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Introduction

The urgent need to mitigate climate change has shifted the focus of thermochemical research from simple waste
valorization to the development of Negative Emission Technologies (NETs) (Wang & Wu, 2023). Biomass
pyrolysis stands out as a robust Carbon Dioxide Removal (CDR) strategy because it effectively transfers biogenic
carbon from the short-term biological cycle to long-term storage in the form of biochar (Chiaramonti et al., 2024).
However, the commercial and environmental viability of pyrolysis plants often hinges on two factors: the external
energy required to drive the endothermic reactions and the efficient management of the volatile fraction.
Conventional combustion of pyrogases to provide process heat results in biogenic CO, emissions and nitrogen
dilution, complicating subsequent capture. This work investigates a transformative approach: integrating Chemical
Looping Combustion (CLC) into a pyrolysis pilot plant to achieve thermal self-sufficiency and intrinsic CO,
capture (Adanez et al., 2012).

Experimental Methodology and System Configuration

The study is based on primary data collected from a fixed-bed downdraft pyrolysis pilot plant using beech wood
as feedstock (Gracia-Monforte et al., 2026). To establish a baseline, the plant was first operated in conventional
modes, varying from simple pyrolysis to combustion of non-condensable gases with heat recovery. Subsequently,
a theoretical and experimental integration of a CLC unit was performed. Currently, the integrated pilot-scale
pyrolysis and CLC system is in the commissioning and start-up phase. The integrated system utilizes a Cu-based
oxygen carrier (OC) CuO-AlyO; containing 20% wt. CuO. Copper was selected due to the unique thermodynamic
property of its redox cycle: unlike many other carriers, the reduction of CuO by pyrolysis volatiles and its
subsequent reoxidation with air are both exothermic. This ensures a maximum release of thermal energy within
the system. Based on the experimental gas yields and compositions (averaging 30.5% char, 29.9% bio-oil, and
39.6% gas), an optimal OC dosage of 303.5 g per kg of biomass was determined for Case D to ensure complete
non-condensable gases oxidation (Gracia-Monforte et al., 2025).

Energy and Exergy Balances

The transition from an energy-demanding process to an autothermal system is quantified in Table 1. In
standalone pyrolysis (Cases A-B), the external heat demand QOprocess) 1s high, ranging from 1.25 to 2.71 MJ/kg
depending on product heat recovery. While integrating air-combustion of pyrogases (Cases C1-C2) significantly
reduces this demand (reaching near-autothermal levels in the Case C2 configuration), it is fundamentally limited
by the thermal ballast of atmospheric nitrogen (Gracia-Monforte et al., 2026). In contrast, the integrated CLC
configuration (Case D) achieves a Oprocess 0f -0.68 + 0.55 MJ/kg, demonstrating that the avoidance of nitrogen
dilution combined with the exothermic copper-based redox cycle is the most efficient route for autothermal
operation and intrinsic CO, capture.

Furthermore, a comprehensive exergy analysis was conducted to evaluate the thermodynamic 'usefulness' of
the energy involved. While conventional systems suffer from high irreversibilities during air-fuel combustion
due to the large entropy generation in the flame, the integrated CLC approach minimizes exergy destruction. The
analysis showed that the chemical exergy of the feedstock is converted into high-purity CO, and process heat
with minimal degradation of energy quality. In the most optimized runs, the system demonstrated a remarkable
thermodynamic performance, with exergy utilization ratios exceeding the baseline pyrolysis cases by up to 16%,
reflecting the superior integration of the copper-based redox cycle.

Environmental Footprint and CDR Performance

The technical and energy findings were used as the basis for an ISO-conformant Life Cycle Assessment (LCA).
The analysis focuses on the Carbon Footprint (Global Warming Potential), specifically evaluating the system's
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capacity to act as a NET. The results, derived from the 16 EU Environmental Footprint indicators, show that the
integrated Pyrolysis-CLC system provides a significantly stronger CDR signal than any conventional alternative.
By capturing the CO, from the volatiles at the source (CLC outlet), the plant achieves a net removal of 1.7 kg CO,
equivalent per kg of biomass (Figure 1). This performance is driven by the combined effect of the stable carbon
storage in biochar and the avoidance of indirect emissions from external energy supplies. Specifically, the biochar
fraction sequesters approximately 30.5% of the initial biomass carbon, while the CLC unit ensures that the
remaining carbon is captured in a high-purity stream, ready for geological storage. Normalization of the results
confirms that Case D systematically improves the environmental profile across almost all categories. However, a
trade-off is observed in the 'Resource use, minerals and metals' indicator, which increases due to the upstream
environmental burdens associated with the mining of the copper-based oxygen carrier.

Conclusions

The integration of biomass pyrolysis with CLC proves to be an energetically superior and environmentally
decisive strategy. By shifting the energy balance from a 2.7 MJ/kg deficit to an autothermal state (-0.68 MJ/kg),
the system achieves operational independence. Simultanecously, it doubles the carbon removal potential of
conventional pyrolysis, reaching 1.7 kg CO> equivalent per kg of biomass. This work provides the experimental
and thermodynamic evidence needed to scale up BECCS technologies, offering a realistic pathway toward the
carbon-negative targets of the 2050 climate neutrality roadmap.

Table 1. External heat demand (Qprocess) and thermal regime comparison.

. oy Qprocess .
Configuration Description [MJ/ke] Thermal Regime
Case A Standalone Pyrolysis - No heat recovery +2.71 £ 0.06 Energy Demanding
Case B Standalone Pyrolysis - With heat 41254006 Energy Demanding
recovery
. . C1:0.98 +£0.40
Case C1/C2 Air-Combustion C2:0.10 + 046 Near-Autothermal
Case D Integrated Pyrolysis + CLC -0.68 £ 0.55 Autothermal /
Surplus
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Figure 1. Net CO; removal accounting for Case A/B, Case C1/C2 and Case D.
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