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Abstract

Ensuring batch-to-batch consistency in brewing requires analytical strategies capable of resolving subtle 
chemical variation within a single product type. Here, we present an analytical and chemometric workflow 
converting untargeted chemical fingerprints into interpretable quality metrics, providing a foundation for 
early detection of quality deviations. Chemical (GC-MS) and spectroscopic (MIR) features are used as 
inputs to machine-learning models including binary defect classification and anomaly detection on a dataset 
comprising >200 commercial beers from the same brand and style, complemented by targeted spiking 
experiments. Using quality-related sample sets and targeted reference materials, we observed that MIR 
fingerprints  contain  structured  information  associated  with  aging  chemistry.  Models  trained  on  both 
headspace and MIR are used to identify major defect categories, including stale/aged and fruity/floral 
profiles. To support interpretation, an explainability layer aggregates correlated variables into chemically 
coherent  blocks from volatile  fingerprints  and diagnostic  MIR spectral  regions,  enabling mechanistic 
hypotheses to be traced back to quality-relevant variation. Such a data-fusion approach offers the possibility 
of linking broad compositional changes to more chemically specific aging markers, while improving model 
interpretability  and  robustness.  Overall,  the  study  highlights  the  value  of  combining  complementary 
analytical techniques to improve early detection and interpretation of chemical drivers underlying batch-to-
batch quality variation in brewing.
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