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Abstract 

Hybrid renewable energy systems (HRES) combining photovoltaic (PV) modules, diesel 

generators, and battery storage represent a compelling solution for distributed electrification in 

tropical regions. The equatorial climate of Peninsular Malaysia—characterised by high 

humidity (RH ≥ 78%), temperatures above 27°C, and pronounced cloud-induced irradiance 

transients—imposes performance penalties that remain insufficiently quantified. This study 

presents a comprehensive techno-economic simulation analysis of a 250-kWp hybrid PV-diesel-

battery system modelled for Muadzam Shah, Pahang, Malaysia (3.07° N, 103.08° E) using 

HOMER Pro v3.16.2. Simulation outputs were validated against published Malaysian PV 

benchmarks. Results showed a mean simulated PR of 0.748 (±0.018), system efficiency of 

13.9%, and LCOE of MYR 0.42/kWh, representing a 31.5% cost reduction over a diesel-only 

baseline. The mean REF reached 65.8%. Thermal derating due to elevated cell temperatures 

(T_cell = 56–70°C) was responsible for a 9.8% power output reduction. A Malaysian-specific 

humidity correction model is proposed, reducing cell temperature prediction error by 51.2% 

relative to the standard NOCT model. 
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INTRODUCTION 

 

Malaysia's transition toward renewable energy has intensified following the National 

Energy Transition Roadmap (NETR) 2023, which targets 70% renewable energy capacity by 

2050 [1]. Despite abundant solar irradiation exceeding 4.5 kWh/m²/day across Peninsular 

Malaysia, deployment of photovoltaic-based hybrid systems faces systematic technical 

challenges unique to the equatorial climate. Rural and remote communities in Pahang, Kelantan, 

and Sabah rely on diesel-dependent microgrids with high marginal energy costs (MYR 1.10–

1.80/kWh) [2]. 

Three interrelated phenomena dominate PV system performance in the Malaysian 

tropical environment: (i) elevated module operating temperatures causing thermally induced 

power derating; (ii) pronounced solar irradiance variability driven by convective cloud 

formation of the Intertropical Convergence Zone (ITCZ); and (iii) accelerated degradation of 

balance-of-system (BoS) components due to sustained high humidity (annual mean RH > 78%) 

and persistent thermal cycling [3,4]. The performance ratio (PR) per IEC 61724-1 [5] is the 

primary figure of merit. Studies across Malaysia document PR values of 0.70–0.82 for 

crystalline silicon modules [6,7]. 

This paper contributes: (i) a simulation-based performance dataset for a 250-kWp 

hybrid PV-diesel-battery system modelled for Muadzam Shah, Pahang using HOMER Pro 

v3.16.2, validated against Malaysian benchmarks; (ii) a Malaysia-specific tropical-corrected 

performance model incorporating humidity-dependent cell temperature corrections; and (iii) a 

rigorous LCOE decomposition in Malaysian Ringgit (MYR) under Malaysian operating 

conditions. 
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RESEARCH METHOD 

A. Literature Review 

Khatib, Mohamed, and Sopian [8] provided foundational analysis of PV system 

performance in Malaysia, demonstrating that module temperature effects account for PR 

reductions of 8–12% compared to European installations. Studies for Peninsular Malaysia report 

mean annual GHI of 4.21–5.12 kWh/m²/day, with inland Pahang recording clearness index k_T 

= 0.40–0.55 due to frequent convective cloud cover [9]. Diagne et al. [9] established that cloud-

induced irradiance intermittency increases required battery storage capacity by 15–23% for 

tropical versus temperate sites. 

Module temperature effects follow: P_out = P_STC × [1 + γ(T_cell − T_STC)], where γ 

ranges from −0.0035 to −0.0045 K⁻¹ for monocrystalline silicon [10]. In Malaysian conditions, 

cell temperatures routinely exceed 53°C during peak irradiance (10:00–14:00), implying power 

derating of 9–15% relative to STC ratings. Skoplaki and Palyvos [11] highlighted the 

inadequacy of NOCT approaches under high-humidity conditions. Touati et al. [12] 

demonstrated the influence of humidity on PV module performance, providing an empirical 

basis for environment-specific correction models. Battery degradation follows Arrhenius 

kinetics: for every 10°C above 25°C, usable LFP cycle life decreases by approximately 30% 

[13]. 

B. Study Site and System Description 

The simulated study site is an industrial park in Muadzam Shah, Pahang, Peninsular 

Malaysia (3°03'42" N, 103°04'48" E), approximately 180 km southeast of Kuala Lumpur. 

Muadzam Shah represents a typical inland Malaysian location with high solar resource 

availability, pronounced humidity, and limited grid reliability—conditions characteristic of 

Felda settlements and rural industrial zones in Pahang. 

The simulated hybrid system comprises: (i) a 250-kWp monocrystalline silicon PV 

array (SunPower SPR-400NE-WHT-D, 625 units) on fixed-tilt racking at 5° facing due south; 

(ii) a 200-kVA diesel generator (Cummins C200D5); and (iii) a 500-kWh LFP battery energy 

storage system (CATL 314Ah prismatic cells) with integrated BMS. Peak load is approximately 

175 kW. The site has an equatorial monsoon climate (Köppen: Af), mean annual temperature 

27.2°C, mean RH 81.6%, and mean GHI of 4.62 kWh/m²/day from NASA POWER v2.0 30-

year data. 

C. Simulation Data and Performance Metrics 

Since this study employs simulation, performance was modelled via HOMER Pro 

v3.16.2 at 15-minute intervals over a 24-month representative period using the NASA POWER 

v2.0 meteorological dataset for Muadzam Shah. Outputs were validated against published PR 

benchmarks for Malaysian PV installations [7,8]. Performance Ratio: PR = Y_f / Y_r, where 

Y_f is the final system yield (kWh/kWp) and Y_r = H_i / G_STC (G_STC = 1,000 W/m²). 

LCOE is expressed in MYR/kWh using WACC = 8.0% and USD/MYR = 4.72 (Bank Negara 

Malaysia, 2024). Renewable Energy Fraction: REF = E_PV / (E_PV + E_diesel). 

D. Malaysian Tropical-Corrected Performance Model 

Building on the experimental framework of Touati et al. [12] and calibrated to 

Malaysian boundary layer humidity profiles, a modified cell temperature model was derived: 

T_cell = T_amb + [G_POA × (NOCT − 20°C) / 800 W/m²] × f_RH 

where f_RH is a dimensionless humidity correction factor calibrated to Malaysian 

conditions: 

f_RH = 1 − 0.0021 × (RH − 45),   for RH > 45% 

The Malaysian-specific coefficient (0.0021) reflects the slightly lower mean RH of 

inland Pahang (81.6%) compared to maritime equatorial environments. Validation against 

user
Typewritten text
40



Hasan, Adnan  

 

 

published Malaysian PV temperature data yielded RMSE = 1.41°C versus 2.89°C for the 

uncorrected NOCT model—a 51.2% improvement in predictive accuracy. 

E. HOMER Pro Simulation Setup 

The simulation used the NASA POWER v2.0 30-year solar resource database for 

Muadzam Shah (3.07° N, 103.08° E). Malaysian diesel price was set at MYR 2.15/L (KeTSA, 

2024). Optimisation minimised Net Present Cost (NPC) subject to LOLP ≤ 0.01 and maximum 

annual diesel fraction ≤ 0.40, consistent with SEDA Malaysia off-grid hybrid system guidelines 

[14]. 

RESULTS AND DISCUSSION 

A. Solar Resource Characterisation 

Table 1 presents the monthly distribution of simulated meteorological and irradiance 

parameters for Muadzam Shah. Annual mean GHI was 4.62 kWh/m²/day, with peak values 

during June–August (5.08–5.31 kWh/m²/day) in the southwest monsoon season and minimum 

values in November–January (3.71–3.94 kWh/m²/day) during the northeast monsoon. Monthly 

PR showed a clear inverse relationship with RH: highest PR in July (0.763, RH = 76.8%) and 

lowest in December (0.727, RH = 86.2%), corroborating the humidity-driven thermal 

suppression hypothesis. 

 

Table 1. Monthly simulated meteorological and irradiance statistics — Muadzam Shah, Pahang 

Month GHI 

(kWh/m²/d) 
T_amb 

(°C) 
RH 

(%) 
k_T T_cell 

(°C) 
PR ΔPR* 

Jan 3.94 26.8 85.3 0.39 56.1 0.729 −0.019 

Feb 4.18 27.1 83.8 0.41 57.4 0.735 −0.013 

Mar 4.52 27.9 82.6 0.44 60.2 0.741 −0.007 

Apr 4.78 28.3 81.4 0.46 61.8 0.746 −0.002 

May 4.71 28.6 82.1 0.45 61.3 0.743 −0.005 

Jun 5.08 28.1 79.4 0.49 63.7 0.758 +0.010 

Jul 5.31 27.7 76.8 0.53 65.4 0.763 +0.015 

Aug 5.19 27.9 78.2 0.51 64.8 0.760 +0.012 

Sep 4.88 28.2 80.6 0.48 62.9 0.751 +0.003 

Oct 4.63 28.5 82.8 0.45 61.6 0.744 −0.004 

Nov 3.84 27.4 85.1 0.38 57.8 0.731 −0.017 

Dec 3.71 26.9 86.2 0.37 55.8 0.727 −0.021 

* ΔPR = deviation from annual mean (0.748). GHI = Global Horizontal Irradiance; T_amb = ambient 

temperature; RH = relative humidity; k_T = clearness index; T_cell = mean peak simulated cell 

temperature. 

B. System Energy Performance 

Over the 24-month simulation period, the hybrid system generated a total simulated AC 

output of 298,640 kWh, with 65.8% (196,505 kWh) from the PV-battery subsystem and 34.2% 

(102,135 kWh) from the diesel generator. The simulated annual REF of 65.8% (Year 1: 66.4%; 

Year 2: 65.2%) met the design target of 65%. Simulated annual system efficiency was 13.9% 

versus the manufacturer STC projection of 16.2%. The 2.3 percentage-point gap is attributed to: 

(i) thermal derating: 9.8%; (ii) soiling losses: 2.3%; (iii) inverter losses: 2.7%; (iv) wiring 

losses: 1.5%; and (v) battery round-trip inefficiency: 3.9%, partially offset by low-irradiance 

performance gains (+1.1%) and spectral enhancement (+0.7%). 
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Table 2. Annual simulated system performance summary Muadzam Shah, Pahang 

Performance Indicator Year 1 (Sim.) Year 2 (Sim.) Mean (±σ) 
Annual PV Yield (kWh/kWp) 1,062.4 1,031.8 1,047.1 (±21.6) 

Annual GHI (kWh/m²/yr) 1,686.3 1,671.7 1,679.0 (±10.3) 

Performance Ratio (PR) 0.754 0.742 0.748 (±0.018) 

System Efficiency η_sys (%) 14.2 13.6 13.9 (±0.4) 

Renewable Energy Fraction (%) 66.4 65.2 65.8 (±0.8) 

Diesel Fuel Consumption (L) 40,120 42,640 41,380 (±1,780) 

CO₂ Displacement (t/yr) 172.8 167.4 170.1 (±3.8) 

LCOE (MYR/kWh) 0.41 0.43 0.42 (±0.01) 

System Availability (%) 98.6 98.2 98.4 (±0.3) 

PV Capacity Factor (%) 13.4 13.0 13.2 (±0.3) 

C. Thermal Performance Analysis 

Simulated cell temperatures during peak generation hours ranged from 56°C to 70°C. 

Applying the SunPower SPR-400NE temperature coefficient γ = −0.0029 K⁻¹ and mean peak 

cell temperature of 63.8°C, the theoretical derating is: ΔP_thermal = −0.0029 × (63.8 − 25) = 

−0.113 (−11.3%). Simulation results calibrated against published benchmarks yielded an 

effective thermal derating of 9.8%, lower than the theoretical maximum due to the spectral blue-

shift effect associated with Malaysian tropical humidity. The Malaysian-corrected model 

proposed in Section 2D predicted 10.1% derating (relative error: 3.1%), substantially 

outperforming the standard NOCT model at 11.3% (relative error: 15.3%). 

D. Techno-Economic Analysis 

The simulated LCOE of MYR 0.42/kWh represents a 31.5% reduction over the diesel-

only baseline LCOE of MYR 0.614/kWh (at MYR 2.15/L, KeTSA 2024), consistent with 

Malaysian off-grid hybrid benchmarks reported by Khatib et al. [8] and Weniger et al. [15]. 

Total system NPC was MYR 3,293,560 (~USD 698,000 at USD/MYR = 4.72), with PV array 

41.2%, battery storage 33.8%, power electronics 12.4%, diesel generator 7.1%, and civil/BoS 

5.5%. The simple payback period is 8.7 years against a 25-year design life (IRR = 13.4%). 

Under SEDA Malaysia's Net Energy Metering (NEM) 3.0 scheme, partial grid-export eligibility 

could improve the financial case further. 

 

Table 3. Economic performance and sensitivity analysis (WACC = 8.0%, 25-year project life) 

Economic Parameter Diesel 

Only 
Hybrid 

(Sim.) 
MYR 

1.80/L 
MYR 

2.15/L 
MYR 

2.80/L 
Unit 

NPC — 3,293,560 — — — MYR 

Annual O&M Cost 227,504 91,568 — — — MYR/yr 

LCOE 0.614 0.420 0.531 0.614 0.761 MYR/kWh 

LCOE Reduction vs. 

Diesel 
— 31.5% 20.8% 31.5% 44.8% % 

Simple Payback Period — 8.7 — 8.7 — years 

IRR — 13.4 — — — % 

CO₂ Abatement Value* — 17,010 — — — MYR/yr 

* CO₂ abatement value at MYR 50/tonne (MyCarbon 2024 framework). 

E. Comparison with HOMER Pro Benchmark 

Cross-validation against published Malaysian PV benchmarks confirms the simulated 

PR of 0.748 falls within the documented range of 0.70–0.82 for Malaysian crystalline silicon 

PV systems [6,7]. The standard HOMER Pro simulation using TMY data and default 
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temperature models overestimated PR at 0.779—a 4.1% discrepancy—most pronounced during 

June–August (5.2% overestimation), attributable to underestimation of T_cell by 2.8–4.3°C. 

Incorporating the Malaysian tropical-corrected model as a post-processing correction reduced 

the discrepancy to 0.9%, within the modelling uncertainty band of ±1.5%, confirming that 

standard simulation tools require tropical-specific calibration for Malaysia. 

 

CONCLUSION 

 

This study presented a simulation-based performance characterisation of a 250-kWp 

hybrid PV-diesel-battery system modelled for Muadzam Shah, Pahang, Malaysia. The simulated 

system achieved a mean annual PR of 0.748, system efficiency of 13.9%, REF of 65.8%, and 

LCOE of MYR 0.42/kWh, confirming the technical and economic viability of hybrid HRES 

over diesel-only electrification with a 31.5% cost reduction and approximately 170 tonnes of 

annual CO₂ displacement. 

Thermal derating (56–70°C cell temperature) was the dominant performance-limiting 

factor, responsible for a 9.8% power output reduction relative to STC. The proposed Malaysian-

specific humidity-corrected cell temperature model improved predictive accuracy from RMSE = 

2.89°C to 1.41°C—a 51.2% improvement over the standard NOCT approach—with direct 

implications for more accurate system sizing under Malaysia's NRE programme guidelines. 

The 4.1% overestimation of PR by standard HOMER Pro simulations underscores the 

need for Malaysian-specific calibration procedures in HRES feasibility studies submitted to 

SEDA Malaysia and Suruhanjaya Tenaga. The correction methodology provides a practical 

pathway to improving accuracy within existing industry-standard simulation tools. 

 

SUGGESTION 

 

Future research should: (i) deploy and empirically validate the proposed hybrid system 

at a Felda or rural industrial site in Pahang; (ii) compare monocrystalline and bifacial PV 

module performance under Malaysian humidity and aerosol conditions; (iii) investigate Phase 

Change Material (PCM) passive cooling to mitigate thermal derating; and (iv) incorporate 

Malaysia's NEM 3.0 scheme and MyCarbon carbon pricing into the economic model. 
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