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ABSTRACT 

The increasing demand for renewable fuels has accelerated interest in converting municipal organic waste (MOW) 

into bioethanol. This study presents the complete design, engineering development, and performance assessment of a pilot-

scale bioethanol production reactor capable of processing 5 tons of wet MOW per batch. The system integrates pre-treatment, 

drying, hydrolysis, fermentation, and distillation units within a semi-automated configuration. Each subsystem of the pilot-

level continuous bioethanol production system was designed based on experimental results and engineering calculations. 

The process successfully demonstrates the technical feasibility of scaling laboratory experiments to a pilot-level continuous 

bioethanol production system. The results confirm the potential of urban organic waste as a sustainable feedstock for clean 

fuel generation, thereby maximizing conversion efficiency and supporting circular bioeconomy and waste valorization 

strategies. 

Keywords: Bioethanol production; Municipal organic waste; Pilot-scale reactor; Hydrolysis; Fermentation; Distillation; 

Waste-to-energy. 

1. INTRODUCTION 

The increasing global demand for renewable, 

environmentally sustainable energy sources has 

intensified research into bioethanol production from low-

cost, abundant biomass. Municipal Organic Waste 

(MOW), which constitutes a significant fraction of solid 

waste generated in urban areas, presents a promising 

feedstock for second-generation bioethanol. Its high 

carbohydrate content and continuous availability make it 

an attractive alternative to traditional agricultural 

biomass, while simultaneously addressing waste 

management challenges and reducing landfill burdens 

(Biose et al. 2021). Pilot-scale technologies play a critical 

role in bridging the gap between laboratory experiments 

and industrial bioethanol production, as shown in Fig. 1. 

They provide a realistic framework for 

validating process parameters, optimizing reaction 

conditions, and assessing engineering feasibility before 

large-scale deployment. Recent advances in bioethanol 

reactor design emphasize integrated systems that 

combine pre-treatment, hydrolysis, fermentation, and 

distillation within a compact and energy-efficient 

configuration. The present study focuses on the design 

and development of a fully integrated pilot-scale 

bioethanol production reactor capable of processing 5 

tons of wet MOW per batch. The system incorporates 

solar and electric drying, mechanical size reduction, acid 

hydrolysis, pH adjustment and nutrient preparation, 

fermentation, and ethanol recovery units (Arijana et al. 

2018). This research aims to establish a scalable 

engineering model for converting MOW into bioethanol, 

promoting circular bioeconomy practices. The proposed 

reactor configuration demonstrates the potential for 

continuous, cost-effective, and environmentally viable 

bioethanol production from municipal waste streams 

(Ravichandran et al. 2022). 

2. MATERIALS AND METHODS 

2.1 Materials 

MOW generated within the urban municipal 

region in Indore, India, was collected through routine 

waste-handling operations and immediately transferred 

to the pilot facility, where 5 tonnes of heterogeneous, 

high-moisture biomass were homogenized in a 27 m³ 

reinforced concrete containment unit engineered for 

mechanical robustness, microbial resistance, and 

prolonged exposure to corrosive leachates. Before 

processing, the feedstock underwent compositional 

assessment to verify suitability for biochemical 

conversion, with average moisture content quantified at 

~78% as shown in Fig. 2. The homogenized stream was 

metered via a stainless-steel conveyor, where enhanced 

greenhouse trapping elevated internal temperatures 

enabling evaporative removal of approximately 3900 kg 

of water over 24–48 hours. To maintain operational 

continuity irrespective of climatic variability, an 

electrically driven 550 kW forced-convection dryer 
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operating at 60 °C was incorporated to achieve controlled 

thermal dewatering. The dried biomass (~1100 kg) was 

subsequently subjected to particle size reduction, 

yielding a fine particulate substrate (<5 mm) optimized 

for mass transfer and reagent penetration during pre-

treatment. Acid hydrolysis was facilitated through 

preparation of a 3% w/w H₂SO₄ solution in a 12,000 L 

FRP chemical-resistant mixing chamber using precision-

controlled metering of concentrated acid (335.5 L) into 

water (10,664.5 L), followed by transfer into a 17.16 m³ 

SS316L, Teflon-lined, jacketed hydrolysis reactor where 

a 1:10 solid-to-liquid ratio was maintained. Post-

hydrolysis, the liquor was rapidly cooled, filtered to 

remove recalcitrant solids, and routed to an 11.5 m³ pH-

conditioning vessel where 2 N NaOH (705 L) was 

introduced via automated dosing to achieve a 

fermentation-compatible pH of 5. Concurrently, a 

defined nutrient medium comprising glucose, peptone, 

yeast extract, and urea was formulated in a 10,000 L 

SS316L fermentation-media bioreactor, while yeast 

activation was performed in a 6500 L aerated pre-culture 

reactor under controlled agitation and oxygen transfer to 

augment biomass concentration and metabolic readiness 

(Devi et al. 2023).  

 

Fig. 1: Block diagram of the integrated bioethanol production system 

2.2 Characterization 

The neutralized hydrolysate, nutrient medium, 

and yeast inoculum were subsequently co-fed into a 

20,000 L SS316L fermentation reactor, maintaining a 

5:3:2 volumetric ratio, where anaerobic fermentation 

proceeded at 30 °C for 72 hours with regulated agitation 

and continuous CO₂ disengagement to prevent mass 

transfer limitations (Zentou et al. 2023). Upon 

completion, the resultant beer was distilled through a 6-

m-high packed fractional distillation column (850–900 

mm internal diameter), driven by a 300 kW reboiler and 

coupled with a 20 m³ h⁻¹ cooling circuit, enabling 

recovery of ~95% purity bioethanol. Final dehydration 

using sodium sulphate ensured minimal residual water 

content. The purified bioethanol was stored in a 30 m³ 

epoxy-lined carbon steel tank outfitted with a floating 

roof, pressure-vacuum safety controls, grounding 

provisions, and emission-minimizing features. 

Throughout the workflow, all critical operational 

parameters were continuously logged and monitored to 

ensure reproducibility, regulatory compliance, and 

fidelity of process performance (Yan et al. 2024). Table 

1 presents an overall summary of the system, 

highlighting its key components, operational features, 

and performance characteristics. 

Table 1. Overall system summary 

Stage Input Output 

Waste Storage Raw waste Stored waste 

Solar Drying Stored waste 
Partially dried 

waste 

Electric Drying 
Partially dried 

waste 
Fully dried waste 

Grinding and Mixing Dried waste Uniform powder 

Acid Hydrolysis 
Powder + acid + 

heat 
Hydrolyzed 

slurry 

pH Adjustment 
Acidic slurry + 

base 

Neutralized 

slurry 

Fermentation 
Neutralized slurry 

+ yeast 
Fermented broth 

Distillation Fermented broth 
Ethanol + 

stillage 

Ethanol Storage Purified ethanol 
Stored 

bioethanol 
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Fig. 2: Flowchart for bioethanol production from organic 
waste 

3. DESIGN OF REACTOR COMPONENTS 

The pilot-scale bioethanol production system 

was engineered as an integrated sequence of 

interconnected unit operations designed to process 5 

tonnes of wet MOW per batch. Each component was 

dimensioned through detailed mass–energy balances, 

material-property evaluations, and process optimization 

constraints to ensure stable operation, efficient 

conversion, and scalability toward industrial 

implementation (Khan et al. 2023). 

3.1 Design of Reactor Components 

The feedstock storage tank was designed as a 27 

m³ reinforced concrete structure to accommodate the 

volumetric expansion associated with gaseous by-

products and heterogeneous waste composition shown in 

Fig. 3. A 3 × 3 × 3 m geometry was selected to enable 

efficient dumping from municipal vehicles, minimize 

dead zones and support continuous feeding through a 

mechanical conveyor while resisting microbial 

degradation and moisture-induced deterioration. It was 

found that for 170 kg of the as-received MOW occupies 

a volume of 0.8 m3, so the volume required for 5 tons of 

the as-received MOW is: 

                             
0.8  m³ x 5000 kg 

170 kg
= 23.52 m³            … (1) 

 

Fig. 3: Cross-sectional view of feedstock storage tank 

A 10 m stainless-steel conveyor system (SS304) 

was incorporated to facilitate controlled and hygienic 

transfer of MOW to the drying units (Broda et al. 2022).  

 

Fig. 4: Designed conveyor 

Table 2: Performance estimation of the designed solar dryer 

Parameter Value 

Initial moisture content 78% 

Total water to be removed 3,900 kg 

Total energy required for 
drying 

≈ 8.81 × 10⁶ kJ 

Estimated drying duration ~2 days (under sunny conditions) 

Required solar collector area 900 m² 

Dryer type 
Direct sun-drying solar 

greenhouse dryer 

Expected internal temperature 40–60 °C (during peak sunlight) 

Design considerations, as shown in Fig. 4, 

included belt width (400 mm), corrosion resistance, 

minimal friction losses, and a 0.5 HP geared motor 

capable of maintaining 10–20 m min⁻¹ transport velocity, 

optimized for intermittent start–stop operation (Barbir et 

al. 1990) 
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Moisture reduction, a critical determinant of 

hydrolysis efficiency, was achieved via two parallel 

drying systems. Table 2 presents the performance 

estimations of the designed solar dryer under the 

specified operating conditions. 

Complementarily, a 550-kW electrical hot-air 

dryer was engineered using convective heat transfer 

modeling to maintain a uniform 60 °C drying temperature 

(Beluhan et al. 2023), ensuring year-round operability 

and process continuity. 

As an alternative to the solar dryer, an electric 

dryer has been installed in parallel for emergency use, 

such as during the rainy season. The dryer is designed to 

dry 5 tons of as-received MOW (Kazmi et al. 2025). The 

dryer is designed for the wet MOW, considering it will 

have a maximum moisture content of 78%. Initially, the 

drying time is 8 hours/day, which can be adjusted as per 

need. This drying time is suitable for the proper 

functioning and maintenance of the dryer. To avoid 

burning of the MOW, the drying temperature is kept at 60 

°C. The average ambient temperature is considered to be 

25–30 °C. The electric dryer works on the methods of 

electrical heating and convective hot air flow. The final 

heater rating can be designed as 550 kW. The dryer is a 

batch-type electric hot air dryer. It uses electric heaters 

and a blower fan to circulate hot air (Al-Hammadi et al. 

2025).  

To grind and homogenize 1100 kg of the dry 

MOW per batch, a grinding and mixing chamber is 

designed (Palaniappan et al. 2025). The bulk density of 

the MOW is approximately 250–300 kg/m³. The system 

incorporates either a hammer mill or cutter blades within 

the chamber, powered by a 5–7.5 HP motor suitable for 

processing fibrous dry matter, with blade speeds ranging 

from 1000 to 1500 rpm and replaceable screens for 

achieving particle sizes below 5 mm (Shukla et al. 2024). 

The construction materials include an SS304 body for 

corrosion resistance, hardened steel or stainless-steel 

blades and shaft, and sealed, dust-proof bearings to 

ensure durability and reliable performance (Chamoli et 

al. 2024). 

For hydrolysis, the required ratio of the dry 

MOW and acid solution is 1:10. The weight of the dry 

MOW is 1,100 kg, so the required quantity of the acid 

solution is 11,000 L. The purity of the acid is assumed to 

be 98%. In the experimental research, it was found that 

for 100 mL of the required acid solution, 3.05 mL of acid 

and the remaining 96.95 mL of water are required. The 

chamber is designed with a total capacity of 12,000 L, 

providing a 10% buffer above the 11,000-litre operating 

volume to prevent overflow and ensure adequate mixing 

space (Siddique et al. 2024). 

3.2 Design of Hydrolysis Chamber 

The hydrolysis input process parameters are 

presented in Table 3. This is a batch-type closed lid 

reactor in which a heated jacket or steam-heated vessel 

has been used. It is made of 316 L with a Teflon-coated 

interior for acid resistance and durability. For heating the 

chamber, a solar-heated water bath is preferred. An 

electric heating jacket is also provided as an option. A 

magnetic stirrer is used in laboratory-scale reactors for 

effective mixing of the chemicals, whereas a motor-

driven impeller can be installed in larger units.  

Table 3. Hydrolysis input process parameters 

Parameter Value 

Dry organic waste 1100 kg 

Acid solution volume 11000 L 

Acid concentration 3% H₂SO₄ (w/w) 

Solid to liquid ratio (S:L) 1:10 

Reaction temperature 100–130 °C 

Reaction time 20–30 minutes 

Pressure (if sealed) 1 bar (optional for fast hydrolysis) 

A headspace margin was provided in the reactor 

to ensure proper mixing and boiling of the liquid. The 

weight of the dry MOW is 1100 kg. The density of the 

dry ground MOW is assumed to be 500 kg/m3.  

A motor of 2 HP is required for mixing 3 m³ of 

slurry. It is recommended to wear PPE as 3% H₂SO₄ is 

mildly corrosive, use acid-resistant tubing and seals 

(Viton or PTFE), and include a vent or pressure relief 

valve. 

 

Fig. 5: Outer shape of hydrolysis chamber 
To ensure safe operation and mixing, 30% extra 

volume (freeboard) is considered, so the design volume 

becomes 8,812 x 1.3 = 11,455.6 L. After rounding up, the 

design volume is 11,500 L. The tank is designed as a 

cylindrical vessel (Fig. 5) following a height-to-diameter 

ratio of 1.5, which is commonly adopted for efficient 

mixing performance (Rajeswari et al. 2022). This 

configuration provides a balanced design that supports 

uniform flow patterns and stable mixing conditions. The 

fermentation media chamber is designed to prepare a 

nutrient-rich fermentation medium that supports 
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microbial growth and ethanol production during 

fermentation. In the production of bioethanol from 

MOW, this chamber enables controlled mixing of 

glucose, peptone, yeast extract, and urea with water (Nair 

et al. 2020). The mixture helps to maintain optimal pH 

and nutrient balance before being supplied to the 

fermentation vessel through stainless steel pipelines. 

Table 4. Design specifications of chambers 

Fermentation Media Chamber Yeast Suspension Chamber 

Parameter Specification Parameter Specification 

Capacity 

8000 L (80% 

working 

capacity of 
10,000 L 
vessel) 

Capacity 

5000 L (75% 

working 

volume of 
6500 L 
vessel) 

Material of 
construction 

Stainless Steel 
316L, 

internally 
polished 

Material of 
construction 

Stainless 
Steel 316L 

Shape 

Cylindrical, 

vertical 
orientation 

Shape 

Cylindrical, 

vertical 
orientation 

Headspace 
allocation 

20% of total 
volume 

Height-to-

diameter 

ratio (H:D 
ratio) 

0.084027778 

H:D 0.084027778 Agitation 

3–5 kW 

motor with 
Rushton 

turbine 

Pressure 
Atmospheric (1 

atm) 

Duration of 

operation 

24-hour 

batch cycle 

The yeast suspension chamber allows yeast 

culture activation and growth before fermentation. In this 

chamber, yeast is maintained under controlled 

environmental and nutritional conditions, usually with 

added glucose (20 g/L), yeast extract (10 g/L), and 

ammonium sulfate (1 g/L) for a 24-hour growth period 

(Coşgun et al. 2023). Table 4 outlines the design 

specifications of the fermentation media and yeast 

suspension chambers.  

4. RESULTS AND DISCUSSION 

The integrated pilot-scale system demonstrated 

effective conversion of MOW into fuel-grade ethanol. 

Drying performance was efficient, reducing initial 

moisture from 78% to 22%, approximately. Solar drying 

removed around 3900 kg of water per batch, while the 

auxiliary electric dryer ensured uniformity and continuity 

during low-irradiance periods (David et al. 2023). The 

hybrid configuration reduced drying variability and 

established stable conditions for downstream processing. 

Feed Mass: 

      mass = ρmix × volume 

                = 0.88204 × 1000.0 

                = 882.04 kg 

Ethanol Mass in Feed: 

ethmass = mass × 0.4963 

                                 = 882.04 × 0.4963 

            = 437.75 kg 

Total Distillate Mass Required (Dtotal) to Collect that Ethanol 
at 95 wt.%: 

    Dtotal = ethmass ÷ 0.95  

             = 437.75 ÷ 0.95 

             = 460.79 ≈ 460.79 kg 

Average Distillate Mass Flow (Ḋ) Over 1.5 h: 

                              Ḋ = Dtotal ÷ 1.5  

                                  = 460.79 ÷ 1.5 

                                  = 307.19 kg/h               

      A reflux ratio (R) of 2 is assumed.  

Overhead (vapor) Mass Flow (Using V̇ = Ḋ × (R + 1)): 

                V̇ = 307.19 × 3.0 

                    = 921.59 kg/h  

Hourly Latent Energy Q_kJ/h ≈ V̇ × 900 kJ/kg: 

                               Q_kJ/h = 921.59 × 900 

    = 829,434.59kJ/h 

Converting to kW (kJ/s) by Dividing by 3600: 

Q_kW = 829,434.59 ÷ 3600 

   = 230.39 kW  

Cooling Water for Condenser: 

Cp_water ≈ 4.18 kJ/kg·K; ΔT = 10 K: 

Cw_mass_flow (kg/s) = Q_kW ÷ (Cp × ΔT) 

                                     = 230.39 ÷ (4.18 × 10) 

                  = 5.51 kg/s 

Converting to m³/h: 

5.51 × 3600 = 19,840.25 kg/h ≈ 19.84 m³/h 

Recommend design cooling water flow ≈ 20–22 

m³/h (allowing fouling margins). 
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Column internal sizing, packing height, and 

diameter were determined based on the high vapor traffic 

(≈ 922 kg/h), which results in a substantial increase in 

column diameter. To attain an ethanol concentration of 95 

wt.% (approx.) from the initial 49.6 wt.%, approximately 

10 to 15 stages are required by using structured packing 

with a typical height equivalent to a theoretical plate 

(HETP) of 0.4 to 0.6 m. A packing height of 6 m was 

designated as a baseline strategy. The column diameter 

was assessed using practical scaling. Former designs 

indicate that a DN150 column is capable of handling 39 

kg/h of vapor, while a DN400 column can handle about 

208 kg/h. For a current system with a vapor flow rate of 

around 921.6 kg/h, the required diameter is 2.1 times that 

of the DN400 column. This corresponds to an internal 

diameter of 0.84 m. Kettle working volume to keep a 

comfortable headspace for vigorous boil-up is 1.5–2.0 m³ 

working volume for a 1000 L charge with a high boil rate. 

The steam jacket immersion size is around 300 kW duty 

(≈377 kg/h steam). Agitation provides gentle agitation or 

recirculation to avoid bumping and ensure uniform heat 

transfer (Yiin et al. 2022). Reflux drum size design for 5–

10 minutes of holdup at high distillate rates plus surge 

capacity recommends approximately 500–1000 L 

working vessel (750 L is a good compromise). The reflux 

pump must be capable of delivering a maximum reflux 

flow rate of R×Ḋ. 

 At R=2 and Ḋ = 307.20 kg/h ≈ 0.307 m³/h, 

  Maximum reflux flow = R × Ḋ ≈ 2 × 0.307  

                                                          = 0.614 m³/h 

However, to allow for pump turndown and 

pressure requirements, a pump rated at 1–2 m³/h and 20–

30 m head with a variable frequency drive (VFD) was 

selected to ensure good control. The distillate transfer 

pump is a similar small centrifugal pump. 

These volumetric pump numbers are small 

because the liquid distillate volumetric flow is modest, 

and mass flows are large because vapor density is low; 

the reflux volumetric flows remain manageable. 

4.1 Pressure Drop and ΔP considerations 

With very high vapor traffic, pressure drop 

across packing can increase; choosing low-ΔP structured 

packing (metal high-capacity packing) and a larger 

diameter can keep superficial vapor velocity below 

flooding limits. The total packed-bed ΔP is expected to 

be <50–100 mbar at the design load, with final values 

determined using vendor packing data. 

4.2 Mechanical Considerations  

The column and associated equipment are 

constructed with wetted parts made of SS304L, with the 

option to upgrade to SS316L when handling chlorides or 

aggressive organic compounds. PTFE gaskets and 

ethanol-compatible mechanical seals are used to ensure 

leak-free operation, while the system is insulated with 

50–75 mm mineral wool and protective cladding 

(Nwakego and Enajeme, 2025). Due to the tall packing 

section, maintenance platforms are installed at 

approximately 3 m and 6 m heights. For a feed of 1000 L 

containing 49.63 wt.% ethanol, the ethanol mass amounts 

to about 437.76 kg, requiring a distillate production of 

roughly 460.80 kg at 95 wt.% purity, corresponding to a 

throughput of around 307.20 kg/h over a 1.5-hour run. 

The vapor traffic through the column is about 921.6 kg/h, 

and the reboiler and condenser must handle a thermal 

duty of about 230.4 kW; therefore, a 300-kW unit is 

recommended. Steam consumption is estimated at 377 

kg/h at 3–4 bar (g), with cooling water requirements of 

approximately 20 m³/h for a 10 °C temperature rise (Faria 

et al. 2024). The distillation column requires a packing 

height of about 6 m with a shell diameter of 850–900 mm, 

or the system can be divided into multiple parallel 

DN500–DN600 columns. The kettle reboiler should have 

a working capacity of 1.5–2.0 m³, and the reflux drum is 

recommended to be approximately 750 L, as illustrated 

in Fig. 6. 

 

Fig. 6:  Column shell 

4.3 Design of Bioethanol Storage Tank 

Vertical cylindrical tank is made of carbon steel 

with epoxy internal lining for ethanol compatibility and 

is equipped with an internal floating roof (IFR) to 

minimize vapor losses. The storage tank is designed with 

a total volume of 30 m³, corresponding to an estimated 

diameter of approximately 3 m and a height of about 4.3 

m, adjustable based on site layout and space availability. 

The storage tank is constructed with a carbon-steel shell 

and roof, protected internally with an epoxy or phenolic 

coating suitable for ethanol service. An aluminum or 

stainless-steel floating roof equipped with perimeter seals 

minimizes vapor losses and enhances safety. Key 

accessories include one or two manways for inspection 

and maintenance, along with inlet, outlet, overflow, vent, 

and sampling nozzles (Bhattacharyya et al. 2025).  
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4.4 Proposed Design of Bioethanol Pilot-scale 
Reactor 

 

Fig. 7:  Designed pilot-scale bioethanol production reactor 

Fig. 7 represents the designed pilot-scale 

bioethanol production reactor. Instrumentation consists 

of a radar or ultrasonic level sensor, a high-level alarm, 

and a temperature sensor to ensure proper monitoring. 

Safety features include a flame arrestor on the vent, 

grounding and bonding provisions, and a surrounding 

bund wall with 110% of the tank’s volume capacity for 

spill containment. The foundation comprises a reinforced 

concrete pad with anchor bolts, situated within the 

bonded area to safely contain any potential leakage. 

5. CONCLUSION 

The design and development of a pilot-scale 

reactor for bioethanol production represents a crucial step 

toward optimizing sustainable biofuel generation 

technologies. The studies reviewed and experimental 

outcomes demonstrate that an effective pilot-scale 

system depends on multiple integrated aspects of process 

engineering, including biomass pretreatment, 

fermentation dynamics, bioreactor configuration, and 

energy recovery. A small land area is sufficient for the 

installation of a pilot-scale reactor for the continuous 

production of bioethanol. The pilot-scale reactor 

successfully demonstrated the scalability of laboratory 

bioethanol processes, with design parameters such as 

reactor volume, agitation speed, and temperature control 

optimized for efficient fermentation. Experimental 

results set the stable fermentation parameters with 

competitive ethanol yields and conversion efficiencies 

relative to reported pilot-scale systems. Economic and 

environmental assessments revealed that the system 

reduces carbon emissions while promoting circular 

bioeconomy practices through waste valorization. The 

project provides a scalable and adaptable framework for 

future industrial bioethanol plants, emphasizing 

continuous process monitoring, automation, and 

feedstock diversification. 
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