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1. Table S1. The perovskite PTSs tested in this study
Ball milling time .
:325:_ Sample Name and calcingation XRD co, (c(;)p)amty
temperature

1 Srg.625Bag 375F€075C00.2505.5 24 h, 1000°C Pure 25.27
2 Sry sBag sFey 75C00.2503.5 24 h, 1000 °C Pure 25.02
3 Sty 375Bag sp5F€0.75C00.2503.5 24 h, 1000 °C Pure 29.43
4 Srg25Bag 75Feg75C00.2505.5 3 h, 1000 °C Pure 26.61
5 Sro.625Bag 375F €0 375C00.62503.5 3 h, 1000°C Pure 46.18
6 Sro sBag sFeg 375C00.62503-5 3 h, 1000°C Pure 44 .45
7 Sro375Bag ¢25F€0 375C00.62503-5 24 h, 1000 °C Pure 42.10
8 Srg25Bag 75F€0.375C 00625035 24 h, 1000°C Pure 46.61
9 Srg.625Bag375F€0.5C00503.5 24 h, 1000°C Pure 49.44
10 Srg375Bag 625F €0 5C00 5055 24 h, 1000 °C Pure 28.26
11 Stg.625Bag 375F€0.25C00.75035 24 h, 1000 °C Pure 48.85
12 Sry.sBag sFeg25C00 75055 24 h, 1000 °C Pure 48.59
13 Srg375Bag 625F€025C00.7505.5 24 h, 1000°C Pure 42.80
14 Sro,5Bag 75F€025C00.7503.5 24 h, 1000°C Pure 34.03
15 Srg25Bag 75F€05C00505.5 24 h, 1000°C Pure 17.89
16 Srg.125Bag g75F€9.75C00.2503.5 24 h, 1000 °C Nearly pure 17.24
17 Sty.125Bag g75F€0.5C00 5035 24 h, 1000°C Pure 20.14
18 SrosBag sFey sCog 5055 3 h, 1000°C Pure 29.88
19 Sty 625Bag 375F€0.375C00. 125035 24 h, 1000 °C Pure 10.65
20 SrysBag sFeq 375C00.12505.5 3 h, 1000°C Pure 11.87
21 Sro.375Bag ¢25F€0.875C00.12503-5 24 h, 1000 °C Pure 10.56
22 Sry25Bag 75F e 575C00.12503.5 3 h, 1000°C Pure 14.64
23 Sro g75Cag.125F €0 125C00.87503.5 3 h, 1000°C pure 15.17
24 Sro.75Cag 25Fen.125C00 875035 3 h, 1000°C Pure 13.80
25 St g75Cag 125F€025C00.7505.5 3 h, 1000°C Pure 4.97
26 Srg75Cag 25Fen25C00.7505.5 3 h, 1000°C Pure 9.39
27 Srg25Bag 75Feg 875Nig 125035 3 h, 1000°C Pure 13.40
28 Sry375Bag e25F€0.875N10.12503.5 3 h, 1000°C Pure 12.21
29 Sty sBag sFeqs75Nig 12503.5 3 h, 1000°C Pure 10.33
30 Sty 625Bag 375F€0.875Nig 125035 3 h, 1000°C Pure 9.13
31 Srg g75Cag.125F €0 375C00.62503.5 3 h, 1000°C Pure 2.94
32 Srg.75Cag 25F €0 375C00 625055 3 h, 1000°C Pure 2.66
33 S1g.625Cag.375F€0.125C00.87503.5 3 h, 1000°C Pure 15.96
34 St9.625Cag375F€0.25C00.7503-5 3 h, 1000°C Pure 13.94
35 Srg25Bag 75Feg 75Nip 25055 3 h, 1000°C Impure -
36 St 375Bag g25F€075N10 25055 3 h, 1000°C Impure -
37 SrosBag sFeg 75Nig 25055 3 h, 1000°C Impure -
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Srg.625Bag.375F€0.75Nip 250325
Sro.875Cag.125F€0.12sMng 8750325
Sro.875Cag.125F€0.2sMng 75035
SrCaFeg 12sMny 375035
SrFe2sMng 75035
Sro25Bag.7sFe0.75Mng 25035
Srg.375Bag.625F€0.75Mng 25035
Sro.sBag sFeq.7sMng 25035
Srg.625Ba0.375F€0.75Mng 25035
Sro.375Bag.625F€0.875CU0.12503.5
Sro.sBag sFeq.s75Cu0.12503.5
Srg.625Ba0.375F€0.875C00.12503.5
Sro.25Bag 75F€0.875Cu0.12503.5
Sro.875K0.125F€0.375C00.62503.5
Sro.875K0.125F€0.5C00.503.5
Sro.875K0.125F€0.625C 00375035
Sro.875K0.125F€0.87sMng.12503.5
Sro.875K0.125F€0.62sM10 375035
Srg.875K0.125F €0, sMng 5035
Sro.875K0.125F€0.37sMng 625035
St 875Ca0.12sMnO3_5
SrMnO;_5
Sro.75Cag25F€0.125Mng 875035
Srg.75Cag.25F€925Mng 75035
Sro.25Bag 75F€.875Mng 125035
Sro.375Bag.625F€0.87sMn0.12503.5
Sro.sBag sFeq.s7sMng 125035
Sro.625Bag 375F€0.87sMng.12503.5
SrFeO;. 5
BaFeOs 5
BaMnOj_5
Sro.7sBag2s5F€.875Mng 125035
Srg.625Ba0.375F€0.125C00.87503.5
SrosBag.sFeq.125C00.87503.5
Sro.375Bag.625F€0.125C00.87503.5
Srg25Bag.75F€0.125C00.87503.5
Sro.875Bag.12sF€03.5
Srg.7sBag 2sFe03.5
Sro.625Bag375F€03.5
SrFeg375Mng 625035
SrFeg.87sMg0.12503.5

3 h, 1000°C
3 h, 1200°C
3 h, 1200°C
3 h, 1200°C
3 h, 1200°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1200°C
3 h, 1200°C
3 h, 1200°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C

Impure
Nearly pure
Nearly pure
Nearly pure
Nearly pure

Impure

Impure

Impure

Impure

Pure
Pure
Pure
Pure
Pure
Pure
Pure
Pure
Pure
Pure
Impure
Pure
Pure
Nearly pure
Nearly pure

Impure

Impure
Nearly pure
Nearly pure

Pure
Impure
Pure
Pure
Pure
Pure
Pure
Impure
Pure
Pure
Pure
Pure
Nearly pure

53.36
27.41
59.36
21.19

1.23
1.98
1.46
1.14
7.84
1.13
0.91
1.47
4.87
4.60

39.76
75.36
39.10
20.34

5.35
4.23
0.17

76.58
9.33
38.48
40.67
30.30

0.22
0.24
0.22
8.64
1.97
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Sro.875Bag.125F€0.87sMg0.12503.5
Srg.75Bag 25F€0.875Mg0.12503.5
Sro.625Bag 375F€0.875Mg0.12503.5
SrCo0Os3;
SrFeg.125C0087503.5
SrFe25C00.7503.5
Srg875Ca0.125C003.5
Sro.875Ca0.125F€0.875C00.12503.5
Srg.75Cag.25F€0.875C00.125 O35
Sro.875Ca0.125F€0.75C00.25 O35
Sro.75Cag.25F€0.75C00.2503.5
St9.75Cag25F€0.875Ni0.12503.5
Srg.625Cag.375F€0.875N10.12503.5
Sro.5Cag sFeq.875Ni0.12503.5
Srg.375Cag 625F€0.875N10.12503.5
Sro.75Ca025F€0.875Mg0.12503.5
Sro.625Cag.375F€0.87sMg0.12503.5
Sro5CagsFeo.87sMgo.12503.5
Srg.375Cag.625F€0.87sM0.12503.5
Sro.875Bag.12sMn0Os.5
Srg.75Ba92sMnO; 5
Sro.625Bag 37sMn0Os.5

3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1000°C
3 h, 1200°C
3 h, 1200°C
3 h, 1200°C

Nearly Pure
Nearly pure
Nearly pure
Pure
Pure
Pure
Pure
Pure
Pure
Pure
Pure
Impure
Impure
Nearly pure
Nearly pure
Nearly pure
Nearly pure
Pure
Pure
Pure
Pure
Nearly pure

1.12
2.14
6.80
39.97
18.50
15.09
36.62
2.68
2.03
0.12
0.39

0.77
0.24
0.91
0.52
0.48
0.39
66.18
77.85
68.59




2. Heatmaps of remaining perovskite structures passing each screened step
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Figure S1. Heatmaps of remaining perovskite structures passing each screened step. (a) t after modified

tolerance factor screening (t < 4.3); (b) AGynuesis after the screening step of (a) and the screening of

synthesis process (AGiyngnesis

<0

eV); (c) AGys after the screening step of (b) and the reduction and

carbonation process under H, and CO, condition (AGy,s < 0 eV); (d) AG,, after the screening step of (c)

and the regeneration of the crystal structure under O, condition (AG,¢, < 0 €V); The color bars are shown

respectively to indicate the values. (e) the final screened structure composition. Green areas indicate the

materials that pass all the criteria. The x and y axes denote the concentration of Sr and Fe of Sr,A Fe,B;.

,O3.5 composition, respectively. For example, when x=2/8 and y=3/8 for SrBaFeCu composition, it means

the Sro_25Ba0‘75F60,375Cu0‘62503_5 structure



3. Figure S2. XRD patterns of the samples screened
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Figure S2. XRD patterns of the samples screened



4. Additional comparison results between DFT simulation and experimental
measurement

Considering the significant influence of A-site and B-site dopants on the sorption capacities of Sr,Ba;_
«FeyCo,.y0Os.5 and Sr,Ba, Fe,Mn, ,O5_5 perovskites, we conducted a more detailed fitting analysis based on
the A-site and B-site doping fractions. As shown in Figure S3(a), a linear fitting correlation (Eq. (1-1))
resulted in a statistical R? value of 0.7290. However, it was observed from experiments that excessive cobalt
doping led to a reduction in sorption capacity. Consequently, we employed a non-linear fitting correlation
(Eq. (1-2)), which yielded a higher R? value of 0.8510. It is clearly indicated that, for the Sr,Ba,Fe,Co;.
,Os.5 perovskites, the impact of B-site doping outweighed that of A-site doping. For the Sr,Ba, Fe,Mn,;.,O;.

s perovskites, the linear fitting also achieved a substantial R? value of 0.8872.

SC = 7.0992-0.4123 (1-x)+46.9698 (1-y) (1-1)
SC = 5.6242-18.4125(1-x) + 133.2972 (1- y)—97.1017(1— y)* (1-2)
SC =-7.9051+18.8008 (1-x) + 68.7125 (1-y) (1-3)
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Figure S3. Fitting results between the doping fractions of A-site and B-site elements and the sorption
capacity. (a) linear fitting of Sr,Ba, \Fe,Co,.,0;.; (b) non-linear fitting of Sr,Ba, \Fe,Co,.,03.; (c) linear

fitting of Sr,Ba, (Fe,Mn, 055

Additionally, to identify an effective correlation for predicting CO, capacity, we first conducted a

preliminary examination on the independence of three fitting variables, AGgy,, AGgps, and AGye,. The

correlations between AGgy, and AGgys, AGgy, and AGy,, and AGg,s and AG,, are 0.7676, -0.5870, and -

0.8022, respectively. Thus, we can consider them as three independent variables for fitting purposes. The

fitting correlations and their corresponding statistical R? values are provided in Table S3 for reference.

Table S2. Fitting results between the sorption capacity and different descriptors

Fitting equation R? Equation number
SC =-172.5190%(AG,,, + AG,,, ) —24.2130 0.7649 (2-1)
SC =50.3100 +45.1591 * AG,, 0.0711 (2-2)
SC =51.4505 + 144.5702 * AG,, 0.1817 (2-3)
SC =10.8055 -112.2743 * AG,,, 0.6389 (2-4)
SC =46.3083-24.9376 * AG,,,+182.9161* AG,,, 0.1906 (2-5)
SC =-15.8277-52.3066 * AG,,, —137.7448 * AG,,, 0.7014 (2-6)
SC =-30.0746-204.5265 * AG,,, —180.2220 * AG,,, 0.7685 (2-7)
SC =-31.7904-9.7560* AG,, —188.2580* AG,,, —179.5680 % AG,, 0.7698

g

(2-8)




5. Detailed demonstration results of methane, biogas and biomass

i (a) fresh
A l l A L 1 v ¥ | A L Ade
[ (b)reduced =SrCO,
= e MinO

Intensity[ a.u.)

26(°)

Figure S4. XRD patterns of samples from the sorption-enhanced biogas reforming experiments. (a)
fresh sample; (b) reduced sample; (c) regenerated sample after 20 cycles. The presence of SiO, in the
sample could originate from the inert packing material of quartz wool or the reactor wall of the quartz
U-tube
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Figure S5 Reactor performance results. Sorption-enhanced steam reforming of methane (a, b), biogas(c,
d), sorption-enhanced gasification of biomass (e, f, g), and sorption-enhanced steam reforming of biogas
with H, pre-reduction (h) and partial regeneration (i, j). (a, c, e, h, and i): typical product profiles
measured by online MS. (b, d, and j): Low-CO, duration, sorption capacity, and dry-basis and Ar-free
concentrations of gaseous products during the low-CO, period over 20 cycles. (f): dry-basis and Ar-free
concentrations of gaseous products and their gas volumes in five different pulse injections; (g): sorption

capacity, total gas volume, average gaseous concentrations, and cold gas efficiencies of five injections
and average gaseous concentrations of last three injections over four cycles.



6. Life-cycle assessment

The goal of this simplified life-cycle assessment is to evaluate the global house gas (GHG) emissions
associated with hydrogen production through the sorption-enhanced reforming of biogas (SERB). As
illustrated in Figure S4, the functional units considered in this study included a biogas production plant, a
sulfur removal unit, a SERB plant, a hydrogen purification system, a carbon sequestration system, and a
cryogenic air separation plant. In this process, after the removal of H,S, the biogas is directed to the SERB
plant to produce hydrogen with a purity up to 95%. Subsequently, a hydrogen purification system is
employed to further increase the hydrogen concentration for downstream applications. Additionally, 99%
pure oxygen generated by the cryogenic air separation plant is used to initiate the release of pure CO,. The
captured CO, is then compressed to 150 bar and transported via a pipeline to a nearby underground storage
site for carbon sequestration.

Given its developmental stage, it is difficult to accurately estimate the CO, emissions during the
construction phase. However, previous studies have indicated that CO, emissions related to equipment
manufacturing and construction constitute only a minor percentage of the total emissions in a chemical
looping power plant [1,2]. Additionally, previous studies also indicated that oxygen carriers and catalysts
contribute only a small percentage to the global warming potential (GWP) during the adequate operational
lifetime [1,3]. Consequently, the GWP associated with plant construction and catalyst manufacturing was
not included in our current LCA study. The CO, leakage during piping and sequestration is also assumed
to be negligible compared to the large quantity of CO, stored.

The amount of O, necessary for sorbent regeneration and decarbonation plays a crucial role in defining
the energy requirements for O, production. Consequently, the oxygen consumption rate is specified by Eq.
(3). The composition of the raw biogas is assumed to be 60% CH,, 35% CO,, 4.7% H,0, and 0.3% H,S.
The global warming potential (GWP) of each functional unit is summarized in Table. S3. The hydrogen
yield and CO, capture efficiency were determined based on the performance results during the low-CO,

period (as shown in Figure S4(i/j)). They can be obtained by Egs. (4-5):



Ro,, feed

02 consumption rate= (3)
nC 0, ,release
H . ld_ nHz,produced
» ield—=— 3R ()
New,. feed
_Nen, geed Y0, foed ™ Tcox,observed
77C02 capture” (5)

Ny, feed

The total GHG emissions are estimated to be approximately -2.18 kg CO,eq per kg of H, produced,
signifying a net reduction in GHG emissions. We also explored a scenario involving the recycling of
exhaust gas from the purification unit back to the reforming reactor. Assuming a typical hydrogen recovery
efficiency of 0.9, the actual hydrogen yield decreased to 3.15 mol Hp/mol CH,. Consequently, the
corresponding GHG emissions would decrease to -2.42 kg CO,eq/kg 112, as more CO, would be captured in

the production of 1 kg of hydrogen. However, we have chosen to report the more conservative value in our

paper.
CO, Carbon
Raw materials Sequestration
Biogas Biogas
production el Suliur ey SERB plant - Hy'd FOREN gy H,

removal purification

plant
Cryogenic 0,

air

separation

Figure S6. System boundary of hydrogen production through the sorption-enhanced reforming of
biogas (SERB) process



Table S3. GWP of each functional unit and the relevant key parameters for the LCA calculation

Subsystem Items Unit Value Reference
Biogas production plant GWP kg CO,eq/mol CHy 0.02788 [4]
GWP kg CO,eq/kg H,S 13.9
Sulfur removal &L aedRe T [5]
GWP kg CO,eq/mol CHy 0.002363
Electricity kWhe/ton O, 300 [6]
consumption
Oxygen separation GWP g CO, eq/kWhe 600 [7]
GWP kg CO,eq/mol O, 0.01025 Calculation
Hydrogen purification GWP kg CO,eq/mol CH,4 0.000311 [4]
Hydrogen yield mol H,/mol CH,4 3.5
Oxygen
consumption mol O,/mol CO, 1.29 Experiment
SERB plant rate
CO; capture 1 €O,/mol CH, 1.38
efficiency
GWP kg CO,eq/mol CHy -0.06072 Calculation
CO, kWhe/kgCO, 0.116 8]
compression
Carbon sequestration CO, transport kWhe/kgCO, 0.005 [9]
CO; injection kWhe/kgCO, 0.007 [9]
GWP kg CO,eq/mol CHy 0.0046 Calculation
GWP kg CO,eq/mol CH, -0.0199 ]
Total Calculation
GWP kg CO,eq/kg H, -2.18




7. Detailed methodology
7.1 The approach to calculate the sorption capacity in the TGA
We assumed the oxygen uptake rate far surpassed the decarbonation rate. As a result, the initial
weight gain observed during the regeneration step could be attributed solely to oxygen uptake. The
separated B-site metal oxides were assumed to be oxidized to Mn,0;, Co;04, NiO, CuO, and Fe,0;.
Furthermore, based on this assumption, the perovskite material would promptly reform following the
decarbonation process in the regeneration step. The corresponding observed weight loss was the net weight

change between the CO, release and oxygen uptake. The CO, sorption capacity can be calculated by Eq.

(6).

SC= m, 4 m, - [a . _mreduced j (6)
MW, — MW, — MW, MW,

reduced

As illustrated in Figure S7, m; and m, are the weight losses at the second purge step and the
regeneration step, respectively. MWcq, is the molar mass of CO, molecule, and MW q,ceq 1S the reduced
perovskite mixture. §; represents the number of oxygen atoms absorbed by the B-site metal during the
weight loss period in the regeneration step. For example, Co;0, absorbs 0.63 oxygen atom when fully
regenerated into the valence state of B-site in SrCoO, . a is the weighted ratio representing the theoretical
maximum CO, capacity of A-site elements. Ca, Sr, and Ba can absorb CO, with a ratio of 1:1, while K can
only absorb CO, with a ratio of 0.5:1. The method for calculating CO, capacity reported in our previous
study [10] represents a specific instance of Eq.(6), which 9; is approximately 0 (Brownmillerite phase)
while o is 1.

The oxygen capacity can be calculated by Eq. (7).

oOC= ms m, - S .MW,, | MMreducea %
Mw, MW, —6MW, MW,

reduced

Where m; is the weight gain at the beginning of regeneration step, MW, is the molar mass of O atom.
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Figure S7. A typical TGA experiment for measuring the sorption capacity and oxygen capacity
of the perovskite oxide
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Figure S8. Schematics of the packed bed reactor system for the sorption-enhanced steam reforming of
methane and biogas



Biomass

PC control

MS

He

Figure S9. Schematics of the bubbling fluidized bed reactor

Table S4. The proximate and ultimate analyses of as-received biomass used for the tests of sorption-

enhanced gasification of biomass

Parameter Mar* Aar Var Cdaf** Hdaf Ndaf Odaf LHVar
Unit % % % % % % % MlJ/kg
Value 5.34 2.3 77.6 50 6.2 0.1 43.7 15.55

*: as received samples

**: dried ash-free samples
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