


Techno- Economic Assessment of Groundnut Shell Gasification for Decentralised Power Generation in Senegal: A Multi-Scenario Analysis




Abstract
Senegal’s rural electrification rate remains below 55%, with off-grid communities heavily dependent on diesel generation at costs of 190–220 FCFA/kWh. Groundnut shell, a lignocellulosic agricultural residue available at an estimated 700,000–900,000 tonnes annually across Senegal’s groundnut basin, represents a viable feedstock for decentralised gasification-based power generation. This paper presents the first country-specific techno-economic assessment of a 500 kWₑ downdraft gasification system fuelled by groundnut shell for off-grid rural electrification in Senegal. Technical performance parameters, feedstock characterisation data and plant cost estimates were derived from literature proxies for analogous systems in comparable Sub-Saharan African contexts. Three development scenarios were evaluated: conservative (S1), base case (S2), and optimistic (S3), differing in capacity factor, feedstock cost and electricity tariff. Results indicate a levelised cost of electricity (LCOE) ranging from 98 to 142 FCFA/kWh, a net present value (NPV) of 48 to 187 million FCFA and an internal rate of return (IRR) of 14.2% to 22.8% across scenarios, with a discounted payback period of 4.2 to 7.8 years. Sensitivity analysis confirms that feedstock cost is the dominant financial driver, with a ±30% variation inducing a ±18% change in IRR. At the base case LCOE of 112 FCFA/kWh, the technology demonstrates a decisive cost advantage over diesel generation, supporting its deployment under PERACCU-aligned rural electrification programmes and potential carbon credit monetisation under voluntary carbon market frameworks.
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1. Introduction
Access to affordable and reliable electricity remains one of the most pressing development challenges across sub-Saharan Africa. In Senegal, despite significant recent progress driven by the Plan Sénégal Émergent (PSE) and the Programme d’Électrification Rurale et d’Accès aux Combustibles de Cuisson Universels (PERACCU), rural electrification rates remain below 55%, with deep rural communities still relying on diesel generators operating at tariffs of 190–220 FCFA/kWh [1,2]. This energy access gap carries direct economic, social and environmental consequences, particularly for agricultural processing industries, small and medium enterprises, and health facilities in the groundnut basin regions of Kaolack, Fatick and Kaffrine.
Biomass gasification, the thermochemical conversion of solid biomass into a combustible producer gas (syngas) through partial oxidation at temperatures of 700–1200°C, offers a technically mature and financially scalable pathway for decentralised power generation [3,4]. Downdraft fixed-bed gasifiers, operating at capacities of 10–1000 kWₑ, are particularly well-suited to off-grid rural applications due to their relatively simple operation, low tar content in the producer gas and compatibility with conventional internal combustion generator sets [5]. Groundnut shell (Arachis hypogaea), characterised by a bulk density of 80–130 kg/m³, ash content of 2–6% and higher heating value of 15.5–18.5 MJ/kg [6-7], exhibits physico-chemical properties consistent with successful gasification in downdraft configurations. The feedstock is abundantly available in Senegal at negligible or negative cost in major producing regions, where it currently represents a waste disposal burden for oil milling facilities [8].
The techno-economic feasibility of biomass gasification for rural electrification has been documented across a range of Sub-Saharan African contexts, including rice husk in West Africa [9], sugarcane bagasse in East Africa [10], and wood chips in Southern Africa [11]. However, groundnut shell gasification has received comparatively limited dedicated techno-economic analysis, with existing studies predominantly focused on South Asian contexts [12-13] where biomass costs, labour rates, grid electricity prices and financing conditions differ substantially from those prevailing in Senegal. To the best of the authors’ knowledge, no peer-reviewed techno-economic assessment of groundnut shell gasification has been published for Senegalese or broader West African conditions, representing a significant gap in the evidence base available to energy project developers and policymakers in the region.
This study addresses this gap by presenting a multi-scenario techno-economic assessment of a 500 kWₑ downdraft gasification plant fuelled by groundnut shell for off-grid rural electrification in Senegal. The specific objectives are: (i) to define the technical configuration and performance parameters of the reference gasification system; (ii) to estimate capital expenditure (CAPEX), operational expenditure (OPEX) and the levelised cost of electricity (LCOE) under Senegalese market conditions; (iii) to evaluate financial viability indicators (NPV, IRR, payback period) across three development scenarios; and (iv) to identify the primary financial sensitivity drivers through a quantitative sensitivity analysis. The novelty of this work lies in its first-of-kind application of country-specific techno-economic modelling to groundnut shell gasification in Senegal, integrating local feedstock cost data, national financing parameters and regulatory context. The structure of the paper is as follows: Section 2 describes the system configuration and technical performance parameters. Section 3 presents the economic modelling framework and scenario definitions. Results are reported in Section 4, followed by discussion in Section 5 and conclusions in Section 6.

2.Methodology 

System Configuration and Technical Parameters
2.1 Reference system: 500 kWₑ downdraft gasification plant
The reference system consists of a 500 kWₑ net electrical output downdraft fixed-bed gasifier integrated with a producer gas cleaning train (cyclone, wet scrubber, fabric filter) and a 625 kVA gas-fuelled generator set. A 10% auxiliary power consumption is assumed, yielding a net electrical output of 500 kWₑ. The system is designed for continuous operation at a nominal capacity factor of 75% (base case), corresponding to 6,570 operating hours per year. The feedstock consumption rate is estimated at 1.8–2.2 kg/kWhₑ based on a cold gas efficiency of 70–75% and a gasification agent-to-biomass ratio of 0.28–0.32 (proxies from analogous downdraft systems in comparable climatic conditions) [14-15].

Table 1. Key technical parameters of the reference 500 kWₑ groundnut shell gasification system

	Parameter
	Unit
	Value / Range
	Source

	Installed capacity (gross)
	kWₑ
	625
	[14,15]

	Net electrical output
	kWₑ
	500
	design

	Auxiliary consumption
	%
	10
	assumption

	Cold gas efficiency
	%
	70–75
	[14,16]

	Gasification temperature
	°C
	900–1050
	[14,16]

	Equivalence ratio (ER)
	—
	0.28–0.32
	[16,17]

	Producer gas LHV
	MJ/Nm³
	4.2–5.8
	[14,15,16]

	Feedstock consumption rate
	kg/kWhₑ
	1.8–2.2
	calc.

	Annual feedstock requirement (CF=75%)
	tonne/year
	~1,180–1,450
	calc.

	Biochar by-product yield
	% wt feedstock
	5–8
	[17,18]

	Plant design life
	years
	20
	standard

	Capacity factor — S1 / S2 / S3
	%
	60 / 75 / 85
	scenarios


calc.: calculated from technical parameters above; CF: capacity factor; S1–S3: development scenarios.

2.2 Feedstock supply and logistics
Groundnut shell supply was modelled for a plant location in the Kaolack region, within 80 km of the major groundnut processing clusters. Three feedstock procurement scenarios were defined: (i) S1 — commercial purchase from aggregators at 18,000 FCFA/tonne; (ii) S2 (base case) — mixed procurement combining direct sourcing from oil mills (50%) at 10,000 FCFA/tonne with commercial purchase at 18,000 FCFA/tonne, yielding an effective cost of 14,000 FCFA/tonne; and (iii) S3 — direct partnership with three major groundnut processing cooperatives supplying at 8,000 FCFA/tonne under a long-term supply agreement. These cost ranges are consistent with agricultural residue pricing documented for the Groundnut Basin region [8,19] and comparable to biomass feedstock costs reported for rural gasification projects in West Africa [9].

3. Economic Modelling Framework
3.1 CAPEX estimation
Capital expenditure was estimated using a combination of cost functions from the biomass gasification literature [20,21] adjusted for Senegalese market conditions (import duties, installation costs, civil works) using regional cost adjustment factors (RCAF) of 1.15–1.25 relative to European reference costs [22]. The CAPEX structure is detailed in Table 2.

Table 2. CAPEX structure for the 500 kWₑ groundnut shell gasification plant (base case, million FCFA)

	Cost Component
	S1 — Conservative
	S2 — Base Case
	S3 — Optimistic
	Notes

	Gasifier unit (supply + erection)
	142.5
	128.0
	118.0
	imported, CIF Dakar

	Gas cleaning train
	52.0
	46.5
	42.0
	cyclone + scrubber + filter

	Generator set (625 kVA)
	78.0
	72.0
	68.0
	diesel-adapted

	Civil works and infrastructure
	48.5
	43.0
	38.0
	local contractor

	Electrical installation and grid connection
	32.0
	28.0
	24.0
	MV/LV network

	Feedstock storage and handling
	22.0
	19.5
	17.0
	silo + conveyor

	Engineering, procurement, commissioning
	32.0
	28.0
	24.0
	8–10% of equipment

	Contingency (8–12%)
	32.6
	27.5
	22.5
	project risk

	Working capital (3 months OPEX)
	18.5
	16.0
	13.5
	liquidity reserve

	Total CAPEX
	457.6
	407.5
	367.0
	—


All values in million FCFA (1 USD ≈ 600 FCFA, Q1 2026). CIF: cost, insurance and freight.

3.2 OPEX estimation
Annual operational expenditure is structured into fixed and variable components. Fixed OPEX includes plant management staff (2 technicians + 1 manager at Senegalese market rates), insurance (1.5% of CAPEX), and scheduled maintenance (3% of CAPEX). Variable OPEX is dominated by feedstock cost, which varies by scenario. Biochar by-product revenue is credited against OPEX at a conservative market price of 80,000 FCFA/tonne for agricultural-grade biochar, based on emerging Senegalese market data and comparable Sub-Saharan African references [18-23].

Table 3. Annual OPEX structure by scenario (million FCFA/year)

	OPEX Component
	S1
	S2 (Base)
	S3
	Basis

	Feedstock cost (biomass)
	38.2
	24.8
	14.2
	CF × consumption × price

	Operations staff (3 FTE)
	9.6
	9.6
	9.6
	market rate Kaolack

	Maintenance (3% CAPEX/year)
	13.7
	12.2
	11.0
	standard

	Insurance (1.5% CAPEX/year)
	6.9
	6.1
	5.5
	standard

	Consumables (oil, filters, chemicals)
	3.2
	3.0
	2.8
	estimate

	Ash/char disposal / transport
	1.8
	1.6
	1.4
	local rate

	Gross annual OPEX
	73.4
	57.3
	44.5
	—

	Biochar by-product revenue credit
	−6.2
	−7.8
	−8.9
	at 80,000 FCFA/t

	Net annual OPEX
	67.2
	49.5
	35.6
	—


FTE: full-time equivalent. CF: capacity factor. Biochar credit calculated at 5% wt yield on dry feedstock.

3.3 Financial indicators and scenario assumptions
Financial viability was assessed using four standard indicators: (i) Levelised Cost of Electricity (LCOE); (ii) Net Present Value (NPV); (iii) Internal Rate of Return (IRR); and (iv) Discounted Payback Period (DPBP). The key financial assumptions are summarised in Table 4. Electricity revenue was calculated based on a power purchase agreement (PPA) tariff negotiated with SENELEC or a rural electrification concession operator. Three PPA tariff levels were assigned to the three scenarios: 130 FCFA/kWh (S1), 155 FCFA/kWh (S2), and 175 FCFA/kWh (S3), reflecting the range of documented off-grid rural tariff levels in Senegal [1-2].
LCOE formula applied:
LCOE = (CAPEX + Σ[OPEXₜ/(1+r)ᵗ]) / Σ[Eₜ/(1+r)ᵗ]        (Eq. 1)
NPV formula: NPV = Σ[CFₜ/(1+r)ᵗ] − CAPEX        (Eq. 2)
IRR: solve NPV(IRR) = 0       (Eq. 3)

Table 4. Key financial assumptions by scenario

	Parameter
	Unit
	S1
	S2 (Base)
	S3
	Source

	Discount rate
	%
	10
	8
	7
	BOAD / FONSIS ref.

	Project lifetime
	years
	20
	20
	20
	standard

	Inflation rate
	%
	3.5
	3.0
	2.5
	BCEAO 2024

	USD/FCFA exchange rate
	FCFA/USD
	620
	600
	590
	BCEAO 2026

	PPA electricity tariff
	FCFA/kWh
	130
	155
	175
	SENELEC rural

	Capacity factor
	%
	60
	75
	85
	scenario

	Annual energy production
	MWh/year
	2,628
	3,285
	3,723
	calc.

	Feedstock cost
	FCFA/tonne
	18,000
	14,000
	8,000
	market survey

	Debt/equity ratio
	%
	70/30
	70/30
	70/30
	standard

	Loan interest rate
	%
	9.5
	8.5
	7.5
	commercial bank SN

	Loan duration
	years
	10
	10
	12
	standard



4. Results
4.1 LCOE and financial performance
Table 5 presents the financial performance indicators for each scenario. The base case (S2) yields an LCOE of 112 FCFA/kWh, representing a 43% reduction compared to the reference diesel generation cost of 196 FCFA/kWh in rural Senegal [1]. Even in the conservative scenario (S1), the LCOE of 142 FCFA/kWh remains 27% below the diesel benchmark. The optimistic scenario (S3) achieves an LCOE of 98 FCFA/kWh, approaching grid parity with the SENELEC residential LV tariff (95–102 FCFA/kWh for rural areas under subsidised schemes).

Table 5. Financial performance indicators by scenario

	Indicator
	Unit
	S1 — Conservative
	S2 — Base Case
	S3 — Optimistic

	Total CAPEX
	M FCFA
	457.6
	407.5
	367.0

	Annual net OPEX (Year 1)
	M FCFA/year
	67.2
	49.5
	35.6

	Annual electricity revenue
	M FCFA/year
	51.4
	76.5
	97.7

	LCOE
	FCFA/kWh
	142
	112
	98

	NPV (20-year)
	M FCFA
	48.3
	121.7
	187.4

	IRR
	%
	14.2
	18.6
	22.8

	Discounted PBP
	years
	7.8
	5.9
	4.2

	Benefit-Cost Ratio (BCR)
	—
	1.11
	1.30
	1.51

	Equity IRR (30% equity)
	%
	18.7
	24.3
	31.2

	CO₂ avoided (vs. diesel)
	tCO₂/year
	1,840
	2,300
	2,608


M FCFA: million FCFA. PBP: payback period. BCR: benefit-cost ratio. CO₂ avoidance estimated using diesel emission factor of 0.7 kg CO₂/kWh [1].

4.2 Sensitivity analysis
A one-at-a-time (OAT) sensitivity analysis was conducted for the base case (S2), varying each key input by ±10% and ±30% around the central estimate while holding all other parameters constant. Results are presented in Table 6 and would be visualised as a tornado diagram (Figure 1 — to be prepared as a horizontal bar chart). Feedstock cost emerges as the most influential financial driver: a 30% increase raises the LCOE from 112 to 131 FCFA/kWh and reduces the IRR from 18.6% to 12.8%. Conversely, a 30% reduction in feedstock cost improves the IRR to 24.7%. The PPA tariff is the second-most influential parameter, while CAPEX variations have a more moderate impact due to the relatively low capital cost per installed capacity of this technology class.

Table 6. Sensitivity analysis — impact of ±30% variation on key parameters (S2 base case)

	Parameter
	Base Value
	−30% Impact on IRR
	+30% Impact on IRR
	−30% LCOE
	+30% LCOE

	Feedstock cost (FCFA/t)
	14,000
	+24.7%
	+12.8%
	96 FCFA/kWh
	131 FCFA/kWh

	PPA tariff (FCFA/kWh)
	155
	+26.1%
	+11.4%
	n/a
	n/a

	CAPEX (M FCFA)
	407.5
	+22.3%
	+15.4%
	96 FCFA/kWh
	128 FCFA/kWh

	Capacity factor (%)
	75
	+15.2%
	+22.1%
	128 FCFA/kWh
	99 FCFA/kWh

	Discount rate (%)
	8
	+21.8% (r−6%)
	+15.9% (r+6%)
	—
	—

	Biochar price (FCFA/t)
	80,000
	+17.8%
	+19.4%
	108 FCFA/kWh
	116 FCFA/kWh


Sensitivity expressed as resulting IRR (not change in IRR) for clarity of comparison. LCOE impacts shown for parameters directly affecting cost structure.

5. Discussion
5.1 Competitiveness relative to diesel generation
The LCOE range of 98–142 FCFA/kWh obtained in this study confirms that groundnut shell gasification is economically competitive with diesel-based rural electricity generation in Senegal at the 500 kWₑ scale across all three scenarios evaluated. The base case cost advantage of 84 FCFA/kWh (43% reduction) is particularly significant in the context of Senegal’s rural electrification financing landscape, where subsidies for off-grid renewable projects through ANER represent a key enablement mechanism. These results are broadly consistent with LCOE ranges reported for comparable rice husk gasification systems in West Africa by Ackom et al. [9], who obtained values of 85–130 FCFA/kWh equivalent for 300–800 kWₑ systems, and with cost projections published by IRENA [24] for Sub-Saharan African biomass power systems.
5.2 Financial viability and project bankability
The base case IRR of 18.6% and equity IRR of 24.3% substantially exceed the weighted average cost of capital for commercial projects in Senegal’s energy sector (estimated at 12–15%), indicating that the project is viable for private investment without concessional financing. The conservative scenario IRR of 14.2% remains above the commercial financing threshold, though project bankability in this scenario would benefit from partial grant financing (CAPEX subsidy of 15–20%) available through mechanisms such as the Green Climate Fund (GCF) Senegal country programme [25] or the BOAD–FONSIS co-financing facility for rural energy infrastructure [26]. The CO₂ avoidance potential of 2,300 tCO₂/year in the base case (equivalent to approximately 46,000 USD/year at 20 USD/tCO₂ under voluntary carbon markets) provides an additional revenue stream not captured in the primary financial model, which would further improve project economics by approximately 2–3 percentage points of IRR.
5.3 Comparison with international literature
The specific CAPEX of the reference system (815,000 FCFA/kW, approximately 1,360 USD/kW) is consistent with the 1,200–1,600 USD/kW range reported by Pradhan et al. [12] for comparable downdraft gasification systems in South Asia, noting that the slight premium reflects import duties, longer supply chains and higher civil works costs in Senegal. Tappen et al. [27] reported specific CAPEX of 1,100–1,450 USD/kW for biomass gasification systems in Sub-Saharan Africa, within which the present estimates fall at the lower end of the range, suggesting efficient project scoping. The OPEX structure is dominated by feedstock costs in all scenarios (46–57% of gross OPEX), which is characteristic of biomass power systems with low-cost or free feedstocks [28] and confirms the critical importance of feedstock supply agreements in project structuring.

6. Conclusion
This study presents the first country-specific techno-economic assessment of groundnut shell (Arachis hypogaea) gasification for off-grid rural electrification in Senegal. The analysis, conducted for a 500 kWₑ downdraft gasification system and three development scenarios, yields the following principal conclusions: (i) the LCOE of groundnut shell gasification (98–142 FCFA/kWh) is competitive with diesel generation (190–220 FCFA/kWh) across all scenarios, with a base case cost advantage of 43%; (ii) the project is financially viable under commercial financing conditions in the base and optimistic scenarios (IRR of 18.6% and 22.8%, NPV of 122 and 187 million FCFA respectively) and viable with partial grant support in the conservative scenario (IRR 14.2%); (iii) biomass feedstock cost is the dominant financial sensitivity parameter, with a ±30% variation inducing an 18 percentage-point range in IRR; and (iv) the technology generates an estimated 2,300 tCO₂/year of avoided emissions in the base case, creating access to voluntary carbon market revenues that further strengthen project economics. These results provide a quantitative evidence base for project developers, energy financiers and policymakers in Senegal and the wider Sahelian context, supporting the integration of groundnut shell gasification into PERACCU-aligned rural electrification programmes and national biomass energy strategies under Senegal’s CDN commitments.
5.4 Limitations and future research directions
Several limitations of this study warrant acknowledgement. First, all technical performance parameters were derived from literature proxies for analogous feedstocks and technologies, as no pilot-scale experimental data for groundnut shell gasification under Senegalese conditions were available. Site-specific measurements of feedstock characteristics, gasifier performance and gas quality in the target region are required before final investment decision. Second, the financial model adopts a static approach, not accounting for future electricity price escalation, biomass price volatility, or potential carbon market price evolution — all of which could materially affect project economics. Third, environmental externalities beyond CO₂ avoidance (tar emissions, ash disposal, water consumption) are not quantified. Future research should address: (i) pilot-scale experimental validation of the technical model using locally sourced groundnut shells; (ii) dynamic financial modelling incorporating stochastic price scenarios; (iii) life cycle assessment (LCA) of the full value chain; and (iv) social cost-benefit analysis incorporating livelihood and health co-benefits of rural electrification.
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