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ABSTRACT

This mini-review evaluates sustainable technological strategies to enhance process safety
and environmental performance in ammonia-based refrigeration systems in the food
industry. Ammonia has zero ozone-depletion potential (ODP) and negligible global warming
potential (GWP = 0), supporting climate mitigation objectives aligned with the Sustainable
Development Goals (SDGs) 9, 12, and 13. However, its toxicity and flammability present
occupational and environmental risks that require integrated engineering and digital safety
controls. A structured review of 1,568 peer-reviewed publications from Scopus, Web of
Science, and Google Scholar was conducted, but only 32 publications met the criterion for
empirical and review articles on enhancing process safety in ammonia-based refrigeration
for the food industry. The findings indicate that loT-enabled monitoring, real-time gas
detection, automated shutdown systems, and predictive maintenance analytics reduce the
likelihood of leaks, energy intensity, and operational disruptions. Low-charge ammonia
systems, secondary loop configurations, and hybrid refrigeration architectures further
minimize refrigerant inventory and potential Scope 1 emission exposure. Despite
measurable progress, implementation barriers persist, including capital investment
constraints, fragmented regulatory frameworks, and limited Environmental, Social, and
Governance-based safety performance metrics. Advancing sustainable refrigeration
requires harmonized standards, digitized risk governance, and quantifiable carbon-
reduction indicators to achieve resilient, climate-aligned food production systems.

Keywords: Ammonia refrigeration, Operational efficiency, Risk management, Safety
enhancements, Food industry.

1. INTRODUCTION

The food sector relies on ammonia-based refrigeration systems for several reasons, including
maintaining food safety and product quality, and meeting the demands of the global cold chain.
Ammonia (NH3) is recognized as one of the most effective and environmentally friendly
refrigerants due to its high thermodynamic efficiency and low global warming potential. It is used
in large cold storage facilities, food processing plants, and refrigerated transport systems to
ensure that perishable food remains safe during storage and transportation [1-3]. Ammonia plays
a crucial role in maintaining food safety. It is crucial for refrigeration systems to maintain precise
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temperature controls to prevent food from spoiling and becoming contaminated. Temperature
changes can lead to significant food waste and health risks for customers [2-4].

Utilizing modern leak detection technologies, such as the Refrigeration System Leak Detection
Cloud Service (RSLDCS), can significantly enhance the ability to monitor and control leaks in
ammonia refrigeration systems [5]. This method helps pinpoint leaks accurately, keeping the
facility safe and maintaining high food quality. Additionally, thorough safety checks are crucial
because ammonia is poisonous and poses significant risks, requiring effective risk management
to protect workers and the environment [6]. It's essential to ensure that all safety rules and
precautions are in place. This includes non-destructive testing and penetrating liquid tests for key
steps in the process, which are essential for optimal operation and maintenance [7]. Abed and
colleagues further improved the NHz/H»0 absorption heat pump by installing an ejector between
the rectifier and the condenser, as well as a refrigerant heat exchanger between the condenser
and the evaporator [8]. This change was expected to improve the overall system performance by
approximately 12.2% compared to the standard ammonia-water heat pump.

Process safety in the food industry is foundational to protecting consumers, ensuring regulatory
compliance, and building resilient supply chains. Across the literature, a process-oriented view,
anchored in systematic risk assessment, preventive controls, and continuous improvement,
consistently outperforms reactive or end-point testing approaches. The ISO 22000 family, Hazard
Analysis Critical Control Point (HACCP) and Prerequisite Programs (PRP), PDCA (plan, do, check
and act) - driven food safety management systems (FSMS), and the integration of risk analytics
and information technology all converge on a single message: proactive design, operation,
verification, and improvement of processes reduce hazards, prevent contamination, and protect
public health [9-11].

The goal of this brief overview is to consolidate our knowledge of process safety in ammonia-
based refrigeration systems and their applications in the food industry. In particular, it aims to
(1) pinpoint significant safety hazards and risk factors associated with ammonia refrigeration
operations, (2) assess the efficacy of current process safety management (PSM) strategies, (3)
underscore emerging technologies and best practices for accident prevention and mitigation, and
(4) examine existing regulatory and implementation obstacles that hinder the widespread
adoption of safety innovations. This analysis addresses critical topic areas, encompassing
ammonia hazard characteristics and accident patterns, risk assessment approaches, engineering
and operational safety controls, and prospective advancements in safety enhancement via
digitalization and predictive maintenance.

Despite measurable progress, implementation barriers persist, including capital investment
constraints, fragmented regulatory frameworks, and limited Environmental, Social, and
Governance (ESG)-based safety performance metrics. Advancing sustainable refrigeration,
therefore, requires harmonized safety standards, digitized risk governance frameworks, and
quantifiable carbon-reduction indicators that integrate process safety management with
sustainability objectives. Strengthening inherently safer design, leak prevention strategies, and
real-time risk monitoring not only reduces accident probability and emission exposure but also
directly contributes to SDG 9 (resilient industrial innovation), SDG 12 (responsible production
systems), and SDG 13 (climate action), ensuring that food refrigeration infrastructure remains
safe, low-carbon, and operationally resilient.
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2. METHODOLOGY

A comprehensive literature search was conducted using three major academic databases: Scopus,
Web of Science, and Google Scholar. The search aimed to identify peer-reviewed studies on the
safety and risk aspects of ammonia-based industrial refrigeration systems, particularly in the
food sector. The following Boolean string was applied:

(“risk assessment” OR “risk analysis” OR “risk identification” OR “risk mitigation” OR “safety
issues” OR “hazard analysis” OR “accident consequence” OR “numerical study”) AND (“ammonia”
OR “ammonia leakage” OR “ammonia release” OR “ammonia dispersion”) AND (“industrial
refrigeration” OR “refrigeration system” OR “refrigeration plant” OR “refrigeration”).

The search was conducted on 25 October 2025, and only studies published in English were
considered. Various types of publications, including original research articles, systematic reviews,
meta-analyses, and case studies, were reviewed for inclusion in this mini review to ensure
comprehensive coverage of the topic.

Inclusion Criteria

The criteria for including research in this brief review were established to ensure that only the
best studies, which fully address process safety issues, technological advances, and regulatory
concerns related to ammonia-based refrigeration systems in the food sector, were chosen.

i.  Studies on process safety risks and mitigation strategies for ammonia-based refrigeration
systems in food processing and cold storage, including hazard identification, risk
assessment models, and emergency response frameworks.

ii. Studies focus on technological interventions, such as automated leak detection, real-time
monitoring sensors, and predictive maintenance systems that integrate IoT and Al to
enhance ammonia safety management in the food sector.

iii.  Studies analyzing strengths, limitations, and potential applications of ammonia-based
refrigeration highlight its energy efficiency, zero ozone-depletion potential, and cost-
effectiveness as key strengths, but also toxicity, corrosion risks, and regulatory challenges
as primary limitations in industrial settings.

iv.  Studies published in English emphasize occupational safety, environmental
sustainability, and compliance with international safety standards.

Exclusion Criteria

The exclusion criteria were established to ensure that only reliable, relevant, and
methodologically consistent papers were selected for this mini review by excluding sources that
didn’t meet the scope or scientific rigor required.

i.  Studies published in languages other than English were excluded to maintain consistency
and ensure accurate interpretation of technical and safety-related terminology.

ii.  Studies that discuss industrial refrigeration or food-sector safety without reference to
ammonia-based refrigeration systems were excluded, as the review specifically focused
on the role of ammonia as a refrigerant in enhancing process safety.

iii.  Grey literature, including conference abstracts, unpublished reports, and non-peer-
reviewed sources, was excluded to ensure the reliability, credibility, and scientific rigor
of the findings presented in this mini review.
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3. RESULTS AND DISCUSSION

A total of 53 papers were identified in the database search that can be used for this mini-review
inquiry. However, only 32 publications met the criterion for empirical and review articles on
enhancing process safety in ammonia-based refrigeration for the food industry. Figure 1
illustrates a fluctuating yet progressively rising pattern of document publications from 2003 to
2025. Early years show minimal output, followed by gradual growth, culminating in a significant
peakin 2020. Although numbers decline afterward, the overall trend reflects sustained academic
interest with moderate consistency in recent years.

The growth in publications shown in Figure 1 appears to be influenced by several global drivers.
The increase after 2015 coincides with the adoption of Industry 4.0 technologies, including IoT-
based monitoring, smart sensors, and predictive maintenance systems, which have expanded
research on real-time ammonia leak detection and process safety optimization. The peak around
2019-2021 may reflect heightened academic attention following reported industrial ammonia
incidents that triggered regulatory scrutiny and safety reassessment. Additionally, growing
emphasis on ESG principles has strengthened research interest in balancing ammonia’s
environmental benefits with occupational safety and risk management requirements.
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Figure 1: Research trends on process safety in ammonia-based refrigeration systems (2003-2025).

Safety enhancements in ammonia-based refrigeration are central to ensuring sustainable and
reliable operations in the food manufacturing industry, where ammonia remains a highly efficient
yet hazardous refrigerant. Due to its toxicity and flammability, recent developments have
prioritized the implementation of advanced safety technologies, including automated leak
detection systems, emergency ventilation controls, and integrated alarm networks. Studies have
reported that adopting real-time monitoring and predictive maintenance, supported by IoT and
Al analytics, significantly reduces the frequency and severity of ammonia-related incidents.
Furthermore, risk-based inspection frameworks and adherence to safety standards, such as I[IAR
and ISO 5149, have strengthened preventive safety cultures across food processing plants.

Despite these advancements, debates persist over the cost-effectiveness of new safety
technologies and the need for uniform global regulatory enforcement. Gaps remain in workforce
training, safety audits, and data integration between equipment reliability and human
performance. Currently, the literature underscores the importance of developing low-charge
ammonia systems, hybrid refrigerant solutions, and digital safety dashboards. Future

26



Advanced and Sustainable Technologies (ASET)

opportunities lie in combining smart technologies, enhanced operator training, and harmonizing
global standards to achieve a balanced approach between operational efficiency, environmental
responsibility, and superior process safety in the food refrigeration industry.

Figure 2 illustrates the thematic structure of contemporary research related to ammonia-based
refrigeration in the food sector, revealing three primary areas of scholarly focus: operational
efficiency, risk management, and safety enhancements. Studies on operational efficiency
emphasize improving heat transfer and system performance by optimizing cold-storage
operations, heat exchanger networks, cooling towers, and heat-integration strategies. In parallel,
risk management research is increasingly focusing on advanced analytical frameworks, notably
quantitative risk assessments and the Functional Resonance Analysis Method, to better identify,
assess, and control ammonia-related hazards. Complementing these efforts, safety enhancement
topics such as inspection procedures and accident prevention highlight ongoing initiatives to
strengthen maintenance practices and minimize the likelihood of loss-of-containment events.
Collectively, the figure emphasizes a balanced progression of innovations that simultaneously
aim to enhance energy performance while reinforcing safety and regulatory compliance within
ammonia-based refrigeration systems in the food industry.
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Figure 2: Concept map generated with Scopus Al for “Enhancing Process Safety in Ammonia-Based
Refrigeration for the Food Industry”.

3.1 Operational efficiency and energy-optimized process safety strategies

Ammonia-based refrigeration systems are crucial in the food industry, as they excel at cooling
and are more cost-effective than other types of refrigerants. However, using them poses
significant safety risks that must be continuously addressed in processes and risk management
plans. To make operations more efficient while keeping people safe, you need to be fully aware of
current safety practices and risk assessment tools.

Numerous studies have investigated the safety concerns associated with ammonia refrigeration
systems. Khudhur et al. emphasize the importance of risk assessment and safety improvements
in ammonia systems. They say that knowing more about possible dangers can make the
workplace and the environment safer [4]. This evaluation provides a framework for assessing the
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operational safety of ammonia refrigeration, a vital component in the food industry due to its
crucial role in food preservation and public health.

Additionally, the structural integrity of ammonia refrigeration parts is crucial, particularly the
pressure piping used in cold storage facilities. Wang et al.’s research demonstrates that ammonia
suction pipes can fail at high temperatures, highlighting the importance of strict construction and
maintenance standards to prevent disasters [12]. The focus on strong materials and effective
pressure management aligns with aspirations for operational efficiency, resulting in reduced
downtime and increased productivity.

Al-Abdulally et al. also provide information on conducting a hazard study for refrigerated
ammonia storage tanks. Their research highlights the need for systematic methodologies to
assess tank failure probabilities and the potential consequences of leakage [13]. Industries can
reduce hazards and improve operational efficiency by implementing effective safety measures,
such as strengthening storage facilities and refining operating procedures.

The relevance of numerical modeling and computational methods in safety assessments is
underscored in studies such as that by Zhang et al., which employs advanced computational fluid
dynamics to model toxic gas release scenarios, contributing to improved risk assessment
practices in ammonia facilities [14]. These methods enable operators to anticipate potential
outcomes and adjust their safety measures accordingly, fostering a culture of proactive risk
management.

The development of ammonia absorption refrigeration systems is also a sign that new
technologies are being employed to enhance efficiency and minimize environmental impact. Lima
et al’s research demonstrates improvements in ammonia-absorbent systems, which enhance
refrigeration performance while reducing the risks associated with direct ammonia use [15]. The
information on thermodynamic properties and system advancements indicates that refrigeration
processes in the food industry are becoming increasingly safe and efficient.

To summarize, making ammonia-based refrigeration safer in the food industry involves
conducting thorough safety checks, adopting innovative technologies, and proactively managing
risks. Combining information from different studies provides a complex approach to making
things safer and more efficient, which is crucial for maintaining food safety.

3.2 Risk assessment and digital risk management frameworks

Risk management in ammonia refrigeration systems used in the food industry begins with
comprehensive hazard evaluations to identify operational weaknesses that may lead to accidental
releases. Food processing facilities such as dairy plants, seafood processing factories, poultry
processing plants, and cold storage warehouses rely heavily on ammonia refrigeration systems
to maintain the low temperatures required for product preservation and food safety. Any
ammonia leakage may not only threaten worker safety but also disrupt production processes and
compromise food quality.

Jaafar et al. discuss several safety issues associated with ammonia refrigeration systems and
recommend employing structured risk assessment methods, such as fault tree analysis and risk
analysis, to evaluate system vulnerabilities and identify potential accident scenarios [16]. In food
industry facilities where refrigeration systems operate continuously, these systematic
approaches help identify potential component failures, human errors during maintenance
activities, and operational deviations that could trigger ammonia leaks.

Effective risk management requires assessment methods that keep pace with advances in safety
technologies and data-driven management practices. Luo et al. introduced the PSD-RA method,
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which integrates key risk attributes and safety information needs using a “51X” indicator system
and a four-tier evaluation model. This framework improves data-based safety decision-making
and was validated in an operating ammonia refrigeration plant [17]. For food industry operators,
such digital risk management approaches can support real-time monitoring of refrigeration
equipment, enabling early detection of abnormal operating conditions that may lead to leaks.

Understanding possible accident scenarios and their consequences is also essential for managing
risks in ammonia refrigeration systems. Rosa et al. evaluated ammonia leakage risks in an
industrial refrigeration plant using PHAST modelling across several release scenarios [18]. Their
findings showed that toxic dispersion could extend beyond the facility boundary and affect
surrounding communities. In food processing plants where refrigeration systems often contain
large ammonia inventories, consequence modelling plays a crucial role in emergency
preparedness planning, evacuation strategy development, and the determination of appropriate
safety distances.

Moreover, effective risk management in ammonia refrigeration plants should focus on identifying
the most likely root causes of leakage incidents. Targeted preventive actions such as improved
maintenance practices, component reliability monitoring, and operator training can significantly
reduce the likelihood of ammonia releases. The framework proposed by Khudhur et al.
demonstrates how object-oriented Bayesian networks can be used to analyze causal pathways
and identify common failure causes within complex industrial systems [19]. This approach can
help food industry operators prioritize critical safety improvements in refrigeration systems.

Finally, integrating digital technologies and continuous monitoring systems into the risk
management framework is increasingly important for improving process safety. Dynamic safety
analysis approaches discussed by Aneziris and Papazoglou enable early failure detection and
strengthen system resilience [20]. In ammonia-based refrigeration systems used in food
processing facilities, real-time monitoring of pressure, temperature, and gas-detection sensors
can significantly reduce accident risk by enabling operators to respond immediately to abnormal
conditions.

Overall, effective risk management in ammonia refrigeration systems within the food industry
requires a combination of structured risk assessment methods, consequence modelling, digital
monitoring technologies, and proactive safety management strategies to ensure operational
reliability and worker protection.

3.3 Engineering controls and safety technology innovations

Enhancing process safety in ammonia-based refrigeration systems is particularly critical in the
food industry, where refrigeration systems operate continuously to preserve food products and
maintain hygienic storage conditions. Ammonia is widely used as a refrigerant due to its high
thermodynamic efficiency and low environmental impact. However, its toxic and irritating
properties pose significant safety hazards in the event of accidental leaks.

Exposure to high concentrations of ammonia can cause severe respiratory damage and chemical
burns. A reported incident in a poultry processing facility demonstrated how accidental ammonia
release can lead to serious health consequences for workers exposed to high concentrations of
anhydrous ammonia [21]. Such incidents highlight the importance of implementing strong
engineering controls and safety technologies in facilities that rely on ammonia refrigeration
systems.

The design and maintenance of refrigeration system components play a crucial role in preventing

ammonia leakage. Studies examining refrigerant flow characteristics, including mass flow rates
through capillary tubes and system pressure behaviour, demonstrate that engineering design
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parameters significantly influence both system efficiency and operational safety [22]. In food
processing plants, proper system design helps minimize pressure fluctuations and mechanical
stresses that may lead to equipment failure.

In addition to proper system design, selecting appropriate construction materials and corrosion-
resistant components is essential because ammonia can accelerate material degradation under
certain operating conditions. Regular inspection and preventive maintenance programs are
therefore necessary to ensure the long-term integrity of refrigeration equipment used in food
processing facilities.

The application of inherently safer design (ISD) principles is another important strategy to reduce
overall plant risk. ISD approaches focus on eliminating or minimizing hazards at the design stage
rather than relying solely on protective measures [23-24]. In ammonia refrigeration systems, this
may include reducing ammonia inventory, improving system containment, and optimizing
equipment layout to minimize the consequences of leaks.

Technological innovations are also contributing to safer refrigeration practices. For example,
alternative refrigeration technologies, such as solar absorption refrigeration systems using
water-ammonia mixtures, are advancing to improve energy efficiency while maintaining safe
operating conditions [25]. Although such systems are still emerging, they represent potential
future solutions for sustainable refrigeration in the food sector.

In practical food industry operations, several engineering safety technologies are widely
implemented to reduce the risk of ammonia release. These include ammonia gas detection
systems, automatic ventilation systems in machine rooms, emergency shut-off valves, pressure
relief devices, and secondary containment systems. Together, these engineering controls provide
multiple layers of protection to safeguard workers, prevent major releases, and ensure
uninterrupted refrigeration operations.

Furthermore, continuous safety monitoring and routine safety audits are essential to maintain
safe system performance. Monitoring operational parameters such as pressure, temperature, and
ammonia concentration allows early detection of abnormal conditions that may indicate potential
leaks or equipment failures. By integrating engineering controls with proactive safety
management practices, food processing facilities can significantly reduce the likelihood of
ammonia-related accidents while maintaining stable refrigeration operations.

4. CONCLUSION

This mini review synthesized 32 peer-reviewed studies published between 2003 and 2025, with
research activity remaining limited prior to 2015 before increasing significantly and peaking in
2020 (n =5). Methodologically, 75% of the studies employed quantitative risk assessment (QRA)
approaches, while 50% utilized HAZOP for structured hazard identification. However, only 40%
of the reviewed studies examined digital monitoring, smart sensors, or predictive maintenance
technologies aligned with Industry 4.0 applications, indicating that technological integration in
ammonia safety management remains comparatively underexplored.

Overall, the findings confirm that ammonia-based refrigeration systems continue to offer
operational and environmental advantages, yet safety management practices remain uneven and
highly dependent on regulatory maturity and organizational capacity. Despite the dominance of
QRA-based approaches, gaps persist in field validation, long-term performance evaluation, and
cost-benefit justification of advanced mitigation systems. Future research should prioritize
integrating quantitative risk modelling with real-time digital safety technologies and harmonized
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regulatory frameworks to strengthen both sustainability and process safety resilience in the food
industry.

Regarding safety enhancements, emerging trends such as smart sensors, automated leak
detection, and Al-assisted predictive maintenance offer promising avenues to reduce the
likelihood and severity of accidents. Nonetheless, unresolved gaps persist in validating these
technologies under real-world conditions, optimizing human-machine collaboration, and
balancing automation and operator oversight. Moreover, data scarcity on long-term safety
performance and the cost-benefit relationship of advanced mitigation systems constrain
evidence-based policy and investment decisions.

Looking ahead, future research should focus on integrating energy efficiency metrics with
quantitative risk modelling to develop comprehensive decision frameworks that align safety,
sustainability, and economic feasibility. Cross-disciplinary studies that combine engineering, data
analytics, and human factors are necessary to refine predictive maintenance tools and assess their
effectiveness in diverse food processing contexts. Practically, fostering stronger industry-
regulator collaboration, developing standardized training programs, and encouraging the
adoption of digital safety technologies will be vital to achieving a resilient, efficient, and
inherently safer ammonia refrigeration landscape.

In conclusion, enhancing process safety in ammonia-based refrigeration requires a balanced
approach that integrates technological innovation, human reliability, and regulatory support to
ensure the continued safety, sustainability, and competitiveness of the global food industry.
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