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Abstract

:

Climate change poses critical challenges for Qatar’s energy-intensive residential building sector. This study evaluates the impact of projected climate warming on optimizing rooftop solar photovoltaics (PV) for villas. An integrated modelling approach is employed, combining building energy simulation, PV system optimization, and performance assessment under varying climate scenarios. A typical Qatari villa is modelled in DesignBuilder and simulated under the baseline (2002) conditions and the projected years 2016, 2050, and 2100, reflecting incremental warming. Results show the villa’s annual electricity consumption will grow 22% by 2100, with summer peaks escalating to 26% driven by surging cooling demands. Techno-economic optimization in HOMER Pro (version 3.10) verifies a grid-connected rooftop PV system as optimal in all years, with capacity expanding from 7.4 kW to 8.2 kW between 2002 and 2100 to meet rising air conditioning loads. However, as temperatures increase, PV’s energy contribution declines slightly from 18% to 16% due to climate change degrading solar yields. Nonetheless, the modelled PV system maintains strong financial viability, achieving 5–8 years of paybacks across scenarios. This analysis provides empirical evidence of distributed PV’s effectiveness for Qatar’s households amidst escalating cooling consumption. However, maintaining solar mitigation potential requires evolving PV sizing methodologies and incentives to account for declining panel productivity at the country’s peak temperatures exceeding 50 °C. Overall, this study’s integrated framework evaluates residential solar PV systems’ capabilities and appropriate policy evolution under projected climate impacts for the first time in Qatar. The modelling approach and conclusions can inform building codes and pro-solar policies to accelerate adoption for emissions reduction. With villas representing over 100,000 units in Qatar, widespread rooftop PV integration can meaningfully contribute to national sustainability targets if implementation barriers are addressed considering climate change effects.
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1. Introduction


Climate change poses critical challenges worldwide, with rising temperatures affecting all sectors of society and the economy. The building sector is particularly vulnerable, as higher ambient temperatures increase cooling demands and energy consumption. This sector is a major contributor to global energy consumption, accounting for 30–40% of global energy use and 27–30% of energy-related carbon emissions worldwide emissions [1,2,3,4,5,6,7,8,9]. Given its substantial energy consumption and emissions, the building sector plays a crucial role in mitigating climate change and transitioning to low-carbon economies. Therefore, there is a growing emphasis on the adoption of sustainable building systems, with a specific focus on integrating solar photovoltaic (PV) technology into residential and commercial buildings.



The integration of solar PV systems offers several benefits beyond reducing reliance on conventional grid power and mitigating carbon emissions [10,11]. It provides long-term cost savings on energy bills, enhances energy security, and contributes to the overall resilience of the residential sector [12,13]. By generating clean and renewable electricity on-site, residential buildings can achieve a degree of self-sufficiency in meeting a significant portion of their energy demand [14]. Additionally, rooftop PV systems offer the advantage of utilizing underutilized spaces, such as rooftops, to generate electricity without the need for additional land resources [15].



However, the integration of sustainable energy solutions into building designs, particularly in regions heavily reliant on grid power like Qatar, presents ongoing challenges. The hot and humid climate of Qatar necessitates extensive use of air conditioning, which accounts for over two-thirds of the sector’s energy demand [16,17]. As a result, Qatar’s residential energy consumption per capita (>17,500 kWh/year) ranks among the highest globally [16,18,19,20,21,22], in contrast to broader declining trends in most of other countries [23]. This over-consumption produces significant greenhouse gas emissions [19], as residential buildings alone represent around 60% of Qatar’s total final energy use [17]. However, efforts to reduce demand face barriers, notably the provision of highly subsidized or free electricity to citizens and nationals and highly subsidized for foreign residents, removing incentives for conservation [24,25]. Without price signals, consumers lack incentive to conserve energy [26]. With residential buildings representing such a substantial portion of Qatar’s energy burden, the integration of renewable solutions like rooftop solar photovoltaics assumes critical importance for reducing emissions. Yet the optimization of such technologies requires addressing the sector’s unique climatic and policy challenges.



To address these challenges, the integration of renewable energy sources, such as rooftop solar photovoltaics (PV), into new construction and retrofits holds significant potential for emissions reduction [27]. However, the widespread adoption of rooftop PVs faces multiple barriers, including high upfront costs and lack of awareness among home owners [21,28]. Moreover, it is crucial to consider the climate impacts on building energy performance when designing net-zero energy systems. While previous studies evaluated rooftop PV potential predominantly for educational and commercial buildings in Qatar [29,30,31], assessments incorporating residential buildings in Qatar under future climate scenarios are lacking. In this context, limited attention has been given to assessing solar PV integration and optimization under future climate scenarios. As global temperatures continue to rise at a rate of 0.3 °C per decade, the escalating cooling loads and energy demands will undoubtedly impact the performance and design of PV systems [32,33,34,35,36]. The efficiency of solar panels varies significantly between hot and cold climates due to impacts on photovoltaic (PV) cell performance [33,34]. In hot environments like Qatar solar panels tend to be less efficient because high temperatures negatively impact PV cells. As temperature increases, a solar panel’s output voltage decreases, reducing power generation. Typically, each 1 °C rise above 25 °C reduces panel efficiency by 0.3–0.5%. Consequently, extreme daytime spikes in Qatar above 50 °C could reduce panel yields over 15%. In summary, Qatar’s projected warming trajectories will likely exacerbate solar PV efficiency challenges due to the technology’s thermal sensitivity. Residential building assessments must incorporate integrated cooling systems and detailed climate impact projections to optimize rooftop PV sizing and performance. Therefore, it is imperative to evaluate the integration of solar PV technology under projected climate impacts to ensure the feasibility and viability of achieving zero-energy residential buildings.



In light of the aforementioned challenges and making a meaningful contribution to the reduction of carbon emissions, this study aims to evaluate the impact of climate change on the optimal design of rooftop PV systems in residential buildings in Qatar, considering varied climate change scenarios. The specific objectives are to:




	▪

	
Develop an energy model for a case study villa to simulate current and future energy demand under different climate projections.




	▪

	
Conduct a techno-economic optimization to design an optimal rooftop PV system for the villa minimizing costs.




	▪

	
Assess the energy, economic and environmental performance of the optimal rooftop PV system under present and future climate conditions.









By considering the dynamic nature of climate conditions and their influence on energy demand, this research endeavours to provide valuable insights into the effectiveness of solar energy integration as a viable solution for carbon emission reduction in the residential sector. The study entails assessing the energy demand of a residential villa over the course of a year and modelling the effects of rooftop PV installations, with a specific focus on the potential energy savings resulting from the reduction in cooling load through roof shading. The analysis of these potential energy savings, stemming from the installation of PV systems, serves as a critical component of this study, demonstrating the tangible benefits and viability of solar PV integration. This study’s findings will provide novel techno-economic evidence and performance data to support increased policy and consumer focus on residential PV integration in Qatar’s rapidly evolving climate. By determining the cost-competitiveness of rooftop PV for households under different scenarios, the analysis can inform evidence-based policies to incentivize and accelerate adoption.



Potentials of Solar PV in Qatar


Qatar possesses tremendous potential for solar photovoltaic (PV) systems, especially for rooftop installations on residential buildings. The country enjoys average daily peak sun hours of 9.6 h, with a maximum of 11.6 h during the summer months (Figure 1) [37,38]. This extensive daylight duration, along with high average annual direct normal irradiance (DNI) > 2000 kWh/m2 and diffuse horizontal irradiance (DHI) of 794 kWh/m2 provides optimal conditions for solar PV electricity generation (Figure 1) [39,40]. This combination of high solar insolation and extended daylight provides optimal conditions for both grid-scale and distributed rooftop PV generation. The timing of Qatar’s peak sunlight availability aligns well with peak electricity demand patterns, which are driven by heavy daytime cooling loads from air conditioning and appliances in the hot climate. During summer, electricity demand reaches its maximum due to increased cooling needs, corresponding with peak monthly sun hours of 11.6 h (Figure 2). Leveraging these advantages, Qatar has set the ambitious goal of meeting 20% of its electricity demand from solar PV by 2030, as outlined in the Qatar National Vision 2030 [41]. Achieving this target will require a transformation in Qatar’s energy mix, which currently relies heavily on natural gas. The integration of rooftop solar PV on residential buildings will play a key role in this transition. Widespread adoption of rooftop PV can significantly mitigate electricity demand from carbon-intensive sources while advancing Qatar’s sustainable development and climate change mitigation objectives. Recent investments affirm Qatar’s commitment to solar energy expansion. For instance, the recent inauguration of the 800 MW Al Kharsaah Solar PV Plant, Qatar’s first large-scale solar facility, marks a major milestone in the country’s renewable energy development [42]. Additional large-scale solar projects are underway, including the 458 MW Ras Laffan Industrial Solar PV Park currently in permitting [43] and 880 MW of planned capacity across Mesaieed and Ras Laffan plants expected to come online within two years [44]. Total utility scale solar PV capacity is projected to reach approximately 1700 MW by 2024 as these new plants come online [45]. Longer-term plans outlined in Qatar Energy’s sustainability strategy target scaling up solar capacity further to 5 GW by 2035 [44].



However as discussed above, the integration of rooftop solar PV into Qatar’s residential buildings faces significant policy barriers. A key challenge is the provision of highly subsidized or free electricity to citizens, which removes incentives for energy efficiency and conservation. Without appropriate price signals, consumers lack motivation to adopt technologies like solar PV to reduce grid dependence. Additionally, the lack of net metering policies and renewable energy incentives prevents homeowners from benefitting financially from generating their own solar electricity. The current absence of programs that allow feeding PV power back into the grid makes on-site solar generation less economically viable. Furthermore, building codes and regulations do not yet mandate or encourage the integration of renewables in residential developments. Overcoming these policy hurdles through measures like dynamic electricity pricing, net metering, pro-solar regulations, and subsidies or tax rebates can help catalyse the large-scale adoption of rooftop PV systems on Qatar’s households.



In summary, Qatar possesses tremendous solar resources that can be harnessed cost-effectively through both centralized and distributed PV generation. Rooftop solar PV specifically holds great potential to contribute to Qatar’s renewable energy goals while reducing the carbon footprint of the residential building sector. With supportive policies and investments, Qatar can transition its power system to leverage its abundant solar resources for sustainable development.





2. Research Methods and Approach


The research employs an integrated modelling and optimization approach to evaluate the impact of climate change on optimal rooftop PV system design for a residential villa in Qatar. The research process employed in this study is exhibited in Figure 3. While prior residential PV assessments have modelled current building energy use and optimized systems accordingly, the novel aspect here is introducing projected climate conditions into the optimization process. By simulating the villa’s electricity consumption and rerunning the PV optimization for years 2016, 2050 and 2100, the changing energy demands and solar potential are captured. This enables evaluating how escalating cooling loads could impact system sizing, economics, and renewable penetration fractions. The integrated methodology is tailored to assess these climate change effects on residential PV integration, advancing standard modelling approaches.



The methodological framework encompasses the following key steps:



2.1. Step 1: Energy Modeling of a Single Family Residential Building


To model the energy demand of a typical single family residential building, this study utilizes DesignBuilder (version 6.1), a state-of-the-art graphical interface for complex building energy modeling [47]. DesignBuilder allows for detailed 3D modelling of building geometry, zoning, construction materials, HVAC systems, occupancy, plug loads, and other parameters that influence energy performance. The software integrates advanced dynamic thermal simulation through EnergyPlus (version 9.1), a whole building energy modelling engine developed by the U.S. Department of Energy (DOE) [48]. EnergyPlus enables high-resolution simulations with sub-hourly time steps for interactions between building envelope, HVAC equipment, and environmental conditions.



In Qatar, there are different types of residential buildings such as villas, Arabic houses, apartments, and other types of buildings. As of 2015, Table 1 presents the numbers of housing units in Qatar by the type and municipality. The villas make up the highest proportion (33.7%) of the building units in Qatar [49] which translates to 105,976 units. For this study, a typical two-story residential villa for a family seven persons is selected. The villa has a total floor area of 332.77 m2 distributed over five bedrooms, three bathrooms, two sitting areas, and other spaces. The architectural drawing of the front view of the selected villa is shown in Figure 4.



Based on the architectural drawing, the selected villa is modelled in DesignBuilder based on architectural drawings and data on typical residential building construction in Qatar (Figure 5). Envelope components like walls, roof, fenestration, etc., are defined based on typical assemblies and materials identified from literature [50,51,52,53,54,55,56] and listed in Table 2. Cooling and ventilation is provided by a centralized HVAC system with parameters set based on Code for Energy Conservation in Residential Buildings in Qatar [57]. Internal gains from occupancy, lighting and other plug loads are specified per guidance in the Qatar Construction Specifications [58]. After developing the detailed building energy model in DesignBuilder, an hourly ASHRAE weather file for the year 2002 in Qatar was selected to model the energy demand for the baseline year 2002. This provides the annual and monthly cooling, heating, lighting, equipment, and other load contributions to total electricity consumption. The annual simulation results provide hourly data on cooling, heating, lighting, equipment, fans, pumps, and other loads that sum to total electricity consumption. The software facilitated the creation of building geometry, definition of building types, and characterization of building activities. The resulting model is calibrated to match the reference benchmarks for residential building energy use in Qatar. The energy demand obtained from DesignBuilder served as input for further analysis.




2.2. Step 2: Simulations for Base Case Scenario


To evaluate how the villa’s energy performance changes under future climate scenarios, the baseline DesignBuilder model is simulated for additional years—2016, 2050 and 2100. This is accomplished by modifying the 2002 Qatar weather file to reflect projected temperature increases associated with climate change. Specifically, the temperature data in the 2002 file is adjusted by +0.3 °C per decade, consistent with climate projections for Qatar. Running simulations using the climate-adjusted weather files provides insights into how increasing outdoor air temperatures will impact the villa’s cooling loads and energy performance. The progressive rise in cooling degree days as the century progresses is quantified. At the same time, solar insolation, humidity, wind, and other weather variables are kept constant at 2002 levels, isolating the impact of rising temperatures. Additionally, the projected future weather files only adjust temperatures incrementally and do not account for potential increases in humidity, cloud cover, or precipitation that could occur with climate change. Enhancing the weather file projections to reflect broader climate impacts could improve the analysis. This approach of incrementally adjusting the historical weather file based on warming projections provides a straightforward method to assess potential impacts of climate change. However, some limitations exist. The adjusted future weather files continue to use 2002 solar radiation and humidity profiles, while climate change may alter these variables. Additionally, the incremental temperature adjustments do not reflect potential extremes or year-to-year variability. Future work could incorporate climate model projection data to capture a fuller range of warming impacts. Nonetheless, the projections used here provide a reasonable basis to evaluate first-order impacts of increasing cooling demands on residential energy use and the effectiveness of rooftop PV integration.




2.3. Step 3: Rooftop PV System Optimization


To determine the optimal rooftop PV system design for the villa, a hybrid system optimization study is set up in HOMER Pro [59]. The annual electric load profile from DesignBuilder simulations is input as the primary load. Grid purchases and PV generation can meet this load. The software takes into account various factors such as energy demand, available resources, system components, and cost considerations. HOMER Pro evaluates millions of potential system configurations consisting of: grid purchases from utility, rooftop solar PV capacity, PV module tilt and orientation, PV inverter sizing and battery storage (optional). For each system architecture, HOMER Pro simulates hourly dispatch and cash flows over a 25 year timeframe.



The solar PV array was modelled using a 370 W monocrystalline silicon panel with 19.1% efficiency consistent with products available in the Qatar market. Storage batteries were simulated using a generic 1 kWh lithium-ion model with performance parameters aligned with commercial products. The required electricity tariffs for the residential sector is provided by Kahramaa (Qatar General Electricity and Water Corporation, Doha, Qatar) [60]. The following tariffs are incorporated to HOMER Grid: $0.03/kWh, $0.04/kWh, $0.05/kWh, and $0.07/kWh for monthly consumption slabs of 2000 kWh, 4000 kWh, 15,000 kWh and over 15,000 kWh, respectively. The optimization did not consider incentive-based or net metering programs, as these are not currently available for residential PV customers in Qatar.



An optimization algorithm identifies the system configuration with the lowest total net present cost (NPC) that meets the electric load. NPC factors in upfront capital costs, component replacements, maintenance, grid purchases, and solar production incentives. Sensitivity analyses are performed around PV panel capital cost, grid electricity price, and other parameters. This enables quantifying how the optimal system sizing and economics change under different scenarios. The HOMER Pro optimization provides the cost-optimal rooftop PV system design for the villa under 2002 weather conditions. To evaluate climate impacts, the same optimization process is repeated using the building load profiles simulated for years 2016, 2050 and 2100. Comparing the optimized systems for each year reveals how warming affects optimal PV sizing and financial viability.




2.4. Step 4: Analysis of Different Scenarios


A core objective of the research is to analyse how increasing cooling demands due to rising temperatures will impact the effectiveness of rooftop PV integration. This is accomplished by: (a) simulating the villa’s energy use for years 2002, 2016, 2050 and 2100 reflecting climate change projections for Qatar (b) optimizing the rooftop PV system design for each year’s electric load profile, and (c) evaluating the performance of the optimized PV system for each year, including: solar energy contribution, cost savings, financial metrics (NPV, IRR, payback) and GHG emission reductions.



The comparative assessment across years is structured to answer key questions related to the continued effectiveness of distributed solar PV under escalating cooling demands:




	▪

	
How will increases in the villa’s annual cooling load from climate change impact the self-consumption ability of the rooftop PV system?




	▪

	
Will solar energy contribution remain stable or decline as cooling loads rise faster than PV output?




	▪

	
How will financial returns and the payback period change considering higher air conditioning electricity consumption?




	▪

	
Can rooftop PV sizes based on current code recommendations meet substantially greater future demands?




	▪

	
Will residential solar PV remain a cost-effective emissions reduction strategy for households given climate change?











3. Results and Discussions


3.1. Energy Demand Modeling Outcomes


The results of the annual and monthly energy demand simulations performed in DesignBuilder for the years 2002 and 2016 are presented in Figure 6a,b, respectively. The outcomes demonstrate that the energy consumption attributed to lighting, appliances, and other non-cooling loads remains relatively constant throughout the year. However, the energy demand arising from cooling loads fluctuates significantly across months, reaching a maximum of 4188 kWh in August. This aligns with expectations and verifies that space cooling represents the primary driver of residential building energy demand in Qatar’s hot and humid conditions. The cooling load comprises a major share of total electricity use, ranging from a minimum of ~2% in January to a maximum of ~63% in August. Overall, cooling accounts for ~45% of the villa’s total annual energy consumption. These results are consistent with literature characterizing the overwhelming impact of air conditioning on household energy use in Qatar and the Persian Gulf region. Studies have found cooling representing 60–75% of peak demand during the summer months [61,62,63,64,65,66,67]. The considerable growth in building stock, rising ownership of air conditioning systems, and increasing use of mechanical cooling are key factors behind the surging residential cooling load.



The simulated energy consumption patterns for 2016 follow similar monthly trends observed in 2002, with cooling electricity peaking in August. However, total cooling demand is higher, with increases of ~6% in summer months (May–August) and more substantial average rises of ~56% in winter months (December–March) compared to the 2002 baseline. The more pronounced winter demand escalation implies climate change could disproportionately impact cooler periods in Qatar and the wider Persian Gulf region. Whereas summers have always driven peak air conditioning loads, the modelling indicates winters could also see dramatic intensification of cooling usage as minimal temperature thresholds for operating AC systems are crossed more frequently with climate change [68]. The close alignment between simulated and measured electricity use for 2016, as illustrated in Figure 6b, verifies the validity of the DesignBuilder modelling approach.




3.2. Climate Change Impacts on Energy Demand


The simulated annual energy consumption for years 2002, 2016, 2050, and 2100 are compared in Figure 7 to assess climate change impacts. The results illustrate increasing energy demands over time, with significantly higher consumption occurring during summer months as cooling loads intensify under warmer conditions. By 2100, the annual electricity usage rises to 114,000 kWh, approximately 22% above the 2002 baseline. The maximum monthly peaks escalate from around 9500 kWh in 2002 to over 12,000 kWh in 2100, a 26% increase. These projections align with literature estimating 15–25% rises in Persian Gulf region building cooling demands by 2100 resulting from climate change [52,69,70]. The considerable intensification of summer peaks highlights the vulnerability of Qatar’s residential sector to rising temperatures.



The energy use profiles maintain a consistent bell-shaped curve through the years, with minimal change beyond the increased cooling-driven summer loads. This shape persists because only incremental temperature adjustments are applied to future weather files, while keeping solar radiation, humidity, wind, and other variables unchanged at 2002 levels. Also, variations in occupancy, appliances, behaviour, and other parameters are not incorporated. This approach isolates the impact of warming on energy performance, but does not capture potential climate change effects on solar resources and humidity or year-to-year demand fluctuations. The modelling could be enhanced by applying stochastic and morphing techniques to generate future weather files inclusive of broader climate change effects [71,72,73]. Nonetheless, the incremental temperature adjustments provide valuable initial insights into potential warming impacts on residential building energy use in Qatar and similar climates. The considerable escalation in cooling-driven summer peak loads quantified by the simulations underline the risks of rising energy consumption and emissions if mitigation measures are not implemented proactively. With cooling already representing the majority of household electricity use in Qatar, these findings underline the urgent need to integrate mitigation measures (e.g., energy efficiency, renewables, and other solutions) into building design and energy policy. Passive strategies like building insulation, shading, and envelope improvements can limit future cooling requirements in the residential sector [74,75,76,77].




3.3. Rooftop PV System Optimization


HOMER Pro optimization determines the cost-optimal rooftop PV system architecture for the villa under each modelled year’s electric load profile. A comparison of the optimized configurations is presented in Table 3.



The findings highlight that for all years, a grid-connected system without battery storage consistently emerges as the least cost-optimum for all years. This reflects the significant capital costs of batteries, which increase net present costs despite offering backup capabilities. The optimal PV array capacity scales up moderately over time, from 7.4 kW in 2002 to 8.2 kW in 2100. This 23% increase compensates for growing cooling demands resulting from climate change. The additional capacity helps maintain solar energy penetration rates. However, the renewable fraction declines slightly over time, from 18% in 2002 to 16% in 2100. Thus, while PV capacity scales up moderately, the solar energy contribution declines slightly relative to the total load. This indicates efficiency reductions associated with higher temperatures diminishing PV output as climate change progresses [32,33,34,35,36]. Qatar’s peak summertime temperatures exceeding 50 °C can degrade PV yields over 15% compared to standard test conditions. Overall, the techno-economic optimization verifies rooftop solar PV as a cost-effective measure for Qatar’s residential buildings, even with rising cooling load. The grid-connected system minimizes households’ life cycle costs, while reducing emissions intensity compared to grid-only electricity. Climate change does gradually erode solar performance and self-sufficiency potential. But the PV adoption remains financially viable with simple payback periods below 8 years for all cases.



Overall, the HOMER Pro simulations verify rooftop solar PV as a cost-effective building integration strategy even as cooling demands rise. The grid-connected architecture minimizes NPC for homeowners across all scenarios. The use of projected future weather data provides representative insights compared to optimizing systems based only on current climate conditions. However, the analysis could be enhanced by incorporating time series projections of solar radiation and humidity from climate models, in addition to temperature effects. Nonetheless, the modelling approach provides reasonable first-order estimates of climate change consequences on residential PV performance and sizing.




3.4. Performance of Optimal Rooftop PV System


Detailed performance modelling of the optimized PV systems provides further insights into residential solar integration. As shown in Table 2, the 7.4 kW rooftop array generates 5500 kWh/year, meeting 18% of the villa’s total electricity demand. The PV adoption provides substantial economic benefits. The initial $9300 capital investment achieves $460 annual bill savings, reflecting a 7.8 years simple payback. This rapid payback period provides a compelling financial incentive for homeowners. The 10% rate of return further highlights rooftop solar as a strong investment. Over the 25 year lifetime, the system yields $13,700 in net savings for the household, accounting for upfront costs. Based on a 2022 survey, payback concerns represent a major adoption barrier among Qatar residents [28]. The modeled returns provide tangible evidence of PV systems’ profitability. If supplemented with financing options like solar leasing and on-bill repayment programs, the value proposition for households would strengthen further [78,79,80,81].



Additionally, the 7.4 kW system decreases annual carbon emissions by 3.8 tonnes CO2 (Figure 8). This 11.5% reduction has meaningful sustainability impacts, considering residential buildings account for over half of Qatar’s energy sector emissions. Extrapolating these savings across Qatar’s approximately 100,000 villas indicates rooftop PV could mitigate 380,000 tonnes CO2/year, delivering substantial progress towards national climate targets. However, the analysis uses a generic emissions factor for grid electricity. Applying a dynamic marginal emissions approach would enhance accuracy [82].




3.5. Climate Change Implications for PV Performance


While the techno-economic optimization verifies rooftop PV effectiveness under the 2002 baseline climate, further analysis is essential to determine how system performance evolves as temperatures rise over the 21st century. Qatar’s average ambient conditions already exceed standard PV test conditions for panel yield ratings. Therefore, the higher temperatures projected with climate change could have a considerable impact on solar generation and the viability of residential PV integration. However, the renewable energy penetration declines slightly from 18% to 16%, as the warmer conditions degrade solar panel productivity. The reduction arises both from electrical efficiency losses at higher temperatures and from the escalating cooling demand outstripping solar generation. As air conditioning loads grow faster than rooftop PV output, more grid purchases are needed to meet the additional demand. This reduction arises because the electrical output and conversion efficiency of crystalline silicon modules decrease as operating temperature increases [83,84].



Qatar’s ambient temperatures regularly exceed the 25 °C standard test condition. At the projected 3.5 °C average temperature rise by 2100, the hotter climate could degrade panel yields over 15% compared to nameplate power ratings, undermining gains from capacity expansion [85]. This substantial impact results from the temperature coefficient for silicon modules being in the range of −0.3 to −0.5% power loss per 1 °C increase above 25 °C [86,87]. While panel yields decline, the modelled self-consumption fractions achieved remain suitable for a grid-connected residential system. The analysis indicates that proper PV sizing methodologies accounting for local climate can maintain reasonable renewable penetration levels. Furthermore, rising electricity tariffs resulting from Qatar’s population and economic growth may outweigh PV efficiency reductions [88,89]. Nonetheless, the potential generation shortfalls underscore the need to use localized temperature-dependent yield models when planning residential solar installations. Moreover, the declining renewable fractions indicate PV installations sized based on current building codes and practices may become overscaled or underperform as climate change intensifies. This could require residential solar policies and programs to evolve the system sizing methodologies and incentives structures accordingly. The analysis provides an effective framework to evaluate these future adjustments needed to maintain the viability of distributed PV adoption aligned with Qatar’s emissions reduction trajectories. Broader implications for the decarbonization of the Persian Gulf region building sectors also emerge. As warmer conditions undermine passive measures like building envelope improvements, the analysis reiterates the urgency of expanding distributed solar generation. Integrating projected climate scenarios into energy planning can guard against overestimating future renewable contributions. Additionally, the results highlight the value of emphasizing energy conservation and load reduction to complement supply-side solutions. Overall, evaluating residential solar PV performance under incremental climate change effects provides critical insights into the complex interdependencies between ambient conditions, energy consumption, and building-integrated photovoltaics. The adoption of projected weather file modelling enables evidence-based assessment of the ongoing viability and appropriate evolution of incentives needed for distributed PV to substantially contribute to Qatar’s emission reduction commitments.





4. Conclusions


Qatar is one of the highest per capita energy consumers globally, with the residential sector accounting for 60% of total final energy use. Rising temperatures from climate change pose a major risk, as cooling demands already dominate household electricity consumption. This study uniquely applies an integrated modelling approach combining building energy simulation, PV system optimisation, and future climate projections to evaluate distributed solar PV effectiveness considering rising temperatures. The techno-economic assessment of rooftop PV for a residential villa across multiple future climate scenarios provides pioneering empirical evidence that distributed PV remains a cost-effective option amidst escalating cooling demands.



The analysis focused on a typical single family villa modelled in DesignBuilder and simulated under varied climate scenarios. The results quantified substantial escalation in the villa’s cooling-driven electricity consumption over time, with annual demand growing 22% and summer peaks increasing 26% by 2100 compared to 2002 levels under a business-as-usual warming trajectory. This escalation affirms the critical importance of proactively integrating renewable energy and efficiency measures into building design and policies to mitigate rising consumption and emissions. However, the high temperatures in Qatar may accelerate PV degradation and shorten useful life to less than 25 years. So, panel replacements may be needed over the 2002–2100 period analysed in the study. Further analysis of climate impacts on PV durability would enhance system lifetime projections.



The techno-economic optimization verified rooftop solar PV as a cost-effective building integration strategy even as cooling demands rise with climate change. A grid-connected rooftop system without storage emerged as optimal in all years modelled. The PV capacity scaled up moderately from 7.4 kW to 8.2 kW between 2002 and 2100 to compensate for growing air conditioning loads. However, the contribution of solar energy declined slightly from 18% to 16% of the household’s total electricity, indicating warming-induced efficiency losses degrading PV productivity. Nonetheless, the modelled system still achieved a 7.9 years simple payback and 10% rate of return on investment in 2100. Annual bill savings exceeded $400, providing a compelling financial incentive. Thus, the analysis substantiates distributed solar PV as an enduringly viable emissions and cost reduction strategy for Qatar’s households under both current and future climate conditions.



However, maintaining the effectiveness of rooftop PV expansion aligned with national climate targets requires evolving system design methodologies to account for climate change impacts. The results showed PV arrays sized based on current best practices may become oversized or underperform as rising ambient temperatures curb productivity. Solar yield models must better account for losses at local peak temperatures exceeding 50 °C. Adjustments to PV capacity guidelines, building integration rules, and financial incentive programs will likely be needed to prevent overestimating renewable contributions. Integrating projected climate scenarios into energy planning is essential to avoid these pitfalls and realize Qatar’s full distributed solar potential.



The adoption of projected weather file modelling provides a valuable framework to evaluate climate resilience. However, future work could enhance the approach by incorporating time series projections of solar radiation, humidity, and extremes from climate models, in addition to temperature effects. Adding battery storage optimization would also provide insights into grid independence potential under high renewable penetrations. Nonetheless, the novel methodology and evidence-based conclusions significantly advance understanding of distributed PV systems’ effectiveness under escalating warming.



This analysis provides actionable evidence to spur PV policies and incentivize residential adoption in Qatar’s evolving climate. With buildings representing over half of national emissions, distributed solar has immense potential to mitigate greenhouse gas production if deployment barriers can be overcome. The results help quantify PV’s enduring techno-economic viability and environmental benefits. This empirical case for pro-solar policies can hopefully accelerate adoption. With appropriate design evolution, deputization measures, and supporting demand reductions, the proliferation of rooftop PV systems can meaningfully contribute to Qatar’s sustainable development and climate change mitigation objectives.
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Figure 1. Average monthly hours of sunshine in Qatar. Based on data of [46]. 
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Figure 2. GHI yearly average (2003–2013) in Qatar (kWh/m2 year) [40]. Copyright© 2017, Elsevier: reused with permission from Elsevier—license number 5686911098966. 
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Figure 3. Energy modelling and optimization steps for optimal PV system design under climate change projections. 
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Figure 4. Front elevation view of the selected villa. 
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Figure 5. A 3D model of the villa on DesignBuilder. 
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Figure 6. Energy consumption of villa (a) total energy and electricity consumption breakdown for year 2002 (b) total energy and electricity consumption breakdown for year 2016. 
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Figure 7. Total energy consumption for years 2002, 2016, 2050 and 2100. 
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Figure 8. Environmental impact of base system and optimized hybrid system. 
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Table 1. Qatar Housing Unit Types in 2015.
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	Municipality
	Housing Units
	Palace/

Villa
	Arabic/

Elderly
	Flats/

Apartments
	Additional Buildings
	Others





	Doha
	153,297
	31,685
	8172
	98,606
	2865
	11,969



	Al Rayyan
	86,646
	44,151
	9854
	19,539
	2995
	10,107



	Al Wakra
	31,734
	9668
	1982
	17,791
	443
	1850



	Umm Salal
	9582
	7055
	882
	356
	377
	912



	Al Khor
	13,020
	6193
	1555
	2697
	253
	2322



	Al Shamal
	1607
	457
	534
	17
	98
	501



	Al Daayen
	6890
	5683
	514
	78
	157
	458



	Al Sheehaniya
	11,105
	1084
	1705
	2240
	1291
	4785



	QATAR
	313,881
	105,976
	25,198
	141,324
	8479
	32,904










 





Table 2. Description of case study building.
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	Component
	Details





	External Walls
	200 mm concrete block, 24 mm of plaster inside and outside, 50 mm extruded polystyrene



	Internal Walls
	100 mm concrete block, 15 mm plaster both sides



	Internal Floor
	Tile on 75 mm concrete slab on grade



	Roof
	200 mm Concrete roof deck, 50 mm insulation, 10 mm ceramic tiles



	Ceiling
	Suspended acoustic tile (10 mm) ceiling



	Windows
	Double glazed low-e argon filled, Aluminum frame



	D