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Introduction

The rapid growth of the dairy industry has resulted in the generation of large volumes of organic waste, including
wastewater, whey, and sludge (Aamir Shahzad et al., 2025). In arid and hot regions such as Qatar, the management
of these waste streams presents significant environmental and operational challenges due to limited land
availability, water scarcity, and high ambient temperatures (Naeem et al., 2024). Conventional waste disposal
practices, such as landfilling and uncontrolled discharge, contribute to greenhouse gas (GHG) emissions,
eutrophication, and soil degradation (Kurniawan et al., 2024). Anaerobic digestion (AD) is a well-established
biological process for treating high-strength organic waste while producing renewable energy in the form of
biogas. However, the digestate generated from AD requires further stabilization before safe reuse (Duan et al.,
2025). Composting offers an effective post-treatment option to convert digestate into nutrient-rich biofertilizer.
Integrating AD and composting provides a closed-loop waste management strategy that enhances both energy and
material recovery (Cucina, 2023). This study presents an integrated anaerobic digestion and composting (IADC)
framework tailored to dairy waste management in arid climates, with Qatar as a representative case. The proposed
approach aligns with Qatar National Vision 2030 and the United Nations Sustainable Development Goals (SDGs
6, 7, 12, and 13) by reducing environmental impacts while promoting circular economy practices (Figure. 1).
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Figure 1. Graphical abstract of Anerobic digestion and composting of Dairy waste.
Materials and Methods
Dairy wastewater, whey, and sludge were selected as the main waste streams due to their high organic content.
Anaerobic digestion performance was evaluated based on literature data suitable for arid climates, considering
pH (6.8-7.5), C/N ratio (20-30), and hydraulic retention time (20-30 days).
The solid digestate obtained from AD was treated through aerobic composting under controlled conditions,
including moisture content of 50-60%, thermophilic temperatures (50—60 °C), and a composting duration of
45-60 days. The integrated system was assessed for energy recovery, nutrient recycling, and environmental
benefits.
Results and Discussion
The integration of anaerobic digestion and composting significantly enhances resource recovery from dairy waste
streams. Anaerobic digestion effectively reduces the organic load of wastewater, whey, and sludge while
producing biogas that can be utilized for heat and electricity generation within dairy facilities. Reported methane
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yields for dairy waste range from 0.35 to 0.45 m® CHa/kg volatile solids, demonstrating strong potential for
renewable energy production in arid climates (Cardenas et al., 2021). Composting of the AD digestate improves
the stability of organic matter and increases the availability of essential nutrients such as nitrogen, phosphorus,
and potassium. The resulting compost can be safely applied as a biofertilizer, reducing dependence on chemical
fertilizers and supporting sustainable agricultural practices (Dinca et al., 2024).

Table 1. Conceptual integration of AD and composting studies about dairy waste management in Arid regions.

Category Key Findings Reference
Biogas yield Co-digestion of whey and sludge improves methane .
optimization yield by 15-40 % vs single-substrate digestion. Ghanimeh et al., 2025
Digestate Composting the digestate stabilizes organic matter Maria. 2024
valorization and enhances N-P-K availability. ’
Circular-economy AD with composting aligns with SDGs 6,7,12 and Lictal. 2025
integration 13, reducing GHGs and closing loops. "
Cllmate-a.dapted High ter.npe.rature and low m01st.ure in arid c.hmates Singh et al., 2022;
operations require insulated control during composting.

In arid regions, compost application also enhances soil water retention and structure, which is critical for
agricultural productivity. From an environmental perspective, the integrated system reduces GHG emissions by
diverting organic waste from landfilling and offsetting fossil fuel use through biogas utilization (Ansar et al.,
2025). The closed-loop IADC framework supports a transition from a linear “take—make—dispose” model to a
circular economy by converting waste into valuable energy and material products (Figure. 2).

Despite these advantages, challenges remain, including process optimization under high temperatures, digestate
handling, and the need for supportive policies and market pathways for biogas and compost. Addressing these
challenges through pilot-scale implementation and techno-economic analysis is essential for large-scale adoption
in Qatar and similar arid regions (Sher et al., 2024).
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Figure 2. Environmental Benefits of Integrated system (AD-composting).

Conclusion

This study demonstrates that integrating anaerobic digestion and composting provides an effective and sustainable
solution for dairy waste management in arid climates. The proposed IADC framework enables simultaneous
energy recovery and nutrient recycling, reduces environmental impacts, and supports circular economy objectives.
In the context of Qatar, this approach aligns with national sustainability strategies and offers a viable pathway to
reduce GHG emissions while enhancing resource efficiency. Future work should focus on pilot-scale validation,
life-cycle assessment, and economic feasibility to support practical implementation.
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