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This research assesses the techno-economic effectiveness of solar-battery-diesel
hybrid systems for off-grid iron ore processing through hourly dispatch modeling and
lifecycle cost assessment. Three configurations are analyzed at a high-altitude
magnetite deposit in Afghanistan. The optimized hybrid configuration achieves a 51%
renewable energy contribution while reducing emissions on site by 45% and lowering
levelized electricity costs by 31% compared to solely diesel operations. The net
present value amounts to USD 914 million over a period of 25 years, with a payback
time of 2.6 years. Economic feasibility is influenced by high fuel delivery costs in
remote areas, and sensitivity analysis confirms strong performance across various
cost scenarios. The findings indicate that extensive solar-battery integration offers a
viable route for decarbonizing off-grid mining operations with advantageous solar
energy resources.
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1. Introduction

Iron ore mining is energy-intensive and CO--intensive; direct and indirect mining
activities contribute an estimated 4.0-4.8% of global emissions [1], and the sector's
energy demand is projected to rise by 36% by 2035 [2]. Off-grid operations in
remote, fuel-constrained regions are particularly exposed to these pressures because
every unit of electricity must be generated on-site, predominantly by diesel. Rio
Tinto's commitment of USD 600 million to solar-plus-battery installations in
Australia's Pilbara region [3] demonstrates that large-scale photovoltaic integration in
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mining is commercially viable, yet published techno-economic analyses of off-grid
solar—battery hybrids at scale remain scarce [4].

Afghanistan's Hajigak magnetite deposit, in the Baba Mountain range of Bamyan
Province (34.96°N, 67.92°E), contains approximately 1,800 Mt of ore at 62% Fe [5].
The site is entirely off-grid, at elevations above 3,200 m, and subject to high fuel-
delivery costs and significant security constraints. Abundant solar irradiation at this
altitude presents a compelling opportunity to reduce both emissions and operating
costs. This study quantifies that opportunity through site-specific hourly dispatch
modelling and full lifecycle costing, addressing three questions: (i) what are the
baseline diesel costs and emissions under Afghan fuel-delivery premiums; (ii) what
renewable penetration is achievable with battery storage; and (iii) what are the
resulting LCOE, NPV, and payback metrics?

2. Methodology

2.1 Study Area

Hajigak spans elevations of 3,250-3,800 m above sea level. The reference point
adopted is 34.958747°N, 67.91748°E at 3,311 m [6]. Mean annual air temperature is
0.6 °C, with winter minima below —20 °C. The reduced atmospheric optical depth at
altitude increases solar irradiance by 8-12% relative to sea level [7], and the cold
ambient air partially offsets thermal losses in PV modules.
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Figure 1. Location of Hajigak deposit, Bamyan Province, Afghanistan (3,311 m
elevation). Source: Global Solar Atlas

2.2 PV Technology Selection
Monocrystalline silicon (mono-Si) was selected on the basis of highest
commercial efficiency (20-23%), a favorable temperature coefficient (—0.30 to —0.40
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%/°C) [8], and the most compact footprint per unit capacity — all critical at a
constrained high-altitude site. The altitude-driven irradiance enhancement further
favors high-efficiency modules over thin-film alternatives.

2.3 Solar Resource Assessment

Solar data were obtained from the Global Solar Atlas (World Bank / Solargis) [6]
and cross-validated with NASA POWER [9], the only available sources for this
region. Key metrics are given in Table 1.

Table 1. Solar resource metrics for Hajigak (sources: Global Solar Atlas [6];
NASA POWER [9

Parameter Value Unit
Global Horizontal Irradiation (GHI) 1,777.3 kWh/m?2/yr
Direct Normal Irradiation (DNI) 1,698.8 kWh/m?/yr
Diffuse Horizontal Irradiation (DIF) 572.0 kWh/m?2/yr
Global Tilted Irradiation (GTI, 32° tilt) 1,961.0 kWh/m?2/yr
Effective PV Yield (derated) 1,645 kWh/kWp/yr
Optimum Tilt Angle 32 degrees
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Figure 2. PV power output distribution at Hajigak. Source: Global Solar Atlas

2.3.1 System Derating

Standard derating factors for soiling, wiring losses, inverter efficiency, thermal
effects, and array mismatch result in a combined system efficiency of 83.9%. This
yields an effective PV output of 1,645 kWh/kWp/yr at Hajigak, accounting for the
site's high-altitude solar resource (GTI = 1,961 kWh/m?/yr at 32° tilt).
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Average hourly profiles
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Figure 3. Monthly DNI for Hajigak, peak May—Aug. Source: Global Solar
Atlas/Solargis.

2.4 Mining Energy Demand

The mine's projected throughput of 12 Mt/yr magnetite concentrate requires 792
GWhlyr total energy, split between stationary processing (576 GWh/yr; 73%) and
mobile equipment (216 GWh/yr; 27%). Energy intensities of 48 kWh/t for stationary
processing and 18 kWh/t for mobile operations are consistent with magnetite mining
benchmarks [10]. This study focuses on decarbonizing the stationary load through
solar-battery integration; mobile fleet electrification is discussed as a future pathway
in Section 4.3.

2.5 PV Generation

Based on the effective PV vyield of 1,645 kWh/kWpl/yr, the two solar capacities
evaluated generate 296 GWh/yr (180 MW system) and 197 GWh/yr (120 MW
system), representing 51% and 34% renewable penetration, respectively for the
processing load.

2.6 System Configurations and Dispatch

Three configurations were modeled. Baseline: 60 MW diesel only. Moderate
Hybrid: 120 MW PV + 300 MWh lithium-ion BESS + 40 MW diesel. Optimized
Hybrid: 180 MW PV + 500 MWh BESS + 40 MW diesel. The average processing
load is 576 GWh/yr + 8,760 h = 65.8 MW. The 500 MWh BESS provides 500 MWh
+ 65.8 MW = 7.6 hours of autonomous operation — sufficient to cover the longest
night at this latitude. The battery operates within 80% depth of discharge limits under
normal cycling. Hourly dispatch over 8,760 time-steps follows priority logic: (1)
solar generation directly meets load where available; (2) excess solar charges battery
(subject to state-of-charge limits); (3) battery discharges to meet deficit (subject to
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depth-of-discharge constraints); (4) diesel generators dispatch as last resort to meet
remaining demand.

2.7 Economic Assumptions

All costs are adjusted for the Afghan context. PV CAPEX: USD 900/kW
(including high-altitude installation premium). BESS CAPEX: USD 350/kWh. Diesel
CAPEX: USD 800/kW. Landed diesel fuel: USD 2.00/L (USD 1.50 international +
USD 0.50 remote-delivery premium) [5]. Annual O&M: 2% (PV), 3% (BESS), 5%
(diesel). Discount rate: 10%, reflecting Afghan sovereign and project-delivery risk
[11]. CO: emission factor: 2.68 kg/L (lifecycle, well-to-wheel) [12]. Project lifetime:
25 years.

3. Results

3.1 Baseline Diesel-Only System

The baseline diesel-only system supplies 576 GWh/yr for processing and 216
GWh/yr for mobile equipment, requiring 203 million litres of diesel annually at an
assumed generator efficiency of 40%. At Hajigak's delivered fuel price of USD
2.00/L, annual operating costs reach USD 406 million. The system produces 544
kt/yr of CO2 emissions (45 kg per tonne of ore) with a levelized cost of electricity of
USD 0.72/kWh over 25 years.

3.2 Comparative Performance

Table 2 presents technical and economic performance across the three
configurations. The Optimized Hybrid achieves 51% renewable penetration of
stationary electricity—substantially above the 20-35% typical of off-grid mining
operations.

Table 2. Technical and economic performance of the Baseline, Moderate, and

Optimized energy-system configurations.
Metric BRENEIE Moderate Optimized

PV Capacity (MW) 0 120 180
Battery Storage (MWh) 0 300 500
Diesel Capacity (MW) 60 40 40
PV Generation (GWh/yr) 0 197.3 296
Renewable Penetration (%) 0 34.3 51.4
Stationary Diesel (GWh/yr) 576 378.7 280
Total Diesel (million litres) 203.1 152.5 127.2
CO, Emissions (kt/yr) 544.2 408.6 340.8
Emissions Reduction (%) — 24.9 37.4
Specific Emissions (kg CO,/t ore) 45.4 34.1 28.4
CAPEX (USD million) 48 245 369
Annual Fuel Cost (USD million) 406.2 305 254.4
Annual O&M (USD million) 2.4 6.91 10.09
LCOE (USD/kWh) 0.718 0.597 0.544
NPV vs Baseline (USD million) — 636.6 913.6
Payback Period (years) — 2.4 2.6
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4. Discussion

4.1 Technical Feasibility at Hajigak

Three Hajigak-specific factors explain the 51.4% renewable penetration. First,
the effective PV yield of 1644.5 kWh/kWp/yr — after a rigorous 16.1% derating
from the tilted irradiation — is exceptionally high for a fixed-tilt system at this
altitude [13]. Second, The 500 MWh battery system provides 7.6 hours of storage at
average load, sufficient for winter night operations at 35°N latitude, with an 80%
depth of discharge limit for cycle life.

4.2 Economic Competitiveness and Afghan Context

The Optimized Hybrid achieves a 24% reduction in electricity costs (LCOE of
USD 0.54/kWh versus USD 0.72/kWh) despite requiring nearly eight times the initial
investment. High fuel delivery costs at Hajigak (USD 2.00/L versus USD 1.20-
1.50/L internationally) drive this economic advantage through annual savings of USD
152 million. The net present value of USD 914 million over 25 years confirms strong
economic viability with a 2.6-year payback period.

4.3 Limitations and Roadmap for Full Decarbonization

Mobile diesel accounts for 27% of total mine energy (216.0 GWh/yr) and is
excluded from the PV scope. Full decarbonization at Hajigak would require
electrification of the mobile fleet — battery-electric haul trucks are now
commercially available [14] — and a corresponding expansion of PV capacity to
240-300 MW with additional storage, potentially raising renewable penetration to
70-85%.

Non-technical barriers are significant: security and access constraints in Bamyan
Province, transport of heavy equipment to 3,300 m over limited roads, and policy
uncertainty in Afghan energy and mining regulation. Lithium-ion performance also
degrades below —10 °C; the extreme Hajigak winters require active thermal
management in battery enclosures and reduced-capacity design margins.

5. Conclusions

Solar-PV-battery—diesel hybrid systems are both technically and economically
viable for decarbonizing stationary energy at Hajigak. The Optimized Hybrid
configuration (180 MW PV, 500 MWh battery, 40 MW diesel) delivers: (1) 51%
renewable energy penetration for processing electricity (296 GWh/yr from solar); (2)
37% reduction in total site CO2 emissions (203 kt/yr avoided; 5.1 Mt cumulative over
25 years); (3) 24% electricity cost reduction (LCOE of USD 0.54/kWh versus USD
0.72/kwWh for diesel-only operation), enabled by high fuel delivery costs; (4) net
present value of USD 914 million over 25 years at 10% discount rate; and (5)
payback period of 2.6 years.

Sensitivity analysis confirms robustness across tested input ranges. Future work
at Hajigak should address mobile-fleet electrification, battery thermal management
for extreme cold, and detailed engineering feasibility incorporating site-specific
geology and access constraints.
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NEKAPBOHW3 AN ’KEJIE3HOM PY bl ITPU JTOBBIYE C
NCIHOJBb30BAHUEM COJHEYHOU ®OTOADJEKTPUUYECKOU
HUHTEIPAIIUU: TEXHUKO-SKOHOMMNYECKHUI AHAJIN3
MECTOPOXKIEHUS XAJKUT'AK, ACTAHUCTAH

Pezaiie Hukoaxm
B OAHHOM uccieoo8aHuu OYeHUsaemcs MEeXHUKO-IKOHOMUYECKA s
aghpexmusHocms  2UOPUOHBIX CUCMEM «COJIHEYHAS dHepaus — aKKYMYIamop —

ouzenvby 0l ABMOHOMHOU NepepadomKu Hcele3Hol pyobl C NOMOWbIO NOYACOB020
MOOenUposaHus Oucnemuepu3ayu U OYEHKU CMOUMOCMU JHCUBHEHHO20 YUKIA.
IIpoananuzuposanst mpu KoHuUeypayuu HA BbICOKOZOPHOM MECHOPOHCOCHUU
maenemuma 6 Ageanucmane. OnmumuzupogamHas 2ubpuoHas KoHGueypayus
obecneuusaem 51% 6xnada 60300HO6NAEMOU dHEp2UU, OOHOBPEMEHHO CHUNCAS
gvibpocvl Ha Mmecme Ha 45% u ymewvwias npugeoenHvle 3ampamvl HA
anekmposnepauto Ha 31% no cpaguenuio ¢ skcnayamayuei mojabKo HA OU3ETbHOM
monauge. Yucmas npusedénnas cmoumocms cocmagisiem 914 muiiuonos 0oainapos
CUHIA 3a 25 nem, npu >3mom CpoKk oKynaemocmu cocmaeigem 2,6 200aq.
OKoHoMuyeckas yYenecooopasHocms 00YCl06NeHA BbICOKUMU 3aMpamamu  Ha
00CmMasKy MmMONau6a 6 OMOANEHHble pAltoHbl, a aHAIU3 YY8CMEUMETbHOCHU
noomeepaicoaem 6viCOKYI0 I()PexmueHocms nNpu pa3iudHbIX CYEHAPUAX 3ampan.
Pezynomamer noxazvieaiom, 4mo wiupokas ummezpayus COJIHEYHbIX Oamapei u
AKKYMYTIIMOPO8  npeodiiazaem HCUSHECNOCOOHbIll nymb 011 OeKapOoHu3ayuu
ABMOHOMHbBIX 20PHOO00BIBAIOWUX NPEONPUAMULL  C UCHONb308AHUEM  BbI2OOHBIX
Pecypcog CONHEeUHOU IHePULL.

KiroueBble cjoBa: coiHeyHass (POTOBOJIbTaMKA; J0OBIYA JKEJIE3HOW PYIIbI;
nexapOoonusanus; AdraHucraH; THOPUIHBIE SHEPTETUUECKHE CHUCTEMbI; TEXHHKO-
DKOHOMHYCCKWI  aHajgu3; AaBTOHOMHAs  JIOObIYa  TIOJIG3HBIX  MCKOIIAeMBIX;
aKKyMYJIITOPHBIE CUCTEMBI XPAaHCHUS YHEPTHH.

TEMIP KEHIH OHAIPYAI KYH ®OTOJ3JIEKTPJIIK
HUHTEI'PAIHUACDHI APKBLJIBI IEKAPBOHU3ALIUAJIAY:
AYTFAHCTAHAATBI XA/IZKMI'AK KEH OPHBIHBIH TEXHUKAJIBIK-
IKOHOMMUKAUJIBIK TAJITIAYBI

Pezaiie Huxkoaxm
byn 3epmmeyde memip Kenin a8monomovl 6HOey YuliH «KYH DHepeusicbl —

AKKYMYIAMOp — Ou3eivy 2Uubpuomi JiCyuenepiniy MmexHUKAIblK-IKOHOMUKALbIK
MUiMOiniel cazammuolk OUCNemUepaiK Mooenboey HcaHe OMIPIIK YUK KYHbIH 0a2anay
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apKbLIbL KApacmulpuliaovl. Ay2ancmanoagvl OUiK mayivl MazHemum KeH OPHbIHOA
yuw Koughueypayus manoanovl. OHMAUIAHOBIPLLIZAH 2UOPUOmMi  KoHpueypayus
oHrcayapmulaamsii dHepeust yaecin 51%-ea scemxkizin, sHcepinikmi ubl2apbiHObLIAPObl
45%-ea  azatimadvl  oconHe meK  Ouzeib  OMbIHBIMEH  JICYMbIC — icmeyMeH
CanbICMbIPRAHOa INeKMp  IHEPUACHLIHbIY — Keamipineen wwblebinoapuin  31%-ea
memenoemeoi. 25 ocviiea ecenmenzen masza keamipineew Kyn 914 munnuon AKII
0011apbIH KYpauobl, Al UHEECMUYUAHbIY omeny mep3imi 2,6 dHcobll. IKOHOMUKATBIK
MUIMOLNIK  Waneau auMaKkmapea OmvlH JHCemKi3) UbIRbLIHOADLIHBIY — HCORAPbl
O0ybIMEeH MYCIHOIPINeOl, an ce32iumiK manodayvl Jpmypai uWbleblH cyeHapuiiiepinoe
JHCyuleHiy oco2apvl muimoinicin pacmauosl. Homuoicenep xyn bamapesnapvl meH
AKKYMYTIAIMOPAAPObL KeHIHeH UHMe2payusiay agmoHoMObl may-KeH KaCinopblHOApbIH
0eKapOOHU3AUUALAY ObLH MUIMOL HCOTILIH YCOIHAMBIHbIH KOpcemeoi.

KinTt ce3aep: xkyH (oToBoNbTaMKaChl; TeMip KEHIH OHAIPY; AeKapOOHU3AIIMS;
AyFaHCTaH, THOPHMITI DHEPTreTUKANIBIK IKyHelep; TEeXHUKAIBIK-DKOHOMHUKAIBIK
Tajjay; AaBTOHOMIbI Tay-KE€H OHMIPiCi; DHEPTUSHBI CaKTay AaKKyMYJISTOPJIBIK
Kyienepi.
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