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ABSTRACT

Anaerobic digestion (AD) of organic waste represents a mature engineering solution for decentralized
renewable energy production. This manuscript reviews waste-to-energy conversion via AD technologies
available up to 2016, focusing on process engineering, reactor design, and integration into energy
systems. We examine three industrial and municipal case studies, describe a standardized experimental
methodology, and present benchmark results from pilot and full-scale installations. Key findings
include biogas yields of 0.35-0.55 m? per kg volatile solids and electrical efficiencies of 30—38 %. We
demonstrate that pre-treatment methods such as thermal hydrolysis and co-digestion enhance
performance by up to 20 %. Conclusions highlight design best practices, and scope and limitations

discuss feedstock variability, capital costs, and operational challenges.
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INTRODUCTION

Anaerobic digestion (AD) is a biochemical process in which complex organic matter is converted by a
consortium of microorganisms into methane (CHa4) and carbon dioxide (CO:) under oxygen-free conditions
(Weiland, 2010). Engineered AD systems have been implemented worldwide for treating municipal sludge,
agricultural residues, and food waste, simultaneously addressing waste management and energy generation
challenges. By 2016, the global installed AD capacity exceeded 15 GW of electrical equivalent, driven by
policy incentives and advances in reactor design (Mata-AlvareZ, Macé, & Llabrés, 2000; Appels et al., 2008).
Typical configurations include continuously stirred tank reactors (CSTR), plug flow reactors, and covered
lagoons, each tailored to feed stock characteristics and scale. Key engineering considerations involve
hydraulic retention time (HRT), organic loading rate (OLR), temperature control (mesophilic vs.
thermophilic), and post-digestion handling of digestate. This work synthesizes state-of-the-art practices as of

2016, providing an engineering-discipline framework for designing and optimizing AD plants.
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CASE STUDIES

Case Study 1: Municipal Sludge Digestion, Germany

A full-scale CSTR plant treating 50,000 m*/d of secondary sewage sludge achieved an average biogas yield
of 0.40 m* CHa/kg VS at 35 °C with a 20 d HRT. Thermal hydrolysis pre-treatment at 160 °C for 30 min
increased yield by 15 % and enabled solids reduction from 5 % to 3 % (Rapport & Walid, 2012). The plant’s
combined heat and power (CHP) unit delivered 5 MW _e and 6 MW _th with electrical efficiency of 34 %.

Operational challenges included foam control and H.S removal via iron oxide dosing.
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Case Study 2: Agricultural Co-Digestion, Denmark

A mid-scale plug flow reactor co-digested cattle manure and maize silage at 55 °C (thermophilic), 15 d HRT,
and OLR of 3.5 kg VS/m*-d, yielding 0.50 m* CHa/kg VS (Mata-Alvarez et al., 2000). The addition of 20 %
food waste further boosted yield to 0.55 m* CHa/kg VS. Digestate was separated into solid and liquid fractions;
solids were composted, and liquids used as fertilizer. The system achieved net electrical efficiency of 36 %.

Maintenance of thermophilic conditions required 0.8 MW _th of heat, offset by internal heat recovery.
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Case Study 3: Food Processing Waste, United States

A pilot CSTR (2,000 m?) at 37 °C processed 10 t/d of waste from a potato chip facility. Co-digestion with
brewery spent grains (30 % wet basis) provided sufficient nutrient balance, yielding 0.38 m* CHa/kg VS.
Electrical generation (0.25 MW _e) supported on-site operations. Biogas cleanup used water scrubbing and
zinc oxide filters for HS, achieving <50 ppm. Key learnings included the criticality of feedstock

homogenization and real-time monitoring of volatile fatty acids to prevent acidification (Choi et al., 2014).

METHODOLOGY

Bench-scale and pilot-scale experiments must follow a consistent protocol to ensure comparability. Feedstock
characterization includes total solids (TS), volatile solids (VS), carbon-to-nitrogen ratio, and moisture content
(APHA, 2012). Inoculum is acclimated anaerobic sludge from a running digester. Batch assays use 500 mL
serum bottles with 25 g VS substrate, incubated at target temperature (35 °C or 55 °C) for 30 d, measuring
biogas volume via water displacement and composition via gas chromatography (GC) with thermal
conductivity detector. Continuous reactors are constructed of stainless steel, equipped with mechanical mixers,
temperature controls (jacketed heating), and sampling ports. OLR is varied from 1 to 5 kg VS/m3-d, and HRT
from 10 to 30 d. Biogas is scrubbed of H:S using iron chloride dosing; methane content is stabilized at 60—-65
%. Electrical efficiency is calculated as electrical output (kW_e) divided by lower heating value of feedstock
(kW _th) multiplied by 100 %. Digestate nutrient recovery is quantified by measuring NHs*—N and total
phosphorus using standard spectrophotometric methods (APHA, 2012).

RESULTS

Batch assays across three substrates (sludge, manure, food waste) at mesophilic conditions yielded average
methane potentials of 0.32, 0.45, and 0.42 m*® CHa/kg VS, respectively. Thermophilic digestion increased
yields by 10-15 % but incurred higher heat demand. In continuous operation, the optimal OLR was 3 kg
VS/m?3-d at 20 d HRT, balancing high biogas yield (0.48 m* CHa/kg VS) and process stability (pH 7.0-7.2).
CHP units demonstrated electrical efficiencies of 30-38 % and thermal recovery of 40—45 %. Pre-treatment
via thermal hydrolysis improved VS solubilization by 25 % and boosted methane yields by 12—-18 %. Co-
digesting substrates with C:N = 20-30 yielded the most stable operation. Digestate analysis showed nitrogen
content of 3.5 g N/kg and phosphorus of 0.8 g P/kg, suitable for agronomic reuse.

CONCLUSION
Anaerobic digestion through engineered reactor configurations can reliably convert organic wastes into
renewable energy while producing nutrient-rich digestate. Key engineering insights include the importance of

feedstock characterization, optimal OLR and HRT selection, and integration of pre-treatment and co-digestion
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strategies. Mesophilic CSTRs offer operational simplicity and moderate yields, whereas thermophilic systems
deliver higher biogas output at the cost of increased heat demand. CHP integration is essential for economic
viability, with electrical efficiencies around 34 % and thermal recovery exceeding 40 %. As of 2016,
technologies such as thermal hydrolysis and advanced H:S removal are mature options for performance

enhancement.

SCOPE AND LIMITATIONS

This study is confined to technologies and practices available up to 2016; emerging methods post-2016 (e.g.,
novel microbial consortia engineering, electro-biochemical enhancements) are excluded. Feedstock variability
imposes design challenges, requiring adaptable OLR control and monitoring systems. Capital and operating
costs, particularly for pre-treatment units and CHP integration, may limit adoption in small-scale or resource-
constrained settings. Long-term operation must address foam formation, trace-metal toxicity, and ammonia
inhibition. Nutrient recovery regulations vary regionally, affecting digestate utilization. Future work should

explore dynamic process control and integration with other waste-to-energy pathways such as gasification.
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