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Abstract 

The addition of a calcium-based sorbent to a standard methane reforming catalyst alters the equilibrium and permits both the reforming and 
water-gas shift reactions to approach completion in a single step at a temperature approximately 200 K lower than currently used.  Depending 
on reaction conditions greater than 95% CO2 capture is possible and the product may contain 98+% H2 (dry basis) and only ppm levels of CO 
and CO2.  The requirements for final H2 purification are thereby minimized for some applications and eliminated for others.  While dolomite 
and limestone sorbent precursors have received the majority of attention because of their widespread availability and low cost, some 
researchers have studied synthetic calcium-based materials in an effort to improve sorbent durability.  Regardless of the source, process 
economics requires that the sorbent be regenerable and used in many reaction-regeneration cycles.  Regeneration is accomplished using 
temperature swing in an atmosphere of pure CO2 or a mixture of CO2 and steam from which pure CO2 can be produced by condensing the H2O.  
Circulating fluidized-bed reactors are appropriate for large-scale operations while dual fixed-bed reactors with alternating reaction-regeneration 
functions may be appropriate for small-scale operations.  No supplemental energy is required in the H2 production reactor as the combined 
reforming, shift, and carbonation reactions are essentially thermally neutral.  Supplemental energy is required in the regeneration step but 
overall energy reduction of 20 – 25% has been estimated.  Other advantages of sorption-enhanced H2 production include a reduction in capital 
cost due to process simplification, replacement of high temperature, high alloy steels in the reformer with less expensive materials of 
construction due to the lower operating temperature, total elimination of the shift reactor(s) and shift catalyst(s), and reduction of carbon 
deposition in the reformer.  The concept is equally applicable to H2 production from syngas from coal or biomass, with the added advantage 
that the need for reforming catalyst is eliminated.   
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1. Introduction

A hydrogen-based energy economy coupled with the anticipated limits on CO2 emissions provide an opportunity for new H2
production processes that are more economical, energy efficient and environmentally friendly.  Sorption-enhanced H2 production 
(SEHP), in which the hydrocarbon reforming, water-gas shift, and CO2 removal reactions occur simultaneously over a mixture of 
reforming catalyst and CO2 sorbent, may answer the opportunity.  This paper concentrates on H2 from natural gas, which is 
currently the dominant raw material for H2 production, but relatively minor modifications make the concept equally applicable to 
gaseous feeds derived from coal or biomass. 

The reforming, shift, and CO2 capture reactions may be written as 

CH4(g) + H2O(g)  CO(g) + 3H2(g)    Hr
o = 216.5 kJ/mol (1) 

CO(g) + H2O(g)  CO2(g) + H2(g)    Hr
o = -39.2 kJ/mol (2) 

CaO(s) + CO2(g)  CaCO3(s)     Hr
o = -175.7 kJ/mol (3) 
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When these reactions occur simultaneously the overall reaction is 

CH4(g) + 2H2O(g) + CaO(s)  4H2(g) + CaCO3(s)  Hr
o = 1.4 kJ/mol  (4) 

Since the overall reaction is effectively thermally neutral, no supplemental energy is needed during the H2 production step.  
The sorbent, which is consumed in reaction (3), must be regenerated and used in many reaction-regeneration cycles for the 
process to be feasible.  Supplemental energy required for sorbent regeneration has been estimated to be 20 – 25% less than that
associated with the current steam-methane reforming (SMR) process [1, 2]. 

Potential advantages of SEHP, in addition to energy savings include the following: 

process simplification since product H2 is formed in a single reaction step; 
simplification, or possible elimination, of the need for further H2 purification, depending on the product end use; 
elimination of the shift reactor(s) and shift catalyst(s); 
replacement of high-alloy steels in the reforming reactor with less expensive materials; 
reduction (or possible elimination of carbon deposition) in the reformer; 

2. Thermodynamics

The attractiveness of the SEHP concept depends on the thermodynamics of the carbonation reaction.  This is illustrated in 
Figure 1 where the equilibrium partial pressure of CO2 is plotted as a function of temperature.  Temperatures and pressures above 

and to the left of the equilibrium line favor carbonate formation while 
carbonate decomposition is favored at conditions below and to the right of 
the line.  Temperatures in the range of 600 – 650 oC, where the equilibrium 
CO2 pressure is equal to or less than 0.01 bar, are favorable for H2
production, while significantly higher temperatures are required for sorbent 
regeneration.  In order to produce pure CO2 for use or sequestration, the 
regeneration atmosphere should also be pure CO2, or perhaps a CO2-steam 
mixture where the steam can be removed by condensation.  At 1 bar CO2
pressure a temperature near 900 oC is needed for CaCO3 decomposition, 
while a temperature in excess of 1100 oC is required at a CO2 pressure of 15 
bar.  The high regeneration temperature is one of the major problems 
associated with SEHP as the sorbent tends to sinter and lose reactivity in 
multicycle operation.  Means of overcoming or minimizing this problem are 
discussed in later sections of this paper.  

Because of the thermal neutrality of the combined reaction, it is possible 
to achieve large fractional conversion of CH4 over a wide temperature 
range.  At a total pressure of 15 bar and steam-to-carbon (S/C) feed ratios 

comparable to those used in a standard steam-methane reforming process, it is thermodynamically possible to achieve greater 
than 80% CH4 conversion, which corresponds to 95% H2 (dry basis) in the product.  At relatively low temperatures the primary 
impurity is unreacted CH4 while at higher temperatures unreacted CO and uncaptured CO2 become the primary impurities.  At 
the same temperature and feed gas composition, but lower operating pressure even larger CH4 conversions and higher H2 purity 
are possible. 

3. Experimental Results 

3.1 Hydrogen Production 

Experimental tests in small-scale semi-batch fixed- and fluidized-bed reactors have proven the feasibility of achieving 
near equilibrium product gas compositions at reasonable reaction conditions.  For example, Figure 2 [3] shows the product H2
and CH4 concentrations as a function of time (breakthrough curves) from a fixed-bed test at 650 oC, 15 bar, with feed (S/C) = 4, 
conditions that approximate those currently used in the standard (SMR) process.  The fixed bed contained a mixture of a standard
Ni-based reforming catalyst and sorbent obtained by calcining Rockwell dolomite.  Equilibrium concentrations of  both 
components during prebreakthrough and postbreakthrough periods are designated by the horizontal dashed lines.  The upset after 
about 60 min was due to a temporary loss in steam feed to the reactor.  Average H2 concentration during prebreakthrough was 
95.8% (dry basis) compared to an equilibrium level of 96.1%, and the final, or postbreakthrough, concentration was 65.9%, 
essentially equal to the equilibrium value.  The prebreakthrough CH4 concentration of 4.8% corresponds to 83% conversion.  
Material balance calculations indicated calcium conversions of about 71% and 90% at the beginning and end of breakthrough, 
respectively.

Figure 1. Equilibrium CO2 Pressure as a  
Function of Temperature 

676 D.P. Harrison / Energy Procedia 1 (2009) 675–681



 Author name / Energy Procedia 00 (2008) 000–000  

Figure 3.  Product Breakthrough Curves from a Fluidized- Bed  
Reactor Test. Reprinted from ref 6. Copyright 2006 Elsevier 

Lower reaction temperature and pressure are important 
both in increasing the H2 content and reducing the CO 
content of the product.  The latter is particularly important 
for PEM fuel cell applications.  Peng and Harrison [4] 
reported prebreakthrough H2 and CO concentrations of 
97.7% and 32 ppm, respectively, at a reaction temperature 
of 480oC, 5 bar and (S/C) = 4.  CH4 conversion was about 
91% , which is effectively equal to the equilibrium value at 
these conditions. Lower operating pressure requires that the 
reactor temperature also be lower so that CO2 capture is still 
possible.  In a test at 3 bar and 440oC with (S/C) = 3, Yi and 
Harrison [5] reported that the prebreakthrough product gas 
contained 92% H2 and only 11 ppm CO.  The CH4
conversion was only75%, considerably lower than the 86% 
equilibrium value.   The significant difference between 
experiment and equilibrium was attributed to slower 
reaction kinetics at the lower temperature.  

Johnsen et al. [6] reported similar results from a semi-
batch fluidized-bed test as shown in Figure 3 where product 
concentrations of H2, CH4, CO and CO2 are presented as 
functions of time.  The fluid bed again consisted of a Ni-
based reforming catalyst, this time mixed with a sorbent 
obtained by calcining Arctic dolomite.  Reaction conditions 
were 600oC, 1 bar, and (S/C) = 3.  The prebreakthrough H2
concentration of 98% was almost equal to the equilibrium 
value and corresponded to 92% CH4 conversion.  
Concentrations of CH4, CO, and CO2 during this period were 
all less than 1%. When compared to Figure 1, the negative 
effect on H2 production from the lower (S/C) was more than 
offset by the positive effect of lower pressure.  During 
postbreakthrough, when essentially all of the calcium had 
been carbonated, the product composition of about 73% H2,
13% CH4, 7% CO, and 6% CO2 was near the equilibrium 
values in the absence of sorbent. 

2.2 Multicycle Tests  

H2 breakthrough curves from selected cycles of a 25-
cycle test using a fixed-bed reactor at 15 bar, 650oC, and 
(S/C) = 4 are shown in Figure 4 [7].  Regeneration was 
carried out at 1 bar and 800oC in N2.  The feed gas in the H2
production phase contained  40% N2 diluent so that the 
maximum H2 concentration was limited to just over 50%.  
The important result, none the less, is that the H2
concentrations closely approached the equilibrium values 
during both the prebreakthrough and postbreakthrough 
periods of each cycle.  The breakthrough curves were 

almost identical through the first 11 cycles, but by the 16th and subsequent cycles breakthrough began at increasingly earlier 
times, which provided clear evidence of decreased sorbent activity.  

  Multicycle performance deterioration has been  reported by a number of researchers and is generally attributed to sintering 
associated with the high-temperature regeneration step.  Most tests involving many cycles have involved only carbonation and 
calcination without H2 production, as such tests are much easier to carry out.  In general, they show a rapid deterioration in 
performance during early cycles with an asymptotic approach to a non-zero carbonation level. 

Figure 2.  H2 and CH4 Breakthrough Curves from Fixed-Bed  
Reactor Test [3] 

D.P. Harrison / Energy Procedia 1 (2009) 675–681 677



 Author name / Energy Procedia 00 (2008) 000–000 

Figure 4. H2 Breakthrough Curves from 25-Cycle  
 Fixed-Bed Reactor Test. Reprinted from ref. 7. 
 Copyright 2001 American Chemical Society 

Grasa and Abanades [8] studied the carbonation and 
regeneration reactions through as many as 500 cycles using 
Strassburg limestone.  They reported rapid deterioration 
during the first 20 cycles with an asymptotic approach to a 
residual calcium conversion of 7.5 to 8%.  Sun et al. [9] 
have made similar tests consisting of as many as 1000 cycles 
using limestone and report rapid deterioration through the 
first 20 cycles and an asymptotic approach to constant 
values in the range of 10 – 20% carbonation, depending on 
reaction conditions. 

2.3. Improved Sorbent Durability 

      Two approaches for eliminating or at least alleviating the 
sorbent durability problem are being studied.  One involves 
the preparation of synthetic sorbents whose intrinsic 
durability is superior to that of natural limestones and 
dolomites.  The second involves the restoration of activity 
through hydration to form Ca(OH)2.  These studies, like the 
long duration tests referred to above, have generally involved 
only sorbent carbonation and regeneration, but the results 
should also be applicable to SEHP.  

   Li et al. [10] have synthesized and tested a sorbent in which 
active CaO  (75 wt %) is supported on Ca12Al14O33 (25 wt %).  
Figure 5 shows CO2 capture, g CO2/g sorbent, as a function of 
cycle number for five of these sorbents whose final calcination 
temperatures during preparation varied from 900 to 1300 oC.  Each 
sorbent exhibited an actual increase in capacity for the first few 
cycles.  Sorbent CaO-CA-1 (calcined at 900oC) and particularly 
CaO-CA-2 (calcined at 1000oC) exhibited excellent durability 
through 30 cycles, with the 30-cycle loading corresponding to 
about 75% of the theoretical calcium conversion.  Higher 
calcination temperatures during preparation of sorbents CaO-CA-3, 
4, and 5 resulted in the formation of CaO on Ca3Al2O6, instead of 
CaO supported on Ca12Al14O33.  A larger fraction of the calcium 
was thus associated with the inert support which reduced the 
amount of free CaO available for carbonation. Reaction conditions 
for these tests were carbonation at 1 bar, 650oC, and either 16% or 
20% CO2 in N2.  Regeneration was at 1 bar, 850oC in 100% N2.  In 
similar tests under more severe conditions where carbonation 
occurred at 650oC and regeneration at 980oC, both in 100% CO2,
the capacity of sorbent CaO-CA-2 decreased with cycling, but still 
exceeded the capacity of dolomite and limestone after 60 cycles.   

Other results using synthetic sorbents have been reported by Stevens et al. [11] who tested sorbents prepared by spray drying 
and containing CaO (50 to 90 wt%) on MgO or Al2O3.  After 400 cycles a sorbent containing 90% CaO/10% Al2O3 exhibited a 
final capacity of about 0.19 g CO2/g sorbent compared to a first-cycle capacity of  0.45 g CO2/g sorbent.  The performance was 
similar to that discussed above with a relatively rapid capacity decrease during the first 50 cycles followed by a gradual decline 
to the final value. 

 Satrio et al. [12] have synthesized a unique material which combines reforming catalyst and CO2 sorbent into a single 
particle.  The Ca-based CO2 sorbent was enclosed within a strong porous shell of Al2O3 loaded with Ni-based reforming catalyst.  
While this structure is said to be quite durable, few multicycle test results have been reported to date. 

 Partially deactivated sorbents have been successfully reactivated through the formation and subsequent decomposition 
of Ca(OH)2.  Manovic and Anthony [13], using Kelly Rock limestone precursor, reported that, after 20 carbonation-regeneration 
cycles without reactivation, subsequent carbonation proceeded slowly and was limited to about 35% calcium conversion.  
Following reactivation, carbonation quickly increased to about 60% calcium conversion followed by slower carbonation to about 
75%.  Regeneration conditions were 1 bar, 850 oC in N2 while carbonation was carried out at 1 bar, 650 oC in 20% CO2/N2.
Ca(OH)2 was formed by treating the sorbent in a Parr bomb at 200 oC under saturated steam.  The authors suggest that 
decomposition of Ca(OH)2 helped to maintain the inventory of small pores (< 200 m) needed for CO2 capture. 

Figure 5.  CO2 Capacity Versus Cycle Number for  
 Sorbents Containing CaO on Either C12Al14O33 or
 Ca3Al2O6 . Reprinted from ref 10. Copyright 2006   
 American Chemical Society.  
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Similar favorable reactivation results have been reported by Fennell et al. [14] when the partially deactivated sorbent was 
simply exposed overnight to humid air where essentially all of the CaO was converted to Ca(OH)2.  Figure 6 provides a clear 
picture of the favorable results produced by hydration.  Three limestones – Purbeck (England), Havelock (Canada), and Cadomin 
(Canada) -- were subjected to repeated carbonation-regeneration cycles interrupted after cycles 30, 50, and 70 by overnight 
hydration of the sorbent as described above.  Without reactivation the carrying capacity of each limestone decreased in a similar
fashion to 20 – 30%.  Reactivation increased the carrying capacity to about 55% or to approximately 70% of the virgin limestone
carrying capacity.  This pattern continued throughout the three reactivation cycles. 

4. Process Analysis 

       In spite of reasonable success in extending sorbent lifetime it is 
probable that periodic or continuous addition of fresh and purge of 
spent sorbent will be necessary.  Circulating fluid-bed (or transport) 
reactors are ideal for transporting sorbent between the H2 production  
and sorbent regeneration reactors, for adding fresh and purging spent 
sorbent, and for diverting a slip stream of sorbent for reactivation by 
hydration.  A commercial process might therefore look something like 
that shown in Figure 7.  Although multiple fixed-bed reactors with 
periodic switching between H2 production and  sorbent regeneration 
functions have also been suggested, it seems likely that such systems 
will be limited to small-scale operations.

       Two SEHP processes are currently under development.  The Zero 
Emission Gas Process (ZEG) in Norway is being led by the Institute for 
Energy Technology [16].  Product H2 is to be used to produce 
electricity using SOFCs with the exhaust heat used for sorbent 
regeneration.  Estimated electrical efficiencies ranging from 50% to 
80% based on the net power output (LHV) of four process 
configurations having varying degrees of heat integration are reported.  
The process would resemble that shown in Figure 7 although the 
researchers have made no reference to sorbent reactivation by 
hydration.

In the US, Pratt and Whitney Rocketdyne (PWR) is carrying out 
pilot studies on an SEHP process and has announced plans to construct 
a 5MMscf/d demonstration unit [17].  Advantages claimed by PWR 
include a 90% size reduction, a 30 – 40% decrease in equipment cost, 
5 – 20% increase in H2 yield, and reduced PSA product purification 
requirements, all compared to the standard SMR process.  

Published results from process simulation studies confirm that 
SEHP is potentially attractive compared to the standard SMR process.  
Ochoa-Fernandez et al. [18] compared both the thermal and net 
efficiencies for the production of 99.9% H2 using SEHP and traditional 

SMR with MEA scrubbing for CO2 capture.  Thermal efficiency was 
defined as the ratio of the LHV of the product to that of the feed, while 
net efficiency was reduced, for example, by the energy penalty 
associated with the MEA unit. The calculated thermal efficiency of the 

SMR process in the absence of CO2 capture of 86% compared favorably to the 88% reported in the literature.  Addition of the 
MEA unit for 80% carbon capture reduced the calculated net efficiency to 71%, with most of the loss attributed to thermal 
energy required for stripping CO2 from the amine.  Reactors in the SEHP simulation were assumed to operate at equilibrium 
conditions.  The H2 production reactor operated at 10 bar, 575 oC, and S/C = 3.  79% CH4 conversion was achieved and the H2
concentration in the raw product was 94%.  The raw product  was compressed to 25 bar and fed to a PSA unit where 99.9% H2
was produced with 90% H2 recovery.  The compression step was added so that the PSA feed pressure was the same in both the 
standard SMR and SEHP processes. The SEHP regenerator operated at 1 bar and 870 oC with regeneration energy supplied by 
burning PSA off -gas, supplemented with CH4,  in O2 from an air separation unit.  Partial flue gas recirculation was included to 
moderate the flame temperature.  Note that the different operating pressures in the two reactors effectively require fixed bed,
rather than fluid bed, operation.  The SEHP process resulted in effectively 100% carbon capture, a full 20 points higher than the
SMR process with MEA.  The calculated thermal efficiency of 82% was reduced to a net efficiency of 79% when energy 
associated with air separation was included.

Figure 7. Possible SEHP Process Schematic.  
 Reprinted from ref 15. Copyright 2008 American  
 Chemical Society 

Figure 6.  The Effect of Ca(OH)2 Formation on  
CO2 Capture. Reprinted from ref. 14. Copyright  
2007 The Energy Institute 
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Reijers et al. [19] simulated the use of SEHP to convert natural gas to H2 with subsequent generation of electricity in a 
combined cycle plant using a 380 MWe Siemens V94.3A gas turbine.  The H2 production reactor operated at 17 bar, 600 oC and 
(S/C) = 3 and resulted in 93% CH4 conversion.  Regeneration occurred at 17 bar, 1000oC using steam as the regeneration carrier 
gas at a steam-to-CO2 ratio of 1.8.   The calculated efficiency was 56.2% with 85% CO2 capture.  These values compare to the 
normal natural gas combined cycle efficiency for this system of 57.1% without CO2 capture, which was reduced to an estimated 
48% efficiency when post combustion MEA scrubbing was added to capture 85% of the CO2.

5. Related Activities 

Coal to hydrogen and/or to electric power processes that utilize Ca-based sorbents for CO2 capture are also under 
development.  In the Japanese HyPr-RING process [20] coal, steam and CaO are fed to the gasifier where the steam and coal  
react to form H2, CO, and CO2.  The CO2 simultaneously reacts with the CaO which permits the formation of additional H2 via 
the shift reaction.  The product gas is said to contain about 90% H2, almost 10% CH4 and less than 0.4% (CO + CO2).  The ZEC 
[21] process is also designed to produce H2 and subsequently electricity from coal.  In this process the coal is first hydrogasified 
to a product rich in CH4.  In a second reactor the CH4 is reformed to H2 using SEHP.  One-half of the product H2serves as the  
feed to the hydrogasifier while the remaining half is used to generate electricity using SOFCs.  The energy for sorbent 
regeneration is supplied from the high temperature SOFC off-gas. 

Calcium sorbents are also being considered for the capture of CO2 from flue gas.  In a recent study MacKenzie et al. [22] 
performed an order-of-magnitude cost study for the capture of 85% of the CO2 from a coal-fired 360 MWe pressurized fluidized-
bed combustor. The estimated capture cost using CaO sorbent was $23.70/metric ton CO2 (Canadian), considerably less than the 
range of $39 -$96/metric ton CO2 for MEA scrubbing quoted from a number of literature sources.  Finally, Li et al. [23] 
estimated the cost of electricity and overall cycle efficiency using three Ca-based sorbents – limestone, dolomite, and the 
75CaO/25Ca12Al14O33 synthetic sorbent described earlier.  While the synthetic sorbent yielded higher cycle efficiency, CO2
capture using dolomite resulted in the lowest estimated cost of electricity because of the lower cost of the natural compared to the 
synthetic sorbent. 

6. Conclusions 

Interest in Ca-based cycles for the SEHP process as well as for other applications is increasing.  The H2 production phase 
possesses many advantages compared to standard SMR.  H2 purity from SEHP is considerably higher than from the shift reactor 
of the standard process.  The need for further purification is at least minimized and may be completely eliminated for some end
uses.  The primary problem to date is the high regeneration temperature that causes the sorbent to sinter and performance to 
deteriorate in multicycle operation.  However, this problem may be relieved by recent developments involving sorbent 
reactivation or development of synthetic sorbents having intrinsically better durability.  Results from a number of process system 
analyses suggest that sorbent-based processes have great potential in terms of higher efficiency and lower cost compared to more
established processes for CO2 capture such as MEA scrubbing.   
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