
Circular hydrogen from waste: integrated calcium looping gasification with in-situ CO2 

capture and biocarbon storage 
 

Animesh Dutta, Saikat Kumar Kuila, Bharat Regmi, Shakirudeen Salaudden 

 

Department of Mechanical Engineering, University of Guelph, Guelph, ON, N1G2W1, Canada 

Keywords: hydrogen, calcium looping, waste valorisation, sorption-enhanced gasification, biocarbon storage.      

Presenting author email: j.first@somewhere.edu 

 

 

1. Introduction 

Hydrogen is a key energy carrier for decarbonizing industrial, transportation, and power sectors [1-2]. However, 

large-scale deployment requires both sustainable production pathways and efficient storage solutions [3-4]. 

Sorption-enhanced steam gasification (SESG) enables hydrogen enrichment through in-situ CO₂ capture using 

CaO-based sorbents, reducing downstream purification requirements [5-7]. The integration of waste-derived 

sorbents and storage materials further strengthens the circular economy dimension of hydrogen systems. This study 

presents a fully waste-derived hydrogen platform combining biomass gasification, in-situ CO₂ capture using 

eggshell-derived CaO, sorbent stabilization via waste fly ash, and downstream hydrogen storage using engineered 

waste-derived biocarbons [8-9]. 

 

2. Materials and Methods 

Biomass feedstock was subjected to steam gasification in a fluidized-bed reactor under sorption-enhanced 

conditions. Waste eggshells were calcined to produce CaO sorbents. To improve cyclic durability, the CaO sorbent 

was modified with waste fly ash. Gasification experiments were conducted at 650 °C under steam-rich conditions. 

Gas composition was analyzed using gas chromatography. Carbonation–calcination cyclic performance was 

evaluated over 20 cycles using a high-pressure thermogravimetric analyzer (HPTGA). 

Hydrogen storage materials were synthesized from waste corn fibre biomass via controlled thermochemical 

activation using a single-step pyrolysis route. The resulting ZnCl2/GO-loaded, KOH-activated biocarbons were 

characterized in terms of surface area, pore size distribution, and surface functionality. Hydrogen adsorption 

measurements were performed using both volumetric and gravimetric techniques at near-ambient conditions (298 K, 

up to 1 bar) as well as at 77 K for comparative evaluation of storage performance. Hydrogen uptake capacity, 

adsorption kinetics, and reversibility were assessed over multiple charge–discharge cycles to determine the suitability 

of the materials for energy system applications. 

 

3. Results and Discussion 

3.1 Sorption-Enhanced Hydrogen Production 

Under optimized conditions at 650 °C, hydrogen 

concentrations reached up to 78 vol.% while CO₂ was 

reduced to 3.3 vol.%. The resulting gas exhibited a 

higher heating value of 15.9 MJ Nm⁻³. These results 

demonstrate effective in-situ CO₂ capture and 

hydrogen enrichment.  

3.2 Sorbent Stability and Waste Integration 

Fly-ash modification improved structural stability of 

eggshell-derived CaO, maintaining performance over 

20 carbonation–calcination cycles (Fig. 1). The 

approach simultaneously valorises agricultural and 

industrial waste streams. 

 

3.3 Hydrogen Storage Performance 

Engineered waste-derived biocarbons demonstrated 

hydrogen uptake capacities up to 1.12 wt.% at 298 K and 77 K under 1 bar. Adsorption kinetics were rapid and 

reversible, supporting feasibility for decentralized storage applications (Fig. 2). 

 A comparison with noble and rare-earth-based materials is presented in the bar diagram of Figure 2c, 

highlighting the efficacy and commercial potential of the synthesized material [11,13]. Although these storage 

capacities are lower than cryogenic storage benchmarks, they are attractive for low-pressure and decentralized 

hydrogen applications where safety, simplicity, and energy efficiency are prioritized. 

 

Figure 1. Cyclic carbonation and calcination (a) cyclic process 
(b) ESCC and ESCC&H (c) FAESCC and FAESCC&H (d) 

overall comparison 
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The integrated configuration (Table 1) demonstrates coupling between hydrogen generation, CO₂ mitigation, and 

storage within a single circular waste-to-energy framework.  

Table 1. Key performance metrics for hydrogen generation and storage using waste-derived materials. 

Process stage Material / System Key conditions Performance metric 

Hydrogen 

generation 

Biomass + eggshell-derived 

CaO 

650 °C, SBR = 1.2, CEBR = 

1.0 
H₂ up to 78 vol.% 

CO2 capture Eggshell-derived CaO In-situ carbonation CO2 reduced to 3.3 vol.% 

Syngas quality Integrated gasification — HHV up to 15.9 MJ Nm⁻3 

Hydrogen storage Waste-derived biocarbon 298 K, 1 bar 
H2 uptake up to 1.12 

wt.% 

 

4. Conclusions 

This study demonstrates a circular hydrogen system entirely based on waste-derived materials. Sorption-enhanced 

gasification using eggshell-derived CaO achieved hydrogen concentrations up to 78 vol.% with significant CO₂ 

reduction. Fly-ash stabilization improved cyclic sorbent durability. Waste-derived biocarbons enabled solid-state 

hydrogen storage up to 1.12 wt.% at ambient pressure. The integration of generation, capture, and storage provides 

a systems-level pathway for sustainable hydrogen production aligned with solid waste valorisation and climate 

mitigation. 
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Figure 2. Static H2 storage uptake at (a) 77 K, (b) 298 K, (c) 298 K (comparison) @1 bar 


