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Abstract:  

Libya spans a coastal Mediterranean strip, a highland plateau, and a hyper-arid desert interior within one country, 

yet PV specifications are typically chosen without accounting for this diversity. This study derives three data-

driven climate zones for Libya from twelve years of weather data at twelve stations, using k-means clustering of 

temperature, humidity, elevation, and irradiance. For each zone, thermal derating, soiling, humidity-based 

PID/corrosion risk, and wind effects were modeled using the Faiman cell-temperature formulation, Perez 

transposition, literature-derived soiling rates, and separated mean-wind cooling and extreme-gust design values. 

Thermal derating loss ranges from 3.39% in the coastal zone to 5.35% in the desert interior, while soiling loss at 

a 30-day cleaning cycle ranges from 2.70% to 8.25%. Combined heat-humidity stress hours reach 1119.8 h/yr in 

the coastal zone against 2.8 h/yr in the desert interior, and net specific yield differs by only 2.25% across zones 

under uniform 30-day cleaning but by 7.16% under a zone-appropriate schedule; to the authors' knowledge, this 

stress-hour contrast and cleaning-schedule impact are the first quantified evidence that Libya's climate zones differ 

more in maintenance and reliability requirements than in raw energy potential. Results were cross-validated 

against PVsyst 7.4.8 at three sites using an as-installed AIKO ABC module; PVsyst independently confirms the 

desert interior outproduces the coastal and highland zones despite higher losses. Findings combine into a 

specification matrix covering cell technology, PID mitigation, corrosion class, cleaning cycle, and wind rating, 

giving a practical basis for PV deployment across Libya. 
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 الملخص 

تمتد ليبيا عبر شريط ساحلي متوسطي، وهضبة مرتفعة، وصحراء داخلية شديدة الجفاف ضمن بلد واحد، إلا أن مواصفات 

التنوع المناخي. تشتق هذه الدراسة ثلاث مناطق  PVالألواح الشمسية ) مناخية مبنية على ( تخُتار عادة دون مراعاة هذا 

البيانات المناخية في اثنتي عشرة محطة رصد، باستخدام تحليل التجميع   لليبيا، اعتماداً على اثني عشر عامًا من  البيانات 

( لدرجة الحرارة والرطوبة والارتفاع والإشعاع الشمسي. ولكل منطقة، تم نمذجة الفاقد الحراري،  k-meansالإحصائي )

الغباري، ومخ )والتلوث  بالجهد  المستحث  الكهربائي  التدهور  الرياح،  PIDاطر  وتأثيرات  بالرطوبة،  المرتبطة  والتآكل   )

للإشعاع، ومعدلات ترسّب غباري مستمدة من الأدبيات    Perezلحرارة الخلية الشمسية، وتحويل    Faimanباستخدام نموذج  

الر بمتوسط سرعة  تبريدية  إلى مساهمة  الرياح  تأثير  الرياح  العلمية، مع فصل  إنشائية عند سرعات  ياح وقيمة تصميمية 

 القصوى. 

% في الصحراء الداخلية، بينما يتراوح فاقد الغبار 5.35% في المنطقة الساحلية و3.39يتراوح الفاقد الحراري السنوي بين  

  1119.8الرطوبي المشترك إلى  -%. وتصل ساعات الإجهاد الحراري8.25% و2.70يومًا بين    30عند دورة تنظيف كل  

ساعة/سنة فقط في الصحراء الداخلية، بينما لا يتجاوز الفارق في الإنتاجية النوعية   2.8ساعة/سنة في المنطقة الساحلية مقابل  

الفارق إلى    30% عند اعتماد جدول تنظيف موحّد كل  2.25الصافية بين المناطق   % عند اعتماد  7.16يومًا، ليتسع هذا 

هذا التباين في ساعات الإجهاد وتأثير جدول الصيانة يمثلان، على حد علم الباحثين، جدول تنظيف مخصص لكل منطقة؛ و

الليبية تختلف في متطلبات الصيانة والموثوقية أكثر من اختلافها في الإمكانات   أول دليل كمّي على أن المناطق المناخية 

 الشمسية الخام. 

  AIKO ABCفي ثلاثة مواقع ممثلّة باستخدام لوح    PVsyst 7.4.8جرى التحقق من النتائج بشكل متقاطع مقابل برنامج  

بشكل مستقل أن الصحراء الداخلية تتفوق إنتاجيًا على المنطقتين الساحلية والهضبية رغم   PVsystالمُركَّب فعليًا؛ ويؤكد  

، وفئة مقاومة التآكل، PIDارتفاع فواقدها. وتدُمج هذه النتائج في مصفوفة مواصفات تغطي تقنية الخلية، وإجراءات مقاومة  

 ودورة التنظيف، وتصنيف مقاومة الرياح، لتوفر أساسًا عمليًا لقرارات نشر أنظمة الطاقة الشمسية عبر ليبيا. 

 

أداء الألواح الشمسية، التصنيف المناخي، الفاقد الحراري، التلوث الغباري، مخاطر التدهور المستحث   الكلمات المفتاحية:

 ، ليبيا PVsyst، تبريد الرياح، (PID)  بالجهد

Introduction 

The introduction should be typed in Times New Roman with font size 10. Author can select Normal style setting 

facilities, and community-level infrastructure across North Africa, and the choice of module technology, cleaning 

regime, and structural mounting is, in practice, an energy-system design decision for the built environment rather 

than a PV-technology decision made in isolation. In Libya, where grid-supplied electricity is unreliable, PV is 

frequently adopted at the scale of individual buildings and distributed facilities, so the specification decisions 

addressed in this study feed directly into how energy systems are planned and operated within the built 

environment across a climatically diverse country, and not only into standalone PV module performance. 

Libya's electricity system depends heavily on fossil-fuel generation and has faced repeated supply shortages over 

the past decade, which has renewed interest in solar photovoltaic (PV) power as an alternative source [1]. The 

country holds substantial solar and wind resources, with annual global horizontal irradiation exceeding 2000 

kWh/m² across large parts of the south [2]. Early feasibility work on PV reliability in southern Libyan cities dates 

back to Nassar and Salem [3], who reported favorable output despite the harsh desert environment. 

Libya spans a wide range of climates within a single country: a humid Mediterranean coastline, a highland belt 

above 600 m, and a hyper-arid desert interior extending into the Sahara. Nassar et al. [4], [5] used Solargis weather 

data and the System Advisor Model to map suitable PV module and inverter types across Libyan territory, and 

found that treating the whole country under one specification produces avoidable losses, with savings of up to 

45% possible when the module type is matched to the local climate. This finding motivates a Libya-specific 

inquiry into how climate zone should shape PV specification, rather than extrapolating results from one location 

to the entire country [4]. 

Subsequent Libyan case studies have examined individual sites or single stress factors rather than a national 

zoning scheme. Tawil and Gebrel [6] studied thermal performance mitigation for PV modules across three Libyan 

cities in different regions. Moodu [7] evaluated a 2 MW single-axis tracker plant in the hyper-arid climate of 

Traghn in the south. A geoclimatic analysis of 500 W panels was carried out for Qasr Bin Ghashir near Tripoli 

[8]. Alsharif [9] reviewed dust mitigation strategies specific to Libyan climate zones, and Elbaz and Elfaqih [10] 

measured dust accumulation losses in a Libyan coastal environment. Each of these studies isolates one location 

or one factor. None integrates thermal, soiling, humidity, and wind effects into a single zone-based specification 

framework. 
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Outside Libya, several frameworks have been proposed to classify climate for PV purposes. Ascencio-Vásquez 

et al. [11] adapted the Koppen-Geiger classification into a PV-specific scheme and mapped expected system 

performance worldwide. Huld and Amillo [12] showed that irradiance, air temperature, and wind speed together 

explain most of the regional variation in PV yield across large geographical areas. Bamisile et al. [13] reviewed 

the environmental factors that affect PV output at a global scale, and Adothu et al. [14] reviewed the performance, 

reliability, and testing-standard gaps specific to crystalline-silicon modules in desert climates. These frameworks 

operate at a coarse, multi-country resolution. None of them derives a station-based climate zoning specific to a 

single country from local weather data, which is the approach adopted in this study for Libya. 

The choice of a thermal model for cell temperature prediction is supported by a substantial body of work. Kempe 

et al. [15] argued for new testing standards for modules operating in high-temperature micro-environments. 

Herrmann et al. [16] and Monokroussos et al. [17] examined the uncertainty and annual-yield impact of the IEC 

61853 climate-specific energy rating standard. Oliveira et al. [18] validated thermal models for bifacial systems 

under varying albedo. Nyarko et al. [19] generated temperature-cycle profiles from in-situ climatic data to predict 

thermo-mechanical degradation, and Bevilacqua et al. [20] validated an accurate thermal model for PV generation 

across different climatic conditions over the long term. Elyaqouti et al. [21] presented a combined thermal and 

electrical model of PV modules, and Jaeckel et al. [22] compared mission profiles for Middle Eastern desert 

climates against temperate European conditions. Lamaamar et al. [23] evaluated several cell-temperature models 

under semi-arid conditions, and Aoun [24] tested free-standing module temperature outdoors under desert climate. 

This literature supports the use of an irradiance- and wind-dependent cell-temperature model, such as the Faiman 

formulation used in this study, over models that rely on ambient temperature alone. 

Dust-related soiling losses have been measured across nearly every arid and semi-arid region bordering Libya. In 

Algeria, Memiche et al. [25] reported combined dust, soiling, aging, and weather effects in a Saharan environment, 

Dabou et al. [26] monitored a grid-connected system under different climatic conditions in the south, and Chabachi 

et al. [27] compared experimental and simulated performance in the southwest. In Morocco, Azouzoute et al. [28] 

modeled dust effects on fixed and tracking systems under semi-arid conditions, Ait Ali et al. [29] examined desert-

region output together with the groundwater implications of panel-cleaning maintenance, Belmahdi and Bouardi 

[30] assessed solar potential with PVsyst in the northern zone, Ait Omar et al. [31] compared real yields against 

PVSYST simulations at four installations, and Abraim et al. [32] compared soiling effects on CSP and PV 

technologies under a semi-arid climate. 

The Gulf states supply the largest body of soiling literature relevant to hyper-arid conditions. In Qatar, Guo et al. 

[33] and Javed et al. [34] documented dust and seasonal soiling variability in Doha over multiple years, Aïssa et 

al. [35] characterized the structural and physical properties of local dust particles, Touati et al. [36], [37] measured 

the combined effect of dust, relative humidity, and temperature on PV efficiency, and Jain et al. [38] modeled 

rooftop soiling and albedo losses using PVsyst and SAM. Hachicha et al. [39] reported dust impacts under United 

Arab Emirates weather conditions, Al Garni [40] quantified soiling losses in Saudi Arabia, and Adouane et al. 

[41] compared PV module technologies under Kuwait's harsh climate. In Oman, Al Siyabi et al. [42] measured 

soiling losses under desert conditions, and Chala et al. [43] studied the effect of Al Seeb's climate on panel 

performance. 

Further afield, similar dust and soiling effects have been reported in Iraq, sub-Saharan Africa, and Central and 

South Asia. Chaichan et al. [44] reviewed sand and dust storm impacts on PV efficiency in Baghdad, Hameed et 

al. [45] analyzed the reliability of PV modules installed under Iraq's harsh climate, and Othman and Hatem [46] 

assessed outdoor PV performance against commercial software estimates in hot, dry conditions. Chanchangi et 

al. [47] linked soiling losses to weather parameters in northern Nigeria, Ndeto et al. [48] correlated dust deposits 

with wind speed and relative humidity in Kenya, and Salimi et al. [49] found a similar three-way interaction 

between dust concentration, wind speed, and relative humidity in Tehran. Xu et al. [50] showed that dust 

deposition changes the surface temperature of soiled glass under windy conditions, Toshov et al. [51] evaluated 

dust and ambient temperature effects in Uzbekistan, Andrea et al. [52] measured industrial dust deposition in a 

tropical region, and Elamim et al. [53], [54] studied dust accumulation under a Mediterranean climate. 

Wind and humidity appear repeatedly in this literature as modifiers of soiling and thermal loss rather than as 

independently modeled factors. Mehdi et al. [54] showed experimentally that wind acts as a natural cooling agent 

for PV power plants in desert locations, consistent with the wind-dependent term used in the Faiman model. 

Stankov et al. [55] found that wind and rainfall together influence PV performance in a dusty environment, and 

Sher et al. [56] examined how various dust types combine with humidity to affect renewable energy module 

output. None of the studies reviewed builds a standalone humidity- or PID-risk indicator of the kind proposed in 

Section 3.4 of this study. 
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Finally, PVsyst has been used as an independent cross-validation tool in several of the studies above rather than 

as the sole modeling approach, a practice this study follows. Betti et al. [57] compared different PV simulation 

software packages directly against one another, Mashaly et al. [58] validated a stand-alone PV system design in 

PVsyst against experimental measurements, and Shirzad et al. [59] documented the design and development of a 

grid-connected PV plant in PVsyst. Building on this practice, the present study uses PVsyst as an independent 

check on the pvlib-based thermal model rather than as a replacement for it, and reports both results rather than 

treating either as ground truth. 

Despite this large body of literature, no published study integrates thermal derating, dust soiling, humidity-driven 

degradation risk, and wind effects into a single climate-zone-based framework for module and system 

specification in Libya. The Libya-specific studies available [1-3,6-10] each cover one location or one stress factor. 

The climate-classification frameworks available [11,13,14] operate at a resolution too coarse to distinguish Libya's 

coastal, highland, and desert-interior zones from one another. The soiling literature is extensive across the wider 

MENA region and the Gulf [25-53] but has not previously been combined with a locally derived thermal model 

to build a zone-specific module specification matrix for Libya. 

In this study, 12 years of typical-meteorological-year weather data from 12 Libyan stations were used to derive 

three data-driven climate zones through statistical clustering of temperature, relative humidity, elevation, and 

irradiance. For each zone, thermal derating was modeled using the Faiman cell-temperature formulation with 

Perez plane-of-array transposition, soiling losses were estimated from literature-derived deposition rates under a 

range of cleaning intervals, a humidity-based proxy for PID and corrosion risk was constructed from combined 

heat-humidity stress hours, and wind effects were separated into a mean-wind cooling contribution and an 

extreme-gust structural design value. The resulting zone-specific results were cross-validated against PVsyst 7.4.8 

simulations at three representative sites using an as-installed AIKO ABC module and matched thermal-loss 

parameters. The paper is organized as follows: Section 2 describes the data and methodology; Section 3 presents 

the results for each stress factor and the resulting zone-specific specification matrix; Section 4 reports the PVsyst 

cross-validation; and Section 5 discusses the study's limitations and the research still required before field 

deployment. 

Methodology 

Study Area and Weather Data 

Twelve locations were selected across Libya to capture the country's full range of latitude, elevation, and distance 

from the Mediterranean coast: Tripoli, Zuwara, Derna, Misrata, and Benghazi on the coast; Gharyan, Yefran, and 

Hamada on the western highland plateau; and Ghadamis, Sabha, Awbari, and Kufra in the desert interior. Typical 

meteorological year (TMYx) data covering 2011-2025 were obtained for each station, giving 8760 hourly records 

of dry bulb temperature, relative humidity, wind speed, and global, direct normal, and diffuse horizontal irradiance 

per station per year. 

Climate Zone Classification 

A data-driven climate zoning was derived instead of applying a generic Koppen-Geiger classification [11], 

because a station-based approach reflects the local station network directly rather than a global climate boundary 

drawn at a coarser resolution. For each station, four annual metrics were computed from the TMYx data: mean 

dry-bulb temperature, mean relative humidity, elevation, and annual global horizontal irradiation. The four metrics 

were standardized and passed to a k-means clustering algorithm with three clusters. The algorithm assigned five 

stations to a coastal Mediterranean zone (Zone A), three stations to a highland transitional zone (Zone B), and 

four stations to a desert interior zone (Zone C). Hamada, at 623 m elevation, clustered with Zone B on the elevation 

axis despite a relative humidity (36.6%) closer to the Zone C range, and is treated in the results as a transitional 

case within Zone B rather than reassigned. 

Plane-of-Array Irradiance and Cell Temperature 

Solar position was computed for each hour and station using the pvlib Python library [60]. Plane-of-array (POA) 

irradiance was obtained from the direct, diffuse, and global horizontal components using the Perez transposition 

model [61], with the array tilted at the station latitude (capped at 40°), oriented due south, and a ground albedo of 

0.20. Cell temperature was then computed from the POA irradiance, ambient temperature, and wind speed using 

the Faiman thermal model [62]: 

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑚𝑏 +
𝑃𝑂𝐴

𝑈𝑐 + 𝑈𝑉 × 𝑊𝑆
 

Two parameter sets were used at different stages of the study. An initial pass used the Faiman default free-standing 

coefficients (𝑈𝑐 = 25.0 W/m²K, 𝑈𝑉 = 6.84 W/m²K per m/s) with a literature-representative temperature coefficient 

of -0.35%/°C. Following cross validation against PVsyst 7.4.8 (Section 2.8), the coefficients were revised to match 
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the as-installed system: 𝑈𝑐 = 25.0 W/m²K, 𝑈𝑉 = 6.5 W/m²K per m/s, and a temperature coefficient of -0.29%/°𝐶 

corresponding to the datasheet value of the AIKO (A625) MAH72Dw module actually specified for the reference 

project. All results reported in Section 3 use this revised, PVsyst-matched parameter set. 

Annual thermal derating loss was calculated as the POA weighted difference between the actual power ratio and 

a no loss reference held at 25°C, restricted to daytime hours (POA > 5 W/m²): 

𝑃𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑜 = 1 + 𝛾(𝑇𝑐𝑒𝑙𝑙 − 25) 

where 𝛾 is the temperature coefficient of power. Weighting the loss by POA rather than averaging it over hours 

ensures that the reported percentage reflects the actual annual energy loss rather than the average temperature 

excursion. 

2.4 Soiling Loss Model 

No field soiling measurements were available for Libya. Daily soiling accumulation rates were therefore assigned 

to each zone from the wider body of MENA and Gulf soiling literature reviewed in Section 1, selecting rates 

consistent with each zone's dust exposure and coastal proximity: 0.18%/day for Zone A, 0.32%/day for Zone B, 

and 0.55%/day for Zone C. These rates are derived from comparable arid environments in the MENA/Gulf region 

and should be treated as estimates requiring local validation rather than measurements taken in Libya. Soiling was 

modeled as a linear ramp from zero at the last cleaning event to a peak set by the cleaning interval, capped at a 

30% saturation level to reflect the self-limiting effect of wind removal and gravity at high dust loading. The 

average annual soiling loss was computed for cleaning intervals of 7, 14, 21, 30, 45, 60, 90, and 120 days in each 

zone. 

Humidity-Based PID and Corrosion Risk Indicator 

Potential-induced degradation (PID) and connector corrosion both accelerate under combined heat and humidity 

exposure. In the absence of a system-voltage-specific PID model, an ambient-based proxy was constructed for 

each station: the annual count of hours with relative humidity above 60% and air temperature above 25°C. The 

mean overnight dew-point margin (air temperature minus dew-point temperature) was also computed as a 

secondary indicator of condensation risk on the module surface. 

Wind Effects 

Wind was evaluated separately for its cooling contribution to cell temperature and for its structural design 

implications. The cooling contribution was isolated by re-running the Faiman model with wind speed fixed at a 

sheltered reference value of 1 m/s and comparing the resulting thermal loss to the loss obtained with the station's 

actual wind speed; the difference is reported as the wind-cooling benefit in percentage points of annual thermal 

loss recovered. Structural design exposure was characterized using the 99th-percentile wind speed and the annual 

maximum recorded gust at each station, since extreme, short-duration gust events determine mounting-structure 

design loads while the mean wind speed determines the cooling benefit. 

Net Specific Yield 

The net specific energy yield (kWh/kWp/year) for each zone was obtained by combining the POA irradiance with 

the thermal and soiling loss fractions and a fixed balance-of-system factor of 0.95, representing inverter, DC/AC 

wiring, and availability losses held constant across zones so that the comparison isolates climate-driven variation: 

𝑁𝑒𝑡 𝑌𝑖𝑒𝑙𝑑 = 𝑃𝑂𝐴 × (1 − 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑙𝑜𝑠𝑠) × (1 − 𝑠𝑜𝑖𝑙𝑖𝑛𝑔 𝑙𝑜𝑠𝑠) × 0.95 

Net yield was computed under two maintenance scenarios: a uniform 30-day cleaning cycle applied to all three 

zones, and a zone-appropriate cycle following the cleaning interval recommended in Section 3.6 for each zone 

(30-45 days for Zone A, 30 days for Zone B, 7-14 days for Zone C). 

PVsyst Cross Validation 

The pvlib-based results were cross-validated against PVsyst 7.4.8 using an existing 30 kWp grid-connected design 

(Project UNDP-Libya, Lot 01) simulated at three representative sites, one per zone: Tripoli (Zone A), Gharyan 

(Zone B), and Sabha (Zone C). All three simulations used an identical fixed-tilt array (32°/0°), the same AIKO-

A625-MAH72Dw module and Huawei SUN2000-30KTL-M3 inverter, and the same thermal loss factor (Uc = 

25.0 W/m²K, Uv = 6.5 W/m²K per m/s), so that geographic location was the only variable between runs. PVsyst's 

built-in Meteonorm weather data were used for these three runs rather than the TMYx files used elsewhere in the 

study, since PVsyst does not accept the TMYx format directly; the resulting difference in annual global horizontal 

irradiation (up to 11% between the two weather sources) is treated as a known limitation of the cross-validation 
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and the comparison is restricted to loss percentages rather than absolute energy values. The soiling loss fraction 

obtained in Section 2.4 was entered directly into PVsyst's monthly soiling loss factor for the Gharyan and Sabha 

runs, providing an additional check on the soiling assumptions against an independently reported specific yield. 

Results and discussion 

Climate Zone Classification 

The k-means clustering described in Section 2.2 separated the twelve stations into three zones with distinct climate 

signatures. Table 1 summarizes the range of each metric within each zone, and Fig. 1 shows the resulting spatial 

distribution. 

Table 1 Data-driven climate zone characteristics. 

Zone Stations 
Elevation 

(m) 

Mean 

temperature 

(°C) 

Mean RH 

(%) 

GHI 

(kWh/m²/yr) 

A (Coastal 

Mediterranean) 

Tripoli, Zuwara, Derna, 

Misrata, Benghazi 
3-132 19.8-21.5 62-68 1970-2008 

B (Highland 

Transitional) 

Gharyan, Yefran, 

Hamada 
623-728 19.6-20.9 37-54 2046-2177 

C (Desert Interior) 
Ghadamis, Sabha, 

Awbari, Kufra 
342-463 23.5-24.7 28-34 2179-2411 

 
Figure 1: Spatial distribution of the twelve weather stations across Libya’s three data-derived PV climate zones. 

Zone A stations sit below 132 m and show the highest relative humidity of the three zones. Zone C stations show 

the highest irradiation and the lowest relative humidity. Zone B occupies an intermediate position in temperature 

and irradiation but the lowest relative humidity range once Hamada is included, since Hamada's 36.6% mean RH 

lies closer to the desert-interior range than to Gharyan or Yefran. Hamada was nonetheless retained in Zone B 

because its elevation (623 m) placed it there under the clustering algorithm, and it is treated as a transitional case 

in the results that follow. 
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Thermal Derating 

Cell temperature and the resulting annual thermal derating loss were computed using the Faiman model with the 

PVsyst-matched parameters (𝑈𝑐 = 25.0 W/m²K, 𝑈𝑉 = 6.5 W/m²K per m/s, γ = -0.29%/°C). Table 2 reports the 

results by zone, and Fig. 2 plots the thermal loss against the plane-of-array (POA) irradiance for each zone. 

Table 2 Annual thermal derating by climate zone. 

Zone POA (kWh/m²/yr) 
Mean daytime cell 

temperature (°C) 

Maximum cell 

temperature (°C) 

Annual thermal 

loss (%) 

A (Coastal) 2189.6 32.3 70.3 3.39 

B (Highland) 2290.0 34.8 78.2 4.36 

C (Desert Interior) 2423.3 39.0 82.9 5.35 

 
Figure 2: Annual thermal derating loss vs. plane of array irradiance by climate zone. 

The thermal loss increases from 3.39% in Zone A to 5.35% in Zone C, a relative increase of 58% between the two 

zones. The POA irradiance increases by only 11% over the same range (2189.6 to 2423.3 kWh/m²/yr). Therefore, 

the additional irradiance available in the desert interior is partly offset by a disproportionately larger thermal loss, 

and the two effects do not cancel evenly across zones. Maximum cell temperature exceeds the recorded maximum 

air temperature at each station by more than 30°C, which confirms that ambient temperature alone would 

substantially underestimate the thermal stress experienced by the module surface. 

Soiling Sensitivity 

Table 3 and Fig. 3 report the average annual soiling loss for each zone across a range of cleaning intervals, using 

the literature-derived daily accumulation rates described in Section 2.4 (0.18, 0.32, and 0.55%/day for Zones A, 

B, and C). 

Table 3 Average annual soiling loss (%) by cleaning interval. 

Cleaning interval 

(days) 
Zone A Zone B Zone C 

7 0.63 1.12 1.93 

14 1.26 2.24 3.85 

30 2.70 4.80 8.25 

60 5.40 9.60 16.36 

90 8.10 14.40 20.91 

120 10.80 18.28 23.18 
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Figure 3: Soiling-induced energy loss vs. cleaning interval by climate zone. 

At a 7-day cleaning interval, the gap between Zone A and Zone C is 1.30% points (0.63% vs. 1.93%). At a 30-

day interval, the gap widens to 5.55% points (2.70% vs. 8.25%), and at 90 days it reaches 12.81% points. The 

soiling penalty for infrequent cleaning therefore grows faster than linearly with the difference in dust exposure 

between zones, which means a single national cleaning schedule imposes a much larger relative cost on Zone C 

than on Zone A. 

Humidity-Based PID and Corrosion Risk 

Table 4 reports the annual combined heat-humidity stress hours (relative humidity above 60% and air temperature 

above 25°C) and the mean overnight dew-point margin for each zone. Fig. 4 plots the stress-hour values on a 

logarithmic scale, since the range spans nearly three orders of magnitude. 

Table 4 Humidity-based PID and corrosion risk indicators. 

Zone Combined heat-humidity stress (h/yr) Mean dew-point margin (°C) 

A (Coastal) 1119.8 7.5 

B (Highland) 77.7 13.4 

C (Desert Interior) 2.8 20.7 

 
Figure 4: Annual combined heat-humidity stress hours by zone (log scale). 
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Zone A records 1119.8 stress hours per year, compared with 77.7 in Zone B and 2.8 in Zone C. The stress hours 

in Zone A therefore exceed those in Zone C by a factor of about 400. The dew-point margin follows the same 

ordering in reverse, from 7.5°𝐶 in Zone A to 20.7°𝐶 in Zone C, which indicates a substantially higher likelihood 

of nighttime condensation on module surfaces in the coastal zone. On this basis, humidity-driven degradation risk 

in Libya is concentrated almost entirely in the coastal zone rather than distributed evenly across the country. This 

indicator is a hypothesized proxy; outdoor exposure or accelerated PID testing is needed to confirm the 

degradation risk. 

Wind Effects 

Wind was evaluated for its cooling contribution and its structural design implications, as described in Section 2.6. 

Table 5 reports both measures alongside the mean wind speed for each zone; Fig. 5 shows the same data 

graphically. 

Table 5 Wind cooling contribution and structural design indicators. 

Zone 
Mean wind speed 

(m/s) 

Wind-cooling benefit 

(pct. pts. of thermal 

loss recovered) 

Annual maximum gust 

(m/s) 

A (Coastal) 4.64 2.78 30.9 

B (Highland) 3.66 2.15 16.5 

C (Desert Interior) 3.96 2.54 40.0 

 
Figure 5: Wind effects on PV performance and structural design by zone. 

Zone A has the highest mean wind speed (4.64 m/s) and the largest wind-cooling benefit (2.78 percentage points 

of thermal loss recovered). Zone C records the highest annual maximum gust (40.0 m/s, at Awbari) despite a mean 

wind speed lower than Zone A's. This combination, a comparatively low annual mean with an extreme short-

duration maximum, is consistent with transient dust-storm events rather than persistent high wind. Consequently, 

mounting-structure design in Zone C should be based on the recorded gust maximum rather than the mean wind 

speed, while the cell-cooling benefit used in Section 3.2 is correctly based on the mean. 

Combined Multi-Stress Profile 

Fig. 6 combines the four stress dimensions, thermal loss, soiling loss at a 30-day cleaning cycle, humidity stress 

hours, and extreme gust, into a single normalized radar plot, with each axis scaled from 0 to 1 across the three 

zones. Zone C occupies the largest area on the thermal, soiling, and gust axes. Zone A occupies the largest area 

on the humidity axis and the smallest area on the other three. Zone B falls between the two on every axis except 

humidity, where it sits closer to Zone C. No zone is subject to all four stresses simultaneously, which is the basis 

for the zone-specific specification approach developed in Section 3.8 rather than a single national specification. 
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Figure 6: Normalized multi-stress climate profile by PV climate zone. 

Net Specific Energy Yield 

Table 6 reports the net specific energy yield (kWh/kWp/yr), combining the POA irradiance, thermal loss, and 

soiling loss as described in Section 2.7, under two maintenance scenarios: a uniform 30-day cleaning cycle applied 

to all zones, and a zone-appropriate cleaning cycle following the recommendation given in Section 3.8. Fig. 7 

shows both scenarios side by side. 

Table 6 Net specific energy yield under uniform and zone-appropriate maintenance. 

Zone 

Net yield, uniform 30 

day cleaning 

(kWh/kWp/yr) 

Net yield, zone-

appropriate cleaning 

(kWh/kWp/yr) 

Recommended cleaning 

interval 

(days) 

A (Coastal) 1955 1955 30 

B (Highland) 1981 1981 30 

C (Desert Interior) 1999 2095 14 
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Figure 7: Net PV energy yield by climate zone: uniform vs. zone-appropriate maintenance schedule. 

Under uniform 30-day cleaning, the spread between the highest- and lowest-yielding zone is 1955 to 1999 

kWh/kWp/yr, a difference of 2.25%. Under zone-appropriate cleaning, Zone C's yield increases from 1999 to 

2095 kWh/kWp/yr, and the spread widens to 7.16%. This result indicates that Libya's climate zones do not differ 

greatly in raw solar energy potential once thermal and soiling losses are accounted for under a common 

maintenance regime. What differs substantially is the maintenance investment required to realize that potential, 

and a uniform national maintenance schedule leaves part of the desert interior's higher irradiance unused. 

Zone-Specific Specification Matrix 

The results of Sections 3.2 to 3.7 were combined into a specification matrix (Table 7, shown graphically in Fig. 

8) that recommends a module technology, PID mitigation measure, frame corrosion class, cleaning cycle, and 

structural wind rating for each zone. 

Table 7 Zone-specific PV module and system specification matrix. 

Specification Zone A - Coastal Zone B - Highland 
Zone C - Desert 

Interior 

Dominant stress 
Humidity/corrosion 

(1119.8 h/yr) 
Balanced across factors 

Heat, soiling, and gust 

(5.35% thermal, 

0.55%/day soiling) 

Cell technology 

AIKO ABC or 

equivalent (γ ≈ -

0.29%/°C) 

Same as Zone A 

Lower-γ technology 

preferred (e.g., HJT, γ ≈ 

-0.26%/°C) 

PID mitigation 

PID-resistant n-type cells 

or anti-PID p-type with 

premium EVA 

Standard encapsulation Standard encapsulation 

Frame/corrosion class 

Marine-grade anodized 

aluminum, C4-C5 

coating 

Standard anodized 

aluminum 

Standard coating with 

UV-stabilized polymer 

components 

Cleaning cycle 30-45 days 30 days 

7-14 days, with anti-

soiling coating or robotic 

cleaning 

Structural wind design ≥31 m/s gust Standard loading 
≥40 m/s gust, reinforced 

anchoring 
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Figure 8: PV module and system specification decision matrix by Libyan climate zone. 

The dominant stress differs by zone: Zone A is limited primarily by humidity-related degradation risk and coastal 

corrosion, Zone C by the combination of thermal loss, soiling, and extreme wind gust, and Zone B by a more even 

mix of all four factors. The cell-technology comparison in Section 3.9 shows that switching from the AIKO ABC 

baseline to a lower-temperature-coefficient technology in Zone C recovers a further 0.55 percentage points of 

thermal loss, which is a smaller margin than would be expected from a generic mono-PERC baseline, since the 

AIKO ABC module's own temperature coefficient (-0.29%/°C) already performs close to the TOPCon reference 

value (-0.30%/°C) used in that comparison. 

 Cell Technology Comparison in Zone C 

Because Zone C carries the largest thermal penalty, an additional comparison isolated the effect of cell temperature 

coefficient alone, holding the thermal environment (POA, ambient temperature, wind speed) constant across three 

technologies: the as-installed AIKO ABC module (γ = -0.29%/°C), a representative n-type TOPCon module (γ = 

-0.30%/°C), and a representative heterojunction (HJT) module (γ = -0.26%/°C). Table 8 reports the resulting 

thermal loss at each of the four Zone C stations; Fig. 9 shows the same comparison graphically. 

Table 8 Thermal derating loss by cell technology in Zone C. 

Station AIKO ABC (γ=-0.29%) TOPCon (γ=-0.30%) HJT (γ=-0.26%) 

Ghadamis 5.13 5.31 4.60 

Sabha 5.04 5.21 4.52 

Awbari 5.43 5.62 4.87 

Kufra 5.80 6.00 5.20 

Zone C average 5.35 5.54 4.80 
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Figure 9: Cell-technology comparison of annual thermal derating loss in Zone C. 

The AIKO ABC module already outperforms the representative TOPCon module by 0.19 percentage points on 

average (5.35% vs. 5.54%), which confirms that the module actually specified for the reference project is a 

reasonable choice for the desert interior zone even without switching technology. The HJT comparison shows a 

further 0.55 percentage point reduction relative to the AIKO ABC baseline (5.35% to 4.80%), corresponding to 

an estimated 0.55-0.60% gain in annual energy yield from thermal derating alone if HJT modules were substituted 

in Zone C. 

PVsyst Cross Validation 

Validation Setup 

The pvlib-based results in Section 3 were checked against PVsyst 7.4.8 using an existing 30 kWp grid-connected 

design simulated at three sites, one representative of each zone: Tripoli (Zone A), Gharyan (Zone B), and Sabha 

(Zone C). All three simulations used the same fixed tilt array orientation (32°/0°), the same AIKO-A625-

MAH72Dw module and Huawei SUN2000-30KTL-M3 inverter, and the same thermal loss factor (𝑈𝑐 = 25.0 

W/m²K, 𝑈𝑉 = 6.5 W/m²K per m/s), so that geographic location was the only variable between runs. 

Thermal Loss Comparison 

Table 9 compares the annual thermal derating loss computed by pvlib and by PVsyst at each of the three stations, 

using identical 𝑈𝑐, 𝑈𝑉, and γ values in both tools. Fig. 10 shows the same comparison graphically, together with 

the gap between the two tools at each station. 

Table 9 PVlib vs. PVsyst thermal derating loss, identical 𝑈𝑐=25.0, 𝑈𝑉=6.5, γ=-0.29%/°C. 

Station (zone) pvlib thermal loss (%) 
PVsyst thermal loss 

(%) 

Gap (percentage 

points) 

Tripoli (A) 3.67 2.44 1.23 

Gharyan (B) 4.04 2.69 1.35 

Sabha (C) 4.99 3.12 1.87 
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Figure 10: Cross-validation of the pvlib/Faiman thermal model against PVsyst 7.4.8. 

PVsyst consistently reports a lower thermal loss than pvlib at every station, and the gap widens from 1.23 

percentage points in Tripoli to 1.87 percentage points in Sabha. The gap therefore increases with climate severity 

rather than remaining constant, which indicates a systematic difference in how the two tools reference the thermal 

loss rather than a random discrepancy. The most likely source is a difference in the two tools' internal accounting: 

PVsyst reports "PV loss due to temperature" as one line in a loss diagram computed relative to an STC-efficiency 

reference derived from IAM-corrected effective irradiance, while the pvlib calculation in Section 2.3 compares 

POA-weighted actual power directly to a no-loss reference at the same POA. Both values are reported here rather 

than treated as interchangeable, since neither tool's internal accounting convention can be assumed to be the 

ground truth for the other. 

Soiling and Net Yield Cross-Check 

The soiling loss fractions derived in Section 2.4 (4.80% for Zone B, 8.25% for Zone C, at a 30-day cleaning cycle) 

were entered directly into PVsyst's monthly soiling loss factor for the Gharyan and Sabha runs. PVsyst reported 

soiling losses of 4.8% for Gharyan and 8.3% for Sabha, matching the entered values to within rounding, which 

confirms that the values were transferred correctly and provides no independent check on the soiling rate itself, 

since the same number was supplied as an input. 

A more informative check is available from PVsyst's own specific yield, which reflects the combined effect of 

irradiance, thermal loss, soiling, and system losses rather than a single input value. Table 10 reports the specific 

yield from the three PVsyst runs, each using its own zone-appropriate soiling input. 

Table 10 PVsyst specific yield by station, zone-appropriate soiling input. 

Station (zone) Soiling input (%) Specific yield (kWh/kWp/yr) 

Tripoli (A) 0.0 1791 

Gharyan (B) 4.8 1775 

Sabha (C) 8.3 1889 

Despite carrying the highest thermal loss and the highest soiling loss of the three stations, Sabha produces the 

highest specific yield (1889 kWh/kWp/yr), exceeding Gharyan by 6.4% and Tripoli by 5.5%. This result, obtained 

independently from an industry-standard commercial simulation tool rather than from the pvlib-based model, 

corroborates the net-yield finding reported in Section 3.7: Libya's desert interior does not underperform the coastal 

and highland zones once its higher irradiance is accounted for, and can outperform them despite its larger thermal 

and soiling penalties. 
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The cross validation produced two results. First, the two independent tools disagree on the absolute thermal loss 

percentage by 1.2 to 1.9 percentage points, with the disagreement growing systematically from the coastal to the 

desert-interior zone; this gap is reported as a methodological limitation rather than resolved in favor of either tool. 

Second, and more directly relevant to the paper's central claim, PVsyst's own specific-yield output confirms, 

independently of the pvlib based model, that the desert-interior zone yields more energy per installed kilowatt-

peak than the coastal or highland zones under realistic soiling conditions. The second result is considered the 

stronger validation outcome, since it was not built into the PVsyst simulation as an assumption but emerged from 

PVsyst's own calculation. 

Conclusion 

The Libya specific literature reviewed in Section 1 has established that PV performance varies across the country 

and that module selection should account for this variation, but each study covers a single site or a single stress 

factor. Nassar et al. [4,5] mapped suitable module and inverter types across Libyan territory using Solargis data 

and SAM simulations, and reported savings of up to 45% from matching module type to location; that result 

motivates the present study but does not itself integrate thermal, soiling, humidity, and wind effects into one 

framework, nor does it derive its climate zones directly from station-level weather data. The present study closes 

that gap by combining four stress factors that are normally studied separately, over a station-based climate zoning 

derived statistically from the same twelve stations used in the performance analysis, and by expressing the result 

as a specification matrix (Table 7) rather than a performance map alone. 

The soiling literature is extensive across the Gulf and the wider MENA region [19,33-53], and the thermal-

modeling literature is well developed for desert and semi-arid climates in general [15-24]. Neither body of work 

has previously been applied together to Libya, and neither has been combined with a humidity-based PID and 

corrosion risk indicator of the kind constructed in Section 2.5. The result in Section 3.4, that combined heat-

humidity stress hours in the coastal zone exceed those in the desert interior by a factor of about 400, is, to the 

authors' knowledge, the first quantification of this contrast for Libya specifically, and it directly supports a design 

recommendation (PID-resistant cells and marine-grade corrosion coatings in Zone A only) that a single national 

specification would not produce. 

A key contribution of the study is the distinction, established in Section 3.7, between raw solar potential and 

realized energy yield under maintenance constraints. Under a uniform 30-day cleaning cycle, the three zones differ 

by only 2.25% in net specific yield (Table 6), which would suggest that geographic location has a limited effect 

on PV output in Libya. Under a zone-appropriate cleaning schedule, the same comparison widens to 7.16%, 

entirely because the desert interior's higher irradiance is realized only when its soiling is managed at the shorter 

interval the zone requires. This finding reframes the research question posed in the paper's title: climate zone in 

Libya does not primarily determine how much energy a well-specified and well-maintained PV system can 

produce, but rather what specification and maintenance investment are required to produce it. The cross-validation 

in Section 4.3, where PVsyst's own specific yield output independently reproduces the same ordering (Sabha 

outproducing Tripoli and Gharyan despite higher losses), was obtained from a commercial tool without this 

finding built in as an input, which strengthens confidence that the result is not an artifact of the pvlib based model 

alone. 

The three limitations most likely to affect how these results are used are addressed first: the soiling rates, the PID 

risk indicator, and the absence of an economic analysis. 

The soiling model in Section 2.4 uses daily accumulation rates of 0.18, 0.32, and 0.55%/day for Zones A, B, and 

C, drawn from soiling studies in comparable arid environments rather than from measurements taken in Libya. 

These rates are derived from comparable arid environments in the MENA/Gulf region and should be treated as 

estimates requiring local validation rather than measurements taken in Libya. The resulting soiling losses in Table 

3 should therefore be read as a sensitivity scenario rather than a validated estimate. Field soiling stations at a 

representative site in each zone are needed to calibrate the daily rate and the 30% saturation cap used in the model. 

The humidity-based indicator in Section 3.4 is an ambient-air proxy for PID and corrosion risk, not a measured 

degradation rate. PID severity also depends on system voltage architecture and grounding configuration, which 

are not included here. This indicator is a hypothesized proxy; outdoor exposure or accelerated PID testing is 

needed to confirm the degradation risk. The indicator is strong enough to justify differentiated encapsulation and 

frame corrosion class by zone, but it cannot replace outdoor exposure testing or accelerated PID testing on 

modules representative of the Libyan market. 



418 | Journal of Insights in Basic and Applied Sciences  

 

No economic analysis is included. The specification upgrades in Table 7, marine-grade coatings and PID resistant 

cells in Zone A, lower-γ cells and more frequent cleaning in Zone C, all carry a cost premium that is not quantified 

here against the energy value recovered. A levelized cost of energy comparison across the three zones would 

determine whether each recommended upgrade is economically justified and not only technically beneficial. 

Future work should prioritize four items. (1) Installation of soiling monitoring stations in at least one site per zone 

to replace the literature-derived deposition rates with measured ones. (2) Outdoor or accelerated PID testing on 

modules representative of the Libyan market, under the humidity and temperature combinations identified in 

Section 3.4. (3) A levelized cost of energy analysis combining the specification upgrades proposed here with 

representative component and installation costs in Libya. (4) Comparison of the TMYx extreme wind values 

against long-term meteorological records or national wind hazard data to set a defensible design wind speed for 

each zone. 
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