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ABSTRACT

The brewing industry is characterised by complex biochemical and technological processes that require strict control
to ensure product safety and quality. This study evaluates the implementation of the Hazard Analysis and Critical
Control Points (HACCP) system in the industrial production of pilsner beer, with a focus on process optimisation
and risk prevention. A dataset consisting of 30 simulated production batches, representing pre- and post-HACCP
implementation conditions, was analysed to assess microbiological and physicochemical parameters. The monitored
indicators included microbial load, pH, diacetyl concentration, polyphenol content, alcohol percentage, and yeast
cell count. Statistical evaluation using a paired t-test (p < 0.05) revealed a significant reduction in microbial
contamination levels and process deviations following HACCP implementation. The results demonstrated that
critical control points (CCPs), particularly during wort boiling, fermentation, maturation, and filtration, play a
decisive role in ensuring product stability and safety. Corrective actions such as tank blending, lactic acid
adjustment, centrifugation, and PVPP filtration proved effective in maintaining process parameters within critical
limits. Furthermore, the implementation of HACCP contributed to a substantial reduction in rejected batches and
improved consistency in product quality. Overall, the findings confirm that HACCP is an essential management tool
in modern brewing operations, ensuring compliance with food safety standards, enhancing production efficiency,
and strengthening consumer confidence in the final product.
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INTRODUCTION

Beer is one of the oldest and most widely consumed alcoholic beverages worldwide, produced primarily from
malted barley, water, hops, and yeast. The production of beer involves a series of complex biochemical and
technological processes, including malting, mashing, wort boiling, fermentation, maturation, filtration, and
packaging. Each of these stages contributes significantly to the final sensory and physicochemical characteristics of
the product, such as flavour, colour, aroma, and stability [2]. Among different beer styles, pilsner beer is particularly
sensitive to process variations due to its light colour, delicate flavour profile, and requirement for high clarity and
stability. Even minor deviations in process parameters can significantly affect product quality, making strict process
control essential in industrial production systems. Although beer possesses intrinsic antimicrobial properties due to
its low pH, alcohol content, and hop-derived compounds, it is not entirely free from contamination risks, especially
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during post-boiling operations such as cooling, fermentation, and packaging [3]. Food safety in the brewing industry
has become increasingly important due to growing consumer awareness and stricter regulatory requirements. In this
context, the Hazard Analysis and Critical Control Points (HACCP) system has emerged as a globally recognised
preventive approach to food safety management. HACCP focuses on identifying potential hazards—biological,
chemical, and physical—and implementing control measures at critical points in the production process to prevent
or eliminate these hazards [1]. The application of HACCP in brewing involves a systematic analysis of each
production stage to identify Critical Control Points (CCPs) where control is essential for ensuring product safety.
Typical CCPs in beer production include wort boiling, cooling, fermentation, maturation, and packaging, where
parameters such as temperature, pH, oxygen levels, and microbial contamination must be carefully monitored [4]. In
industrial breweries such as Birra Peja, the implementation of HACCP is particularly important due to large-scale
production and the need for consistent product quality. The brewery primarily produces pilsner-type beer, which
requires strict control of fermentation conditions and microbiological stability. The integration of HACCP into the
production system allows for real-time monitoring, rapid corrective actions, and continuous process improvement.
This study aims to evaluate the effectiveness of HACCP implementation in pilsner beer production by analysing
simulated industrial data. The study focuses on identifying key CCPs, evaluating process deviations, and assessing
the impact of corrective measures on product quality and safety.

MATERIALS AND METHODS

Study Design This study was designed as a comparative experimental analysis based on simulated industrial data
reflecting real production conditions of pilsner beer at Birra Peja. A total of 30 production batches were evaluated,
including 15 batches before and 15 batches after HACCP implementation. The objective was to assess the
effectiveness of HACCP in improving product safety and process stability.
Process Description and CCP IdentificatiofThe beer production process included malt milling, mashing, wort
boiling, cooling, fermentation, maturation, filtration, and packaging. Based on hazard analysis, four Critical Control
Points (CCPs) were identified:

V  CCP2: Wort boiling; CCP3: Fermentation; CCP4: Maturation; CCP5: Filtration;
These stages were selected due to their high impact on microbiological safety and physicochemical stability [1,5].
Analytical Methods The following parameters were monitored:

V pH (pH meter); Diacetyl (GC method); Polyphenols (spectrophotometric method); Alcohol (% v/v);

Microbial load (plate count method); Yeast cell concentration (microscopic counting);

Statistical Analysis Data were expressed as mean =+ standard deviation. Statistical significance between pre- and
post-HACCP conditions was evaluated using a paired t-test (p < 0.05), following standard methodologies used in
brewing science [2,6].

RESULTS

Microbiological monitoring before and after HACCP implementation is summarised in Table 1. The total microbial
count, lactic acid bacteria, and wild yeast were all significantly reduced after HACCP, demonstrating the
effectiveness of preventive measures.

Table 1. Microbiological analysis.

Parameter Unit Before HACCP | After HACCP | Standard
Total microbial count | CFU/mL 3.2x102+£0.8 4.5x10'+1.2 <102
Lactic acid bacteria CFU/mL 95+20 <10 <50
Wild yeast CFU/mL 60+ 15 <10 <20

These results confirm that microbial hazards can be effectively controlled through HACCP implementation [3,8].
Table 2 presents physicochemical data before and after HACCP. Significant improvements were observed in pH,
alcohol content, and polyphenol levels.
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Table 2. Physicochemical parameters.

Parameter Before HACCP | After HACCP | Standard

pH 4.6+0.2 43+0.1 4.04.5

Alcohol (% v/v) 54+0.3 5.0+0.1 4.8-5.2
Polyphenols (mg/L) 220+ 15 180 £ 10 <200

Critical control points (CCPs) during fermentation (CCP3) are summarised in Table 3. Parameters such as diacetyl
concentration and yeast cell count were closely monitored.

Table 3. CCP Monitoring (Fermentation).

Parameter Value before | Value after | Limit
Diacetyl (mg/L) 0.15 0.08 <0.1
Yeast cells (x107) 1.8 1.2 <1.5

Implementation of HACCP significantly improved production efficiency (Table 4), with fewer rejected batches and
customer complaints.

Table 4. Production efficiency.

Indicator Before HACCP | After HACCP
Rejected batches (%) 8.5 2.1
Customer complaints (%) 6.2 1.4

Corrective actions were applied whenever deviations were detected at CCPs (Table 5).

Table 5. Corrective actions.

Deviation Action
High pH Lactic acid adjustment
High diacetyl Extended fermentation/blending

Centrifugation
PVPP filtration

High yeast count
High polyphenols

Discussion The results of this study clearly demonstrate that implementing the HACCP system significantly
improves both food safety and process control in industrial pilsner beer production. The observed reduction in
microbial load following HACCP implementation is consistent with findings from previous studies, which highlight
the importance of preventive control systems in minimising contamination risks in brewing processes. Reduction in
microbial load (Table 1) confirms that preventive control systems are effective [3,8]. The boiling stage (CCP2)
ensures sterilisation of wort and inactivation of enzymes, while pH deviations were corrected via lactic acid
adjustment and tank blending.

Figure 1. pH variation during boiling.

As shown in Figure 1, pH values during the boiling stage occasionally exceeded the critical limits but were
effectively corrected through lactic acid adjustment and blending, ensuring compliance with process standards [1,5].
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One of the most critical stages identified in this study is fermentation (CCP3), where multiple parameters such as
diacetyl concentration, yeast cell count, and alcohol content directly influence the final product quality. Elevated
diacetyl levels, which are associated with undesirable buttery flavours, were effectively controlled through extended
fermentation and tank blending. This finding aligns with the work of Bamforth [9], who emphasised the importance
of fermentation management in controlling off-flavours in beer.

As shown in Figure 2, alcohol content remained within the acceptable industrial range (4.8—5.2% v/v), with minor
deviations effectively corrected through tank blending. This stability confirms that fermentation control (CCP3) was
successfully maintained, ensuring consistent product quality. The results are in agreement with previous studies
indicating that proper yeast management and wort composition are essential for alcohol stability [9,11].
Fermentation (CCP3) is a critical stage where diacetyl, yeast cells, and alcohol content directly influence final
product quality.

Batch Alcohol (% v/v)

Figure 2. Alcohol content variation during fermentation (CCP3),
maintained within industrial standards.

Similarly, polyphenol levels were successfully managed through PVPP filtration, which is widely recognised as an
effective method for improving colloidal stability and preventing haze formation [10]. The results indicate that
maintaining polyphenol levels within acceptable limits is essential not only for visual clarity but also for long-term
shelf stability.

Figure 3 illustrates the variation in polyphenol concentration during fermentation. Initially elevated values were
reduced through PVPP filtration, bringing them within acceptable limits (<200 mg/L). This confirms that
polyphenol control is essential for preventing haze formation and ensuring colloidal stability, as also reported in the
literature [10,15].

1 2 3 2

Batch Polyphenols (mg/L)

Figure 3. Polyphenol variation during fermentation (CCP3),
controlled through PVPP treatment.

The boiling stage (CCP2) also plays a crucial role in microbial control, as it ensures the sterilisation of wort and the
inactivation of enzymes. However, deviations in pH during this stage were observed, requiring corrective actions
such as acidification. These findings are in agreement with studies by Briggs et al. [11], which highlight the
importance of pH control in wort stability and enzyme activity. Another important finding is the interdependence
between different CCPs. For example, improper control during boiling (CCP2) can directly affect fermentation
performance (CCP3), particularly in terms of extract composition and fermentable sugars. This demonstrates that
HACCEP should be applied as an integrated system rather than a set of independent controls.
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As presented in Figure 4, diacetyl concentration decreased progressively during fermentation, reaching values below
the critical threshold of 0.1 mg/L. Elevated diacetyl levels were corrected by extending fermentation time and
blending tanks. These findings are consistent with established brewing practices that emphasize the importance of
maturation time in reducing off-flavours [7,9].
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Figure 4. Diacetyl concentration during fermentation (CCP3).

The reduction in rejected batches from 8.5% to 2.1% indicates a significant improvement in production efficiency.
This not only reduces economic losses but also enhances consistency in product quality. Similar results have been
reported in industrial brewing studies, where HACCP implementation led to improved process reliability and
reduced variability [4,12].

Figure 5 shows the variation in yeast cell concentration during fermentation. High yeast counts were effectively
controlled through centrifugation, ensuring optimal fermentation performance and preventing overgrowth. This
highlights the importance of yeast management in maintaining process stability and product consistency.

BN W s U0 O N O

Before HACCP After HACCP

Rejected batches (%6) Customer complaints (%)

Figure 5. Production efficiency.

Furthermore, the results emphasise the importance of raw material quality in determining final product safety.
Contaminated raw materials can introduce hazards that are difficult to eliminate in later stages, highlighting the need
for strict supplier control and incoming material inspection [13]. Overall, the findings confirm that HACCP is not
only a food safety tool but also a comprehensive process management system that enhances operational efficiency,
product consistency, and regulatory compliance. These results are consistent with global trends in the brewing
industry, where HACCP is increasingly integrated with other quality management systems such as ISO 22000 and
GMP [14,15].

CONCLUSIONS

1 Implementing HACCP in BirraPeja’s pilsner beer production significantly enhances food safety, process
control, and product consistency. Microbial contamination was reduced, physicochemical parameters were
optimised, and deviations at critical control points (CCP2—CCP4) were corrected efficiently using lactic
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acid adjustment, PVPP filtration, centrifugation, and extended fermentation. The reduction in rejected
batches and customer complaints reflects improved production efficiency and product reliability.
Fermentation management (CCP3) was identified as a key stage where diacetyl, yeast concentration,
polyphenols, and alcohol content require careful monitoring. Integrated control across all CCPs ensured
that deviations at one stage did not compromise subsequent stages. The implementation of HACCP also
demonstrated that high-quality raw materials are crucial for preventing safety hazards that are difficult to
eliminate later.

Overall, HACCP is not only a food safety tool but a comprehensive process management system,
enhancing operational efficiency, product quality, and compliance with international standards. The results
confirm that BirraPeja can achieve a consistent, safe, and high-quality pilsner product while meeting
regulatory requirements and consumer expectations. This study highlights the value of HACCP integration
in industrial brewing, supporting global trends towards preventive, risk-based food safety management
[2,6,9,12,13].
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