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Abstract

	Medium-scale palm oil mills in Nigeria face increasing energy costs, inefficient biodegradable residue management and biogas-based bioenergy recovery systems. The non-utilization of palm mill wastes represents a loss of material and energy resources, under-exploiting waste as a bio-resource for energy and environmental challenges. The absence of pilot-scale systems with integrated digestion, purification, compression, and energy conversion has limited laboratory-scale biomethane studies' practical deployment. This study presents a theoretical design analysis and fabrication of an integrated pilot-scale biogas-to-electricity system for decentralized renewable energy. The system comprises a 0.101 m³ vertical continuous stirred tank reactor (CSTR) with biogas purification, compression, and bioelectricity generation subsystems for anaerobic co-digestion of palm oil mill effluent (POME), empty fruit bunches (EFB), mesocarp fibre (MF), and palm kernel shells (PKS). An analytical framework was developed based on engineering design standards. The system integrates a continuously stirred tank bioreactor for energy recovery from palm oil mill effluent and solid residues to optimize biogas production. The design considered palm mill energy requirements, waste volume, biomass availability, feedstock characteristics, C/N ratio, digester type and size, biogas production, feed rate, temperature control, total and volatile solids, gas yield, retention time, loading rate, mixing, pH, conversion efficiency, construction material availability, cost, and safety. The 0.101 m³ vertical CSTR was designed with a 76 L working volume, incorporating 25% gas and safety allowance, with biogas generation, purification, compression, and conversion subsystems, operated under mesophilic conditions at 35 °C with an organic loading rate (OLR) of 2.0 kg VS m⁻³ d⁻¹.The design framework outlined in this research offers a useful guide for enlarging decentralized biogas-to-electricity systems and aids in advancing sustainable and circular energy methods in the palm oil industry.
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1. Introduction

Global energy systems are under increasing strain due to rapidly growing demand, volatility in fossil fuel prices, and mounting commitments to climate change mitigation. These pressures are particularly acute in developing economies, where electricity supply remains unreliable and industrial operations depend heavily on diesel-powered generators, leading to high operating costs and significant environmental burdens (Oyedepo, 2014; IEA, 2022). In Nigeria, the agro-industrial sector exemplifies this challenge, combining high energy intensity with limited access to stable grid electricity. Among agro-industries, the palm oil sector is both a major consumer of energy and a prolific generator of biodegradable residues that are frequently underutilized or poorly managed, resulting in substantial losses of recoverable material and energy resources (Chavalparit, 2002; Wu et al., 2019). The palm oil industry generates large quantities of high-strength organic waste streams, including palm oil mill effluent (POME) and solid lignocellulosic residues such as empty fruit bunches (EFB), mesocarp fibre (MF), and palm kernel shells (PKS). POME, in particular, contains high concentrations of biodegradable organic matter and is a major contributor to methane emissions when discharged untreated into the environment (Metcalf & Eddy, 2014). Similarly, EFB and MF are often openly burned or used inefficiently as boiler fuel, leading to particulate emissions, soot accumulation, and low energy recovery efficiencies (Liew et al., 2015). In Nigeria, medium-scale palm oil mills face compounding challenges of rising diesel costs, unreliable grid power, and continued reliance on firewood and biomass combustion, practices that exacerbate deforestation and greenhouse gas (GHG) emissions (Izah et al., 2017).

Ensuring access to clean and affordable energy for all human beings is an ever-lasting problem that is usually handled through costly and polluting alternatives, such as fossil fuel-based generators for electricity and biomass-fired cooking (Kung et al., 2025). Biogas technology offers a promising circular economy pathway by converting agro-industrial residues into renewable methane-rich gas suitable for electricity generation, heat production, or fuel substitution. Anaerobic digestion simultaneously addresses waste stabilization, odour control, and reduction of uncontrolled methane emissions while enabling decentralized energy generation for on-site use (Weiland, 2010; Appels et al., 2011).On a global scale, there has been a rapid surge in the capacity of biogas-driven power generation, emphasizing its remarkable competitiveness and feasibility as an energy source for electricity production, heating systems, fuel provision and even the manufacturing of sustainable chemicals and biofuels (Phillip et al., 2024: Scarlat et al., 2018). For palm oil mills operating in regions with unstable electricity supply, biogas-based captive power generation is particularly attractive because it reduces dependence on fossil fuels and enhances energy security (Kaparaju & Rintala, 2013; Wu et al., 2019).Among renewable energy sources, biogas is more adaptable and flexible in comparison with wind and solar energy, and more economical as it requires less capital investment and operational cost (which may vary depending on geographical location). It features a high energy value, easy storage, and offers dependency regarding the geographical location and season (Abanades et al., 2022; Esmaeilion et al., 2021). However, despite the demonstrated technical potential of biogas systems, their adoption in Nigeria remains limited, especially beyond rudimentary digestion units. The palm oil mill considered in this study currently operates at approximately 8 t h⁻¹ and is undergoing expansion to nearly 16 t h⁻¹ to meet growing domestic and industrial demand. While such scaling improves economic output, it proportionally increases residue generation and intensifies existing energy, environmental, and safety challenges (Imam et al., 2025; Izah et al., 2016, Ahmad et al., 2005, Wu et al., 2008). Increased accumulation of MF and EFB heightens operational risks, including spontaneous combustion of fibre piles during dry seasons due to microbial oxidation and heat buildup, posing threats to personnel, infrastructure, and product storage (Hublin et al., 2014,). These challenges highlight the urgency of implementing integrated waste-to-energy systems capable of managing increasing waste volumes while delivering tangible energy benefits.

Although anaerobic digestion has been widely studied, much of the existing literature focuses on laboratory-scale experiments, substrate biodegradability assessments, or performance evaluation of individual system components (Mao et al., 2015; Li et al., 2011). While such studies are valuable for understanding microbial kinetics and process behaviour, they often provide limited guidance on comprehensive engineering design procedures required for pilot-scale or pre-commercial deployment. In many cases, digester design, gas purification, compression, and power generation are treated in isolation, without an integrated analytical framework linking feedstock characteristics, methane yield, gas handling requirements, and electricity generation capacity (Sun et al., 2015; Angelidaki et al., 2018). Anaerobic co-digestion (AcoD) of POME with solid palm residues has been shown to enhance methane production by improving carbon-to-nitrogen balance, stabilizing pH, and promoting synergistic microbial activity, with reported methane yield increases of 15–35% over mono-digestion of POME (Mata-Alvarez et al., 2014; Jearat et al., 2014). Despite these advantages, there remains a notable lack of pilot-scale integrated biogas-to-electricity systems in Nigeria that combine digestion, gas purification, compression, and energy conversion into a single, analytically designed platform. Pilot-scale systems are critical for bridging the gap between laboratory research and full-scale industrial implementation, yet published studies frequently omit key design equations, parameter selection criteria, safety margins, and subsystem integration strategies, limiting reproducibility and scalability (Ward et al., 2008; Pöschl et al., 2010). From a national perspective, the need for such systems aligns closely with Nigeria’s climate and energy policy objectives. The Agriculture, Forestry and Other Land Use (AFOLU) sector accounts for approximately 60% of Nigeria’s total net GHG emissions, while the energy sector contributes about 34%, underscoring the importance of integrated mitigation strategies across both sectors (FME, 2021). Deploying biogas-based energy systems within agro-industries presents a dual opportunity to reduce emissions and enhance energy access (Yang et al., 2002, Jekayinfa et al., 2008), supporting Nigeria’s transition toward low-carbon and climate-resilient development. 

The aim of this study is therefore to develop a comprehensive analytical design framework for a pilot-scale integrated biogas-to-electricity system suitable for anaerobic co-digestion of POME and solid palm oil residues in a medium-scale palm oil mill. The study seeks to bridge the gap between laboratory-scale digestion research and practical industrial application by presenting a subsystem-integrated design methodology that enhances reproducibility, scalability, and experimental validation. By demonstrating the technical feasibility of decentralized bioenergy generation, the proposed system has the potential to reduce diesel and firewood consumption, mitigate uncontrolled emissions, and promote sustainable, circular palm oil production within the Nigerian context.

2. Materials and Methods
 
2.1	System Design Framework and Methodology

The design methodological flowchart in Fig. 1 assumes steady-state mesophilic conditions for sizing the integrated pilot-scale biogas-to-electricity system typical of agro-industrial applications. Assumptions are based on literature ranges, engineering practice, and boundary conditions to prevent performance over-estimation. The anaerobic digester design uses relationships between hydraulic retention time (HRT), organic loading rate (OLR), and working volume. HRT values fall within ranges for stable mesophilic digestion of agro-industrial residues (Weiland, 2010; Appels et al., 2008). OLR is constrained to prevent acidification and instability, common causes of pilot-scale digester failure (Ward et al., 2008, Shelford & Gooch, 2017, Bennett et al., 2008). 

2.2 Design Parameters

Process parameters considered in the design which affect the biogas production and utilization include the palm mill end use energy requirements, volume of waste generated, biomass availability in study area, feedstock characteristics and C/N ratio, type of digester and size, volume of biogas produced, and feed rate, optimal temperature and control, percentage total and volatile solids, gas yield, retention time, loading rate, degree of mixing, pH of slurry, conversion efficiency, construction materials availability, cost and safety.  

2.3 Material Selection

The selection of materials was guided by considerations of chemical resistance, durability, and cost-effectiveness. Stainless steel was used for the reactor to ensure corrosion resistance, while rubber seals were selected for their ability to withstand chemical exposure. To maintain the mesophilic temperature, 50 mm of mineral-glass insulation with wool cladding was used for thermal insulation of the reactor and PVC for gas-liquid separators was chosen for biogas transfer and scrubber vessels due to its corrosion-resistant ability and need to prevent leakage. Other factors considered are the availability of the materials, suitability of the materials for the working conditions in service, costs of the material and maintenance. 

2.4 System Design Analysis

2.4.1 Anaerobic Digester Design

The anaerobic digester constitutes the core bioconversion unit of the system and is analytically designed to ensure stable operation, adequate methane production, and compatibility with downstream gas handling units. Digester sizing is governed primarily by the hydraulic retention time (HRT) and the organic loading rate (OLR), which are widely recognized as critical design parameters influencing process stability and biogas yield (Ward et al., 2008; Weiland, 2010).
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Fig. 1. Process flow of the pilot-scale bioelectricity generation system

2.4.2 Digester Total Volume (VT)

The reactor total and working volumes were determined from equations 1 and 2.

Diameter = 48 cm = 0.48 m
Depth 	    = 56 cm = 0.56 m

Volume (m3) = πr2h	                   (1)

=3.142 x 0.242 x 0.56
= 0.101 m3

2.4.3 Digester Working Volume (VO)


(Curry and Pillay, 2012)                                    (2)

Taking allowance of 15% gas space and 10% safety allowance = 25%

VO = 75% x 0.101 
=0.07575 
=0.08 m3

At conversion rate of 0.01 m3: 10 litres and               (1 litre: 1 Kg)

Total digester volume = 0.101 m3 = 101 Kg
Wet substrate weight (75% x 101) = 76 Kg 

Based on substrate input, operating reactor volume for slurry digestion in equation (3) with total weight of co-substrate (B) and water             (W)

Sd = (B + W)   Mukumba et al. (2013)        (3)
 = 76 Kg

Weight of Co-substrates = 38 Kg
Weight of Water = 38 Kg          

2.4.4 Determination of Flow Rate

Biogas flow rate was calculated from Equation (4) as by Vogeli et al. 2014)

HRT =  =  days                    (4)

30 = 

Flow rate Q =  = 0.0025 m3/day 
2.4.5 Organic Loading Rate (OLR)

OLR is the amount of organic co-substrate fed per unit volume of the digester per day and calculated following the example by Vögeli et al (2014). It is a critical control parameter significant to the bioconversion rate in the reactor for avoiding overloading that triggers a rise in volatile acids (VFA) and acidification, which causes system failure.

Taking Dry Matter as 20% of total solids content = 20% x 67.5 Kg= 13.5 Kg

Active slurry volume = 76 litres x 30 days = 2,280 litres = 2.28 m3

Ratio of volatile solid (VS) to non-volatile solid (NVS) 

VS: NVS = (10.8): (2.7)

With 76 litres reactor working volume, 

Substrate Concentration =  = 16 KgVS/m3	

OLR = 	         (5)

= 

= 5.32 KgVS/m3/day

The OLR 2 KgVS/m3 reactor volume/day is considered for continuous-stirred AD systems and within high rate digestion (3.0 – 5.0 Kg/m3/day) (He et al., 2018: Vögeli et al. 2014).

2.4.6 Methane Production Rate

A gas production rate per unit volume by Nijagura (2012) was applied. The rate which is temperature dependent Equation 6 states that for a given influent volatile solids concentration, (SO) and a fixed Hydraulic Retention Time (HRT), volume of gas produce (V m3) varies with the ultimate gas production rate Bo, the maximum growth rate (µm) and Kinetic parameter (K). 

V = (BoSo /HRT) [1 – K/(HRT µm – 1 + K)]  (6)

Gas production in terms of digester size ranges from 0.021–0.071 m3 of gas and 0.014-0.042 m3 of methane.Kinetic parameter K = 0.33 for high rate anaerobic digestion (Papachristopoulos et al., 2024) and µm = 0.013 T – 0.129 (1/day) at operating reactor temperature of 35oC. 

Taking Bo = 0.015,

V = () (1 - )	
				
 = 0.006 m3

2.4.7 Power Required for Mixing the Co-Substrate in the Reactor

Mixing of co-substrate is necessary for effective uniform distribution of heat, nutrients and microorganisms in the reactor, breaking up coarse substrate particles to provide larger surface areas for bacterial attack and increasingthe rate kinetics of anaerobic digestion, thereby accelerating the substrate biodegradability and biogas yield. The mixing system comprise of electric motor, an agitation shaft and a bladder. The selection of the motor is evaluated from Equation 7 (Mahmoodi-Eshkaftaki et al., 2017) for mixer power (Pw) in a process fluid.

Pw = 	                                  (7)

Where Np is the number of impellers, (6), Ns impeller speed (rpm) (50), impeller diameter 0.33m and SG for specific gravity

= 

= 1.686 = 1.25 kW

2.4.8 Design of Agitator Shaft Diameter 

A mechanical stirrer with a shaft and paddles, placed vertically atop the reactor, was designed to agitate the slurry to release biogas, distribute heat, and prevent hard scum formation. The ASME code Equation 8 by Khurmi and Gupta (2008), which considers bending and tensional moments, was applied to calculate the shaft diameter (d).

d3 = 	                      (8)

where Ss is the maximum allowable stress determined from Sd = 0.27 Ys with ultimate yield stress 200 Nmm-2 for steel (Jekayinfa et al., 2008), and the combined shock and fatigue factor applied to the bending and torsional moment of 1.5/2.0 (Sclater and Chironis, 2007).

 2.4.9 Determination of Bending Moment

Bending moment (Mb) Equation 9 for a single impeller mixer, by Cullen (2009) was applied.

Mb = 2.88 Pw.L.F/N5Dtm.  (Nm)	       (9)

where L is the shaft length (cm), PW impeller power (Kw), and F is the hydraulic factor of impeller blades (range 2.5 – 3.5) (Cullen, 2009).

= 

= 523.64 Nmm

2.4.10 Determination of Torque

Torque (Mt) transmitted through the shaft during mixing in a flow-controlled mixing system is given as in Equation 10 by Mahmoodi-Eshkaftaki (2016).

Mt = 		                    (10)

= 	= 2921 Nmm

2.4.11 Impeller Shaft Diameter

d = []0.33

= 0.0084 m

= Applying 10% factor of safety   

= 10 mm.

2.4.12 Reactor Pressure 

Pressure significantly influences the liquid–vapour equilibrium and gas production in bioreactors, as decreased internal gas pressure increases the biogas yield (Utami et al., 2021; Prajapati et al., 2020). Taking the reactor as a thin-walled pressure vessel, total internal pressure Pt induced was calculated from the biogas static pressure Ps and slurry dynamic pressures Pdb resolved into longitudinal (hoop) stress σl and circumferential stress σc (Equation (11)) and compared with the maximum allowable pressure of a thin-walled steel tank.

Pt = Psi + Pdb                                             (11) 

Slurry dynamic pressure induced was determined fromequation 3.14.by Olaoluwa et al (2018), while equation 3.15 was applied to determine the pressure Pb induced by the biogas. In the reactor. Maximum allowable pressure acting on the reactor wall as calculated from Equation 12 by Iluno et al (2024). 

Psi = ρghs		                                 (12)

Psi = 1000 × 9.81 × 67.5 x 75 %   = 49.6 KN/m2 

ρ is the density of slurry, g acceleration due to gravity, hs level of slurry in the reactor  

Ratio  =  = 0.028 is less than   = a thin cylinder 

t, D and r are the thickness, diameter and radius of the reactor. Assuming fluid pressure of 2 Nmm-2, longitudinal (hoop) stress σcand circumferential stress σm

σl =    =   = 35.8 N/m2

σl =    = = 71.7 N/m2

Total internal pressure = 49.6 KNm-2 + 35.8 N/m2 + 71.7 N/m2 = 49.7 KNm-2

Factor of safety = 10 % x = 54.7 KNm-2

Taking the lower of the Yield stress 315 Nmm-2 and Ultimate Tensile strength 445 Nmm-2 of mild steel by Ibrahim et al (2015) bursting pressure Pb of the reactor material was calculated from equation 3.20 by Iluno et al (2024).

Pb = (σm x 2t)/d	                                 (13)

Pb = (315 x 106 x 2  ⃰  1.2 x 10-2) 0.43 = 3.25 MNm2

Internal pressure of the biogas is less than the maximum allowable pressure that the mild steel can withstand, which guarantees the safety of the use of the material for the reactor. 

2.4.13 Reactor Heat Energy Balance and Operating Temperature 

Sufficient heat is required to maintain slurry temperature in the bioreactor for fermentation at the optimum mesophilic operating temperature of 35 0C. A controlled stainless steel boiler ring was embedded to raise the slurry temperature while the stirrer distributes the heat in the digester. The steady state energy equation (Equation 14 and methodology adopted by Echiegu (2012) was adapted in estimating the heat load determined from Equations 15 – 18.

P total  = Q input  + Q loss	                               (14)

Energy balance = (Ԛh + Ԛs + Qrm + Qm) – (Qc + Qt + Qy + Qlh) = 0                                           (15)

where Ԛh is heat energy supplied by the heater, Ԛs heat gained from solar radiation, Qrmheat of reaction for biogas fermentation, Qm mechanical heat gained due to mixing, Qc conductive heat loss through reactor walls, Qt latent heat losses due to biogas removal and Qlh latent and sensible heat losses due to the moisture content of the biogas.

2.4.13.1 Heat Energy Supplied by Heating Element

The heat supply from the embedded heater for reactor operating slurry temperature at 35 ℃ is a function of substrate mass (m), specific heat capacity of slurry taken as that of water Cs= 4.18 kJ/kg·K, and the temperature change ∆T.  

Qh = m x Cs x ∆T 	                      (16)

= 76 x 4.18 x 283 = 89,903.44 KJ 

2.4.13.2	Heat Gained from Solar Radia-tion 

The absorbed heat rate from the solar radiation is calculated from Equation 17

Ԛs = ά Arad FI	(Alkhamis et al., 2000)	       (17)

Where ά is the absorbance (0.9 Cengel, 2019), Arad area through which radiation occurs (m2), F is a shading reduction factor equal to one been digester is fully exposed to sunlight (Ibrahimi et al., 2025), and I is the solar irradiation (W/ m2) 

 Arad = πr2 =3.142 x 0.242 = 0.18 m2, F=1 and I = 1360 W/m2

Ԛs = 0.9 x 0.18 x 1 x 1360 = 220.32 W

2.4.13.3	Fermentation Heat of Reaction for Biogas Production 

The heat generation rate of electrical input during the mixing and fermentative reaction of the anaerobic biomass fluid Qrm (kW) was calculated from Equation 18 by Guo et al (2019) taking into cognisancethe initial slurry temperature. 

Qrm = νbcb                                             (18)

where  is the density of biomass slury, kg m-3 ,νb is the slurry flow rate, m3s-1 , cb is the specific heat capacity of slurry KJ kg-1 K-1 , t1 and t2 are the initial and digestion temperatures.  

2.4.13.4 Conductive Heat Loss through Reactor Walls 

The conductive heat loss through reactor walls was determined from Equation 18

Q loss  = U x A x ∆T	                                 (19)

where U is the overall transfer coefficient for theinsulated digester (0.5 W/m² K Bergman et al., 2017), A is the surface area of the digester and ∆T temperature difference (K) = 283 K. The cylindrical digester tank with height H, diameter D. and volume V (0.09 m³.) is determined from Equation 20.

A = 2 π. ()2. + πDH		      (20)
A = 0.18 + 0.36 
A = 0.54 m2

Target temperature = 35°C

∆T = 35°C – 25 °C = 10°C 
Q loss = 0.5 x 0.54 x 10 = 27 W

2.4.13.5 Latent and Sensible Heat Losses Due to Moisture Content of the Biogas

The latent and sensible heat losses due to the moisture content of the biogas and biogas removal were estimated from Equations 21 and 22 cited by Echiegu (2012) respectively.

QwL = 	                                              (21)

Qws = 	                                 (22)

whereQwLand Qwsare the latent and sensible heat losses (W) due to the moisture content of the biogas, lwthe heat of vaporization of water (2260 J/g), Mwmass rate of moisture removal (g/h) and Cpw heat capacity of water (4.2 J/g ℃). The relationship between saturation moisture content, Msw and the reactor operating temperature, Tr expressed by the empirical relation in Equation 23 by Echiegu (2012)

Msw = e(1.46+0.059Tr)	                                                 (23)

Where Msw is the saturation moisture content (g/m3 of biogas). The mass rate of moisture removal is obtained from the volumetric rate of biogas production (Yg) and the saturation moisture content in Equation 24

Mw = YgMsw	Echiegu (2012)		      (24)

where Yg is the biogas production rate (m3/h)

2.4.13.6	Heat Loss Due to Biogas Removal 

This was estimated from Equation 25 by Echiegu (2012) 

QY = 	    (25)

Where ℽ is the rate of gas production (m3/h), Cp the specific heat capacity (J/kg ℃), ρ the density (kg/m3). The densities of carbon dioxide CO2 and methane CH4 are 1,960 and 0.714 kg/m3, respectively, while the specific heat capacities are 878.4 and 2217.6 J/kg ℃. 

2.5 Biogas Purification

The biogas purification system,comprising three subunits: CO2 separation, H2S separation (desulfurizer), and moisture trapping (dehumidifier), was designed for small biogas flows (0.05 Nm³ day⁻¹) and design constants such as liquid-to-gas ratios (L/G), empty-bed residence time (EBRT), and fixed media capacities. The design framework integrates replicable design paths aligned with pilot-scale experimental practice (Petersson & Wellinger, 2009; Ryckebosch et al., 2011) against the mass transfer and equilibrium principles. 

2.5.1	Design Calculations for Carbon Dioxide Removal

The target CO2 removal fraction (≥ 25%) follows Ryckebosch et al. (2011) and Kapdi et al. (2005), as partial CO2 removal reduces carbonic acid condensation and wear. The L/G ratio and EBRT in the purification subsystem (L/G 1-2 and EBRT 20-60 s) were from Al-Mamoori et al. (2017) and Perry and Green (2019). A gas mixture was taken as 60% CH₄ and 40% CO2 by volume. 
Step 1: Volume and geometry 

Vb = (Q/3600)·EBRT (m³)	                    (26)

= (0.002083/3600)·15 = 8.680556e-06 m³ (8.7mL) 

Taking H=1, 

A = Vb / H (m²) 		                    (27)

= 8.680556e-06 m³ (8.7 mL) 

D = √(4A/π) 			      (28)
      = 0.003 m 

Based on the value, enforce D ≥ 0.05 m 
Using H = 1.0 m; enforce D ≥ 50 mm 

Step 2: Calculation of water rate 

G = 1.2·Q (kg/h)                                       (29)

= 2.500000e-03 kg/h L

 = (L/G) × G (kg/h) 

Baseline: L/G = 2 (Design ratio), L = 5.000000e-03 kg/h 

With Target 25% CO2 removal 

L/G = 15 
L = 3.750000e-02 kg/h (37.50 g/h) 

Final for CO2 unit: 
50 mm ID × 1.0 m packed; Choose L/G=2 or L/G = 15.

2.5.2	Design Calculations for H2S Desulphurizer

The design approach using Sulfur balance and media capacity calculated from Equations 30 – 33 following industrial practice by (Shelford et al., 2020). Design targets: Condenser 15 °C; Target dew point 10 °C; adsorbent 4A, V ads = 0.50 L.  (Monteith and Unsworth (2008); Petersson and Wellinger (2009) This approach uses the practical ID (50 mm) and height (0.6 m) to ensure stable flow and representative EBRT. 

Sulfur per S (g/Nm³) 	
					
= CH2S × 0.001431
= C(ppm)·0.001431 = 1500x0.001431 = 2.1465 g/Nm³

Daily S load: ṁS,day         (kg/h) 	       (30)
=   
=  = 2.1465·0.050 = 0.107 g/day   

M media(kg) 		                                 (31)
= 
= 
= (0.000107·365)/0.20 = 0.196 kg

Volume: (Vmedia ) = M/ρb	  (m³) 	                    (32)
		  = 0.196/800 m³ = 0.245 L

	(m³) 		      (33)

= (0.002083/3600) x 40 
= 0.023 L 

Final for H2S unit, Charge 0.25–0.50 L iron-oxide media in 50 mm ID × 0.6 m shell (meets EBRT and gives long life).

2.5.3	Design Calculations for Demoisturizer

Psychrometric equilibrium water content at saturation; to cool from 15 °C to 10 °C and removes 10 g H2O/Nm³. At such small flow, this corresponds to < 1 g/day water, which a 0.5 L 4A cartridge (0.35 kg) can retain for several months. This approach follows IEA Bioenergy 127 guidance for biogas drying using Equations 34 – 36 and cited in Petersson and                            Wellinger (2009) and is adequate for the compression.  

1) Water load difference ΔW = W sat (T cool) – W sat (T dp);    		                    (34)

W sat (T) = (e s/P)·44.64-18.015 (g/Nm³) 
W sat (15 °C) – W sat (10 °C)
= 13.51 − 2.26 = 11.25 g/Nm³ 

2) Daily water removal = ΔW·Q  (g/day)   (35)
       = 11.25·0.05 = 0.562 g/day 

3) Taking a target service t = 120 days, Moisture capacity needed = C x H₂O (g) 
      = 120 x 0.562 = 67.5 g 

4) Service life (Adsorbent mass) = capacity / (w cap·1000)C / m day) 

= 67.5 / (0.20·1000) = 0.338 kg 

Volume = M/ρ bulk		                   (36) 

= 0.338/700 m³ = 0.482 L 
For dryer, 0.50 L 4A MS cartridge with working capacity 70 g and service of 124 days was selected.

2.5.4	Design Calculations for Biogas Compression

A two-stage, oil-free reciprocating compressor under moderate pressure, typical for small-scale biogas upgrading was designed. The suction and discharge pressures (1 bar abs and 9 bar abs) matched pilot-scale designs by Peters et al. (2003) and IEA Bioenergy (2009). An ambient temperature of 25 °C and pressure of 1 bar abs reflect typical tropical conditions in Nigerian palm oil mills (Adaramola et al., 2017). 

2.5.4.1 Gas Thermophysical Properties

Molar mass (M) = 0.6(16) + 0.4(44) 
= 25.8 g/mol 

Gas constant (R) = 8.314 / 0.0258
 = 322.6 J/kg·K

Heat capacity (c) = 1.62 kJ/kg·K
Heat capacity ratio (k) = 1.25 

2.5.4.2	Polytropic Thermodynamic for Reciprocating Compressor Sizing

At moderate pressures < 10 bar (Sinnott, 1999) and validated in Perry and Green (2019)

Given: Q = 0.002083 Nm³/h, n = 1.30, P₁ = 1 bar, P₃ = 9 bar, N = 2, η = 0.75, η = 0.95 

 Stage pressure ratio: r = (P out / P in)^(1/N) 
                                    = (9/1)^(1/2) = 3.0 

Polytropic temperature rise: T₂ = T₁ × r^((n−1)/n)  (37)

Stage 1, T21 = 298 × 3^(0.23) = 383 K (110 °C) 
Intercooler returns gas to 35 °C (308 K)

Stage 2: T22 = 308 × 3^(0.23) = 397 K (124 °C)/130

Polytropic specific head per stage: H = (n / (n−1)) × R × T₁ × (r^((n−1)/n) − 1) 

Hp 1 = (1.3/0.3) × 322.6 × 298 × (1.288 − 1) = 120 kJ/kg  

Hp 2 = (1.3/0.3) × 322.6 × 308 × (1.288 − 1) = 124 kJ/kg 
Total head = 244 kJ/kg

Mass flow rate ṁ = Q × 44.64 mol/         (38)

                             = 0.0024 kg/h = 6.66×10⁻⁷ kg/s 

2.5.4.3 Power Requirement

W ̇ = 		   (39)

= (6.66 × 10⁻⁷ × 244,000)/0.7125  

Intercooler duty:   (40)
= 0.23 W Q₁ = ṁ × c × (383 − 308) 	         
= 0.081 W Q₂ = ṁ × c × (397 − 308) = 0.096 W   

With theoretical power less than 1 W, and mechanical and sealing losses at this micro-flow, an oil-free mini reciprocating compressor rated 8–10 barg, 50–150 W motor capacity is selected.

2.6	Determination of Electrical Genera-tion from Compressed Methane

Electrical generation determination was based on the guidelines by Green & Southard (2018); Heywood (2018) and IEA Bioenergy (2009) with assumed generator rating: (1 hp = 0.746 kW), alternator efficiency: η gen ≈ 0.90 (small brushless generator) Small SI engine brake thermal efficiency (BTE): η b = 0.25, 

Nominal overall electrical efficiency: η elec = η b × η gen = 0.25 × 0.90 = 0.225 

Methane lower heating value (LHV): 35.8 MJ/Nm³

2.6.1 Fuel to Electricity Conversion

Fuel energy rate needed for an electric load:

			       (41)

 Standard volumetric methane flow:

		                             (42)

Daily electric energy from given gas volume:

 kWh/day      (43)

Stoichiometric air–fuel ratio for methane:

AFR stoich,CH4 ≈ 17.2:1 by mass; lean λ ≈ 1.1–1.3

2.6.2 Load Requirement

Electrical output: 0.746 	      (44)

= 0.90 × 0.746 = 0.671 kWe.

Fuel energy rate: 

    Ė fuel = 0.671 / 0.225 
= 2.98 kW (2.98 kJ/s)

Methane flow rate at standard conditions:

   QN = 2.98×10³ / 35.8×10⁶ 
= 8.33×10⁻⁵ Nm³/s = 0.300 Nm³/h.

At full engine load, the generator requires approximately 0.30 Nm³/h of methane.
Pilot Gas Capability.

Given a daily gas flow of 0.05 Nm³ (IEA Bioenergy, 2009), assuming 100% CH₄:

    Fuel energy = 0.05 × 35.8 = 1.79 MJ/day.

E day= 0.225 × 1.79 / 3.6 = 0.112 kWh/day.

For upgraded biogas with 70% CH₄:,

    LHV = 25.1 MJ/Nm³ → E day≈ 0.082 kWh/day.

Maximum full-load runtime per day:

    t day = 0.112 / 0.671 = 0.167 h/day ≈ 10 minutes/day.

Stored Gas Capability (10 L, 9 bar Receiver)

Gas volume stored (approx.): VN = 0.081 Nm³.

Electrical energy from stored gas:

 		       (45)

        = 0.225 × (0.081 × 35.8) / 3.6 
        = 0.181 kWh.

Runtime at electrical load (0.671 kW):

    t = 0.181 / 0.671 
      = 0.27 h = 16 minutes.

2.6.3 Fabrication of the Pilot Scale Biogas System

The pilot-scale bioelectricity generation system bioreactor was fabricated from a 700 mm × 1900 mm, 2 mm thick mild steel sheet as a vertical continuous-stirred tank reactor (CSTR), featuring a total volume of 0.101 m³ and a 25% gas headspace with Φ 90 mm plastic inlet and outlet pipes and safety margin, adhering to the established engineering standards for small-scale anaerobic digesters and biogas upgrading systems. The top ends were welded to ensure gas-tight seams and to minimisecontamination. A Φ 10 mm x 80 mm long, steel agitator shaft with three flat paddle impellers wascentrally installed and connected to a 1.2 h. p. spur gear slow-speed electric motor mounted at the top via a flange coupling, facilitating efficient torque transmission for uniform substrate mixing and heat distribution. A boiler-type immersion heating element (300–400 W) was installed at the base of the reactor and linked to a thermostat controller to maintain a mesophilic temperature range of 35 ± 2 °C (Deublein and Steinhauser, 2011). To prevent heat loss, the reactor was thermally insulated with a 25 mm mineral wool fibre-glass insulator and covered with a 700 mm × 1900 mm metal sheet with 1.2 mm thick cladding. Instrumentation ports for the pH, temperature, and pressure sensors were welded at strategic points to enable continuous process monitoring and control. Gas and slurry inlet andoutlet ports were fitted, and a pressure relief valve (1.5 bar) was installed on the top of the bioreactor to prevent overpressure during biogas accumulation. The gas purification components, including the CO2 scrubber, Fe2O3 desulfurization column, and silica gel dryer, were mounted on a mild steel frame to maintain compactness and stability. All PVC interconnecting joints were sealed, and the leak-proof performance was verified using soap-bubble and pressure-hold tests. The 134 entire assembly was mounted on a 0.6 m × 0.6 m × 1.2 m mild-steel base frame and coated with anti-corrosion enamel paint for mechanical protection and durability.  Table 1 highlights the bill of engineering materials and evaluation, showing the estimates of the cost of fabrication of the integrated system and its relative affordability.

2.7	System Description of the Bioenergy System

The integrated pilot-scale biogas-to-electricity system functions as a modular framework for converting biodegradable palm mill residues into electrical power through four interlinked subsystems: anaerobic digestion, biogas conditioning, gas compression/storage, and electricity generation. The anaerobic digestion unit converts organic substrates into methane-rich biogas under controlled parameters in a vertical continuous-stirred-tank reactor (CSTR) made of mild steel for corrosion resistance (Metcalf & Eddy, 2014), with a total volume of 0.101 m³ and a working volume of 0.0758 m³, including a 25% gas space allowance (Weiland, 2010). A 10 mm central shaft stirrer with three flat-paddle impellers, powered by a 1.5 kW motor, ensured substrate mixing for homogeneity and heat distribution (Chahal et al., 2020). The reactor maintained mesophilic conditions (35 ± 2 °C) using a 300–400 W heating coil and 50 mm mineral wool insulation, operating at 2 kg VS m⁻³ day⁻¹ OLR and 30-day HRT (VDI 4630, 2016). The process instrumentation monitors the pH, temperature, and pressure, with a 1.5 bar relief valve for safety. The gas purification system includes CO₂ removal through a counter-current water scrubber (0.5 m height, 25 mm diameter) with a sodium hydroxide solution, removing 30% of the carbon dioxide H₂S removal utilizes iron-oxide (Fe₂O₃) pellets, while silica-gel                  columns reduce moisture to < 0.02% (VDI 4630, 2016).

Purified biomethane, with 60% CH₄ for engine electricity conversion, was stored in a 2 m3 tire tube. It is analyzed for quality before being compressed to 8 bar with a 0.5 hp oil-free compressor and stored in a 10 L LPG cylinder, with compression work of 0.3 MJ cycle⁻¹ (Perry & Green, 2019). Biomethane fuels a 3 H.p spark-ignition generator retrofitted for methane combustion, achieving 35% electrical efficiency (Adeleke et al., 2023) to generate electricity.
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Table 1. Bill of engineering materials and estimates

	SN
	Description
	Specification
Dimension (mm)
	Quantity
	Unit cost                 
	Total (N)

	1
	Bioreactor 
	700 mm x 1900 mm, 2mm thick mild steel 
	1
	55,750
	55,750

	2
	Sludge inlet/oulet
	Φ 50 mm, plastic pipe 90 mm
	2
	  3,750
	  7,500 

	3
	Shaft agitator
	Φ 10 mm x 80 mm, 
	1
	  4,500
	   4,500 

	4
	Spur gear 
	Top entry,1:15 with shaft paddles, 1.25 h.p
	1
	27,500
	 27,500

	5
	Heating coil with thermostat 
	1 kW, 200 mm ± 10 mm helical coil tube, size Φ 12.7 mm x 1.0 mm wall ,
	1
	10,000
	 10,000

	6
	Insulation 
	Mineral wool/fibre glass 25 mm thickness, Aluminum cladding 700 mm x 1900 mm, 1.2 mm mild steel
	1 
	13,800
	13,800 

	7
	Water scrubber column
	Ø250 mm, 10 litres plastic
	1
	 3,200
	  3,200 

	8
	H₂S removal 
	Φ 50 mm plastic, iron fillings
	1
	  5,000
	  5,000 

	9
	Demoisturizer
	Φ 50 mm plastic Silica gel 
	1
	  5,750
	  5,750

	10
	Butyl inner tube
	 255 R17
	1
	 10,000
	10,000

	11
	Compressor
	Hermetic reciprocating R 600a, 220V, single phase 8 bar, 
0.25–0.75 kW
	1
	56,300
	 56,300

	12
	Buffer tank
	10 L LPG cylinder
	1
	  5,000
	  5,000

	13
	Conversion kit
	1.2 kW class, adjustable valve 
	1
	 36,000
	 36,000

	14
	Pressure gauge 
	0 - 300 mmHg 
	1
	14,500
	14,500 

	15
	pH & temperature probes
	immersion pH (0–14), 0 – 90 0C
	2
	11,500
	11,500

	16
	Transformer
	Step down 13v                                      
	1             
	22,500      
	22,500

	17
	Rectifier 
	
	1
	 7,600
	  7,600

	18
	Electrical panel
	1 m Cable length 3 mm thick, 
	5
	 1,150
	  5,750  

	19
	Electrodes       
	pack
	3 
	  3,500
	10,500

	20
	Pipes, Connectors 
	PVC 
	12
	     300
	  4,800

	21
	Frame 
	 1500 mm x 3000 mm                                   
	1               
	175,000
	175,000

	22
	Miscellaneous
	
	
	
	50,000

	
	
	
	Total
	479,200



The energy powers the control panel and auxiliary loads, whereas the exhaust (120 °C) can heat the digester, enhancing the thermal efficiency to 70%. Feed and discharge ports allow semi-continuous feeding (2.37 L day⁻¹) of co-substrates, whereas pH, pressure, and temperature sensors monitor stability. A pressure relief valve (1.5 bar) and non-return                             valves ensured the safe discharge of gas.            The output serves decentraliseduse in                                  regions with unreliable grid supply (Oyedepo, 2014; Scarlat et al., 2018). The units were mounted on a 0.6 m × 0.6 m × 1.2 m                                 steel frame with stainless-steel pipelines to ensure a gas-tight operation. Figs. 2 and 3 highlight the process flow modelling diagram             and the schematic view of the pilot bioenergy system.
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Fig. 2.  Process flow modeling diagram of pilot bioenergy system
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Fig. 3. Schematic view of pilot bioenergy system

3. Conclusion

This study developed and analyzed a pilot-scale integrated anaerobic co-digestion bioenergy system designed for medium-scale palm oil agro-industrial applications. The work demonstrates the technical feasibility of converting palm oil mill effluent and solid residues into usable electrical energy through a fully integrated process comprising anaerobic digestion, biogas purification, compression, and electricity generation. Although the electrical output at pilot scale is limited, the system effectively illustrates end-to-end waste-to-energy conversion and provides a critical bridge between laboratory studies and full-scale deployment. In addition to energy recovery, the system offers significant environmental and operational benefits, such as improved waste stabilization, reduction of uncontrolled methane emissions, mitigation of residue-related fire hazards, and decreased reliance on diesel and firewood. The design framework presented in this study provides a practical reference for scaling up decentralized biogas-to-electricity systems and supports the transition toward sustainable and circular energy practices in the palm oil sector.
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