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Abstract

:

The economic and social development of the Kingdom of Saudi Arabia (KSA) has led to a rapid increase in the consumption of electricity, with the residential sector consuming approximately 50% of total electricity production. The KSA depends largely on non-renewable energy resources, and the government has produced Saudi Vision 2030. This plan aims to lessen the country’s reliance on fossil fuels and reduce associated problems such as air pollution. Saudi Vision 2030 combines renewable energy and new building designs so that, for example, the planned city of Neom will be net zero energy. This study addresses how best to reduce Neom’s reliance on the national grid through rooftop photovoltaic generation in residential buildings. The study develops a techno-economic model of rooftop PV with battery storage suitable for existing residential building types likely to be built in Neom city (villas, traditional houses, and apartments), and assesses the optimal PV size, battery storage capacity, and optimal orientation of the PV panels. The study used HOMER Pro to compute the Net Present Cost, Levelized Cost of Energy, orientation of PV panels, and optimum PV system size. The optimal size of PV system is 14.0 kW for the villa, 11.1 kW for the traditional dwelling, and 10.3 kW for the apartment, each with a single battery of capacity 12 kWh.
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1. Introduction


The Saudi Electricity Company (SEC) is responsible for electricity generation in the Kingdom of Saudi Arabia (KSA), with an installed power production capacity that increased from 1141 MW in 1975 to 46 GW in 2010. With an expected peak demand in 2020 of 59 GW, it is predicted that there will be a subsequent 5% to 8% growth in annual demand [1]. Approximately 33% of total daily oil production of the KSA is used for electricity generation [2]. To meet the expected demand, new sources are necessary, and renewable energy including PV power systems are an obvious choice to be considered due to high solar direct normal irradiation (DNI).



In 2018, according to the King Abdullah Petroleum Studies and Research Center, residential, commercial, and government buildings consume about 80% of overall power generation, with residential buildings consuming 50% due to a high cooling demand [3]. The KSA is also one of world’s top ten countries for carbon dioxide (CO2) emissions per head of the population [2]. In response, the KSA government drew up a plan to reduce reliance on oil and gas by diversification of energy supplies. The so-called Saudi Vision 2030 aims to have renewable energy sources capable of producing 9.5 GW of power by 2023 to meet increasing demand. The plan also sets particular targets to meet the goals of sustainable growth including, for example, the design of new net zero energy buildings (NZEB) that produce the energy they consume using local renewable energy sources [4]. The growth of new build urban areas using NZEB would help minimize demands on the grid.



The Renewable Energy Roadmap [5] assessed the required growth in renewables for worldwide from approximately 25% of total energy production in 2015 to about 65% by 2030 and 85% by 2050, to meet decarbonisation targets for the energy sector. The annual rate of increase of 0.7% of renewables achieved over the last five years needs to more than double to attain these targets. Fortunately, the KSA has abundant solar energy to meet this demand.



The development of the city of Neom is part of a major initiative within the KSA government’s Vision 2030. Neom is estimated to have a population of one million over an area of 26,000 km2 in the north west of the KSA. The city aspires to reduce dependence on oil by utilizing renewable energy sources [6,7]. This requires the gathering and analysis of data to assess the scope of roof-top solar photovoltaic (PV) systems to assist Neom to meet an expected shortfall in electricity generation in a cost-effective and environmentally friendly manner. There is a broad literature focusing on the economic feasibility of solar PVs with battery storage to meet domestic loads for on-grid (in Pakistan [8], in Greece [9], in China [10], in Hong Kong [11]) and off-grid locations (in Nigeria [12], in Pakistan [13] and in Greece [14]). For a comprehensive review of recent literature, please see [15]. However, the economics of an integrated solar PV and energy storage system using actual domestic load profiles for the KSA is poorly understood. This paper addresses this gap. It contributes to the literature by revealing an economically viable size of solar PVs and batteries and their orientation characteristics so as to reduce demands from the grid for three dwelling load profiles in KSA. The analysis reveals the importance of an electricity tariff and inflation rates.



The main objectives of this study are to:




	
Investigate the technical and economic viability of rooftop PV systems with battery storage for different types of domestic buildings.



	
Identify the optimum PV panel size and battery capacity to maximize reduction in demand from the grid.



	
Identify the optimum orientation of rooftop PV panels to maximize electricity generation.








This paper contains six sections. Section 2 gives an overview of relevant NZEB, solar rooftop PV systems, and battery storage for residential and commercial buildings. Section 3 discusses the software used for this research. Section 4 presents the simulation results obtained from the software. Section 5 discusses the simulation results and compares them with data obtained from the literature. Section 6 presents conclusions and recommendations for decision makers.




2. Literature Review


Numerous investigations have attempted to identify the most important factors in selection and installation of rooftop PV systems in residential and commercial buildings with the aim of producing a NZEB. This section presents how NZEB can enable the new city growth and discusses the factors that influence economic viability of rooftop solar systems along with an overview of the KSA’s context in terms of energy demands.



2.1. Theoretical Concept of Net Zero Energy Building


2.1.1. Net Zero Energy Building


The authors have described a NZEB as annual average green-house gas emissions total zero [16]. Several nations around the world, including Australia, are currently engaged in collaborative research to advance a Net Zero Energy Solar Building to reduce energy usage and emissions through the use of sensors and smart appliances that have reduced energy costs by approximately 10–30% with a corresponding drop in greenhouse gas emissions [17]. Energy usage can be reduced by between 32–60% cost-effectively by optimising building designs [18].




2.1.2. Building Energy Efficiency


Vision 2030 has strong similarities to the Sustainable Development Goals (SDGs) adopted by the UN General Assembly in 2015, in particular with the preservation of the biosphere and provision of affordable, clean, available, and sustainable energy. This will require significantly increasing the proportion of renewable energy in the international energy mix and doubling the worldwide speed of advance in energy efficiency [5].



A survey by Felimban et al. [2] has suggested that retrofitting domestic buildings could decrease domestic energy usage in the KSA by 37%. Additionally, enhancing a structure’s heat loss performance coupled with hybrid ventilation ground pipes and night radiance cooling could result in an estimated 80% reduction in the summer cooling load in the KSA, and could be achieved by coupling a small chiller unit to a water reservoir [2].





2.2. Economic Viability of Rooftop Solar Energy


2.2.1. Factors Affecting PV Solar Panel Generation


The performance of a PV system depends primarily on solar radiation intensity but is also influenced by ambient air temperature, both depending on geographical location. Factors influencing the solar radiation reaching the PV surface include fog, dust in the atmosphere, dust accumulation on the panel, and moving clouds [19]. Ambient temperature can substantially affect PV energy output, for instance, as the former warms up, the temperature of the cell increases, and the higher the temperature of the cell material the greater its electrical resistance. Rising cell temperature lowers the energy output per PV module [19].



Optimum panel orientation requires correct tilt angle (correct horizontal angle is tilt of zero, and for vertical, tilt of 90°) and azimuth to ensure maximum incident solar radiation on the PV panel [20,21]. Several researchers have investigated optimising angles of tilt and azimuth. Calabrò [22] indicates that panel users often demand precise computations of solar panel slope and orientation to ensure maximum solar intensity incident on fixed solar panels. However, of the total incident solar radiation, an estimated 20% is diffuse and so is present for all angles, giving panels a degree of tolerance to misalignment. Calabrò also notes that extrinsic features including isolation levels and load conditions also impact the solar power provided by PV modules [22].



The primary benefit of tracking systems is the ability to accumulate solar energy for longer durations by following the sun as its position in the sky varies. A solar PV panel, even with a tracking system limited to only east–west movement, recorded a 19–24% higher daily solar energy accumulation compared to a fixed system [22]. Tracking systems with a maximum efficiency of 34% offer significantly more power than non-tracking systems but despite this potential gain, utilisation of solar tracking is not common due to high operation and maintenance costs. Placing solar collectors at a single fixed optimised angle of tilt is found to be generally suitable for most users.



Guo et al. [23] employed the ergodic method to establish optimum tilt and azimuth angles for each month to produce a mathematical model for incident solar radiation in six Chinese cities with varying climatic conditions. They found that incident solar radiation increased until the tilt angle was approximately equal to the city’s latitude, and dropped with further increase in tilt angle. They also found that in all six cities, from the summer onwards into winter, the optimum tilt angle increased and reached a peak in December.



A study conducted by Al Garni et al. [24] investigated south-oriented PV panels ranging from 0° to 85° latitude in 20 locations in 14 countries and found that users could achieve a 98% efficiency level by using the latitude as their panel’s annual optimum tilt. Kaddoura et al. [25], evaluated the optimum orientation of solar modules in the KSA using satellite-based information with an uncertainty level of ±6% to ±12%. They analysed the optimum tilt angles at several Saudi Arabian cities and for Jeddah, located at latitude of 21.5° N, found an optimum tilt angle of 19.28°.



The research input the optimum tilt by latitude into the global climate model, the Gas, Aerosol, Transport, Radiation, General Circulation, Mesoscale, and Ocean Model (GATOR-GCMOM), which can predict likely future conditions when cloud, wind speed, aerosol, and temperature characteristics are likely to differ significantly from the present day. GATOR-GCMOM, as opposed to PVWatts, has a global coverage rather than the latter’s coverage of only those locations close to meteorological stations. PVWatts established 24° as the optimum tilt angle for Riyadh city (latitude 24.7°) [26].




2.2.2. Domestic Load Profile


Knowing power production capacity and having an accurate forecast of the hourly energy demand is critical for efficient electricity production and, possibly, reducing consumption. The hourly and daily average electrical energy consumptions are also vital in determining the design of, say, a domestic energy storage system. Hennings et al. [27] confirmed that having an assured load profile can significantly impact the technical and economic performance of a system if consumers use distinct time series for household loads rather than an average load profile. The step widths need to be short enough to correctly simulate the power peaks of standard household appliances. However, governmental support programs, in terms of determining the retail price of electricity, the price paid for electric power input to the grid, regulation and taxation, will influence the monetary impacts of these programs. Therefore, the shaping of commercially viable PV-battery storage schemes for optimum return on investment should consider fluctuating electricity prices.



The KSA’s electric load has a distinctive characteristic in that it nearly doubles in summer relative to winter. The take-up of renewable energy systems will, therefore, depend on how well it meets summer’s high load demand [19]. Further, Alrawi et al. [28] analyzed how socio-economic and cyclical aspects affect load profiles and established there was a strong relation between device use and occupancy, and between house size and magnitude of the heating, ventilation, and air conditioning (HVAC) load in conditions where there are strong climatic extremes. Residential load profiles are useful in studies of PV integration into low-voltage systems and evaluating the feasibility of PV rooftop-energy storage systems.




2.2.3. Techno-Economic Feasibility of Rooftop Solar PV


The two most common processes that transform solar energy to electrical are photovoltaic and thermodynamic. For both methods, the proportion of solar energy transformed to electricity will fluctuate, and there is an effective cut-off after the sun goes down. In addition, there will be fluctuations in load. The addition of battery storage to PV systems can “blanket” the peak and base loads between sunrise and sunset and help solve this problem [29].



The economic capabilities of rooftop photovoltaics (PVs) has been analysed using levelized cost of energy (LCOE) where the LCOE for a PV system is the typical aggregate cost of constructing and running a system for a specified life, per unit of electricity produced [30]. Mariaud et al. [31] demonstrated distributed energy systems that optimised the capacity of the battery and PV system for commercial buildings, and assessed whether the technological investments were both feasible and economically worthwhile. Hartner et al. [32] found that various criteria including size, price level variance, household electricity consumption, location, solar radiation, and the relationship between PV generation and household load will impact the optimum economic performance of PV systems. Battery storage promotes load shifting where users can retrieve PV-generated electricity stored in batteries during the night, reducing consumption and cost of power purchase from the grid [1,33].



Ellabban and Alassi [34] made an economic assessment and evaluation of PV systems from several perspectives, including PV support policies, metered and feed-in tariff schemes, and profitability analyses. The Net Present Value (NPV), Pay-back Period (PBP), and LCOE calculations were used for assessing the financial efficiency of a 1 MW PV system connected to the grid. From these constructs it was deduced that the LCOE fell 43% below the current price of a kWh in Bahrain.



Shah and Al-Awami [35] determined that the price for a 6 kW PV system within the incentive program cost about $5000 and $1000 for panels and inverter, respectively. A battery with a capacity of 11.6 kWh costs $3400, revealing an approximate cost of 0.053 $/kWh when batteries are assumed to cycle once per day. Of course, to maintain performance and system efficiency, the build-up of surface dust on PV modules which detracts from the performance of PV cells must be removed by regular cleaning and maintenance of PV modules [36].



A previous study by Vimpari and Junnila [30] found three primary challenges to the profitability of rooftop PVs. First, the interactions between excess production, self-consumption, and reimbursement strategy for surplus output have vital roles in the profitability of PV systems. Second, the specific government compensation scheme for network owners and/or critical stakeholders is vital. Third, the chosen approach will determine costs and affect the financial performance and size of the required PV investment. Presently, the LCOE approach emerges as the most utilised method in the calculation of economic performance with the literature suggesting the possibility of other mechanisms such as Discounted Pay-back Period (DPB), NPV, or Internal Rate of Return (IRR) [30]. However, this study identifies LCOE as unsuitable for evaluation of rooftop PV investments because of the three factors affecting profitability of rooftop PV systems mentioned previously.



Shaahid [1] determined 0.215 $/kWh as the cost of producing energy (LCOE, $/kWh) from a hybrid PV-diesel system with battery storage in Yanbu City, KSA. Tsalikis and Martinopoulos [4] established that solar energy systems could satisfy over three quarters of the total energy requirements, and in other situations, close to 100%. Such figures suggest a discounted payback period of less than 6 years with a starting investment of € (10,000–12,250) [4].



Not every part of every roof is fit for solar PVs, and methods for determining useful and available areas have been provided by several previous investigators. One method computes architecturally acceptable areas—areas receiving at least 80% of the highest annual local solar irradiance—including shading, and various physical barriers such as HVAC system hardware. The authors computed the PV capabilities by dividing the available area by the area required to produce 1 kWp, (kWp = electrical power generated under optimum conditions). This value will depend on the efficiency and kind of panel utilised. Presently, crystalline-based solar PV panel varieties have a market share of over 90% [30]. Similarly, the area of a standard panel today is 1.6 m2, and its nominal power ranges between 0.260 and 0.285 kWp per panel. Accordingly, one kWp demands roughly 6 m2 of panel area. Vimpari and Junnila [30] used Equation (1) for computing the nominal power capacity of solar PVs as a function of type of building (PVu):


  PVu =   f l o o r   a r e a   n u m b e r   o f   f l o o r s   * ARAu *  1 6    kWp  



(1)




where u depends on the type of building, either retail, residential, or office. ARAu represents the coefficient of the disposable rooftop area available for PVs. It follows that for a 2 kW solar PV system, the standard minimum installable capacity for residential systems, will need a minimum of 20 m2 of installable space [37]. Hong et al. [37] established that solar PV installations in urban high-rise buildings depend strongly on shadows cast by adjacent buildings reducing the useable rooftop area.



Several factors influence the total yield from PV systems, including ambient temperature, solar irradiance, dust deposition, panel efficiency, aerosols, and inverter performance. However, the primary factors are panel efficiency and irradiance as the influence of the other parameters depends on the site in question [28].





2.3. KSA Context


2.3.1. Building Energy Demand


During summer, the KSA’s climatic conditions substantially increase cooling demand, with significant energy wastage due to the absence of building codes, substandard equipment, and a power-intensive lifestyle. The KSA has one of the world’s greatest per capita energy consumptions, far exceeding industrialized nations. The Gulf Cooperation Council (GCC) countries are attempting to minimize energy consumption, and preserve their natural amenities, by taking steps towards reducing energy subsidies, increasing energy trade via the GCC grid, enhancing the region’s energy efficiency, improving their portion in the energy mix, and moving towards a more sustainable energy future [33].



Asif [3] discovered that fewer than one in six new business structures embraced recommended levels of thermal insulation, despite incurring a financial penalty by not doing so. However, Saudi Arabia’s residential PV power generation capacity currently meets an estimated 30% of the total residential electricity demand [38].



Felimban et al. [2] determined various factors that most affected summer energy consumption in residential buildings in Jeddah city, KSA: thermally, the buildings were poorly designed, and many residents kept indoor temperatures below 24 °C. A government energy efficiency program to set air conditioning (AC) units to 24 °C to reduce electricity consumption has significantly improved residents’ awareness and has reduced energy consumption in residential buildings.



In Saudi Arabia, a traditional home is one that occupies 100% of the land, lacks a fence, and has a minimum of one of its external walls in common with a neighbor. A domicile unit in a villa typically occupies two storeys, so the number of domicile units per storey in a villa is approximately 50%. Apartment blocks in Saudi Arabia, on the other hand, are usually three-storeyed with four to six units per floor. Thus, for example, if an apartment has a floor area of 210 m2 and is part of an apartment bloc which has three storeys, the maximum roof area available for this individual apartment will be 210/3 = 70 m2. In practice, the available area will be less than this because of pre-existing solar water heaters, water tanks, stairs accessing the roof, etc. With large living spaces of approximately 175 m2 and 225 m2, these services, on average, reduce the total disposable roof area by half. For smaller dwelling units of 75 m2 and 125 m2, the available area of roof is only a quarter of the floor area [38,39]. The Corrected Area Row is used in calculating the free roof area for domicile units for all regions of the KSA with disposable roof spaces. Application of the Corrected Area Row reduces the average available roof area per dwelling for apartments and villas by a factor of 2.6 and 2.0, respectively, while that of traditional houses remains unchanged [38,39].



A survey by Alrashed and Asif [39] established that 90% of dwelling in the Eastern province of KSA were traditional houses, villas, and apartments. More than 50% of respondents resided in apartments which normally occupy part of a single floor in a block of several storeys. However, this finding was for the Eastern province and may vary significantly for other regions.




2.3.2. Building Regulations


The Saudi Energy Building code was published in 2007 [33]. In 2010, the KSA government made it compulsory that all new housing units have insulated external walls, positively influencing the increased use of thermal insulation in several areas, especially the residential sector [39]. The SEC is responsible for enforcing government standards in new buildings through a visual inspection. If the owners follow the rules, they will connect the electricity to the building.



More recently, Saudi Arabia’s Electricity and Co-Generation Regulatory Authority (ECRA) launched the first system directives to support distribution systems linked to small solar PV systems to organise metering alignment and plan for future technical developments. The guidelines relate to all PV systems 1 kW to 1 MW situated on one site [35].






3. Methodology


The proposed research method was determined based on latest developments in the technical/economic feasibility of rooftop PV solar systems with battery storage to identify the optimum size of the PV system (including battery) and optimal orientation of the PV panels. The focus was on three main categories: topographical location parameters, design of PV system, and load profile for different types of residential building as shown in Figure 1 actual data were input into the HOMER Pro software (3.13.8 Version).



The technical/economic evaluation for the system configurations under consideration is as shown in Figure 1. A sensitivity analysis examined how economic viability and technological efficiency were affected by variations in the inputs. The software contains a list of simulation results based on characterization of technical parameters of the system. However, our focus in this study is to investigate the technical/economic viability of rooftop PV systems with storage, identify the optimum PV panel size and battery capacity to maximize reduction in demand from the grid, and to identify the optimum orientation of rooftop PV panels to maximize electricity generation.



3.1. Homer Pro Software


Based on a review of 19 software packages to size, plan, and assess renewable energy sources (RES), Al Garni and Awasthi [40] determined that the HOMER Pro software, established and validated by NREL, was the easiest and quickest package to use. Version 3.13.8 was used in this project. HOMER is a hybrid software system for designing stand-alone electric power systems and was used here to find the minimum cost design from the available options. A review also was conducted of recent projects using HOMER Pro to analyze the application of PV systems to domestic dwellings to demonstrate the impact of the primary pivotal factors on optimising the system [1,19,24,41].



Given the electrical loads, technical specification, component costs, system controls and constraints and available renewable resources (i.e., solar radiation), HOMER designs an optimum power system to meet the required loads. HOMER utilises life cycle valuation to grade the systems. The process also automatically executes a sensitivity evaluation of the design according to the primary parameters, including availability of resources and the prices of components [40].




3.2. Design of Solar PV System


3.2.1. System Configuration


The configuration of the Integrated Energy System (IES) in the HOMER Pro software has two buses, an AC bus and a DC bus. The grid links to an AC bus and the PV panel and battery storage link to a DC bus. Between them (see Figure 2), there is an electrical load, a residential building, a villa, traditional house or apartment, connected to the grid and also connected to the PV and battery storage system through a converter.




3.2.2. PV Orientation and Battery Storage


Two parameters, azimuth and tilt angle, determine the PV array orientation. With HOMER, zero azimuth is due south, with positive values facing west. This study considers only the fixed-tilt or fixed-slope system, which maintains the PV array at a tilt or slope substantially equal to the latitude to maximize annual production of PV energy. For fixed-azimuth systems, the azimuth angle is fixed at 0° in the northern hemisphere and 180° in the southern. When HOMER Pro assessed PV system output, it took the tilt angle as the latitude of Neom city and the PV output was simulated for a range of tilt angles from 19° to 30°, in increments of 1 degree.



The battery is assumed to be ideal and, using the Idealized Storage model, the power and energy can be sized independently. This model assumes the discharge is flat and the supply voltage remains more-or-less constant throughout the discharge cycle. All that is required is to input the nominal capacity (usually ampere-hours) and HOMER will use that value as the actual storage capacity.



Hartner et al. [32] found that the optimum size of PV systems is affected by the difference between the variable components, retail prices including grid-related costs, taxes, payments to finance support schemes for renewables, and the price of the feed-in tariff.





3.3. KSA Load Profile and Type of Data


This research assesses the household load profile and total energy consumption by each of the three types of residential building, villa—on two floors, traditional—on one floor, and apartment, which is located in a building with two floors each containing four apartments. Rooftop areas by different types of houses are as shown in Table 1 according to the Housing Statistics Bulletin for 2019 [42].



This study is based on actual KSA household load profiles for the different types of residential dwellings in 2018 in hourly time steps as provided by SEC (Personal Communication, 30 June 2020). The peak load demand for all residential houses is in July due to high ambient temperatures and general reliance on air conditioning. Electricity demand increases significantly from 6 a.m. till 3 p.m. when it reaches its peak. Then, the electricity demand for all housing types decreases to reach its lowest level at 5 am, as illustrated in Figure 3.



The available rooftop area is an average area, excluding the staircase of 15–20 m2 (data provided by Ministry of Housing, Personal Communication, 23 July 2020). There are several other factors affecting available rooftop area such as water tanks, AC units, etc., but at, the moment, data on the space occupied is unavailable. Therefore, this study took into consideration only the staircase footprint area and assumed, following Dondariya et al. [43], that it requires approximately 10 m2 to install a 1 kW PV system.




3.4. Geographical Location Parameters


3.4.1. Global Horizontal Irradiance (GHI)


This study used data provided by NASA Surface Meteorology and Solar Energy [44], stating that the solar irradiation fluctuated between 3.93 and 8.17 kWh/m2/day, with a yearly mean solar irradiation of 6.14 kWh/m2/day, see Figure 4.




3.4.2. Air Temperature


Figure 5 presents Neom city’s monthly average day-time air temperature as collected by NASA, obtained from the General Authority of Meteorology and Environmental Protection for the period 2009 to 2019 (Personal Communication, 15 June 2020). The maximum temperature for 2019 was 32.4 °C in July, though the temperature usually remains over 30 °C during the period extending from May to September. The ambient temperature profile will be a factor when determining PV efficiency, because HOMER Pro computes the output power of the PV array taking into consideration the temperature of the cell. In this study, HOMER Pro was updated to use the NASA data.





3.5. Economic Parameters


The Net Present Cost (NPC) and LCOE are the primary economic parameters used to classify various system arrangements. NPC computes the current discount rate required for installing and operating the entire system over the lifetime of the project, less the current earnings, as indicated in Equation (2).


  NPC =   C a n n   C R F    (  i , N p r o j  )     



(2)




where:




	
Cann: the annualized cost.



	
i: the annual real discount rate (%).



	
Nproj: project lifetime (year).



	
CRF (i, Nproj): capital recovery factor.








The LCOE determines the mean cost per annum of the electrical energy produced by the system, as indicated in Equation (3)


  LCOE =   C a n n    E  s e r v e d      



(3)




where:




	
Eserved: total electrical load served (kWh/year).








ROI is the yearly cost savings relative to the initial investment and is equal to the average yearly difference in nominal cash flows over the project lifetime divided by the difference in capital cost. HOMER Pro calculates the return on investment (ROI) using Equation (4):


  ROI =     ∑   i = 0   R   p r o j    C  i , r e f     –    C i     R  p r o j    (   C  c a p     –    C  c a p , r e f    )     



(4)




where:




	
Ci,ref = nominal annual cash flow for base (grid) system,



	
Ci = nominal annual cash flow for IES,



	
Rproj = project lifetime (year),



	
Ccap = capital cost of the IES, and



	
Ccap,ref = capital cost of the base (grid) system.








IRR is the discount rate at which the base case and IES have the same NPC. HOMER Pro computes the IRR by determining the discount rate that makes the present value of the difference of the two cash flow sequences equal to zero. Payback is an indication of how long it would take to recover the difference in investment costs between the base system and the IES. The discount payback period is more reliable when seeking to determine the profitability of a project.



The economic data used in the simulations are listed in Table 2. The more important parameters for sizing of PV systems are the average hourly load profile data, GHI, and ambient temperature data. HOMER Pro then estimated the system size. The lifetime of this project was to be 25 years. The selected PV module was mono-crystalline silicone with a nominal power rating 0.345 kWp with a lifetime of 25 years. The capital cost of the PV system was estimated using the IRENA [45] costs database published in 2020 and validated by quotations collected from Saudi suppliers. For battery storage, it used “SonnenBatterie” lithium ion with 12 kWh capacity and 10-year lifetime, selected because of the built-in battery inverter and battery management system.



Relevant financial factors such as likely inflation and discount rates in the KSA were acquired from SAMA [49], with inflation rate 1% and discount rate 2.25%.





4. Results


4.1. Economic Analysis


The investigation of economic feasibility of an electricity supply grid, solar panels and battery storage (IES) includes NPC, LCOE, ROI, IRR, and DPBP. Broadly, NPC and LCOE are good cost comparison indicators for solar rooftop PV systems with battery storage and ROI, IRR and DPBP are used to measure their financial profitability which might vary by different dwelling types.



The cost of electricity in the KSA is relatively cheap due to government subsidy. The current tariff for electricity is divided into two segments; the base tariff is $0.06 per kWh for the first 6000 kWh and $0.09 per kWh thereafter (see Table 2). This study explores the application of new tariff rates across all three types of residential units within the IES to make the PV system economically viable. Table 3 presents the results of the economic parameters for electricity tariffs of $0.06, $0.07, $0.08, and $0.09 per kWh. The assumption is that in all three types of new energy efficient dwellings, the consumption is likely to be less than 6000 kWh per month so, under present arrangements, they would pay at a tariff of $0.06 per kWh. Obviously, as the tariff increases NPC, LCOE, ROI, IRR will increase, and DPBP will decrease. Therefore, clearly, there needs to be a balance in which the price for IES is close to the current price but the tariff will generate a profit.



For all three dwellings considered, an electricity tariff of 0.06 $/kWh is not appropriate as it produces a negative NPC. This means that when the investment period comes to an end, future value of revenues from investment will be negative; that is, investors would lose money, and not make a profit.



For investors, of course, 0.09 $/kWh is the preferred tariff because it gives the highest positive NPC values of $13,669, $8585, and $7153 for the villa, traditional house, and apartment respectively. This level of tariff offers a promising opportunity for homeowners because the future value of the investments will be an additional revenue. The LCOE is highest for the 0.09 $/kWh tariff, but not substantially higher than, for example, 0.08 $/kWh. The difference has little impact on financial outcomes from the investment view.



The 0.09 $/kWh tariff also gives the highest ROI of 3.6%, 2.9%, and 2.6% and the highest IRR, 5.7%, 4.7%, and 4.3% respectively for the villa, traditional house, and apartment. Another advantage associated with the 0.09 $/kWh tariff is that it gives the lowest DPBP. Both the IRR and ROI for 0.09 $/kWh tariff are higher than those of other tariff options. An investment is considered feasible when it has a high ROI and a high IRR. The cumulative sum of ROI and IRR for 0.09 $/kWh tariff option is higher than those of the other tariffs. In terms of DPBP, the 0.09 $/kWh tariff has a shortest period of operation before the initial investment is repaid.



0.06 $/kWh is not recommended because its DPBP exceeds the project lifetime; thus it would not be possible to regain the initial investment after the duration of its life.



When comparing the 0.09 $/kWh tariff for the villa, traditional house, and apartment, it is seen that investment in the villa will be the most profitable due to its high NPC compared with the NPC values for the traditional house and the apartment. Similarly, the 0.09 $/kWh tariff for the villa gives a higher ROI compared with that of the traditional house and the apartment. As expected, the 0.09 $/kWh tariff for the villa is the most advantageous of all the investment options.



Comparison showed that the highest electricity tariffs were the best options for investors for all three residential dwellings in the IES. However, 0.09 $/kWh would be most beneficial to investors. Therefore, the tariff to be recommended would be between 0.07–0.08 $/kWh, and we use 0.08 $/kWh in the rest of the analysis.




4.2. Technical Analysis


4.2.1. Optimum PV System Size and Battery Storage Capacity


The optimal size of a solar rooftop PV system with battery storage in Neom city is estimated for each dwelling type, with the goal of minimising the total cost of the energy system over the lifetime of the technology including capital cost and price of electricity and taking into account the available roof area. The optimal simulated systems for the villa, traditional house, and apartment were 14.0 kW and 11.10 kW and 10.30 kW respectively (see Table 4). However, the storage capacity for all three types of residential buildings was determined to be a battery with a capacity of 12 kWh, due to bulk purchase of a single type reducing capital and replacement costs to $4800 and $7936 respectively. Our analysis reveals that depending on the price of grid power, it is possible to reduce energy bills by installing solar panels and batteries as peak demand periods from 12:00 to 16:00 (due to air conditioning) coincide with high solar outputs. The savings from offsetting demands from grid recovers solar PV and battery installation cost if tariffs are higher than 0.08 $/kWh.



Table 4 shows that the NPC, assuming a tariff of 0.08 $/kWh for a villa is $9006, is higher than for a traditional house or apartment, due to the larger size of the PV system. The comparison of NPC and ROI with different sizes of PV for villa, traditional house, and apartment are also shown illustrated in Figure 6.



We see the NPC is positive for PV capacities of greater than 12.7 kW for the villa, 10.6 kW for the traditional dwelling, and 9.8 kW for the apartment. The net earnings from electricity cost saving are initially lower than the investment for small PV systems which produce a negative NPC. The ROI is above zero for PVs of greater than 12.5 kW for the villa, 10.6 kW for the traditional house, and 9.8 kW for the apartment.




4.2.2. Assessment of PV Orientation


We have investigated how total solar energy output varies for different tilt angles. Of different tilt angles from 19° to 30°, the maximum PV output for all three types of residential dwellings was achieved for 28°, which is the latitude of Neom city, and facing south. While the PV output increased as the tilt angle increased from 19° to 28°, it declined as tilt angle increased further.




4.2.3. Energy Production


The results of simulation for the monthly average PV output in kW for the three types of dwellings considered are as shown in Figure 7. We see that all three experience a maximum in March, 12.12 kW, 9.65 kW, and 8.85 kW respectively for villa, traditional house, and apartment. We also see that all three experience a minimum in May, 10.59 kW, 8.43 kW, and 7.74 kW. The averages for the three dwellings are 11.14 kW/month for the villa, 8.87 kW/month for the traditional house, and 8.14 kW/month for apartments. The annual battery throughput was 4036 kWh/year for villas, 4028 kWh/year for traditional houses, and 4021 kWh/year for apartments. The total energy production calculated for first year for villas, traditional units, and apartment dwellings is 28,680 kWh/year and 22,617 kWh/year and 20,755 kWh/year respectively. The renewable energy as a percentage of the primary load was 62.4% for villa, 66.5% for traditional house, and 68.2% for the apartment. The rest of the primary load for each residence was provided by the national grid.





4.3. Sensitivity Analysis


An investigation of economic feasibility was carried out to determine whether the proposed IES was economically viable. The potential volatility of economic factors always makes economic investment forecasting difficult. Here, likely responses to changes in the parameters that drive economic indicators and profitability, including discount rate and inflation rate, are analyzed.



The NPC shows whether the investment is profitable. The impact of the discount rate on NPC, with inflation rate maintained at 1.0%, is shown in Figure 8 for villa, traditional house, and apartment. The trends clearly show that higher discount rates mean lower profitability. In KSA, discount rates for the period from January 2018 up to June 2020 were in the range 1–3.3% [48]. For an investment, the higher the discount rate, the greater the perceived risk, but for a discount rate less than 2.5% the proposed IES is economically feasible.



Between January 2018 and June 2020, the KSA’s inflation rate fluctuated between −3.2% to +3.2% and Figure 9 shows how energy costs depend on the inflation rate. We see LCOE is almost linearly related to inflation rate over the range investigated [49].





5. Discussion


5.1. Economic Aspects


The key economic finding was that the present base rate of 0.06 $/kWh was not a feasible basis for an IES and would result in a negative NPC for all three types of residential dwelling with solar rooftop PV systems. A tariff of 0.06 $/kWh would be loss-making with the DPBP exceeding the project’s lifespan. A new tariff of 0.08 $/kWh would make the investment economically feasible for all three residential dwelling units.



Generally, in those countries around the world that have adopted solar rooftop PV systems with storage, electricity tariffs are higher than in the KSA. Only China is close with 0.08 $/kWh [50]. The relatively cheap tariffs in the KSA adversely affect investment in adoption of low carbon technology, thus the need for a more economically viable electricity tariff to be adopted in the KSA, possibly 0.08 $/kWh for all residential dwelling units.



A long DPBP lowers the attractiveness of investing in installation of PV systems with battery storage. Here the highest electricity tariff of 0.09 $/kWh would obviously be better than the other tariffs, giving a shorter DPBP and better NPC, IRR, and ROI for all three residential dwellings.



The current trend is for the cost of PV and battery systems to decline significantly, which is an important factor when considering investment in solar PV systems. Expansion of the market will reduce equipment and installation costs and make PV systems more viable. Moreover, recent trends in battery technology and battery cost reduction will further enhance the economic feasibility of PV systems. Ellabban and Alassi [34] confirmed that IESs become more attractive with reduced PV system costs and rising electricity tariff rates. Excess power generated in the morning and earlier evenings make batteries economically viable in the city of Neom.



To assess the results, a sensitivity analysis was carried out on the most important financial input parameters to assess the economic feasibility of the project: discount rate and inflation rate. For a constant inflation rate of 1%, the impact of the discount rate on NPC was assessed for all three residential dwelling units. The trends clearly reveal that higher discount rates mean lower profits, and vice versa. The project was economically feasible below a discount rate of 2.5%. Energy costs depend on inflation rate, with LCOE almost linearly related to inflation rate over the range analysed (see also Imam et al. [51]).




5.2. Technical Aspects


This study has identified the optimal PV and battery storage system for each of the three residential building types considered, taking into account available roof area, and reducing to a minimum the cost of the total energy system for the lifetime of the project. The optimal PV system size was found to be 14.0 kW for the villa, 11.1 kW for the traditional house, and 10.3 kW for the apartment. These findings are in line with a published study by Imam et al. [51], who found the optimal PV system for an apartment was 12.25 kW without battery storage.



The optimal battery storage capacity was chosen as 12.0 kWh for each residential dwelling unit because using only the one battery unit for each residence gave considerable savings in capital and replacement costs, improving economic feasibility.



A fixed tracking system was assumed to reduce capital and maintenance costs. The optimal PV orientation was tilt angle 28°, and 0° azimuth angle. These findings are in close agreement with [25,26,51]. These studies used different methods to identify the optimal PV orientation: [25], used satellite-based information, [26] used PVWatts, and [51] used the System Advisor Model.



The PV system and battery storage can meet 62.4% of a villa’s demand, 66.5% of a traditional dwelling, and 68.2% of an apartment. Combined with other renewable technologies such as wind power, the NZEB goal for Neom city seems achievable.




5.3. Limitations of the Investigation


The results obtained in this study were limited by the input parameters to the HOMER Pro software, and to keep the scope of the study within reasonable boundaries, the system was limited to one PV array and a single battery. Other factors such as more precise determination of available rooftop areas, or the impact of electricity export tariffs or, in the future, the development of new cheaper batteries, will all benefit from further investigation.





6. Conclusions


The aim of this research was to assess how Neom city could become less reliant on the grid through the use of solar rooftop PVs with battery storage.



The analysis concluded that the IES is not commercially viable with the current minimum electricity tariff of 0.06 $/kWh, for the first 6000 kWh/month consumed. This tariff gave a negative NPC and a DPBP which exceeded the project’s lifespan. However, the study identified an alternative tariff of 0.08 $/kWh which, for all three residential buildings, made the project economically feasible. However, the KSA attempts to be in the lead in the Gulf region and more generally in the Middle East on alternative energy sources. The use of PV systems should speed up development of renewable energy sources by attracting increased investment due to the financial incentives that would come from its implementation.



The optimal size of PV system was 14.0 kW for the villa, 11.1 kW for the traditional dwelling, and 10.3 kW for the apartment, each with a single battery with 12 kWh capacity. The optimal PV orientation was a south-facing panel with tilt angle of 28°. Fixed tracking was assumed to reduce capital and maintenance costs. Energy production from PV systems and battery storage can provide the energy requirements of about two-thirds of the primary residential loads.
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Nomenclature




	KSA
	Kingdom of Saudi Arabia



	GW
	Gigawatt



	MW
	Megawatt



	kW
	Kilowatt



	SEC
	Saudi Electricity Company



	PV
	Photovoltaic



	GHI
	Global Horizon Irradiance



	NREL
	National Renewable Energy Laboratory



	CO2
	Carbon dioxide



	HVAC
	Heating, ventilation, and air conditioning



	kWh
	Kilowatt hour



	SDG
	Sustainable development goal



	€
	Euro



	NPV
	Net present value



	DPBP
	Discount payback period



	IES
	Integrated energy system



	SAMA
	Saudi Arabian Monetary Authority



	DNI
	Direct normal irradiation



	IRENA
	International Renewable Energy Agency



	Homer Pro
	Hybrid Optimization of Multiple Energy Resources



	GCC
	Gulf Cooperation Council



	°C
	Degree Celsius



	AC
	Air conditioning



	NASA
	National Aeronautics and Space Administration



	ECRA
	Electricity and Co-Generation Regulatory Authority



	DC
	Direct current



	VAT
	Value added tax



	GATOR-GCMOM
	Gas, Aerosol, Transport, Radiation, GeneralCirculation, Mesoscale, and Ocean Model



	AC
	Alternative current



	$
	US dollar



	NZEB
	Net zero energy building



	LCOE
	Levelized cost of energy



	ROI
	Return on investment



	IRR
	Internal rate of return



	PBP
	Payback period



	NPC
	Net present cost
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Figure 1. Methodology flow chart. 
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Figure 2. Integrated energy system (IES) configuration. 
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Figure 3. Hourly average electricity load profile for different types of residential buildings. Source: SEC (Personal Communication 30 June 2020). 
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Figure 4. The daily average GHI for city of Neom between 2009 and 2019. 
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Figure 5. The average air temperature data from 2009 to 2019. Source: NASA Surface Meteorology and Solar Energy. 
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Figure 6. Comparison of NPC and ROI with capacity of PV for villa, traditional dwelling, and apartment. 
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Figure 7. Simulated monthly average energy yield for villa, traditional house, and apartment. 
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Figure 8. Effect of discount rate variability on NPC and LCOE for villa, traditional dwelling, and apartment. 
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Figure 9. Effect of inflation rate on NPC and LCOE for villa, traditional dwelling, and apartment. 
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Table 1. Overview of different residential dwelling types.
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	Dwelling Type
	No. of Occupants
	Floor Area (m2)
	Available Rooftop Area (m2)





	Villa
	Two parents with four children
	(180–220)
	(160–200)



	Traditional
	Two parents with two children
	(170–200)
	(155–185)



	Apartment
	Two parents with one child
	(100–150)
	(85–135)







Source: [42] and Ministry of Housing (personal communication, 23 July 2020).
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Table 2. Technical and economic data *.
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Component

	
Parameter

	
Value

	
Purpose

	
Source






	
Grid

	
Grid power price for residential consumption up to 6000 kWh

	
0.06 $/kWh (incl. 15% VAT)

	

	
[46]




	
Grid power price for residential consumption over 6000 kWh

	
0.09 $/kWh (incl. 15% VAT)

	




	
Grid power sellback

	
0.02 $/kWh

	
Tariff for renewable resources

	
[47]




	
PV

	
Capital cost/kW

	
$1200

	
PV panel selection: Trina solar due to its common usage

	
[45]




	
Operation and maintenance cost/kW

	
10 ($/year)




	
Lifetime

	
25 years




	
Battery storage

	
Capital cost/unit

	
$4800

	
“SonnenBatterie”

	
HOMER Pro library




	
Replacement cost

	
$7946




	
Lifetime

	
10 years








* Noting that 1 USD is equal to 3.75 SAR as fixed rate [48].
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Table 3. Impact of different tariff rates on relevant economic variables for a traditional housing.
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Economic Parameter

	
Electricity Tariff ($/Kwh)




	

	
0.06

	
0.07

	
0.08

	
0.09




	
Villa

	
House

	
Apartment

	
Villa

	
House

	
Apartment

	
Villa

	
House

	
Apartment

	
Villa

	
House

	
Apartment






	
NPC ($)

	
−119

	
−2299

	
−2911

	
4041

	
1265

	
386

	
9006

	
4903

	
3747

	
13699

	
8595

	
7153




	
LCOE ($/kWh)

	
0.055

	
0.059

	
0.060

	
0.058

	
0.061

	
0.062

	
0.061

	
0.063

	
0.064

	
0.063

	
0.064

	
0.065




	
ROI (%)

	
0.7

	
0.0

	
−0.2

	
1.7

	
1.0

	
0.0

	
2.7

	
2.0

	
1.7

	
3.6

	
2.9

	
2.6




	
IRR (%)

	
1.2

	
0.1

	
0.0

	
2.9

	
1.8

	
1.4

	
4.4

	
3.3

	
3.0

	
5.7

	
4.7

	
4.3




	
DPBP (years)

	
Exceeds Project Life

	
22.44

	
24.49

	
24.84

	
16.66

	
18.36

	
22.71

	
14.73

	
16.22

	
16.75
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Table 4. Optimal size of solar PV system for residential buildings assuming tariff of 0.08 $/kWh.
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	Dwelling Type
	Optimal PV Size (kW)
	NPC ($)
	ROI (%)





	Villa
	14.0
	9006
	2.7



	Traditional
	11.1
	4903
	2.0



	Apartment
	10.3
	3747
	1.7
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