850 °C
pressure 10 bar
steam to carbon molar ratio 4 mol/mol
sorbent to catalyst ratio 5 m3

CaO/m3
Cat

catalyst particle density 1650 kg/m3

sorbent particle density 1650 kg/m3

reactor diameter 2.26 m
reactor length 5 m
particle diameter (dparticle) 2 mm
GHSV 350 N m3/h/m3

reactor

max sorbent conversion (Xmax) 0.4 molcaco3/molcao
catalyst effectiveness factor (η) 0.3
void fraction (ε)a 0.4

aCalculated according to eq S1 in section A of the Supporting
Information.

Figure 1. Temperature and composition development along the axis of the reactor.
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reforming zone (where the sorbent is already saturated) at the
reactor entrance, resulting in lower CO2 concentrations
compared to the pure CH4 feed (dashed lines). Since the
extent of steam reforming in the entry zone is responsible for
the exothermicity of the process in the SER zone, which is
mainly due to the excess of carbonation rate compared with
the reforming rate (Figure 3d), H2 dilution also mitigates the
local heat release in the SER zone. Such effects smooth the
thermal wave associated with SER and result in a less
pronounced temperature increase in the ending part of the
thermal breakthrough phase. The lower extent of CH4

conversion combined with the slightly lower feed carbon
concentration also results in an evident delay of the material
breakthrough time on increasing H2 feed content (Figure 2).
The integral performances of the SER reaction step are

evaluated based on the set of key performance indices (KPIs)
calculated with eqs 4−8 by integrating the molar flow rates
inlet and outlet over the breakthrough time (BTt); this was
selected as the time required to reach an outlet CO2 molar
fraction of 0.02 on dry basis.

=
n t n t

n t

Integral CH conversion

CH d CH d

CH d

BTt in BTt out

BTt in

4

0 4 0 4

0 4 (4)

=
n t n t

n t

Integral net hydrogen yield

H d H d

4 CH d

BTt out BTt in

BTt in
0 2 0 2

0 4 (5)

=
n t

n t n t

Integral hydrogen purity

H d

total d H O d

BTt out

BTt out BTt out
0 2

0 0 2 (6)

=
NC n t NC n t

NC n t

Integral carbon capture ratio (CCR)

d d

d

BTt
i i

gas BTt
i i

gas out

BTt
i i

gas
0

in
0

0
in

(7)

Figure 2. Effect of the H2 content in the feed on the breakthrough curves. P = 10 bar; S/C = 4; Tfeed = 550 °C; Tbed,initial = 850 °C; GHSV = 350 N
m3/m3

reactor.
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=
=

n BTt z

n t z
Sorbent bed utilization

( ) d

( 0) d

L

L
0 CaCO

0 CaO

3

(8)

As presented in Figure 4, the increased content of hydrogen
in the feed hinders the methane reforming, reducing the
efficiency of the hydrogen production process. The conversion
drops from 91.5% to 74.4% on passing from a feed stream of
pure CH4 to a stream containing 40/60 mol/mol H2/CH4.
Following the decline of conversion, the carbon capture ratio
decreased from 84.6% to 69.2%, with unconverted methane as
the main carbon species at the reactor outlet. However, the
increased outlet methane concentration has a lower effect on
the H2 purity, with just 3.8% reduction from 95.9% to 92.1%,
due to the presence of H2 in the feed stream. Reduced
methane conversion is responsible for the reduction of the net
H2 yield from 89.5% to 73%.
Given the significant drop in performance, a sensitivity

analysis to evaluate the effect of the GHSV and the steam to
carbon ratio on the SER of the H2-rich stream is performed
and as reported in section F of the Supporting Information,
results show a limited improvement of the KPIs on decreasing
the GHSV and on increasing the stream to carbon ratio.
Effect of Inert Heat Carrier Addition. As proposed in

our previous work,36 the partial replacement of sorbent with
dense inert pellets (ρinert = 3950 kg/m3 and Cpinert = 0.88 kJ/
kg/K) is a strategy to balance the heat and CO2 capture
capacities of the reactor. To evaluate the effectiveness of this
strategy on the SER of H2-containing stream, simulations are
performed replacing 20% (ξinert = 0.16) and 40% (ξinert = 0.34)

of the sorbent volume with the inert material, keeping fixed the
catalyst volume fraction of the reference case with no inert
addition. In line with the results achieved for the pure methane
SER,36 the simulated breakthrough curves presented in Figure
5 for a stream of H2/CH4 feed molar ratio of 40/60, show a
slight elongation in the pre-break-through phase with increase
of the inert solid fraction thus the growth of the bed thermal
capacity. On the other hand, the material breakthrough is
markedly brought forward due to the lower amount of sorbent
in the bed. As a consequence, the thermal breakthrough phase
becomes shorter and characterized by a significant upsurge in
the simulated outlet stream temperature that grows pro-
gressively with the increase in the inert solid fraction.
Evaluating the process KPIs, as presented in Figure 6, the

methane conversion improves with the inert’s volumetric
fraction, growing from 74.4% for the reference case with ξinert =
0 to 93.4% for the case with ξinert = 0.34. The higher
conversion is coupled with a higher hydrogen yield (from 73%
to 90%), higher carbon capture ratio (from 70.2% to 77.7%),
and a slight growth (from 92.1% to 95%) in the H2 purity, as
well. Even though the conversion grows significantly (an
increase of 19%), the elongation of the pre-break-through
phase and the excessive increase of the temperature during the
thermal breakthrough phase limits the WGS reaction and
hinders the carbonation reaction resulting in a limited
improvement of the CCR and the H2 purity.
Notably, the simulated reduction of the breakthrough time

with the inert solid fraction results in an increased number of
reaction−regeneration cycles, which may lead to technical
hurdles on a plant scale. Therefore, a global technoeconomic

Figure 3. Axial profiles of temperature, concentration, and rates of reaction at t = 3000s. Solid lines: pure CH4 feed; dashed lines: H2/CH4 = 40/60
feed molar ratio.
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analysis of the full cycle reaction-regeneration is necessary to
evaluate the feasibility of addition of inert solids on the overall
plant performance.
It is worth mentioning that the analysis on the impact of

inert solids on the SER process is also relevant for the SER step
of the Ca−Cu process, a peculiar SER process where sorbent
regeneration is carried out though a Cu/CuO chemical
loop.53−55 In the SER step of the Ca−Cu process, the Cu
particles behave as inert material that would affect the thermal
capacity of the reactor bed, making the physical properties of
the Cu containing material an important parameter for the
optimization of the Ca−Cu chemical looping process.

Effect of C2+ Hydrocarbons Presence in the Feed. In
the framework of the complex refinery side streams, the effect
of higher hydrocarbons is particularly interesting to study. In
this analysis, propane is used as a representative molecule for
C2+ hydrocarbons. The effect of the presence of propane in a
stream containing hydrogen is studied by assuming a stream
containing 40% (dry) hydrogen and 60% (dry) hydrocarbons
distributed between propane and methane. In Figure 7, the
breakthrough curves obtained for different feed propane
content are compared. The average outlet stream temperature
in the thermal breakthrough phase markedly increases with the
content of propane in the feed rising from 604 °C for the case
with no propane cofeeding to 737 °C for the case with 15%

Figure 4. Effect of the hydrogen cofeed on the integral performances of the SER process.

Figure 5. Effect of inert heat carrier addition on the breakthrough curves. H2/CH4 feed molar ratio = 40/60; P = 10 bar; S/C = 4; Tfeed = 550 °C;
Tbed,initial = 850 °C.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c02401
Ind. Eng. Chem. Res. 2023, 62, 15884−15896

15890

https://pubs.acs.org/doi/10.1021/acs.iecr.3c02401?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02401?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02401?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02401?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02401?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02401?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02401?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02401?fig=fig5&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c02401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mol (dry) C3H8 in the feed. Similarly, the hydrocarbon
conversion (panel B) during the thermal breakthrough phase
increases from 67.6% without propane to 91% with 15% mol
(dry) C3H8 in the feed. This behavior is explained by the more
favorable thermodynamics of C3H8 steam reforming, which
allows a higher C-conversion in the SR zone where the sorbent
is saturated, resulting in a more pronounced extent and lower
endothermic contribution of the steam reforming reaction in
the inlet zone. Accordingly, the overall exothermicity of the
process in the SER zone progressively increases with the C3H8
feed content, resulting in a more pronounced temperature
increase in the second part of the thermal breakthrough phase.
To evaluate the effect of the presence of propane in the feed

on the integral scale of the process, a reassessment of the KPIs
is needed. Equations 9 and 10 define the integral hydrocarbon
conversion and the integral net hydrogen yield, respectively,
including the presence of both methane and propane in the
feed.
Integral hydrocarbons conversion

=
+ +

+

n n t n n t

n n t

CH 3 C H d CH 3 C H d

CH 3 C H d

BTt in in BTt out out

BTt in in
0 4 3 8 0 4 3 8

0 4 3 8

(9)

=
+

n t nH t

n t n t

Integral net hydrogen yield

H d d

4 CH d 10 C H d

BTt out BTt in

BTt in BTt in
0 2 0 2

0 4 0 3 8 (10)

As evident from Figure 8, the propane content in the feed
markedly enhances the hydrocarbon conversion (from 74.4%
without propane to 92.8% with 15% mol (dry) C3H8 in the
feed), taking advantage from complete propane conversion
calculated in all the simulations performed. Besides methane
conversion also increases with the feed propane content
(74.4% without C3H8 to 85.8% with 15% mol C3H8), which
can be explained by the increase of the average outlet
temperature as deduced from the breakthrough curves. The
enhanced conversion is reflected in an increase of the net H2
yield rising from 73% for no C3H8 cofeeding to 89.2% for the
case with 15% mol C3H8 cofeeding. On the other hand, CCR
exhibits a different behavior with an increasing trend from
69.2% to 84.3% on increasing the propane content from 0% to
12.5%, followed by a slight decrease to 82.6% for the case with
15% mol C3H8. The initial increase of the CCR at the lower
range of propane cofeeding is consistent with the hydrocarbon
conversion trend coupled with the moderate temperature of
the reactor, maintaining high sorption performance. On the
other hand, at the highest investigated concentration of
propane in the feed, the increasing exothermicity of the
process leads to an increase of the temperature in the moving
carbonation zone, resulting in a reduction of the performance
of the sorbent. This explanation is clear from the distribution
of the uncaptured carbon containing species (Figure 8D),
which is largely dominated by unconverted CH4 at low feed
propane concentrations, with a contribution of COx which
becomes significant only at the highest C3H8 feed concen-
tration. The specific H2 productivity per unit mole of carbon
feed and the H2 purity follow the same trend of the CCR
achieving a maximum H2 productivity of 3.64 N m3 m−3

reactor

Figure 6. Effect of the inert heat carrier addition on the KPIs of the H2-rich stream SER process.
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kmolC−1 at 10% mol propane cofeeding and a maximum purity
of 96% at 12.5% mol propane cofeeding.
The presented results suggest a flexibility of the SER process

in terms of the feeding mixture composition, where reforming
of complex streams that contain high concentration of H2
becomes feasible by cofeeding of a small amount of C2+
hydrocarbons. Enrichment of carbon poor streams leads to
matching the thermal demand of the reforming process and
ensures extracting better performance from the reformer.
Assessment of a Full-Scale Fixed Bed SER Reactor. A

benchmark is required to properly assess the SER performance
in an adiabatic fixed bed reactor arrangement. The dynamic
temperature profiles simulated in this work for the fixed bed
arrangement cover a wide range from less than 500 °C
(adiabatic SR temperature with Tfeed = 550 °C) to 850 °C
(initial solid temperature). In view of this, the calculated
integral performance indices for the different feeding streams
addressed in this work are compared with the calculated SER
equilibrium values in isothermal and isobaric conditions for
two reference cases: 600 and 700 °C; using the same steam to
carbon ratio and pressure values used to perform the adiabatic
fixed bed simulations (S/C = 4, P = 10 bar). The methods
used to perform equilibrium calculation along with more
detailed results are reported in section G of the Supporting
Information of this work. It is noteworthy that isothermal
equilibrium values are representative of the performances of

interconnected circulating fluidized SER/Regeneration beds
operated at uniform and constant temperatures as a result of
intense solid recirculation and low solid replacement to
inventory ratio.
Figure 9 presents a comparison between the KPIs resulting

from model simulations of the fixed bed reactor and the values
calculated for the equilibrium condition at constant temper-
ature and pressure for three feeding mixtures: pure methane;
Mix 1:40/60 H2/CH4 mol/mol; Mix 2:40/45/15 H2/CH4/
C3H8 mol/mol. For Mix 1 the case with inert addition is also
considered.
As shown in Figure 9A, the calculated integral hydrocarbon

conversion for the simulated adiabatic fixed bed reactor
outperforms the equilibrium values in all of the investigated
cases except for Mix 1 without inert addition. This is due to the
high outlet temperature before and, to a minor extent, during
the thermal breakthrough, which enhances the hydrocarbon
conversion by steam reforming. On the other hand, the
calculated CRR (Figure 9C) keeps slightly below equilibrium
values, consistent with the lower CO2 capture capacity of the
sorbent on increasing the temperature. The lower calculated
CCR results in slightly lower H2 purity compared to the
equilibrium values, as evident in Figure 9D of the figure. It is
worth emphasizing that this decrease of carbon capture
performances is quite limited since most of the sorbent in
the SER zone operates at lower temperature compared to the

Figure 7. Effect of the presence of C2+ species on the breakthrough curves. Working conditions: P = 10 bar; S/C = 4; Tfeed = 550 °C; Tbed,initial =
850 °C.
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outlet one for most of the reactor’s operation duration. Note
that at 850 °C, the selected initial solid temperature in the
model simulations, equilibrium calculations, as presented in
Figure S6, result in almost no carbon capture. These results
clearly show that the complex thermal behavior of the adiabatic
fixed bed reactor provides a good trade-off between hydro-
carbon conversion and carbon capture performances over a
wide range of feed stream composition.

■ CONCLUSIONS
Sorption enhanced reforming of biorefinery side streams for
hydrogen production is studied in this work. Using a 1D
dynamic heterogeneous model, the effect of the H2 content in
hydrocarbon streams fed to an adiabatic fixed bed reactor is
evaluated. Simulations of different H2 content in the feed are
performed and the results show a decrease of 17.1% in the
hydrocarbons conversion coupled with a drop of 15.4% of the
captured CO2 on passing from pure CH4 stream to a feeding
stream composed of 40/60 mol/mol H2/CH4. The presence of
small quantities of C2+ hydrocarbons in the feeding mixture is
evaluated as well by assuming a stream containing 40% (dry)
hydrogen and 60% (dry) hydrocarbons distributed between
propane and methane. Results show an improving trend of the
reformer’s performance with the increase of the C3H8 fraction
in the feed, reaching an achievable 92.8% hydrocarbons
conversion, while capturing 82.6% of the released CO2 to
produce a stream of 95.6% H2 purity for a stream composed of

40/45/15 mol/mol H2/CH4/C3H8. The improved perform-
ance achieved on the enrichment of H2/CH4 mixtures with
propane introduces a novel strategy for the feasible SER of
complex refinery and biorefinery gaseous side streams.
Comparing the performance indices of a simulated fixed bed

reactor with those calculated assuming thermodynamic
equilibrium allows a better understanding of the impact of
the bed’s dynamic thermal behavior. In this case, the presence
of a moving carbonation zone, facilitated by the initially high
bed temperature (850 °C), leads to a higher simulated integral
conversion for pure CH4, fed at 550 °C, compared to the
equilibrium value calculated at 700 °C. However, when H2 is
present in the feed, the simulated integral methane conversion
significantly drops, reaching 74.4% for a mixture containing
40% mol H2, which is much lower than the equilibrium value.
The simulations indicate that these limitations can be
overcome by increasing the energy stored in the reactor
through an increase in the bed heat capacity. For example,
using a reactor with an inert heat carrier at a volumetric
fraction of 0.34 results in a significant improvement in
conversion, reaching 93.4%.
Similarly, in the presence of propane as a model C2+

hydrocarbon, the simulated H2 yield is higher than the
evaluated equilibrium values assessed, which is a result of the
moving carbonation zone resulting in the nonuniform
temperature profile of the reactor gaining the benefits of

Figure 8. Effect of the C2+ species cofeed on the integral performances of the SER process.
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running the process at high temperature, thus achieving high
conversion, while sustaining high CO2 capture performance.
The results herein presented verifies the technical suitability

of using the SER process as a solution for tackling the limits of
the conventional steam reforming process regarding the
production of H2 from complex streams that contain high
concentration of H2. With the proper integration between
existing industrial plants (refineries, biorefineries, chemical
production plants, etc.) and a SER based H2 production unit
utilizing the side streams of the plant, a significant economic
advantage may be achieved.
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