


SUSTAINABLE APPROACHES TO FOOD WASTE MANAGEMENT IN QUALITY CONTROL LABORATORIES: INNOVATIONS IN BIOREACTOR APPLICATIONS





ABSTRACT

	Objective: This study investigates the application of bioreactor technology for sustainable waste management in food testing laboratories. This research explores how organic lab waste can be converted into bioenergy and reusable materials by analyzing different bioreactor configurations, including anaerobic digesters and microbial fuel cells.
Study Design: A detailed review of existing literature, case studies, and industry reports between 2018 and 2025 to assess the recent trends and impact in the adoption of  bioreactors systems..
Methodology: The research draws from peer-reviewed journal articles, government reports, and Food industry analyses. It follows a qualitative review approach, including data visualization to highlight the need, use and impact of  sustainable systems such as bioreactors.
Results: Findings indicate that integrating bioreactors into laboratory waste management systems reduces environmental impact and offers a cost-effective solution for food safety laboratories. This research provides a framework for adopting sustainable practices in food quality assurance facilities, contributing to the circular economy and environmental conservation efforts.
Conclusions: This review focuses on how different systems like anaerobic digesters, microbial fuel cells, and membrane bioreactors can convert lab-generated waste into useful products such as bioenergy, clean water, and nutrient-rich materials. Anaerobic digesters are particularly effective for handling large amounts of biodegradable waste, making them highly suitable for this purpose. The effective use of  these systems can significantly cut down environmental impact, lower operational expenses, and improve the sustainability of food laboratory processes. 
.
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1. INTRODUCTION

[bookmark: _GoBack]Waste is defined as ‘abandoned materials’ that are discarded as to no longer have a functional use or economic value [1]. "Food" is any item that could be raw, semi-processed, or processed that is majorly intended for the purpose of human (or any other animal) consumption. "Food" is often found with its associated counter “inedible parts,” which are/might not be suitable for utilization. [2]. 
Over time, food waste and food loss are two terms that have been used interchangeably. However, they are quite different; "food loss" refers to the unintentional loss or deterioration of quality and/or quantity of the food as a result of food spills, spoilage, bruising, and other damages caused due to limitations and impediments that occur during harvesting, processing, distribution, storage, etc. [3], while "food wastage" means any food or edible parts of food that are removed, disposed of, or discarded from the food supply chain before they can be consumed. [4]. 

According to the United Nations Food and Agriculture Organization, gross food waste accounts for nearly one-third of total world food production, leaving nearly 690 million people hungry worldwide. Consequently, as per reports made in the year 2014, approximately 1.3 billion metric tonnes of food were calculated to be wasted worldwide. [5]. Also, the Food and Agriculture Organization of the United Nations (FAO) and the World Health Organization (WHO) estimate that each year about 600 million, almost 1 in 10, people worldwide become ill after eating contaminated food, and 420,000 of them die [6]. This high food wastage and food safety hazards recorded highlight the need for sustainable approaches to food waste management and food quality control. 

Circular economy approaches have been gaining attention as a solution to the problem of food waste in recent years. These approaches offer a way to address the problem of food waste by emphasizing the reuse and recycling of materials and resources. One can discover innovative methods for reducing food waste and losses by adopting circular approaches, such as reusing and recovering resources rather than devaluing them. For instance, food waste can be composted, repurposed as animal feed, utilized for energy recovery, converted into biofuels, and even used to produce biomaterials. [7]. 

Bioreactor technology presents a promising solution for the sustainable management of laboratory waste. They play a key role in managing waste and recovering resources, which in practicality is the concept of a circular economy. This means they help in making sure that materials are reused and recycled rather than being thrown away, reducing waste and making the most out of these resources. Bioreactors can significantly reduce the environmental footprint of food testing laboratories. Implementing eco-friendly technologies such as this will not only tackle pollution but also contribute to the generation of renewable energy and valuable byproducts, thereby supporting the transition towards more sustainable and resilient food systems. A recently conducted study highlights the use of a laboratory-scale anaerobic filter to treat wastewater from fish markets. The anaerobic filter achieved significant removal efficiencies, including up to 85% nitrate removal and 82% chemical oxygen demand (COD) reduction, demonstrating its potential for managing organic waste in food-related laboratories. [8]. Another notable case study was a small-scale study that tested using both traditional wastewater treatment methods and a membrane bioreactor system to clean wastewater from a food and beverage company. The results showed that the system was very good at removing organic pollutants from the water. This suggests that using bioreactors can greatly improve how we clean wastewater in food quality control laboratories. [10]. 
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Fig 1: Sustainable Food Management System [7]
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Fig 2: Areas circular economy can be implemented in the food system [9]





2. METHODOLOGY

This research employs a systematic literature review approach to explore the application of bioreactor technologies as sustainable waste management solutions in food quality control laboratories. The objective of this study is to explore sustainable approaches to Food waste management, such as bioreactor technology and how it can help manage waste created by food quality control laboratories. The research checks how different bioreactor setups perform to create a plan for using good waste management in these labs. practice.
An extensive search of a variety of academic databases was carried out. The following digital repositories, including ScienceDirect, PubMed, SpringerLink, IEEE Xplore, Scopus, Web of Science, Google Scholar, and Wiley Online Library, were searched. The purpose was to find peer-reviewed articles, reports, and white papers from the years 2018 to 2025. This effort aimed to collect the latest information on the use of bioreactors in both laboratories and the food industry. To guide the search, different combinations of search terms were used along with operators like AND and OR. Some of these terms were “bioreactor AND laboratory waste.”  “food quality control lab AND waste management,” “anaerobic digestion AND food testing labs”  “microbial fuel cells AND organic waste reuse,” “circular economy AND laboratory sustainability,”  “bioenergy recovery AND bioreactor,” and “biohazard waste treatment AND food safety labs.” Specific filters were used to focus only on full-text articles written in English. 
To ensure relevance and quality, the following inclusion criteria were applied: Only articles focusing on bioreactor technologies (anaerobic digesters, microbial fuel cells, composting systems) applied to organic, laboratory, or food-related waste; studies on circular economy and the implications of bioreactor usage in food or laboratory contexts; real-life case studies in food safety labs, universities, and quality assurance facilities. Excluded were articles published before 2018 and studies not involving any form of organic or bio-waste reuse and  non-peer-reviewed content such as blog posts and opinion pieces.
A shortlist of 50 papers for full-text review was done, duplicates were removed, titles and abstracts were screened for relevance to the topic, and then a final 25 studies having met all inclusion criteria were grouped into thematic categories: Types of Bioreactor Technology  (anaerobic digesters, MFCs, aerobic composters) Types of food waste (lab-generated waste, food processing byproducts, mixed organic waste), the output metrics (bioenergy generation, pollutant removal, nutrient recovery), and sustainability outcomes (GHG reduction, water/energy savings). 
It is important to note that, while the approach used ensured a rigorous and high-quality examination of the current literature, there were certain limitations to be observed, such as the reliance on only English-language sources, which may have excluded relevant research published in other languages, and the relatively low number of studies included in the final evaluation, which restricts the generalizability of the findings. Also, some of the most important studies may be paywalled or not available in publicly accessible databases. However, even then, this study remains a detailed and organized examination of sustainable approaches to food waste management in food laboratories. 

3. RESULTS AND DISCUSSION
Types of Bioreactors and their Laboratory Waste Suitability
There are three important bioreactor systems that could be very helpful for sustainable waste management in food quality control labs. These are Anaerobic Digesters (ADs), Microbial Fuel Cells (MFCs), and Membrane Bioreactors (MBRs). Each system has its own unique design, how it works, and what it produces. But when used together, they offer practical ways to manage various types of organic waste that are commonly found in labs that work on food safety.
Anaerobic Digesters (ADs)
Anaerobic digesters are enclosed systems designed to break down organic materials without oxygen. This process produces biogas, which mainly contains methane and carbon dioxide, and a nutrient-rich mixture called digestate. These digesters are very effective with waste that is high in carbohydrates, proteins, and fats, materials often found in leftover food and culture media used in microbiology labs. There's an interesting study from Maiti and others, where they tested an anaerobic filter reactor to treat wastewater from fish markets. This type of water is similar to what comes from food quality labs because it’s full of organic materials and microbes. The test showed that the system removed 82% of Chemical Oxygen Demand (COD) and 85% of nitrates. This demonstrates that anaerobic systems can significantly reduce pollution and also generate energy through the production of biogas. [8].
Anaerobic digestion happens in four steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. These steps are very effective for treating lab waste that can naturally decompose. During this process, methane gas is produced. In small lab experiments with food-based organic waste, you can get between 0.2 and 0.35 m³ CH₄/kg VS of methane for each kilogram of waste. This process works well in lab settings where there is a lot of waste that can be turned into energy. [10].
Microbial Fuel Cells (MFCs)
Microbial Fuel Cells (MFCs) are a type of bioreactor system that takes advantage of certain bacteria to convert organic waste into electricity. These bacteria are naturally capable of helping chemical processes that release energy. When they break down the waste, they generate a small amount of electrical power. This process not only helps clean up waste but also produces renewable energy. MFCs are particularly beneficial for small labs that might not have access to large power networks. They provide a way to manage waste effectively while at the same time generating electricity. This makes them a dual-purpose technology that is useful in decentralized settings.
In a study led by Mohanty in 2022, the scientists experimented with microbial fuel cells (MFCs). They used synthetic wastewater made from glucose, similar to the waste found in labs with lots of organic material. The results were impressive, as the MFCs generated power up to 420 mW/m². They also maintained a steady voltage ranging from 0.4 to 0.6 volts. These results are promising for food labs that frequently discard sugars, starches, and protein substrates in microbial media or spoiled food samples. [11]
Furthermore, MFCs have shown high COD removal efficiency (60–85%), depending on the nature of the feedstock and the electrode material used [12]. Their compact design, low operating cost, and potential integration into existing wastewater treatment chains make them ideal for pilot projects in lab-based waste energy recovery.
Membrane Bioreactors (MBRs)
Membrane Bioreactors (MBRs) are systems that combine two main processes: breaking down of waste with active microorganisms, known as activated sludge, and then further cleaning the water using special filters called membranes. This process results in very clean water that can either be reused or safely released into the environment. One of the benefits of MBRs is that they do not require a lot of space. They are also capable of dealing with different amounts of waste, which makes them especially useful in laboratory settings where space is limited and having dependable equipment is very important. 
A study that evaluated the treatment efficiency of a pilot-scale MBR plant in a fruit processing industry showed that the removal efficiency for COD, BOD5, total nitrogen, and total phosphorus was 97.1%, 98.7%, 95.7%, and 53.5%, respectively. It also showed of a complete removal of both total coliform and E. Coli at the inlet and outlet of the system [13]

	Bioreactor Type
	Best For
	Output
	Suitability for Food Labs

	Anaerobic Digester
	Bulk biodegradable waste (spoiled food, agar, expired samples)
	Methane, digestate
	Highly suitable; Effective for bulk biodegradable waste with high organic content

	Microbial Fuel Cell
	Glucose/protein-base waste (microbial media, rinse fluids)
	Electricity, treated water
	Moderately suitable; Compact, but still experimental; good for pilot/demo labs

	Membrane Bioreactor
	Mixed effluent with solids and microbes
	
	High-quality effluent



	Highly suitable; Ideal for labs with hygiene-sensitive waste and space constraints


Table 1: Bioreactor Types and Lab Suitability Table [8] [11] [12] [13] [14]

Aerobic granular sludge
Similar to Bioreactors in functionality is Aerobic granular sludge. Both anaerobic granular sludge (AGS) and bioreactors are systems that help treat organic waste, especially in cleaning wastewater and dealing with sludge. They both rely on the action of microorganisms to break down organic materials; both of them also contribute to resource recovery through the treatment process. Both systems contribute to the circular economy by converting waste into valuable products and helping reduce environmental impacts.
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Fig 3:  Use of Aerobic Granular Sludge in Waste water treatment [15]

Environmental Performance and Sustainability Outcomes
		Outcome



	Reported Efficiency

	GHG Emissions Reduction
	Up to 70%

	COD Removal
	75–95%

	Heavy Metal Removal
	60–80%

	Water Reuse Potential
	High (MBR-treated water)


Table 2: Environment Impact and advantage of adopting on-site bioreactor systems in labs [16] 
Some notable real-world Application of Bioreactors in Food Quality Control Laboratories
· Treatment of Slaughterhouse Effluent with Upflow Anaerobic Sludge Blanket (UASB) Reactors:  A study demonstrated that UASB reactors achieved average Chemical Oxygen Demand (COD) removal efficiencies of 33% and Biological Oxygen Demand (BOD) removal efficiencies of 37% when treating slaughterhouse wastewater. [17] [18].
[image: IMG_256]
Fig 4: A Schmatic diagram of UASB Reactor [17] 


· Membrane Bioreactor Systems in Food and Beverage Industry: This study compares the performance of the Hollow Fiber (HF) and Flat Sheet (FS) types of membrane bioreactors (MBRs) for the treatment of food and beverage (F&B) industry wastewater in a pilot-scale study of a wastewater treatment plant (WWTP). HF and FS membrane configurations were evaluated at two different Mixed Liquor Suspended Solid (MLSS) levels: 6000 mg/L and 12,000 mg/L. The performance of each configuration was evaluated in terms of Chemical Oxygen Demand (COD) and Total Suspended Solid (TSS) removals for effluent quality measurement. The transmembrane pressure (TMP), flux rate, and silt density index (SDI) were monitored and calculated for membrane fouling assessment.  The results show that the rejection rates of COD and TSS for HF and FS membrane types were more than 84% for the two different MLSS levels. [19]. 
	Source
Wastewater

	Membrane Type
	Pore Size (µm)
	Membrane
Surface Area (m2)

	Capacity
(L)

	Removal
Efﬁciency (%) 

	Country

	F&B
processing plant

	HF
	0.04
	74
	1500
	≈99% COD
	Europe

	Beverage processing
	HF
	0.4
	0.92
	40
	≈94% COD
	Croatia

	F&B processing plant
	HF
	0.036
	0.046
	50
	≈91–98% COD
	USA

	Soft drink processing
	HF
	0.2-0.4
	0.058
	30
	≈83.9% COD
	South Africa

	Dairy and Soy processing
	HF
	0.5
	0.044
	10
	≈93.1% TSS
≈99% COD

	New Zealand



Table 3: The summary of MBR treatment for food and beverage industry wastewater [19]


· Sequencing Batch Reactors for Poultry Slaughterhouse Wastewater: A sequential batch reactor (SBR) with different types of fibers was employed for the treatment of poultry slaughterhouse wastewater. Three types of fibers, namely, juite fiber (JF), bio-fringe fiber (BF), and siliconised conjugated polyester fiber (SCPF), were used. Four SBR experiments were conducted, using the fibers in different reactors, while the fourth reactor used a combination of these fibers. The treatment efficiency of the different reactors with and without fibers on biochemical oxygen demand (BOD), chemical oxygen demand (COD), ammonia-nitrogen (NH3-N), phosphorus (P), nitrite (NO2), nitrate (NO3), total suspended solids (TSS), and oil-grease were evaluated. The removal efficiency for the reactors with fibers was higher than that of the reactor without fibers for all pollutants. The treated effluent had 40 mg/L BOD5 and 45 mg/L COD with an average removal efficiency of 96% and 93%, respectively, which meet the discharge limits stated in the Environmental Quality Act in Malaysia.[20]. 
Challenges to the Adoption of Bioreactors
· Space Constraints:  Many labs struggle with not having enough space, which makes it hard to set up bioreactor systems. These bioreactors, particularly the ones meant for continuous or semi-continuous use, take up a lot of room because they are big and need specific equipment to work. This problem can get in the way of fitting these systems into already existing lab setups. 
· Skill Gap: Operating bioreactors necessitates specialized knowledge in microbiology, bioprocess engineering, and environmental management. [21]. Bioreactor systems are complicated machines that require skilled people to operate them properly. Experts are needed to observe, manage, and improve how these systems work. Without enough trained staff, it becomes difficult to effectively use and oversee bioreactor systems in laboratory settings.
· Cost Intensive: The upfront costs associated with acquiring and installing bioreactor systems, such as Membrane Bioreactors (MBRs) or Microbial Fuel Cells (MFCs), can be substantial. These expenses encompass equipment procurement, installation, and the development of supporting infrastructure. For many laboratories, especially those with limited budgets, these costs can be a significant barrier to adopting bioreactor technologies.[22].
While these barriers pose serious threats, there are some practical steps experts and scientists have suggested to reduce the friction and challenges of Adoption. 
· Policy Incentives: Government interventions, like the financial incentives, are crucial in promoting the adoption of advanced technologies, including bioreactors. Studies have shown that subsidies and grants can significantly lower the financial barriers associated with implementing such systems. For instance, a 2023 study discusses how policy incentives, including subsidies, have successfully encouraged the adoption of climate-smart agricultural practices among smallholders.[21]
· Training Programs: To solve the persistent issues of skill gap a  structured and comprehensive training is essential to equip laboratory personnel with the necessary skills to operate complex bioreactor systems effectively. Research highlights that training and information dissemination can significantly influence the adoption of new technologies. For example, a 2024 study emphasizes the role of training facilities in enhancing the capacities of health workers, suggesting that similar training programs could be beneficial in laboratory contexts. [23]
· Financial Support and Incentives: Financial aid such as grants, tax incentives, and subsidies, play a pivotal role in offsetting the initial costs of bioreactor systems. Studies have shown that the right financial support can enhance the economic feasibility of adopting anaerobic digestion systems. A 2025 study discusses designing optimal policies for low-carbon technology adoption, highlighting the importance of financial incentives in reducing costs and encouraging investment in such technologies. [24]
4. CONCLUSION
The adoption of bioreactor technologies in food quality control laboratories represents a vital step toward achieving sustainable waste management and advancing circular economy practices. This review focuses on how different systems like anaerobic digesters, microbial fuel cells, and membrane bioreactors can convert lab-generated waste into useful products such as bioenergy, clean water, and nutrient-rich materials. Anaerobic digesters are particularly effective for handling large amounts of biodegradable waste, making them highly suitable for this purpose. On the other hand, membrane bioreactors are ideal for efficiently treating various mixed wastewater types within a compact space. Microbial fuel cells are innovative tools that, although still developing, can reduce waste and produce electricity simultaneously. The effective use of  these systems can significantly cut down environmental impact, lower operational expenses, and improve the sustainability of food laboratory processes. 
However, despite all of  the aforementioned advantages, some challenges prevent it’s general adoption. Some of these  limitations are infrastructure, knowledge gaps, and the high costs associated with initial setup.  To overcome these barriers and challenges, there should be supportive policies, comprehensive training programs, and targeted financial investments to accelerate the shift of food testing laboratories toward practices that generate no waste and emit low emissions. 
A project carried out in Northeast Brazil, where a membrane bioreactor was used to treat wastewater from a fruit processing facility. This project removed over 95% of BOD and total nitrogen from the wastewater, demonstrating that such systems are feasible and effective even in areas with limited resources [25]. For continuous developments and advancements, efforts should concentrate on large-scale pilot projects, developing partnerships across various disciplines, and creating waste-to-resource models that are in line with global sustainability targets. 
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