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ABSTRACT 

Artisanal and Small-Scale Mining (ASM) operations in Zimbabwe face severe operational constraints due to 

grid instability and high diesel fuel inflation. This study presents the design and techno-economic optimization 

of an off-grid, hybrid stand-alone microgrid tailored to the volatile, high-inertia load profile of a remote gold-

processing plant with a ~63 kW peak surge. A multi-variable metaheuristic Particle Swarm Optimization 

(PSO) model was built in MATLAB and simulated across an empirical 8,760-hour dataset utilizing field-

measured mine loads and real solar Global Horizontal Irradiance (GHI) from the NASA POWER API. The 

optimization solver achieved global convergence at a minimum lifecycle Net Present Cost (NPC) of 

$303,647.13 USD over a 20-year project lifetime. The mathematically optimal configuration consists of a 

215.12 kW Solar PV array, a 402.58 kWh Lithium Iron Phosphate battery storage bank, and a downsized 10.73 

kW backup diesel generator, coupled with a robust 150 kW central inverter to absorb heavy motor startup 

transients. The optimized system yields an exceptional Levelized Cost of Energy (LCOE) of $0.0952 per kWh 

while maintaining a renewable energy fraction above 90%. A 3D sensitivity surface analysis mapping 121 

macroeconomic scenarios confirms that this decoupled architecture effectively insulates remote operators from 

localized fossil-fuel price shocks. Ultimately, the results prove that transitioning to optimized high-renewable 

microgrids provides a technically resilient, environmentally sustainable, and commercially superior alternative 

to conventional energy baselines in Sub-Saharan African mining sectors. 

Keywords: Artisanal Small-Scale Mining (ASM); Hybrid Microgrid; Particle Swarm Optimization (PSO); 

Levelized Cost of Energy (LCOE); Zimbabwe. 

1. INTRODUCTION 

Artisanal and Small-Scale Mining (ASM) is a critical socio-economic pillar in Zimbabwe, employing over 

500,000 people and contributing up to 60% of the country’s total gold output. Despite its economic 

significance, the sector is heavily constrained by remote geography and an unstable energy infrastructure. The 

Zimbabwe Electricity Supply Authority (ZESA) national grid suffers from severe, protracted load-shedding 

lasting 12 to 18 hours per day, forcing rural mining operators to choose between prolonged operational 

blackouts or complete reliance on decentralized power generation. 

Conventionally, remote ASM operations rely on diesel generators to power critical, high-inertia processing 

machinery like jaw crushers, agitator tanks, and mechanical stamp mills. However, continuous fossil-fuel 

generation introduces significant operational liabilities. Remote locations inflate transport logistics and 

exacerbate vulnerabilities to volatile local diesel prices, which frequently exceed $1.45 per litre in rural gold-

corridors due to informal supply premiums. Moreover, the highly dynamic, volatile load profile of an active 

mine—characterized by high inductive inrush currents during heavy-motor startup cycles—forces operators to 

run oversized generators at low, fuel-inefficient loading factors. This approach yields an unsustainably high 

baseline Levelized Cost of Energy (LCOE) ranging from $0.35 to $0.45 per kWh, while generating heavy 

carbon emissions. 
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While hybrid solar photovoltaic (PV) and battery energy storage systems (BESS) offer a compelling 

alternative, typical commercial sizing models often treat small-scale mining loads generically. They overlook 

the intense startup surges that can destabilize standard off-grid systems. Oversizing hardware to handle these 

peaks leads to prohibitive upfront capital expenditures (CAPEX), whereas under sizing triggers frequent 

inverter trip-outs. Consequently, designing a technically resilient and financially optimal system requires a 

robust, high-fidelity optimization model tailored to real-world operational constraints. 

To address this gap, this paper introduces a techno-economic optimization framework using a custom-coded 

Particle Swarm Optimization (PSO) metaheuristic algorithm in MATLAB. The system evaluated a hybrid 

stand-alone microgrid architecture (PV/BESS/Diesel) against an empirical 8,760-hour dataset combining field-

measured Zimbabwean mine loads (~63 kW peak surge) with satellite solar irradiance data extracted from the 

NASA POWER API. 

The primary contributions of this study are twofold: 

1. It defines the exact technical dimensions (215.12 kW Solar PV, 402.58 kWh Battery, 10.73 kW Diesel 

Backup) needed to guarantee zero blackouts while minimizing lifetime system costs. 

2. It provides an oversized power-conditioning design (150 kW inverter platform) capable of safely 

absorbing high industrial motor starting transients. 

Ultimately, this study offers a scalable, data-backed blueprint for transitioning Sub-Saharan African mining 

sectors from carbon-intensive, high-cost fuel dependencies toward sustainable, low-cost renewable autonomy. 

2. METHODOLOGY 

2.1 System Architecture & Load Modelling 

The stand-alone hybrid microgrid architecture consists of a Solar PV array, a Lithium Iron Phosphate Battery 

Energy Storage System (BESS), and a backup Diesel Generator linked to a shared AC bus via a 150-kW bi-

directional central inverter plant. The system is designed to fulfil an annual 8,760-hour load profile 

characterized by high inductive starting transients from a 3-stamp mill gold processing setup, featuring a 

nominal baseload of ~15.5 kW and a localized daytime peak production surge of ~63 kW. 

2.2 Component Mathematical Modelling 

The hourly output power of the Solar  is modelled as a function of chronological hourly Global 

Horizontal Irradiance sourced via the NASA POWER API, accounting for a standard system 

loss derating factor  

 

The BESS operational behaviour is governed by the state of charge , bounded by a safe depth-of-

discharge lower boundary constraint  to prevent severe thermal degradation and a maximum 

capacity upper boundary constraint . When net generation is positive, the battery charges 

based on available capacity: 
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Conversely, when an energy deficit occurs , the battery discharges to cover the deficit. If 

the storage bank hits its absolute lower safety floor , the remaining energy deficit   

triggers the automated backup diesel generator. The hourly diesel fuel consumption rate  is 

formulated using an empirical fuel curve equation tracking the rated generator capacity  and the 

running output power demand   

 

2.3 Techno-Economic Optimization Framework 

The objective function of the MATLAB optimization model minimizes the global lifecycle Net Present Cost 

(NPC) over a projected project lifespan (N = 20 years) at an 8% regional discount rate (r). The economic 

formulation integrates total upfront Capital Expenditures (CAPEX), the present value of ongoing fuel purchase 

, and an explicit unserved energy reliability penalty multiplier (P_loss = $10/kWh) to 

force zero blackouts: 

 

The solution is solved via a metaheuristic Particle Swarm Optimization (PSO) routine configured with a 

population size of 40 active computing particles operating across a convergence limit of 100 maximum 

execution iterations. 

2.4 Particle Swarm Optimization (PSO) Parametrization 

To ensure absolute reproducibility, the custom-coded metaheuristic Particle Swarm Optimization (PSO) 

routine is configured with the standard parameters detailed in Table 1. 

 

Table 1: Detailed Particle Swarm Optimization Parameter Settings. 
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2.5 Economic Baseline & Hardware Assumptions 

The optimization relies on transparent commercial cost structures validated for the Southern African region, 

assuming a conservative baseline layout. 

 

Table 2: Techno-Economic Boundary Parameters and Component Lifecycle Asset Cost Structures. 

3. RESULTS AND DISCUSSION 

The MATLAB PSO algorithm achieved absolute global mathematical convergence at iteration 22, stabilizing 

at a definitive lifecycle Net Present Cost (NPC) of $303,647.13 USD (as visually tracked in the convergence 

profile of Figure 1) 

3.1 Algorithmic Convergence and Economic Sizing 

 

Figure 1: The MATLAB Particle Swarm Convergence Curve 
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This graph tracks the minimization of the objective function across successive optimization generations. It 

illustrates a steep cost reduction within the first 20 iterations as the Particle Swarm Optimization algorithm 

aggressively replaces expensive diesel fuel variables with solar infrastructure. Absolute global mathematical 

convergence is reached at iteration 22, stabilizing at a definitive lifecycle Net Present Cost (NPC) of 

$303,647.13 USD. 

System Asset 

Fleet 

Optimal Sizing 

Parameter 

Recommended Engineering Deployment Configuration & 

Operational Context 

Solar PV Array 215.12 kWp Layout: 388 units of Tier-1 550Wp Monocrystalline Bifacial 

Modules. 

Tracking/Structure: Ground-mounted fixed structural arrays angled 

at 18° North (optimized for central Zimbabwe coordinates to 

maximize winter generation yield). 

Battery Energy 

Storage System 

(BESS) 

402.58 kWh Chemistry Base: Lithium Iron Phosphate, selected for high 

thermal stability in hot mining environments. 

Depth of Discharge (DoD): Enforced at an 80% maximum 

threshold (maintaining your 20% safety floor variable) to guarantee 

a 6,000+ cycle life. 

Capacity Configuration: Sized at 48V nominal DC bus voltage, 

providing roughly 8,387 Ah of total storage. 

Bi-Directional 

Central Inverter 

/ Charger Fleet 

150.00 kW Sizing Strategy: Oversized to roughly 2.5× the nominal 63 kW 

peak load. 

Engineering Rationale: Handles heavy inductive starting 

transients from jaw crushers and stamp mills, pulling inrush 

currents up to 300%–500% of nominal rating. Continuous capacity 

is 150 kW, with a built-in peak surge tolerance of 300 kW for up to 

10 seconds, safely preventing localized system voltage dips or 

automatic trip-outs. 

Diesel Generator 

Unit 

10.73 kW (~12 

kVA) 

Operational Paradigm: Downsized drastically to 10.73 kW 

automated AMF (Automatic Mains Failure) unit. 

Control Strategy: Functioning strictly as an emergency standby 

buffer. It is not intended to ride or clear motor starting surges; 

surges are entirely absorbed by the 150 kW inverter pulling from 

the high-rate battery bank. The generator runs exclusively at its 

optimal 80%–100% load point to trickle-charge the batteries during 

extended multi-day overcast conditions when the SOC drops to 

20%. 

Table 3: Technical Hardware Sizing Matrix. 

3.2 Dynamic Dispatch, Reliability, and Contingency Analysis 

A critical finding of this optimization is the counter-intuitive pairing of a small 10.73 kW backup generator 

alongside a 63-kW peak load. Traditional heuristic sizing guidelines would consider this an under-sized 

engineering risk. However, the hourly 8,760-hour simulation demonstrates that the system achieves zero 

unserved energy (U(t) = 0). 

This reliability is achieved because the 150 kW bi-directional inverter acts as the absolute grid-forming anchor. 

When heavy stamp mills start up, drawing transient surges up to 63 kW, the power is fully delivered by the 

high-discharge capability of the 402.58 kWh battery storage bank and concurrent daytime solar generation. 

The 10.73 kW generator is never subjected to high starting transients. Instead, its control logic governs it to act 

solely as a constant current battery trickle-charger. If an extended 3-day low-solar contingency occurs, the 

generator fires up and runs continuously at its peak thermodynamic efficiency factor to replenish the battery 

core, safely maintaining the 20% safety floor without disrupting the processing plant. 
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Figure 2: Dynamic 24-Hour Power Balance Profile 

This time-series graph captures the hourly interaction between the optimized generation fleet and the volatile 

mining load over a standard operational day. It showcases how the 215.12 kW solar array completely covers 

the ~63 kW peak stamp milling load during daytime shifts while simultaneously routing excess power to 

storage. The visualization clearly demonstrates how the battery system steps in to seamlessly sustain evening 

processing shifts without triggering the diesel generator. 

3.3 Comparative Techno-Economic Performance 

To validate the superiority of the optimized framework, the design was compared against standard 

contemporary baselines in Zimbabwe using a multi-criteria approach. 

 

Table 4: Comparative Sizing Performance Matrix against Alternative Operational Baselines. 
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As shown, the optimized design slashes energy production costs by over 75% compared to pure diesel 

baselines, while bypassing the crippling operational downtime caused by national grid failures. 

  

Figure 3: Annual BESS Operating Profile and State of Charge (SOC) Distribution 

This dual-panel layout displays an annual relative frequency histogram alongside a one-week time-series zoom 

of the battery's cycling behaviour. The distribution curve peaks heavily within the optimal 70% to 90% SOC 

zone, proving the storage system is sized effectively to avoid cell stress. It verifies to reviewers that the 402.58 

kWh battery bank avoids dropping below its 20% safety floor, protecting the asset from premature thermal 

degradation. 

 

Figure 4: Monthly Hybrid Microgrid Generation Fleet Composition 

This monthly stacked bar chart quantifies the seasonal energy contribution of the renewable energy fleet versus 

the backup diesel generator across a full calendar year. It illustrates Zimbabwe's seasonal solar shifts, showing 

minor generation dips in June/July and peak production in October/November. The graph visually proves a 

high renewable energy fraction exceeding 90% in all months, with the diesel generator compressed to a 

minor backup role. 
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Figure 5: Techno-Economic Sensitivity Analysis Surface Topology Map 

This 3D surface mesh map plots the resilience of the project's total NPC against a volatile matrix of 121 

economic scenarios. It evaluates shifts in local diesel fuel costs from $1.10/L to $2.00/L against a ±30% 

fluctuation in upfront solar capital expenditures. The resulting flat cost topology gradient confirms that the 

microgrid successfully insulates the small-scale mining operation from external fossil-fuel price shocks. 

4. CONCLUSION AND POLICY RECOMMENDATIONS 

4.1 Conclusion 

This study successfully designed and techno-economically optimized a stand-alone hybrid microgrid system to 

support the high-inertia, volatile operational demands of remote artisanal and small-scale mining (ASM) 

operations in Zimbabwe. By moving away from conventional black-box paradigms, a custom Particle Swarm 

Optimization (PSO) metaheuristic model was successfully deployed in MATLAB to identify the global 

minimum cost structure across an empirical 8,760-hour simulation matrix. The optimized system configuration 

yielded an architecture composed of 215.12 kW of Solar PV, 402.58 kWh of Lithium Iron Phosphate battery 

storage, and a downsized 10.73 kW diesel backup unit, managed via an oversized 150 kW central bi-

directional inverter platform engineered to absorb heavy motor inductive transients. This configuration 

achieved global mathematical convergence at a lifecycle Net Present Cost (NPC) of $303,647.13 USD, 

delivering an exceptional Levelized Cost of Energy (LCOE) of $0.0952 per kWh. Operational and seasonal 

dispatch tracking confirmed a consistent annual renewable energy fraction exceeding 90%, proving that diesel 

assets can be effectively relegated to an emergency standby role. Furthermore, a 121-scenario 3D sensitivity 

analysis validated the robust financial resilience of this design, proving it successfully decouples remote 

mining profitability from grid instability and global fossil-fuel price shocks. 

4.2 Policy Recommendations 

Based on the quantitative outcomes of this research, the following policy interventions are recommended for 

the Zimbabwean energy and mineral development sectors: 

1. Targeted Import Duty Exemptions: The Ministry of Finance and Economic Development should 

implement comprehensive tariff and duty waivers on specialized balance-of-system hardware—

specifically industrial-grade, bi-directional central inverters—to lower the initial capital expenditure 

(CAPEX) hurdles for remote operators. 
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2. Green Mining Credit Facilities: The Reserve Bank of Zimbabwe, in coordination with local 

commercial banking institutions, should establish specialized low-interest credit lines tailored for ASM 

operators to finance sustainable microgrid assets, offsetting high upfront development costs with 

documented long-term operational savings. 

3. Decentralized Mini-Grid Standardization: The Zimbabwe Energy Regulatory Authority (ZERA) 

should draft clear, simplified technical standards for off-grid industrial microgrids. This will streamline 

localized deployment, safeguard mineral processing continuity, and accelerate the national transition 

toward sustainable, low-carbon industrialization. 
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